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Introduction 

In science, discoveries come in two basic flavors, on one hand those serendipitous, seemingly 

appearing with little assistance from new technologies. On the other hand, there are those 

which result from step changes in our analytical tools and methodologies. The first class is 

epitomized by fundamental theories and major discoveries such as that of penicillin while the 

second kind may be less obvious but equally, if not more, important for the advancement of 

science. The latter approach often takes advantage of advance in one branch of science or 

technology and finds a new application in another discipline. The now classical example is 

structural biology which is firmly rooted in physics (X-ray and electron diffraction, electron 

optics) and takes advantages of advances in computer technology (new ways to interpret and 

handle extensive data sets) and semiconductor manufacturing (new, more sensitive detectors 

for X-rays and electrons, more computer memory and faster processors). Biophysics is likewise 

advancing thanks to a wide variety of new technologies, such as pulsed lasers, fast and 

sensitive detectors, precision micromanipulation and manufacturing and of course the 

underpinning ever increasing computational power and speed of electronics. But unlike 

structural biology, which usually considers individual systems, e.g. particular enzyme or a 

virus, biophysics is more concerned with general principles which are behind biological 

processes, e.g. what are the general rules of self-assembly, protein folding or what might be 

the fundamental limitations of reaction rates in biological systems (Katen and Zlotnick, 2009). 

Here, we will limit our discourse to virus assembly process, which provides enough complexity 

from chemical as well as physical perspective, yet remains tractable both experimentally as 

well as computationally (Moisant et al., 2010). Virus assembly is also important from medical 

and agricultural point of view since it enables us to understand life cycles of major human, 

animal and crop pathogens, e.g. hepatitis viruses, bluetongue virus and potyviruses. 

Viruses are ultimate cellular parasites, relying on the host cell machinery for reproduction. 

Biochemically they differ in composition and are broadly classified into DNA and RNA viruses 

according to the type of their genetic material. These classes are further subdivided into 

viruses with dsDNA and ssDNA genomes and those with positive sense (+)ssRNA, negative 

sense (-)RNA and dsRNA genomes. The RNA genomes can consist of one or more molecules, 

which are called segments. The genomes of dsDNA viruses can be large, consisting from tens 

to several hundred kilobase pairs. On the other hand, RNA genomes or segments are generally 

smaller, ranging from less than a kilobase to about 20 kb (Knipe and Howley, 2013).  

Since the coding capacity of viruses is limited their capsids consist of multiple copies of few 

types of subunits (Crick and Watson, 1956). In the simplest case just one type of subunit is 

sufficient to build a capsid. This leads to capsids of two basic shapes: spherical and rod-like. 

The repetitive nature of these structures often leads to symmetrical arrangements, either of 

icosahedral or helical type (Klug and Caspar, 1960). However, not all viruses are ordered and 

some viruses, albeit exhibiting a roughly spherical or rod-like shape, are highly disordered and 

exhibit pleomorphic capsids. An example of this class is the core of human immunodeficiency 

virus  (Knipe and Howley, 2013). Most enveloped viruses, which exhibit outer lipid bilayer, also 

lack overall symmetry due to the fluidity and deformability of the membrane. The “infamous” 
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influenza virus falls within this category  (Knipe and Howley, 2013). However, many enveloped 

viruses still possess symmetrical core within which the genome is packaged. From early 

characterization by electron microscopy (EM) it became obvious that chemically identical 

subunits in larger viruses are in different structural environments, thus must adopt slightly 

different conformations based on the assembly context. These so called quasi equivalent 

conformations were originally proposed to result from slight deformations of the subunits 

(Caspar and Klug, 1962). Later it became clear that they often result from alternative folding 

of domains within capsid proteins (Tuma et al., 1996a). Because the intrinsic propensity of 

capsid proteins to assemble or aggregate they exhibit low solubility and hence are not 

amenable to structural studies. Hence, alternative biophysical techniques need to be used to 

characterize structure of assembly precursors and early intermediates and to follow 

conformational changes during assembly.   

Initial structural characterization of viruses and the apparent high symmetry led to a notion 

that it might be possible to assemble simple capsids in vitro using purified subunits and nucleic 

acids (e.g. RNA). This had been subsequently proved experimentally for simple RNA viruses 

which readily self-assemble in the test tube (Bancroft et al., 1967; Bancroft et al., 1968). Later, 

other in vitro systems have been developed to follow assembly of more complex dsDNA 

viruses (Prevelige and King, 1993; Prevelige et al., 1993). This paved way for study of the 

assembly process in detail using biophysical and structural techniques. However, the 

challenge remains to characterize early assembly intermediates, which play key role in the 

control and regulation of the process. At steady state, they are found in low abundance and 

thus time-resolved, pre-steady state techniques are necessary. For example, the mechanism 

of specific recognition of cognate RNA by subunits of small ssRNA viruses remained elusive 

until recently when single molecule techniques enabled to examine assembly reactions at low 

RNA concentrations with exquisite sensitivity and under pre-steady state conditions.     

Here I summarize methodological advances over the past two decades which we (myself with 

numerous colleagues) have contributed to the field of virus assembly. We will first consider in 

vitro assembly of simple dsDNA viruses and then continue with the more complex dsRNA 

viruses and finish with the role of RNA in the assembly of various RNA viruses.  

 

Virus assembly and protein folding 

The principle of quasi equivalency requires subunits to acquire different conformations 

according to the structural context within the growing capsid. An immediate question arises 

as to what conformation the subunit exists prior to assembly. Is it one of the conformations 

observed within the assembled capsid or a mixture of all the conformations required for 

assembly, or yet another conformation which is not seen in the capsid at all? Is the precursor 

subunit fully folded or does it represent a folding intermediate or even an ensemble of 

partially folded states? To answer these questions, it is necessary to structurally and 

thermodynamically characterize the unassembled state of the subunit. However, in most but 

few cases it is impossible to crystallize the subunit in such a state since it has tendency to 

assemble or aggregate at higher concentrations that are required during crystallization. In 
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addition, it is quite likely that the subunit may adopt multiple discrete or even a continuous 

ensemble of partially folded conformational states, a situation incompatible with most high-

resolution techniques. However, similar set of problems has been encountered when studying 

protein folding and optical spectroscopic techniques, such as circular dichroism and 

fluorescence spectroscopy, were found useful in delineating folding intermediates. These 

techniques enable to monitor formation of secondary and tertiary structure with millisecond 

temporal resolution but lack high spatial resolution details. In similar vein Raman spectroscopy 

(RS) can be used to detect conformational changes, both secondary and tertiary, albeit with 

time resolution of minutes (Tuma, 2005). Raman difference spectroscopy is particularly 

sensitive and minute, few percent changes in secondary structure content can be detected 

(Tuma and Thomas, 1997). The sensitivity and quantitative aspects of RS in determining 

secondary structure have been exploited to follow conformational changes during virus 

assembly as illustrated in several earlier publications considering assembly of dsDNA 

bacteriophages (Tuma et al., 1996a; Tuma et al., 1998; Tuma et al., 1996b). The main finding 

was that assembly is coupled to folding and stabilization of small helical domains, both within 

the capsid coat protein as well as in the so-called scaffolding helper protein.   

Folding of a polypeptide chain, especially formation of tertiary and quaternary contacts leads 

to the exclusion of aqueous solvent from the interior of the protein and from subunit 

interfaces. This has a profound effect on the isotope exchange of peptide NH groups which 

are pseudo-acidic and become readily deuterated (within milliseconds) in unfolded form when 

exposed to deuterated water at room temperature and neutral pH (Woodward et al., 2004). 

On the other hand, NH groups that are buried within the folded protein core exchange 

extremely slowly, sometimes taking weeks to months to complete the reaction (Li and 

Woodward, 1999). Thus, hydrogen-deuterium exchange (HDX) kinetics is a good indicator of 

degree of folding. For smaller proteins HDX can be conveniently measured with residue 

resolution by nuclear magnetic resonance, however this technique is unusable for larger 

assemblies like viruses. This limitation can be overcome by RS since it follows vibrational 

energy levels that are sensitive to atomic masses. In particular, collective vibrational modes 

associated with the peptide linkage, the so-called Amide I, II and III modes, encompass the NH 

group and thus are sensitive to deuteration (Thomas and Agard, 1984). While RS lacks residue 

resolution it enables to selectively follow exchange of different types of secondary structure. 

We have exploited this feature and applied RS and HDX to characterize folding of viral coat 

protein [paper 1 in the appendix] and virus assembly intermediates in dsDNA bacteriophage 

P22 [2]. The somewhat unexpected result was that the unassembled subunit is partially 

unfolded, i.e. exchanging rather rapidly [1], but a surprising discovery was that folding of a 

substantial portion of the polypeptide chain continues within the assembled, icosahedral 

capsid precursor (the procapsid) [2]. In contrast, the highly alpha helical nucleocapsid shell of 

dsRNA bacteriophage phi6 did not exhibit any substantial folding upon assembly (Tuma et al., 

1999) suggesting that this type of behavior may be specific to a particular type of coat protein 

fold which undergoes further maturation and capsid stabilization.  

In the mid 90ties advances in protein mass spectrometry (MS) led to the development of a 

new methodology for mapping the exchanging sites onto the polypeptide sequence (Zhang 

and Smith, 1993). Hence, we have adopted this approach, albeit using the then available 
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MALDI (matrix assisted laser desorption ionization) TOF (time of flight) instrumentation that 

offered the necessary monoisotopic (1 Da) resolution and applied it to follow folding of the 

polypeptide chain within the assembled P22 procapsid and capsid [3]. Using this method we 

could then refine RS results and map the structural changes and folding to a hinge which is 

flexible and protease sensitive in the procapsid (Lanman et al., 1999) but becomes folded and 

buried within the mature capsid.  

Later, HDX-MS became a useful tool to map subunit interfaces [4] in more complex dsRNA 

bacteriophages of the Cystoviridae family, in which four proteins (major core structural 

protein P1, RNA polymerase P2, hexameric packaging motor P4 ATPase and assembly factor 

P7) first assemble into an empty polymerase core (also called a procapsid, PC) and then 

package three segments of RNA into the PC [5]. The P4 hexamer associates with the PC using 

C-terminal facet and this interaction also controls opening of the hexameric ring which has 

been shown to mediate RNA loading into the central cavity for processive translocation [4]. 

HDX can also be used to monitor conformational dynamics during the ATPase action of the 

packaging motor (Lisal et al., 2005). This and other developments together with basic 

principles of HDX are summarized in a review [6]. Further progress in molecular dynamics 

simulations allowed to interpret and quantitatively predict HDX from known high-resolution 

structures (Radou et al., 2014), providing a tool to validate structural models and assist high-

throughput structure profiling. 

 

Detection of assembly intermediates and assembly of complex viruses 

Assembly of viruses was thought to be controlled by a unique and well-defined nucleation 

event early along the assembly pathway. This concept has been adopted from the well 

characterized assembly process of cellular filaments such as actin or microtubules (Prevelige 

et al., 1993). Given that formation of the nucleation complex is the rate limiting step (akin the 

transition state in catalysis) this species is only marginally populated and so are also other 

early assembly intermediates. This poses difficulty in delineating assembly pathways even for 

the simplest viruses. In few favorable cases the nature of the nucleation complex (e.g. number 

of coat protein subunits involved) can be inferred from the assembly kinetics (Prevelige et al., 

1993). However, this approach involves numerous assumptions, for example that the 

nucleation complex is well defined and homogeneous. Also, the apparent lag phase in the 

assembly kinetics may not necessarily be linked to the nucleation event but is a direct result 

of the complex, multistep assembly reaction (Endres and Zlotnick, 2002). As shown by 

subsequent simulations of assembly reactions, many of these assumptions do not hold and 

heterologous nucleation complexes and multiple paths are certainly possible (Moisant et al., 

2010). To test these valuable theoretical predictions, there is a need for sensitive detection of 

early intermediates.  

Light scattering (often measured as increased turbidity), which monitors increase in weight 

average mass, has served as a method of choice for kinetic studies of virus assembly (Prevelige 

et al., 1993; Zlotnick et al., 1999).  However, it lacks structural resolution. Other techniques 

that offer such resolution, such as rapid quench and staining electron microscopy, may be 
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used to explore the types of complexes present in the reaction but do not provide quantitative 

kinetic information. Advanced synchrotron X-ray sources allow to follow small angle X-ray 

scattering (SAXS) with millisecond time resolution. In relatively dilute solutions SAXS yields 

rotationally and ensemble averaged X-ray diffraction from individual particles, thus providing 

low resolution structural (shape) information about the dominant assemblies and enables to 

follow kinetics at the same time. We have applied this approach together with genetic 

engineering of viral proteins to follow assembly of bacteriophage P22 with 5 to 10 sec 

temporal resolution [7]. Co-assembly of coat protein with various oligomers and 

concentrations of the scaffolding helper protein revealed heterologous nucleation with 

radically different outcomes. The wild type weakly dimeric scaffolding protein favored a 

limited nucleation pathway followed by rapid growth with low population of intermediates. 

On the other hand, scaffolding covalent dimer (disulfide crosslinked mutant) caused over-

nucleation and rapid population of partial viral shells, which failed to complete due to limited 

amount of the coat protein in the reaction (i.e. due to kinetic trapping). Thus, this confirmed 

that viral assembly pathways may be optimized in kinetic terms by fine tuning of weak 

interactions between subunits (Katen and Zlotnick, 2009). The idea of kinetic trapping is now 

explored for the design of novel antiviral drugs (Zlotnick and Mukhopadhyay, 2011).  

Time-resolved SAXS requires relatively large quantities of reasonably well soluble coat protein 

and this is difficult to obtain for but a few model viruses. An alternative, albeit lower resolution 

technique, is dynamic light scattering (DLS) which, together with hydrodynamic modelling, 

enables determination of approximate shape (Sokolova et al., 2001). DLS can also analyze 

heterogenous mixtures and provide size distributions which is particularly useful when dealing 

with assembly of more complex viruses, e.g. those assembling from multiple distinct subunits. 

A model of such complex virus is dsRNA bacteriophage phi6 for which an in vitro assembly 

system has been developed [8] and exploited to characterize assembly intermediates by a 

combination of techniques, including light scattering kinetics and time resolved DLS. This study 

and subsequent characterization of another dsRNA bacteriophage phi8 [9] led to a proposal 

of a common assembly pathway for these complex viruses. Assembly is triggered by 

association of the major PC protein P1 with the core enzymes, the P2 polymerase and the P4 

packaging hexamer. This interaction stabilizes an intermediate and assures that each PC 

incorporates the two essential enzymes. Since P2 is a monomer residing at two-fold edges of 

the PC and P4 is a hexamer residing at the five-fold vertices the early incorporation also solves 

the problem of the apparent symmetry mismatch in the final assembly. The lower (or even 

absence of) symmetry within the early intermediates is compatible with the incorporation of 

these enzymes at this stage.    

 

Shedding light on RNA folding during virus assembly by single molecule fluorescence 

The ensemble scattering techniques discussed above have one major shortcoming when 

dealing with more complex assemblies since they do not allow to selectively follow the fate of 

a particular subunit type. These techniques lack the necessary contrast. One way to introduce 

contrast is via isotope labelling and contrast variation together with small angle neutron 

scattering (SANS). But SANS requires high concentrations and large quantities of soluble 
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material. In addition, even the best neutron sources do not provide with sufficient flux to 

perform realistic time resolved studies. Therefore, only stationary observations are possible 

with much lower resolution than that offered by SAXS but still allowing e.g. spatial localization 

of subunits (Ikonen et al., 2003).  

One way to circumvent these difficulties is to use fluorescent labels and correlation 

spectroscopy which is a type of fluctuation spectroscopy analogous to DLS. In this type of 

experiment the component of interest is labelled with a bright, synthetic fluorescent dye and 

introduced into the assembly reaction at low concentration (ideally sub-nanomolar, e.g. as a 

tracer) and then complemented with other unlabeled constituents. The reaction is then 

followed by a sensitive confocal microscope which is equipped by a single photon counting 

detectors and a correlator (either hardware or software). The correlator then yields an 

autocorrelation function which contains information about various processes which influence 

fluorescence intensity. These are related to the photo physics of the fluorescent dye (triplet 

state dynamics and quenching) as well as the duration of the passage through the confocal 

volume. The latter is related to diffusion (hydrodynamic shape) of the labeled molecules and 

thus can be used to follow assembly since larger species take longer to pass through the 

confocal volume and thus produce lasting correlations [10]. This technique also affords access 

to the low concentration regime which was not explored previously. The low concentration 

regime proved key in the study of selective packaging of ssRNA in simple RNA viruses such as 

those causing common cold (Human Rhinovirus) or foot and mouth disease (FMDV). Several 

of these simple RNA viruses were successfully reconstituted from purified components in vitro 

and they constitute one of the best characterized virus groups. But, contrary to the situation 

in infected cells it was found that the coat protein would package essentially any negatively 

charged polymer such as RNA, DNA or even polyglutamate or polysulfonate. These 

observations led to a widely accepted electrostatic mechanism of RNA packaging in which 

gradual neutralization of the RNA negative charge is responsible for encapsidation during co-

assembly with the coat protein. However, this principle fails to explain the selective packaging 

of the viral RNA within the infected cells. While certain viruses solve this problem by physically 

linking replication and packaging, simple plant viruses and RNA bacteriophages seem to 

selectively acquire viral RNA in the cytoplasm that is otherwise full of ribosomal RNA and 

mRNA. The answer to this paradox came from exploration of the low concentration regime 

using FCS and labelled genomic RNA of the bacteriophage MS2 as a model system [11]. 

Somewhat counterintuitively, the viral RNA associates first with a sub-stochiometric amount 

of the coat protein and becomes condensed (collapsed), forming a core for further assembly. 

The initial collapse only happens with the cognate viral RNA and was also observed for a simple 

plant virus STNV (Satellite tobacco necrosis virus) [11]. From these studies it was clear that the 

initial collapse and specific packaging have to be mediated by multiple specific RNA-coat 

protein interactions which were subsequently characterized and mapped in detail for STNV 

[12] and other viruses including human pathogens (Patel et al., 2017; Stockley et al., 2013).  

The single molecule approach was also useful in characterizing overall conformation of RNA  

molecules in solution. Single stranded homopolymers like poly(rA) have low persistence 

length and can thus be considered as gaussian coils of freely jointed or worm like chain. On 

the other hand, biologically relevant RNAs with high complexity sequences behave differently. 
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Due to stochastic base pairing such long RNAs exhibit a high degree of secondary structure 

with more than 60% of the chain in the duplex form. Thus, they are far from being linear and 

a randomly branched configuration has been proposed as the most plausible model for 

describing coarse grained properties, e.g. shape and hydrodynamic radius (Yoffe et al., 2008). 

A systematic sizing of various biologically relevant long RNAs in dilute solutions using FCS 

revealed a non-monotonic relation between their contour length (number of bases) and 

corresponding hydrodynamic size (hydrodynamic radius, Rh).  This was explained by 

statistically accounting for the pattern of secondary structure which in turn determines the 

branching properties and thus the overall size [13]. This led to confirmation of the branching 

model and verified the new computational approach to estimate size of long RNAs from their 

sequence. 

 Another example of application of single molecule techniques to virus assembly is the 

investigation of an RNA chaperone sigmaNS from avian reovirus [14]. Using FCS we 

demonstrated that sigmaNS does not condense viral RNA but unfolds it. Unfolding is mediated 

by gradual binding and stabilization of single stranded RNA conformation as revealed by single 

molecule FRET (Forster resonance energy transfer) between labelled ends of RNA hairpin.  

 

Conclusions 

Here we have discussed and illustrated how technological advances foster paradigm changes 

in our understanding of virus assembly. Some techniques, such as SAXS and DLS are now well 

established and to some degree outdated. However, new technology is now revolutionizing 

electron microscopy so time-resolved structural studies using rapid cryopreservation of 

assembling reactions holds great promise. However, the challenges posed by the intrinsic 

sample heterogeneity and noise in the images may be surmounted only in conjunction with 

other emerging techniques, such as native mass spectrometry and laser-induced reversible 

cross-linking. Thus, in the future greater emphasis needs to be given to concerted application 

of several time-resolved experimental techniques which is underpinned by a quantitative 

theoretical approach and computation. 
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Characterization of Subunit Structural Changes Accompanying Assembly of the
Bacteriophage P22 Procapsid†
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ABSTRACT: P22 serves as a model for the assembly and maturation of icosahedral double-stranded DNA
viruses. The viral capsid precursor, orprocapsid, is assembled from 420 copies of a 47 kDa coat protein
subunit (gp5) that is rich inâ-strand secondary structure. Maturation to thecapsid, which occurs in vivo
upon DNA packaging, is accompanied by shell expansion and a large increase in the level of protection
against deuterium exchange of amide NH groups. Accordingly, shell maturation resembles the final step
in protein folding, wherein domain packing and an exchange-protected core become more fully developed
[Tuma, R., Prevelige, P. E., Jr., and Thomas, G. J., Jr. (1998)Proc. Natl. Acad. Sci. U.S.A. 95, 9885-
9890]. Here, we exploit recent advances in Raman spectroscopy to investigate the P22 coat protein subunit
under conditions which stabilize themonomericstate, viz., in solution at very low concentrations. Under
these conditions, the monomer exhibits an elongated shape, as demonstrated by small-angle X-ray scattering.
Raman spectra allow the identification of conformation-sensitive marker bands of the monomer, as well
as the characterization of NH exchange dynamics for comparison with procapsid and capsid shell assemblies.
We show that procapsid assembly involves significant ordering of the predominantlyâ-strand backbone.
We propose that such ordering may mediate formation of the distinct subunit conformations required for
assembly of aT ) 7 icosahedral lattice. However, the monomer, like the subunit within the procapsid
lattice, exhibits a moderate level of protection against low-temperature NH exchange, indicative of a
nascent folding core. The environments and exchange characteristics of key side chains are also similar
for the monomeric and procapsid subunits, and distinct from corresponding characteristics of the capsid
subunit. The monomer thus represents a compact but metastable folding intermediate along the pathway
to assembly of the procapsid and capsid.

Cellular functions are often performed by large macro-
molecular complexes, the assembly of which may involve a
complex series of protein recognition events and conforma-
tional changes. Viruses serve as useful models for investigat-
ing the molecular mechanisms underlying such assembly
processes. For example, the life cycle of a virus typically
requires the intracellular assembly of acapsidfrom multiple
copies of a few types of protein subunits. Constructing a
topologically closed capsid from chemically identical or
similar protein subunits requires switching between different
conformations in a specific path-dependent manner (1). In
the case of icosahedral double-stranded (ds)1 DNA phages,
the process involves the initial formation of a metastable

precursor, orprocapsid, which subsequently matures ir-
reversibly to the stable capsid (2). Such a two-step mecha-
nism, characterized by weaker intersubunit interactions in
the procapsid state, may facilitate the correction of assembly
errors prior to capsid maturation, stabilization, and genome
packaging. Conversely, the greater stability of the mature
capsid more effectively protects the viral genome from
environmental insult.

Irreversible conformational changes in the capsid lattice
are not limited to dsDNA bacteriophages. Recently, similar
conformational changes have been observed for an insect
RNA virus (3). Irreversible transitions also accompany
proteolytic maturations in other RNA viruses (4). Picorna-
viruses employ such conformational changes to initiate
disassembly and genome release upon infection (5-7). In
many cases, conformational change is triggered by receptor
binding or internalization (8). Understanding how this type
of controlled plasticity can be programmed into the protein
subunits of a capsid shell or precursor requires knowledge
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of the molecular structure and stability at various stages of
the assembly and maturation pathway.

High-resolution structures of viruses reveal conformational
switching of chemically identical subunits to accommodate
different quasi-equivalent contacts within the icosahedral
lattice (9). Although high-resolution structures unveil the
different subunit conformations in great detail, in most cases
they do not address the conformation of the unassembled
subunit. Therefore, the mechanism by which subunits attain
their final conformation remains elusive. In particular, there
are two fundamentally different models of conformational
switching. In one case, the discrete conformations observed
in the viral shell also exist in solution, and their proportion
determines the outcome of the assembly process. This
mechanism has been proposed in the assembly of bacterio-
phage HK97 (10), wherein the subunits equilibrate between
pentamers and hexamers, which then assemble into aT ) 7
capsid. In the second case, unassembled subunits attain an
average conformation that is distinct from any of the states
observed within the viral shell assembly. Here, the final
conformation is attained only upon assembly, in a manner
analogous to the conventional pathway of protein folding
(11, 12). Such a mechanism most likely governs the
morphogenesis of the RNA phage MS2 (13, 14) and dsDNA
phage PRD1 (11).

In this study, we employ a well-characterized icosahedral
dsDNA virus, theSalmonellabacteriophage P22, to study
structural changes in the coat protein subunit accompanying
procapsid assembly. The assembly pathway of P22 is an
established prototype for the morphogenesis of many dsDNA
viruses, including the herpesviruses and adenoviruses. In each
case, assembly proceeds through the construction of a
procapsid, which subsequently undergoes lattice maturation
and DNA packaging (2, 15) (Figure 1). The P22 procapsid
contains three essential components: 420 molecules of coat
protein (gp5, 47 kDa) arranged in aT ) 7 icosahedral lattice,
200-300 molecules of scaffolding protein (gp8, 34 kDa)
contained in the interior, and a dodecameric ring of portal
protein (gp1, 87 kDa) located at a singular vertex that forms
the site of DNA entry and exit. Scaffolding protein is released
at about the time of DNA packaging (16). DNA packaging
triggers maturation, which results in a 10% increase in the
shell diameter (expansion) and concurrent capsid stabilization
(17, 18). Maturation is mediated by domain interchange
between coat protein subunits and leads to increased stability
of subunits and to a small increase in the amount ofâ-strand
secondary structure (19-21).

The symmetry of the P22 procapsid requires that the coat
subunit attain multiple (up to seven) conformations. At least
four distinct conformations can be detected by electron
cryomicroscopy at intermediate resolution (18). In previous
biophysical studies, including Raman spectroscopy, confor-
mational changes of the shell subunit during the expansion-
maturation step were characterized (21-25). However, due
to technical limitations, it was not possible to obtain spectro-
scopic signatures of the coat protein monomer and identify
the structural changes required for assembly of the procapsid
shell. In the study presented here, we employ Raman spec-
troscopy together with hydrogen/deuterium (H/D) exchange
and small-angle X-ray scattering (SAXS) to characterize
changes in subunit secondary and tertiary structures with
procapsid shell formation. On the basis of these results and

the known domain structure of the P22 coat protein (26),
we propose a mechanism for conformational switching
during morphogenesis of the dsDNA viral capsid.

MATERIALS AND METHODS

Protein and Procapsid Shell Purifications.Procapsid-like
particles composed exclusively of coat and scaffolding
proteins were expressed inEscherichia colifrom a pET-
based plasmid (pPM-5-∆2) that encodes the coat and
scaffolding genes (gift from S. Casjens, University of Utah,
Salt Lake City, UT). Procapsid purification and scaffolding
protein extraction were accomplished using previously
described procedures (27).

Monomeric coat protein was obtained as follows. Purified
procapsids were converted to denatured subunits by treatment
with 6 M GuHCl. The denatured subunits were subsequently
refolded at a protein concentration of 1 mg/mL by dialysis
against buffer B (50 mM Tris, 25 mM NaCl, and 1 mM
EDTA) at 4 °C. High-molecular mass aggregates were
removed by centrifugation (40 000 rpm, Beckman 40.2 rotor,
2 °C, 2 h). The remaining protein solution was loaded onto
a HiTrap-Q ion exchange column (Amersham-Pharmacia-
Biotech, Inc., Piscataway, NJ) and eluted with a 0 to 0.3 M
NaCl gradient. Aliquots of the peak fraction, which eluted

FIGURE 1: Assembly pathway of bacteriophage P22. The co-
assembly (top) of 420 copies of coat, 200-300 copies of scaffold,
12 copies of portal, and a few copies of minor proteins yields a
procapsid (middle), which matures through DNA packaging,
scaffold ejection, and shell expansion to yield a mature capsid
(bottom). Subsequent tail attachment is not shown.
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at 0.2 M NaCl, were subsequently loaded onto a preparative
TSK3000SW (22.5 mm× 300 mm) size exclusion column
(TosoHass, Montgomeryville, PA) and eluted with buffer B
at a rate of 4 mL/min and 4°C. In a typical preparation, the
Q column-concentrated coat protein was monomeric (Figure
2) and remained monodisperse and assembly active for about
24 h while stored on ice.

Raman Spectroscopy and Hydrogen/Deuterium Exchange.
Samples for Raman spectroscopy were prepared from the
peak fraction of the Q column. Identical Raman spectra were
also obtained on a diluted sample of the protein (1.7 mg/
mL) prepared from the monomer peak fraction of the
TSK3000SW size exclusion column (Figure 2). Raman
spectra were obtained on a Spex 500M single-monochro-
mator spectrograph equipped with a notch filter and charge-
coupled device detector (SpectrumOne, Instruments S. A.,
Edison, NJ). Spectra were excited with 120 mW of the 532
nm line from a solid-state, diode-pumped, frequency-doubled
Nd:YVO4 laser (model Verdi, Coherent, Santa Clara, CA).
Samples were thermostated at 2°C. Hydrogen/deuterium
exchange was initiated by rapid buffer exchange [25 mM
Tris and 0.2 M NaCl (pD 7.5)] using Biogel P-6 desalting
columns (Bio-Rad, Hercules, CA). The exchange was
monitored by time-resolved Raman spectroscopy at 2°C
using methods described previously in detail (28, 29).

Small Angle X-ray Scattering.For small-angle X-ray
scattering, the coat protein monomer was purified using size
exclusion chromatography as described above (the protein
concentration of the peak fraction ranging from 0.6 to 1.2
g/L). SAXS data were collected at beam line 4-2 of the
Stanford Synchrotron Radiation Laboratory (30). The sample
was placed in a thin (50µL, 1.2 mm path) cell with mica
windows. The cell was thermostated at 15°C. Scattered
X-rays were detected by use of a one-dimensional position
sensitive proportional counter (EMBL/BioLogic model 210).
The momentum transfer axis [Q ) 4π sin(θ)/λ, where 2θ is
the scattering angle andλ is the X-ray wavelength (1.38 Å)]
of the detector was calibrated using the (100)-reflection of
a cholesterol myristate powder sample. X-ray exposures 10
min in duration were subdivided into 10-20 exposures.

Individual scattering curves were normalized to the intensity
of the incident beam, background-subtracted, and averaged
after confirmation of no potential radiation-induced aggrega-
tion.

RESULTS AND DISCUSSION

Conformation and Folding of the Coat Protein Subunit

Monomer Shape and Oligomerization.The refolded coat
protein subunit eluted as a monomer from the anion exchange
column and remained monomeric even at a high concentra-
tion (16 g/L) when stored in a buffer containingg0.2 M
NaCl (Figure 2). The monomer assembled into procapsids
when mixed with scaffolding protein in buffer B (data not
shown). Compared with globular protein standards, the 47
kDa monomer eluted from a size exclusion column with a
higher than expected apparent mass (60 kDa), indicative of
an asymmetrically shaped molecule or an expanded (partially
unfolded) globular conformation (Figure 2).

To further characterize the compactness and shape of the
monomer, SAXS data were collected from dilute solutions
(Figure 3). An apparent mass of 49 kDa was obtained by
extrapolation of the data of Figure 3A to an angle of 0° using
the Guinier approximation (31). The SAXS data confirm a
monomeric state for the coat protein subunit. The monomer
exhibited a radius of gyration of 36.7( 0.7 Å, significantly
larger than the value of 18.7 Å predicted for a sphere of
equivalent volume and mass. The SAXS results thus imply
that the monomer is not spherically shaped (32).

To gain information about the distribution of mass within
the molecule, the reciprocal space data of Figure 3A were
transformed into a real space distance distribution function
using the regularization method (33). The distance distribu-
tion function of Figure 3B provides information about the
atom-weighted distribution of distances within the molecule.
A maximum distance within the protein (Dmax) of 120( 10
Å was obtained, a value considerably larger than expected
for a spherical molecule (48 Å). The shape of the monomer
was estimated using a simulated annealing procedure and a
dummy atom model (34). The two best models, shown in
Figure 3C, indicate a slightly bent and elongated shape about
100 Å in length.

Secondary Structure.The solution secondary structure of
the monomer was probed by Raman spectroscopy using
methods similar to those applied previously to the procapsid
and capsid shells (21, 25, 29). The middle trace of Figure 4
shows the Raman spectrum in the region of 600-1800 cm-1.
The monomer exhibits a strong and broad amide I band
centered near 1667 cm-1, diagnostic of a relatively broad
distribution of secondary structures in whichâ-strand
nevertheless predominates (35, 36). A quantitative estimate
of the secondary structure distribution using the reference
intensity profile method of Berjot et al. (37) indicates 22(
4% R-helix, 39( 2% â-strand, and 38( 5% undefined or
irregular conformations (loops, turns, coils, and other ape-
riodic structures). The broad amide III band of the monomer
is centered at 1251 cm-1, which is consistent with the amide
I profile (35, 36). The Raman-based estimate of 22%R-helix
in the monomer is also in agreement with the value of∼20%
R-helix estimated by circular dichroism (CD) (38). It should
be noted that the significantR-helical content of the coat
protein precludes a reliable estimate ofâ-strand content by

FIGURE 2: Size exclusion chromatography of the concentrated coat
protein. Two milliliters of a coat protein solution (16 mg/mL) were
loaded onto a TSK 3000 column. The position of the void volume
(blue dextran) and elution of molecular mass standards are indicated
on the top axis. Monomeric coat eluted in 50 mM Tris and 25 mM
NaCl (pH 7.6) as a single peak at 84 mL, indicating an apparent
molecular mass of 60 kDa.
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CD spectroscopy. However, Raman spectroscopy clearly
identifiesâ-strand as the prevalent conformation.

The finding of â-strand as the dominant secondary
structure in the monomeric state of the coat protein is in
accord with Raman results on subunits of the P22 procapsid
and capsid shells (22, 24, 25), and suggests that the
fundamental fold is preserved during assembly. Extensive

â-strand structure (in the form of a jellyroll fold) is also
prevalent in the capsid subunits of many other icosahedral
viruses (39-44). Recently, the same fold has been demon-
strated by Raman spectroscopy for the bacteriophage PRD1
capsid subunit (protein P3, 43 kDa) (11). The PRD1 capsid
subunit provides a useful comparison for that of P22 because
it has been studied extensively by both Raman spectroscopy
(11) and X-ray crystallography (39). On the basis of the
Raman amide I profile (11), the estimated secondary structure
(37) for the P3 subunit of the PRD1 capsid is 18%R-helix
and 44%â-strand. This is in reasonably good agreement with
the X-ray structure of P3, which gives 13% helix and 36%
strand (39). The modest differences between Raman- and
X-ray-determined values of helix and strand presumably
reflect overlapping amide I band contributions from other
types of structure (turns and irregular conformations) as well
as the more strict classification of peptide backbone con-
formations by X-ray crystallography. Nevertheless, the ratio
of â-strand toR-helix is about the same in both X-ray (2.75)
and Raman (2.6) analyses. In contrast, a substantially lower
â/R ratio (1.8) is obtained for the monomeric subunit of P22,
as is apparent from inspection of the corresponding Raman
amide I and amide III contours (compare Figure 4 with
Figure 3 of ref11). The sharper amide I and amide III bands
of the PRD1 shell resemble more closely those of the mature
P22 shell (23). Interestingly, PRD1 is one of the few dsDNA
viruses that assembles without an apparent shell maturation
(expansion) step; the PRD1 coat protein assembles directly
into the mature capsid architecture (45).

Finally, we note that the Raman signature of the mature
capsid shell of the lambdoid phage HK97 (R. Hendrix, J.
M. Benevides, and G. J. Thomas, Jr., unpublished data)
exhibits clearly discernibleR-helix markers, viz. an amide I
shoulder at 1654 cm-1 and enhanced amide III intensity
between 1250 and 1300 cm-1, consistent with the recently
determined X-ray crystal structure (46). Thus, despite the
similar icosahedral capsid architectures of PRD1, P22, and
HK97, significantly different subunit folds are evident from
the respective Raman amide band signatures. The protein

FIGURE 3: Small-angle X-ray scattering of the coat protein
monomer. The monomer peak fraction (1.2 g/L) from the TSK 3000
column was used directly to obtain the data. (A) Scattering intensity
vs momentum transferQ. (B) The scattering intensity was
reproduced by the distance distribution function using an indirect
transform method (32, 33). The apparent mass of 49 kDa was
obtained by comparison of the intensity extrapolated to zero angle
with that of a scaffolding protein standard [covalent dimer (68 kDa)
containing the mutation R74C (70)]. (C) The two best models for
the monomeric subunit are shown in orthogonal projections. The
volume for each model is the same as that of the monomer. The
models were generated by fitting the data in panel A using the
DAMMIN procedure (34). A bead diameter of 5 Å was used for
fitting and display.

FIGURE 4: Raman spectra in the region of 600-1800 cm-1 (532
nm excitation) of the bacteriophage P22 procapsid shell at 18 mg/
mL and 10°C in buffer B (top) and unassembled coat protein
monomer at 16 mg/mL and 2°C in buffer B (middle). The
difference spectrum (bottom) was computed by subtraction of the
middle spectrum from the top spectrum. Spectra were corrected
for Raman scattering of buffer B, and intensities were normalized
using the 1003 cm-1 band of phenylalanine (25).
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folds of P22 and PRD1 subunits have more in common with
one another than with that of HK97 (46).

Tertiary Structure. In addition to the assessment of
secondary structure, Raman spectroscopy permits evaluation
of tertiary structure through a variety of conformation- and
environment-sensitive marker bands of selected side chains.
Several of these marker bands are discussed next.

Raman indicators of the average hydrogen-bonding envi-
ronment of the eight tyrosine phenolic groups of coat protein
occur at 828 and 855 cm-1. In the monomer spectrum (Figure
4, middle trace), these bands exhibit an intensity ratio (I855/
I828) of ≈2. This is close to the maximum value of 2.5, which
is diagnostic of a phenoxyl group that acts exclusively as
the acceptor of a hydrogen bond (47). Accordingly, in the
monomeric state, the majority of the eight tyrosines per coat
protein subunit have the phenolic oxygen engaged as a
hydrogen-bond acceptor. [The low intensity of the 828 cm-1

band can also arise from a tyrosine phenoxyl that is not
hydrogen bonded, as occurs, for example, in the protein coat
of Ff filamentous virus or in the vapor phase ofp-cresol
(48-50). However, such a condition is not expected for
tyrosines of globular proteins or their assemblies.]

The relatively intense 760 cm-1 band of tryptophan
(normal modeW18) suggests that the average environment
of the six tryptophans per subunit is relatively polar (51).
The W17 mode of Trp, which is sensitive to hydrogen
bonding of the indolyl N1H group, is observed at 880 cm-1.
This is consistent with relatively weak hydrogen bonding
(52). The distinct shoulder at 1360 cm-1 is part of a
tryptophan Fermi doublet [1340/1360 cm-1 (53)] that is
sensitive to the hydrophobicity of the indolyl ring environ-
ment. Its intensity in the P22 shell monomer is similar to
that observed for the small globular protein,E. coli thio-
redoxin (54), which contains two partially exposed Trp
residues. Thus, the tryptophan residues of the coat protein
are considered to be at least partially exposed to solvent in
the monomeric state.

The tryptophan marker at 1551 cm-1 is assigned to the
indolyl W3 mode, the wavenumber value of which is
diagnostic of the magnitude of the side chain torsion angle
ø2,1 (55). The data presented here indicate that the average
C3-Câ bond has a|ø2,1| of ≈95°. The position and sharpness
of this marker suggest further that all indolyl rings adopt
the same|ø2,1| value. In previous work, a single-exponential
decay of tryptophan fluorescence was reported for the coat
protein monomer, implying that the six Trp residues per
subunit share a similar amphipathic local environment (56).
The results presented here are consistent with the fluores-
cence data and show further that all Trp side chain orienta-
tions are virtually identical with respect to|ø2,1|.

The Raman band corresponding to the sulfhydryl (S-H)
stretching vibration of cysteine is diagnostic of the hydrogen-
bonding environment of the S-H group (57). For the single
cysteine (Cys 405) of the coat protein monomer, the Raman
marker is observed at 2568 cm-1, which indicates that the
S-H group is the donor of a moderately strong hydrogen
bond. The sharpness of the band further indicates that the
S-H‚‚‚X hydrogen bond adopts a single, well-defined
configuration; e.g., there is no heterogeneity among different
monomer molecules (21, 57). Thus, the C-terminal domain
attains the same well-defined tertiary structure in all subunits
in solution.

Conformational Changes with Procapsid Assembly

To characterize structural changes accompanying subunit
assembly, we compared Raman signatures of the monomeric
subunit and the procapsid shell. The icosahedral procapsid
shell (T ) 7), which is composed solely of the coat protein
subunit (gp5), is generated by selective removal of scaffold-
ing and minor proteins using low concentrations of GuHCl.
Despite subtle alterations in capsid morphology attendant
with GuHCl treatment (58), previous studies have demon-
strated that Raman spectra of GuHCl-treated and untreated
shells are identical, provided that the spectral contribution
from the scaffolding protein is compensated (25). These
experiments demonstrate that GuHCl treatment does not
appreciably alter the subunit conformation.

Secondary Structure. Although Raman spectra of the
monomeric and procapsid shell states of coat protein share
many similar features, it is clear from Figure 4 that procapsid
assembly perturbs the structure of the coat protein monomer.
The computed difference spectrum shown in the bottom trace
of Figure 4 highlights the spectral changes accompanying
assembly.

Importantly, the center of the Raman amide I marker is
shifted from 1667 cm-1 in the monomer to 1663 cm-1 in
the procapsid shell. This shift gives rise to Raman difference
peaks at 1655 cm-1 (assigned toR-helix) and 1673 cm-1

(â-strand) and corresponding troughs at lower and higher
wavenumber values. The difference band pattern of Figure
4 reflects a narrower amide I profile in the procapsid shell
spectrum; i.e., the more ordered secondary structure of the
shell subunit occurs at the expense of disordered chain
segments (loops, coil, etc.) in the monomer. The more highly
ordered secondary structure of the subunit in the assembled
shell is further demonstrated in the difference spectrum of
Figure 4 by the diminished intensity of the Raman amide
III band at 1255 cm-1, assigned to disordered structure (25,
36, 59) and enhanced intensity of the Raman amide III
marker at 1230 cm-1 (â-strand). Despite overlapping con-
tributions expected from various side chains near 900-1000
and 1300-1350 cm-1 (53, 60), we may interpret the negative
difference band at 965 cm-1 (61) and positive difference band
at 1341 cm-1 (62) also as indications of a more highly
R-helical secondary structure in subunits of the procapsid
shell.

Overall, it is clear from Figure 4 that the polypeptide
backbone of the coat protein monomer undergoes refolding
during procapsid assembly. An estimate of the number of
peptide linkages involved can be obtained from the normal-
ized area of the amide I band differences. We obtain 4(
1% of the backbone, or 17 of 428 peptide bonds. In a recent
study, Lanman and co-workers (26) demonstrated that a
flexible hinge encompassing residues 180-205 of the sub-
unit becomes protease-resistant upon procapsid assembly.
Residues within this hinge are likely candidates for refolding.
Thus, assembly of the P22 procapsid leads to local ordering
of a small but significant percentage of the peptide residues.
Similar subunit folding has been reported for capsid assembly
of the P3 subunit of PRD1 (11). In the case of PRD1,
however, a smaller subset (∼2%) of peptide linkages is
involved. Also, the PRD1 capsomeres (P3 trimers) do not
exhibit the assembly-induced increase in global stability (11)
that characterizes subunits of the P22 shell lattice (26, 63).
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Tertiary Structure. In addition to the changes in subunit
secondary structure noted above, P22 procapsid assembly
leads to changes in tertiary structure that are also revealed
by Raman spectroscopy. The shift of the tryptophanW18
marker from 760 cm-1 in the monomer to 756 cm-1 in the
procapsid shell with a concomitant large decrease in intensity
(Figure 4) signifies a substantial change in the amphipathic
environment of the average Trp side chain. Broadening of
the 1360 cm-1 component of the Trp Fermi doublet indicates
that this change is due to a more hydrophilic indolyl
environment in the procapsid shell subunit.

The tryptophanW3 marker (1551 cm-1) exhibits no
assembly-related shift in its band center, indicating a
negligible change in the average|ø2,1| torsion (55). Overall,
Raman spectral features diagnostic of the Trp side chains
exhibit only very small changes with the transition from the
monomer to procapsid shell. This contrasts dramatically with
the large Trp side chain reorientations that accompany shell
expansion (22).

Invariant to the assembly process are Raman indicators
of hydrogen bonding by tyrosine phenoxyls (markers at 830
and 850 cm-1, Figure 4) and by the cysteine sulfhydryl of
Cys 405 (marker at 2568 cm-1, Figure 5). Additionally, other
assigned Raman markers of the aliphatic and aromatic side
chains of coat protein (22-24) are affected little by assembly
of the procapsid (Figure 4). Thus, despite measurable folding
of the coat protein backbone upon procapsid assembly, the
tertiary structure of the subunit is not significantly affected.
In this regard, the P22 shell assembly is similar to that of
PRD1 (11).

It is interesting to note, however, that in contrast to the
formation of the P22 procapsid shell from monomers, the
process of shell maturation (procapsid-to-capsid transforma-
tion) leads to large and extensive changes in both the
environments and hydrogen-bonding interactions of numer-
ous side chains (21, 22). A striking example of this effect,
which is illustrated in Figure 5, is the large wavenumber
shift (2568f 2574 cm-1) that occurs in the Raman S-H
marker of Cys 405 with shell maturation. Clearly, the
moderate S-H‚‚‚X hydrogen bond of the Cys 405 sulfhydryl
in the monomer is replaced by a much weaker hydrogen bond
in the subunit of the mature capsid (21, 57). [See also the
discussion of SHf SD exchange dynamics of the monomer
and shells (below).] Because of the location of Cys 405 near
the C-terminus of the subunit sequence, it is concluded that
the C-terminal domain, and particularly the local environment
of the Cys 405 sulfhydryl group, plays a key role in monomer
folding and capsid maturation processes, but not in the
procapsid assembly step.

Hydrogen/Deuterium Exchange Dynamics

Amide Exchange. In previous work, we compared the
Raman signatures and the rates of deuterium exchange of
amide NH groups (H/D exchange) in subunits of the P22
procapsid and capsid (21). The data revealed that although
the procapsid-to-capsid maturation occurs with conservation
of subunit secondary structure (22), it is accompanied by a
very large (2-fold) increase in the level of exchange
protection of shell subunits, as well as the above-noted
extensive changes in side chain environments (22). These
results indicate that the shell transformation involves subunit
domain movement accompanied by a large increase in the
level of effective exchange protection in the core of the
subunit, without appreciable refolding of subunit domains.
Here, we extend the previous approaches (21, 28) and employ
Raman amide bands to compare H/D exchange dynamics of
the monomer and procapsid shell subunit. H/D exchange was
previously probed both at low temperatures (exchange via
the native conformation) and at elevated temperatures
(exchange via a locally unfolded conformation). However,
because the monomer is intrinsically less thermostable than
the shell assembly and subject to off-pathway aggregation
at elevated temperatures, this study has been limited to
exchange under strictly native conditions.

Figure 6A compares Raman markers in the amide I region
of the monomer and procapsid shell subunit, following
exposure of each sample to D2O (pD 7.8) under native
conditions (2 °C for the monomer and 10°C for the
procapsid shell). As expected, the band centers are shifted
by deuteration to wavenumber values lower (amide I′) than
those that occur in the corresponding nondeuterated samples
(cf. amide I markers of Figure 4). Deuterium exchange was
allowed to reach a plateau, about 30 min for the monomer
and 120 min for the procapsid shell, after which further
exchange was negligible. However, not all amide NH sites
become deuterated under these native conditions (see also
amide III′ markers in Figure 6C). The dominant Raman band
in each spectrum of Figure 6A actually represents an overlap
of contributions from amide I′ (due to exchanged ND
peptides) and amide I (due to residual nonexchanged NH
peptides). The composite amide I/amide I′ band of the
monomer is centered at 1658 cm-1, while that of the

FIGURE 5: Raman spectra in the region of 2550-2580 cm-1 (532
nm excitation) of the P22 coat protein monomer (top), procapsid
shell (middle), and mature capsid shell (bottom). Monomer and
shell concentrations and other conditions are as given in the legend
of Figure 4. Mature shells were prepared as previously described
(21).

670 Biochemistry, Vol. 40, No. 3, 2001 Tuma et al.

18



procapsid shell is centered at 1661 cm-1. The lower
wavenumber value for the composite band of the monomer
reflects both a slightly different secondary structure and a
greater degree of amide H/D exchange vis-a`-vis the subunit
of the procapsid shell. (By comparison, the nonexchanged
monomer and procapsid shell subunit yield amide I bands

centered at 1664 and 1667 cm-1, respectively, as seen in
Figure 4.)

The corresponding Raman amide III profile (due to
nonexchanged NH groups) and amide II′ profile (due to
exchanged ND groups), shown in Figure 6B, are entirely
consistent with the amide I/amide I′ data depicted in Figure
6A. Thus, the monomer exhibits a lower amide III intensity
(∼1250 cm-1) and a greater amide II′ intensity (∼1450 cm-1)
than the procapsid shell subunits, owing to more extensive
native-state H/D exchange in the monomer.

Figure 6C compares Raman profiles in the amide III′
region (900-1000 cm-1, due to exchanged ND groups) of
the monomer and procapsid shell subunit after native-state
exchange. Also shown in Figure 6C is the amide III′ profile
of a coat protein control in which all NH groups have been
exchanged with deuterium under denaturing conditions prior
to refolding of the protein in D2O. Again, these data confirm
that H/D exchange is more extensive in the monomer than
in the procapsid shell subunits. In particular, greater amide
III ′ intensity is observed at 930-945 cm-1 which can be
assigned to deuteratedR-helix (62, 64), at 960 cm-1 which
can be assigned to deuterated disordered peptides (21, 35,
36), and at 980-990 cm-1 which can be assigned to
deuteratedâ-strand (21, 35, 36, 64). The amide III′ exchange
profile of the monomer indicates that the protein fold of the
monomer comprises unprotected and protected residues in
regions ofR-helical, â-stranded, and disordered secondary
structure. Panels B and C of Figure 6 also show that neither
the procapsid shell subunit nor the monomer undergoes
complete exchange of all peptide residues located inR-heli-
cal,â-stranded, or disordered regions of secondary structure.
The data suggest that the most protected residues of the
monomer are those located in regions ofâ-strand structure.

The substantial exchange protection of the monomer,
estimated from Figure 6C as 30% of all NH sites, indicates
that the protein fold is sufficiently well defined to produce
a relatively compact tertiary structure. Accordingly, the less
compact and “molten-globule-like” segments of the protein
implied by binding of the hydrophobic probe bis-ANS (38)
may be limited to small regions localized at the protein
surface and potentially involved in shell assembly. One locus
of the monomer that is likely to undergo a folding-like
conformational change upon assembly is the interdomain
hinge region (residues 180-205), which becomes more
protease-resistant and exchange-protected in the procapsid
shell (R. Tuma and P. E. Prevelige, manuscript submitted
for publication) (26).

Side Chain Exchange. H/D exchange of selected side
chains can be used to localize and monitor the folding core
of a protein (11, 21, 25, 28, 46). For example, the single
sulfhydryl of the coat protein (Cys 405) provides a selective
probe of exchange of the C-terminal region. Figure 6D shows
Raman spectra in the region of 1840-1890 cm-1, where the
stretching vibration of the deuterated sulfhydryl group (S-
D) is expected to occur. The absence of an S-D band in
the spectrum of the monomer shows unequivocally that the
Cys 405 sulfhydryl is fully protected against H/D exchange.
Protection persists for samples incubated under native
conditions (pD 7.8 and 2°C) for up to 6 days. The SH group
can be exchanged only under conditions that favor global
unfolding (40°C). Thus, the Cys 405 sulfhydryl is buried
within the hydrophobic folding core of the monomer. A

FIGURE 6: Normalized Raman signatures of native-state H/D
exchanges of the P22 coat protein monomer (2°C) and procapsid
shell (10°C), following exposure to D2O buffer for 12 h (see the
text): (A) amide I/amide I′ profiles, (B) amide III/amide II′ profiles,
(C) amide III′ profiles, and (D) S-D stretching band profiles,
following prolonged exposure to D2O. Included in panel D as a
control is the S-D band profile of the fully exchanged procapsid
subunit incubated at 40°C (see the text).
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similar degree of sulfhydryl exchange protection is observed
for the procapsid shell subunit (21).

The hydrogen-bonding state of the Cys 405 sulfhydryl is
also similar in the monomer and procapsid shell subunit [cf.
Figure 5 and the data of Tuma at al. (21)]. However, both
the hydrogen-bonding environment and exchange protection
of the sulfhydryl are dramatically altered in the mature
capsid, where S-H‚‚‚X hydrogen bonding is considerably
weaker (21). Shell expansion and SHf SD exchange of
the procapsid subunit have been shown to be governed by
similar activation energies (21). This finding strongly sug-
gests that shell maturation is mediated by a structural
rearrangement at the locus of Cys 405 (exchange-protected
folding core), consistent with a mechanism involving an
interchange of subunit domains (21). Therefore, it is reason-
able to conclude that S-H‚‚‚X hydrogen bonding of the Cys
405 sulfhydryl provides an important source of stabilization
of the monomer in a coupled folding-assembly process.

CONCLUSIONS

A biological requirement of the unassembled coat protein
monomer of P22 is a well-defined tertiary structure, which
can support the specific biomolecular recognition required
for shell assembly without compromising the flexibility that
is essential for quasi-equivalent contacts in aT ) 7
icosahedron. This study demonstrates that this requirement
is met by an elongated molecule containing much of the
â-strand secondary structure also present in the subunit of
the mature capsid assembly. Nevertheless, subtle structural
alterations are shown to take place between monomeric and
assembled states of the subunit.

In particular, approximately 17 of the 430 amino acid
residues undergo a refolding event in which they become
assimilated as regions ofR-helix and â-strand secondary
structure. These residues may correspond to the flexible
linker region recently identified in studies of proteolytic
susceptibility (26). A similar linker region has been identified
in the FG loop of bacteriophage MS2 coat protein, which
also adopts multiple conformations along the assembly
pathway (13, 14). Another example of such refolding is the
selective formation of aâ-strand annulus at the pseudo-3-
fold axis in the capsid of the single-stranded RNA plant virus
CCMV (40).

Previous H/D exchange studies revealed that the procapsid
shell subunit retains a considerable degree of conformational
flexibility, and that this degree of freedom is lost during the
subsequent expansion-maturation step (21). On the basis
of this finding, it was suggested that the subunit within the
procapsid resembles a late folding intermediate. Present
results show that assembly of the monomer into the procapsid
shell has surprisingly little effect on the environments of
subunit side chains. There is essentially no change in tyrosine
and cysteine hydrogen-bonding environments and, at most,
a very small change in the average indolyl hydrophobicity
of tryptophan. In addition, both H/D exchange and SAXS
measurements indicate that the unassembled subunit adopts
a relatively compact tertiary structure. Therefore, the coat
protein monomer represents a compact, late-folding inter-
mediate that is only slightly more locally disordered than
its procapsid shell counterpart.

The interrelationship between folding and assembly can
be depicted in the context of an energy landscape, as shown

in Figure 7. At high dilutions, the coat protein folds into a
soluble monomer and, apart from a flexible loop (∼20
residues) of the polypeptide chain, adopts secondary and
tertiary structures similar to those of the subunit incorporated
within the procapsid shell. At higher concentrations (>1 mg/
mL; R. Tuma, H. Tsuruta, and P. E. Prevelige, Jr., unpub-
lished data), the monomer gradually overcomes the high
entropic barrier, generated in part by ordering of the loop
region, and assembles (65, 66). The activation barrier is
presumed to be lowered by the presence of the scaffolding
protein, which acts as an entropy sink by utilizing the energy
of scaffolding protein dimerization to promote coat subunit
association (67, 70). Thus, the disorder-order transition
within the loop region is thermodynamically coupled to the
binding of the scaffolding protein and in effect exerts control
over the assembly process.

Both the monomeric coat protein and the coat protein
subunits within the procapsid retain a considerable degree
of conformational freedom, a phenomenon typical of (late)
folding intermediates (68). It has been pointed out that viral
capsids are faced with the conflicting demands of achieving
fidelity during assembly and stability of the final structure,
and that these demands can be met through the use of many
weak interactions (69). Although providing sufficient energy
to form a stable precursor capsid, such weak interactions
might be insufficient to form extremely stable viral capsids.
A general scheme for circumventing this problem is a two-
step assembly process in which a metastable precursor form
is subsequently stabilized. In the case of phage HK97, such
stabilization is achieved through extensive covalent cross-
linking, whereas in certain other cases (e.g., adenovirus and
herpesvirus), it is achieved through the use of “glue” proteins.
However, in P22 and many other dsDNA viruses, a procapsid

FIGURE 7: Schematic energy landscape for folding and assembly
of P22 coat protein. The broader minima for the monomer and
procapsid subunit indicate greater conformational flexibility of these
states. The height of the free energy barrier separating the monomer
and procapsid states is lowered in the presence of the scaffolding
protein. The sharp and deep minimum for the mature subunit reflects
its greater dynamic stability as revealed by hydrogen isotope
exchange. The energy landscape that the monomer experiences at
infinite dilution is shown by a dotted line. In this case, the procapsid
state is separated from the monomeric state by an infinitely high
free energy barrier.
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with weak subunit-subunit contacts is assembled initially,
and then is converted into a capsid with much stronger
intersubunit interactions. This maturation process, which is
encoded within the primary sequence of the coat protein, is
accomplished via a shift in the energy landscape of the
subunit within the procapsid lattice. On this landscape, a new
low-energy state, corresponding to the mature capsid,
becomes accessible. This state is populated after expansion.
During expansion, the subunit secondary structure is per-
turbed only modestly (2-3% increase inâ-strand content),
but the tertiary structure is radically altered (domain rear-
rangements), and the exchange-protected folding core that
is common to both the procapsid-assembled subunit and the
monomer undergoes a major (2-fold) increase in its level of
protection. These findings, which for the first time include
studies of the coat protein monomer, extend and confirm
the previously proposed two-step folding model for the P22
coat protein (21).
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ABSTRACT Folding mechanisms of proteins incorpo-
rated within supramolecular assemblies, including viruses,
are little understood and may differ fundamentally from
folding mechanisms of small globular proteins. We describe a
novel Raman dynamic probe of hydrogen-isotope exchange to
investigate directly these protein folding/assembly pathways.
The method is applied to subunit folding in assembly inter-
mediates of the double-stranded DNA bacteriophage P22. The
icosahedral procapsid-to-capsid maturation (shell expansion)
of P22 is shown to be accompanied by a large increase in
exchange protection of peptide b-strands. The molecular
mechanism of shell expansion involves unfolding of metasta-
ble tertiary structure to form more stable quaternary contacts
and is governed by a surprisingly high activation energy. The
results demonstrate that coat subunit folding and capsid
expansion are strongly coupled processes. Subunit structure
in the procapsid represents a late intermediate along the
folding/assembly pathway to the mature capsid. Coupling of
folding and assembly is proposed as a general pathway for the
construction of supramolecular complexes.

The assembly of a macromolecular complex from multiple
copies of protein subunits requires intersubunit interactions
that are highly specific. The strength of protein interactions,
which determines the stability of the assembly, is roughly
proportional to the sequestered surface area (1). Accordingly,
the driving force for assembly is the sequestration of hydro-
phobic residues at subunit interfaces (2). Conversely, exposure
of hydrophobic surfaces may compete with productive folding
of subunits and lead to off-pathway aggregation rather than the
native supramolecular architecture. A plausible mechanism for
avoiding unproductive aggregation is assembly in several dis-
crete steps with significant changes in subunit structure at each
stage of the process and attainment of the native fold only
within the mature assembly. In effect, some assembly inter-
mediates may consist of subunits in incompletely folded states.
These states are likely to possess compact shapes with well-
defined secondary and tertiary structures, resembling the
late-folding intermediates observed for small globular proteins
(2). Such folding intermediates can be distinguished by the
extent of protection of their peptide NH groups against
deuterium exchange (3).

Until recently, the measurement of protium/deuterium
(H/D) exchanges in proteins has been limited to relatively
small globular structures that are amenable to study by high-
field NMR spectroscopy. Current developments in time-
resolved Raman spectroscopy offer a new approach for mon-
itoring H/D exchanges in larger protein molecules and their
complexes (4–8), thus facilitating the detection and charac-
terization of protein-folding intermediates in supramolecular

assemblies. Changes in secondary structure involving as few as
2% of residues can be measured accurately and interpreted
structurally by use of Raman amide I and amide III bands, as
exemplified recently for purified P22 coat (9) and scaffolding
(10) molecules. In the present study, we have used the Raman
dynamic probe to reveal differences in the fractions of deu-
terated peptide groups in assembly intermediates of the Sal-
monella bacteriophage P22, an icosahedral double-stranded
DNA virus (11). Corresponding changes in subunit secondary
structure along the pathway of P22 assembly are also charac-
terized.

The assembly of phage P22 constitutes a model, multistep
pathway for icosahedral viral morphogenesis (11, 12). In the
initial step, 420 copies of the major coat protein (gp5, 429
residues, 47 kDa) assemble into a precursor procapsid in the
presence of scaffolding protein subunits (gp8, 303 residues, 33
kDa). The metastable procapsid (diameter 58 nm) is subse-
quently transformed into the mature capsid (diameter 63 nm)
concurrent with scaffolding release and DNA packaging, a
process common to many other double-stranded DNA viruses,
including the herpes viruses (13, 14). The P22 capsid trans-
formation involves extensive rearrangements in the surface
lattice and a 10% increase in radius (shell expansion) (15).
However, this shell maturation is accompanied by only a small
change in subunit secondary structure, despite large changes in
side chain environments (9). These observations suggest that
domain movement involving hinge bending mediates shell
expansion (9, 15). Mild denaturants may also be used to extract
scaffolding protein from procapsids without altering the coat
protein lattice (15–17). Subsequent expansion of the empty
procapsid shell can be induced in vitro either by heating to 65°C
or by mild detergent treatment (17, 18).

The experiments reported here extend previous spectro-
scopic, calorimetric, and electron cryomicroscopic investiga-
tions of the P22 shell transformation and provide new insights
into the molecular mechanisms of coat subunit folding and
capsid maturation.

MATERIALS AND METHODS

Procapsids were prepared using Salmonella typhimurium strain
DB7136 infected with P22 strain 2-am H200/13-am H101 as
described (16) and further purified by Sephacryl S-1000 chro-
matography. Empty procapsid shells were prepared by re-
peated scaffolding (gp8) extraction with 0.5 M GuHCl at 4°C
and sucrose gradient centrifugation.

Expanded shells were prepared from procapsid shells by
heat treatment at 65°C (17). The progress of expansion was
monitored by migration of particles on 1.2% agarose gels. The
same protocol was used for shells assembled in D2O. The
composition and integrity of particles were examined by
SDS/PAGE and 1.2% Sea-Kem agarose gels.
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Exchange experiments at 35°C were performed on samples
twice pelleted and resuspended in isotopically pure D2O
buffer. Samples were sealed in glass capillaries and allowed to
complete fast exchange at 10°C. During subsequent incubation
at 35°C, samples were periodically examined by Raman spec-
troscopy. At the end of each experiment (average duration, 3
wk), samples were examined for structural integrity (agarose
gels) and composition (SDS/PAGE). Reversibility of local
unfolding was confirmed by Raman spectroscopy on control
samples that were incubated in H2O.

Subunits were refolded in D2O buffer as described by
Teschke and King (19). Refolded deuterated subunits were
assembled in the presence of scaffolding protein and purified
by sucrose gradient centrifugation (16). Empty procapsid
shells were prepared as described above.

Spectral measurements were performed on a Spex 1877
triple spectrograph equipped with a charge-coupled device
array detector. The spectra were excited at 514.5 nm. Time-
resolved spectra were collected at 1-min intervals. Time-
resolved Raman spectra were normalized using the 1003 cm21

band of phenylalanine as internal standard. Amide III9 bands
were extracted by subtraction of the spectra of protiated
particles. The resulting amide III9 difference bands were
normalized with respect to the fully deuterated particles. The
percentages of exchanged sites were calculated from these
normalized amide III9 band areas. The protocol is fully
described in previous papers (4–7).

The initial rates of procapsid shell expansion were obtained
from separation of heat-treated products on 1.2% agarose gel
(separation buffer: 40 mM Tris, 10 mM CH3COONa, 2 mM
EDTA, pH 8.0) followed by Coomassie staining and densi-
tometry.

RESULTS

Three Regimes for Exchange of Subunit Peptide (NH)
Groups. The effects of H/D exchange of peptide NH groups on
Raman spectra of procapsid shells and expanded shells are
illustrated in the Upper and Lower panels, respectively, of Fig.
1. For each type of shell, the Raman amide I band is centered
near 1660–1665 cm21 and the companion amide III band is
centered near 1243 cm21 (trace A in each panel of Fig. 1). The
corresponding Raman amide bands for deuterated shells,
designated amide I9 and amide III9, occur at approximately
1652 and 984 cm21, respectively (trace B in each panel of Fig.
1). The positions of the amide I, amide I9, amide III, and amide
III9 bands all indicate that b-strand is the dominant secondary
structure of the coat protein subunit in both the procapsid shell
and expanded shell assemblies, in accord with previous studies
(9, 10).

We have identified three classes of exchangeable (NH 3
ND) peptide groups in shell subunits by varying the temper-
ature or solvent environment at which Raman measurements
are made. First, unprotected sites of shells maintained in native
buffer at 10°C exchange relatively rapidly (19). These generate
the Raman difference profile indicated as trace C in each panel
of Fig. 1. A second class of sites, which is resistant to exchange
at 10°C, can be exchanged in native buffer at 35°C via local
unfolding (3). Heating to 35°C promotes partial unfolding of
shell subunits without compromising the integrity of the shell
assembly itself (17). This type of peptide exchange generates
the Raman difference profile indicated as trace D in each
panel of Fig. 1. Finally, a third class of peptide sites is resistant
to exchange, even in shells containing partially unfolded (35°C)
subunits. These are peptides of the exchange-protected core of
the shell subunit. Amide protons of these peptides can be
deuterated only by inducing shell disassembly and coat subunit
unfolding in 6 M GuDCl buffer. Subsequent subunit refolding
and shell reassembly in native D2O buffer permit structural
characterization of the exchange-protected core by Raman

difference spectroscopy, as shown in trace E of each panel of
Fig. 1. We next discuss these three classes of peptide NH3ND
exchange in turn.

FIG. 1. Raman monitoring of deuteration of peptide NH groups of
procapsid (Upper) and expanded shells (Lower). In each panel: (A) H2O
solution spectrum. (B) D2O solution spectrum of fully deuterated particle,
obtained by refolding and reassembly in native D2O buffer of a sample
previously treated with 6 M GuDCl. (C) Difference spectrum between A
and particles exposed to D2O solution for 3 h at 10°C (signature of
peptides exchanging from the native state). (D) Difference spectrum
between particles exposed to D2O for 600 h at 35°C and particles exposed
to D2O for 3 h at 10°C (signature of peptides exchanging via local
unfolding). (E) Difference spectrum between B and particles exposed to
D2O for 600 h at 35°C (signature of peptides in the exchange-protected
core). Spectra were obtained from samples at 70 mg/ml concentration in
10 mM Tris buffer (pH 7.4) and 10°C.
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Facile Exchange of Native Structure. Relatively rapid ex-
change of peptide NH groups at 10°C is limited to domains of
the shell subunits that are readily accessible to solvent and
probably located on the surface of the assembly. With ex-
change of these residues, broad Raman bands appear at 930,
964, and 1009 cm21, which are assignable to amide III9 markers
of exposed peptide groups in loops, turns, and other irregular
conformations (21). This conclusion is supported by the de-
crease of amide I intensity at 1683 cm21 and concomitant
increase of amide I9 intensity at 1640–1650 cm21. Facile NH
3 ND exchange also occurs in a-helices and is manifested by
Raman amide II9 intensity appearing near 1455 cm21 in
difference trace C. The amide II9 intensity adds to the prom-
inent bands of the 1440–1460 cm21 interval that are due to
C-H bending modes of aliphatic side chains. All exchanges
from the native state are complete within 3 h of exposure to
D2O, both for procapsid shells and expanded shells. Facile NH
3 ND exchanges, including solvent-accessible peptides in
loop, turn, and irregular conformations as well as rapidly
exchanging peptides in native a-helical conformations, encom-
pass 47 6 3% of peptide sites in the expanded shell and 54 6
3% of peptide sites of the procapsid shell (Fig. 2). The lower
percentage of facile exchange in the expanded shell represents
a small but significant increase in exchange protection upon
shell expansion.

Exchange of Labile Structure by Local Unfolding. The
Raman amide III9 signature of peptides exchanging via local
unfolding at 35°C consists of two bands which are centered at
930 and 986 cm21 in the procapsid shell (trace D, Fig. 1 Upper)
and at 928 and 984 cm21 in the expanded shell (trace D, Fig.
1 Lower). Intensities of these markers correlate with the
intensity decreases of amide III in the interval 1230–1240 cm21

and amide I at 1665–1675 cm21, both of which are character-
istic of b-strand (9, 10, 22). Similar correlation has been
observed for the all b-strand coat protein P3 of bacteriophage
PRD1. Thus, we assign amide III9 at 929/985 6 1 cm21 to
peptides in the b-strand conformation. An additional amide
III9 feature at 962 cm21 in the procapsid shell spectrum
indicates exchange from peptides with irregular secondary
structure. The 962 cm21 contribution is diminished in the
expanded shell spectrum, indicating that the irregular struc-
ture is either protected or already exchanged at 10°C in this
assembly. The latter interpretation is consistent with the
exchange-protected core comprising exclusively b-strand (see
next section). In both procapsid shells and expanded shells, the

exchange of peptides via local unfolding is complete within
250 h of exposure to D2O. In the procapsid shell, 32 6 3% of
peptides exchange via local unfolding, whereas in the ex-
panded shell only 27 6 2% of sites are exchanged by this
mechanism (Fig. 2).

Exchange of the Protected Core by Global Unfolding. The
Raman profile of the exchange-protected core is indicated for
subunits of the procapsid shell and expanded shell in trace E
of the appropriate panel of Fig. 2. In both types of shell, the
Raman signature of the protected core consists of amide III9
bands near 919 and 982–984 cm21, demonstrating that the
exchange-protected core consists exclusively of b-strand. How-
ever, the amide III9 intensities are markedly different in the
two types of shell, revealing a striking increase in the percent-
age of protected b-strand NH groups accompanying expan-
sion. This interpretation is supported by the intensities ob-
served for other deuteration-shifted amide bands. Thus, the
shifted amide I3 amide I9 and amide III3 amide III9 bands
are considerably more intense for the expanded shell than for
the procapsid shell. On the basis of the measured amide
intensities in traces E of Fig. 1, we have determined that the
effective exchange-protected core of the procapsid shell sub-
unit comprises 14 6 2% of peptide groups, whereas that of the
expanded shell subunit comprises 25 6 3% of peptide groups
(Fig. 2). Thus, the apparent exchange-protected core of the
shell subunit nearly doubles with expansion.

Exchanges of Subunit Side Chains. Tryptophans. Expansion
of the P22 shell is accompanied by significant changes in
environments and orientations of subunit side chains (9). The
Raman spectrum is particularly sensitive to changes involving
tryptophan, including differences in lability of the indole N1-H
bond in procapsid shells and expanded shells. Indole N1H 3
N1D exchange, which serves as a gauge of tryptophan acces-
sibility to solvent and local unfolding dynamics, is conveniently
monitored by the intensity increase in the 1375–1385 cm21

region of the Raman spectrum (23, 24). As seen in Fig. 1, the
six tryptophans of the procapsid shell are more susceptible to
native state exchange of N1H than are those of the expanded
shell. We estimate that four to five Trp residues per subunit
undergo facile (10°C) exchange, and another one to two
exchange via local unfolding (35°C) in the procapsid shell.
None of the six tryptophans of the procapsid shell is completely
protected from exchange, i.e., there is no difference band near
1375–1385 cm21 in trace E of the Upper panel of Fig. 1.
Conversely, at least one and possibly two Trp residues resist
exchange in the expanded shell, evidenced by the 1375 cm21

difference band in trace E of the Lower panel of Fig. 1. Thus,
one or two Trp side chains become part of the exchange-
protected core upon shell expansion. This is consistent with
previous data indicating a change from hydrophilic to hydro-
phobic local environment for the average Trp side chain
following shell expansion (9).

Cysteine-405. The single cysteine residue (Cys 405) of the
P22 capsid subunit resists chemical modification of its sulfhy-
dryl group in all assemblies investigated, including the coat
protein monomer, procapsid shell, and expanded shell (P.E.P.,
unpublished results). Further information about the Cys 405
sulfhydryl environment can be obtained from the well-resolved
and relatively sharp Raman band near 2570 cm21, which is due
to the S-H bond stretching vibration and is diagnostic of SH
hydrogen bonding (25). The SH Raman band serves as a
unique probe of local structure and dynamics (26). Fig. 3 shows
that the band center differs significantly between procapsid
and expanded shell forms, undergoing a shift from 2569 to
2573 cm21 with expansion. The higher frequency and broader
band shape associated with the expanded shell are indicative
of weaker hydrogen bonding and a less hydrophobic sulfhydryl
environment in the expanded shell than in the procapsid shell
(25). In accord with this finding, we also observe more rapid

FIG. 2. Percentages of peptide NH groups exchanging in native,
locally unfolded, and globally unfolded states of procapsid shells (54%,
32%, and 14%, respectively) and expanded shells (47%, 27%, and
25%, respectively). Exchange fractions were calculated from amide
III9 band areas in the spectral interval 900-1020 cm21. Exchange by
local unfolding is defined as exchange that occurs at 35°C but not at
10°C. Exchange by global unfolding, which requires shell disassembly
and subunit denaturation in 6 M GuDCl, defines peptides of the
exchange-protected core.
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SH 3 SD exchange of Cys 405 in the expanded shell than in
the procapsid shell.

Although SH groups are well protected against exchange in
the native procapsid (t , 20°C), SH 3 SD exchange is
observed at a slightly elevated temperature, via local unfold-
ing. For example, in the procapsid at 30°C, the sulfhydryl
exchange rate constant (kSH) is measured as 0.035 h21 (Fig. 4
Upper). The activation energy of local unfolding (Ea

local) cal-
culated from the temperature dependence of procapsid SH

exchange over the range 20–40°C is 44 kcalzmol21 (1
kcalzmol21 5 4.184 kJzmol21) (Fig. 4 Lower).

Conversely, for the expanded shell, SH 3 SD exchange is
relatively facile at all temperatures. Thus, even at 2°C, we find
for the expanded shell that kSH $ 0.3 h21 (Fig. 4 Upper) and
Ea

local is negligible in comparison to that of the procapsid.
Interestingly, the Cys 405 sulfhydryl is less protected against
exchange than is the average Trp indolyl group of the expanded
shell.

Activation Energy of Shell Expansion. To estimate the
energy barrier opposing heat-induced shell expansion (Ea

expan),
we measured the temperature dependence of the expansion
rate constant, kexpan (Fig. 5 Upper). The Arrhenius plot of the
measured rate constants (Fig. 5 Lower) exhibits considerable
curvature, indicating significant temperature dependence of
the apparent Ea

expan. We find Ea
expan 5 40 6 10 kcalzmol21 in the

range 40–55°C and Ea
expan 5 90 6 20 kcalzmol21 in the range

55–70°C. Thus, the apparent activation energy of shell expan-
sion at physiological temperature (37°C) is estimated as
roughly equal to that of local unfolding, the latter determined
from SH exchange dynamics (above). It should be noted that
the expansion activation energy, Ea

expan, is expressed per mole
of shells (420 subunits), while the local unfolding activation
energy, Ea

local, is expressed per mole of subunits.

DISCUSSION

The striking increase in exchange protection that is observed
with shell expansion (14% vs. 25%, Fig. 2) implies a corre-

FIG. 3. Raman markers of the sulfhydryl group of Cys 405 in
subunits of the procapsid shell (PS) and expanded shell (ES). (Right)
The Raman S-H marker bands observed for H2O solutions of shells.
(Left) The corresponding S-D markers observed for D2O solutions
following complete SH 3 SD exchange.

FIG. 4. (Upper) Rates (kSH) of Cys 405 sulfhydryl exchange in
subunits of procapsid shells at 30°C (F) and expanded shells at 2°C (■).
Data were obtained by measuring the intensity decay of the Raman
S-H band of the shell as a function of time of exposure to D2O. (Lower)
Arrhenius plot showing temperature dependence of the sulfhydryl
exchange rate (kSH) in subunits of the procapsid shell. The slope of the
plot corresponds to an activation energy for local unfolding (Ea

local) of
44 kcalzmol21.

FIG. 5. (Upper) Kinetics of heat-induced procapsid expansion.
Procapsid shells were heated at the indicated temperatures and
aliquots of the reaction mixtures were withdrawn and separated on a
1.2% (wt/vol) agarose gel. Initial expansion rates (kexpan) were esti-
mated from gel band intensities. (Lower) Arrhenius plot showing
temperature dependence of the expansion rate.
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sponding increase in compactness of the icosahedrally ar-
ranged coat protein subunits. Similarly large increases in
exchange protection are conferred by close packing of hydro-
phobic side chains during folding of the cores of typical
globular proteins (27). Subunits of the mature (expanded) P22
shell may be viewed as representing the final native state of the
coat protein, while those of the precursor shell are analogous
to a late-folding intermediate. The native coat protein con-
formation, i.e., the state of lowest free energy, is thus attained
only within the context of the expanded shell. An energy level
diagram depicting coupling of coat protein folding with shell
maturation is given in Fig. 6.

The present results could be explained by a simple protec-
tion mechanism in which hydrophobic residues that are ex-
posed in the procapsid shell become sequestered in the
expanded shell. However, such sequestration seems unlikely
because the procapsid shell lacks exposed hydrophobic sur-
faces, as judged by its resistance to the reagents ANS and
bisANS (28). A scheme that involves movement of coat protein
domains, as illustrated in the upper panel of Fig. 6, is deemed
more likely. Here, hydrophobic residues that form an intrasu-
bunit interface between two coat protein domains in the
procapsid shell become immobilized in the expanded shell.
Evidence for domain structure of the coat protein has been
obtained from unfolding studies (29). Immobilization is a
consequence of domain interchange between neighboring

subunits, wherein metastable tertiary contacts of procapsid
subunits are replaced by more stable quaternary contacts of
the expanded shell subunits. Such a model is supported by the
Raman difference spectrum between procapsid and expanded
shells, which reveals many changes in side chain environments
despite a small change in subunit secondary structure (9). On
the basis of the Raman signature observed for the protected
core in the expanded shell subunit and in view of the relatively
small change in secondary structure accompanying shell ex-
pansion, we conclude that the interchanged domain is mainly
b-stranded. The domain interchange model proposed here is
also supported by results of electron cryomicroscopy (15). The
proposed mechanism of domain interchange during capsid
expansion avoids excessive exposure of hydrophobic surfaces
on isolated subunits, thus averting unproductive aggregation of
subunits. At the same time, the stability of the mature assembly
is not compromised.

The distinctive environments and different exchange dy-
namics observed for the Cys 405 sulfhydryl in procapsid and
expanded shells suggest that Cys 405 is located at or near the
interface between interchanging domains. If the activation
energy of local unfolding (Ea

local 5 44 kcalzmol21, as measured
by SH exchange) represents the free energy of domain
opening, then simultaneous opening of the equivalent of one
such interface would be required to account for the activa-
tion energy that triggers shell expansion at physiological
temperature (Ea

exp ' 35–40 kcalzmol21 at 37°C). This expla-
nation is based on the assumption that shell expansion is
initiated at a single (but not necessarily unique) site in each
shell and is propagated rapidly through the lattice. Such a
mechanism is supported by the absence of partially expanded
shells or other intermediates in both in vivo and in vitro
preparations.

The apparent temperature dependence of the expansion
activation energy (Fig. 5 Lower) may stem from temperature-
dependent disruption of hydrophobic interactions. This would
require transient exposure of hydrophobic residues to initiate
expansion (Fig. 6), which is consistent with the previously
reported acceleration of shell expansion by SDS (18). Alter-
natively, the expansion mechanism may involve a different
transition state at higher temperatures.

The present results show conclusively that subunits in the
procapsid shell of P22 are less protected against amide ex-
change than are those of the expanded shell. The subunit main
chain in the procapsid shell presumably represents a more
flexible conformation, which is appropriate to achieving the
transition state. The driving force required to surmount the
high activation energy barrier is evidently provided in vivo by
ATP-driven DNA packaging. The in vitro effects of chemical
agents such as SDS and urea may facilitate particular steps in
the expansion, although at the present time the exact mech-
anism of their action is not known.

Finally, we note that formation of a metastable intermediate
and subsequent transition to a stable final state has been
observed for influenza virus hemagglutinin (30), in which the
most stable state is attained only upon interaction with mem-
brane at low pH. Interestingly, an irreversible, heat-induced,
capsid expansion has been detected for poliovirus and other
picornaviruses (31). This expansion is thought to correspond
to capsid transformation during virus entry into the host cell
(31). Since the most stable fold of subunits is attained only
within the context of the mature assembly or during the
membrane fusion, we propose that manipulation of the subunit
folding pathway could provide a means for programming
morphological transformations in such supramolecular ensem-
bles.

Support from National Institutes of Health Grants GM50776 (to
G.J.T.) and GM47980 (to P.E.P.) is gratefully acknowledged.

FIG. 6. (Upper) A mechanism accounting for increased exchange
protection in the expanded shell (right) vis-à-vis the procapsid shell
(left). The effective increase in the subunit exchange-protected core
with expansion is due to domain interchange between neighboring
subunits. The shell lattice (upper diagram) is represented as a cluster
of six subunits (hexon) in which the protected core is indicated by dark
shading and the two coat protein domains are shown as unshaded and
lightly shaded. The enlargement (lower diagram) depicts rearrange-
ment of contacts and domains, including Cys 405 sulfhydryls, between
two neighboring subunits. (Lower) Energy landscape representation of
coupling between subunit folding and capsid assembly in P22. A
transition state containing partially exposed hydrophobic surfaces
(dark gray) is proposed for the heat-induced expansion.
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The dynamics of proteins within large cellular assemblies are important
in the molecular transformations that are required for macromolecular
synthesis, transport, and metabolism. The capsid expansion (maturation)
accompanying DNA packaging in the dsDNA bacteriophage P22 rep-
resents an experimentally accessible case of such a transformation. A
novel method, based on hydrogen-deuterium exchange was devised to
investigate the dynamics of capsid expansion. Mass spectrometric detec-
tion of deuterium incorporation allows for a sensitive and quantitative
determination of hydrogen-deuterium exchange dynamics irrespective of
the size of the assembly. Partial digestion of the exchanged protein with
pepsin allows for region-speci®c assignment of the exchange. Procapsids
and mature capsids were probed under native and slightly denaturing
conditions. These experiments revealed regions that exhibit different
degrees of ¯exibility in the procapsid and in the mature capsid. In
addition, exchange and deuterium trapping during the process of expan-
sion itself was observed and allowed for the identi®cation of segments of
the protein subunit that become buried or stabilized as a result of expan-
sion. This approach may help to identify residues participating in macro-
molecular transformations and uncover novel patterns and hierarchies of
interactions that determine functional movements within molecular
machines.
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Most of the biochemical reactions within a cell
do not occur through the random collision of pro-
tein molecules but rather within well de®ned, large
(ten or more protein subunits), macromolecular
complexes. These complexes, which form by self-
assembly from constituent macromolecules, are
ef®cient molecular machines that undergo many
duty cycles per second. During a typical duty
cycle, the subunits of the assembly often rearrange
and undergo a series of conformational changes.1

For high processivity, the rearrangements must

take place within the intact assembly and therefore
require considerable mobility of domains and sub-
units. Such motions occur via the formation of high
energy transition state ensembles of intact assem-
blies, and the formation of these transition states is
in turn determined by the strength of local inter-
actions within and between subunits. To under-
stand the function of such an assembly therefore
requires an identi®cation of the regions undergoing
transformation, elucidation of the pathway of
transformation, and characterization of the ener-
getic barriers to transformation. As originally pio-
neered by Englander and co-workers,2,3 functional
labeling by hydrogen/deuterium exchange (HDX)
studies provide a means to obtain the required
information. Advances in the use of mass spec-
trometry to analyze exchange patterns provides
the opportunity to utilize this technique to obtain
region-speci®c rather than global information.
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Maturation of bacteriophage P22 is one of the
best-characterized transitions within large macro-
molecular complexes.4 ± 7 P22 is a representative
member of the class of dsDNA viruses that assem-
ble in two steps. In the ®rst step, P22 coat protein
(gp5, 46,700 Da) assembles with the assistance of
approximately 300 molecules of scaffolding protein
into a T � 7 procapsid (420 subunits, 19.6 MDa)
that serves as a precursor for DNA packaging
(Figure 1). In the second step, triggered in vivo by
DNA packaging, the scaffolding protein is
released, the procapsid lattice expands, and as a
consequence of expansion, the capsid is stabilized.4

Expansion results in a signi®cant morphological
change.8 Raman spectroscopy, which can provide a
global (but not region-speci®c) measurement of
HDX, has revealed that expansion results in a large
increase in exchange protection with only a small
change in secondary structure.6 Capsid expansion
can be triggered in vitro at elevated temperature
(55-65 �C) and is governed by large, temperature-
dependent, activation energy4,6 (Figure 1).

It has been proposed that expansion is mediated
by domain interchange between neighboring sub-

units (Figure 1).6,7,9 Such a large-scale rearrange-
ment requires a transient disruption of inter-
domain interactions followed by a swiveling
motion of whole domains around a ¯exible hinge.
Although the hinge region has been mapped by
limited proteolysis to the middle of the protein
(residues 180-205)10 it is not known which residues
constitute the invariant interfaces, nor is it known
which regions dissociate to allow for the domain
movement. The large difference in HDX protection
between the procapsid and the mature capsid
suggests that the regions involved in the trans-
formation are less protected in the procapsid, and
thus that HDX could be used to identify these
regions. Additionally, the regions which become
transiently exposed to solvent during expansion
may be identi®ed by labeling during expansion.

NMR spectroscopy has traditionally been used
for high resolution mapping of HDX.11 However,
due to the slow tumbling rates and spectral com-
plexity of large complexes, this technique is limited
to relatively small proteins. Recently, mass spec-
trometry (MS)-based techniques for monitoring
site-speci®c HDX have been developed.12 ± 15 This

Figure 1. Left: The assembly pathway of bacteriophage P22. Monomeric coat protein assembles with the assistance
of scaffolding and portal proteins to form a metastable T � 7 procapsid in which the scaffolding protein is contained
internally and a portal protein complex is located at one of the icosahedral vertices. Upon DNA packaging through
the portal vertex, the scaffolding protein exits, and the lattice expands to become the mature T � 7 capsid. The
samples used in this study correspond to procapsids from which the scaffolding has been extracted, and expanded
shells, analogs of the mature form obtained by heating procapsid like particles.4 Right: Assembly and maturation of
P22 coat protein is superimposed on a hypothetical energy landscape. Domain interchange is proposed as the mech-
anism of capsid expansion and is illustrated schematically. Domains of the subunit which form internal contacts in
the procapsid (buried shaded areas) open up in the transition state (exposed shaded areas) and then form new con-
tacts with their neighbors in the expanded form (buried, swapped, shaded areas). The transition may be mediated by
an ensemble of transition states in which the interface between domains has been disrupted allowing for mobility
within the assembly.
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approach, which is not in principle limited by the
size of the assembly, has proven useful for
mapping residues constituting subunit interfaces in
oligomeric proteins16 ± 19 as well as to study chaper-
one-assisted protein folding.13

In this study, we demonstrate the utility of HDX
and MS for the study of protein dynamics in large
assemblies. Deuterium labeling during expansion
was employed to identify regions within domain
interfaces involved in the transformation from pro-
capsid to capsid. Our results demonstrate that
HDX combined with MS can identify regions
involved in transformation of large biological
complexes.

Measurement of deuterium exchange in
a viral capsid

A method, similar to that described,20 which
relies on exchange of the sample under a de®ned
set of conditions, chemical quenching of the back
exchange at low pH, rapid digestion of sample
under acidic conditions into a reproducible set of
short (10-15 amino acid residues) peptides
(Figure 2(a)), and determination of the mass distri-
bution by MALDI-TOF (Figure 2(c)), was
employed. HDX of amide protons results in a shift
of the fragment mass distribution towards higher
masses; because side-chain protons back-exchange
rapidly during digestion in H2O they do not con-
tribute to the mass shift. In a single experiment it is
possible to obtain mass distribution information
for many peptide fragments.

P22 capsids proved to be stable even at pH 2.5,
and it was necessary to disrupt the viral capsids
prior to digestion by inclusion of a guadinidine
hydrochloride (GuHCl) dissociation step. This step
was only necessary for ef®cient digestion of the
stable mature shells. For the less stable procapsid
shells, identical results were obtained with and
without the dissociation step, indicating that the
GuHCl treatment did not alter the observed
exchange patterns (data not shown). The back-
exchange during dissociation and digestion was
estimated to be between 20-30 % by comparison of
the observed and expected centroids for the fully
deuterated control. The results in Figure 2 show
that both good signal-to-noise ratio and suf®cient
resolution can be achieved even in the presence of
residual salts (�50 mM total) in the blotting
matrix. This makes the MALDI interface preferable
over the electrospray interface for the direct anal-
ysis of samples. Nine strong peaks in the MALDI
were selected for assignment by electrospray
MS:MS. These nine fragments cover approximately
28 % of the primary sequence (Figure 2(b)).

The three panels of Figure 2(c) show that region-
speci®c monitoring of HDX is possible in a large
macromolecular assembly irrespective of its size,
and compare the HDX pro®les for folding and
assembly intermediates. Although the viral capsid
employed in this study is composed primarily of
the coat protein (with minor contribution of the

portal protein) the same protocol may be used for
assemblies containing several protein species. For
more complex assemblies, such as ribosomal sub-
units or the nuclear pore, overlapping fragments
may complicate the analysis, and a rapid separ-
ation of the peptide digest and the more elaborate
electrospray methodology would be preferred over
the simpler MALDI protocol.21

Detection of subunit-subunit interface
rearrangements due to capsid transformation

Changes in the extent and stability of intersubu-
nit interactions during assembly and maturation
will result in changes in the degree of HDX protec-
tion within the regions involved, and these
changes will be evidenced as shifts in the mass dis-
tribution of the peptide fragments. Structural
elements, which remain relatively constant through
assembly, should display unchanged exchange
protection. For example, the regions comprising
the folding core of the subunit are expected to
exhibit similar degrees of protection in the mono-
mer, procapsid, and mature virion forms. A good
candidate for a component of the exchange-pro-
tected core are the residues 415-430 (Figure 2(c),
middle). In comparison with unexchanged and
fully exchanged controls, this region shows a high
degree of exchange protection in all three forms
(monomer, procapsid, and expanded shell). These
data are consistent with the observation that the
single cysteine residue 415 is buried in both the
monomer and procapsid structure.6,22

In contrast, regions that comprise interfaces
between subunits generated during assembly are
expected to show little protection in the monomer
and increased protection in the procapsid. Peptides
that have their origin in a previously identi®ed
¯exible hinge region display this behavior
(Figure 3, peptides 182-188, 189-195). Recent spec-
troscopic results have shown that about 20 resi-
dues undergo folding during assembly.22 The
present results indicate that the hinge is the likely
candidate for the folding region.

The regions that are directly involved in expan-
sion are likely to become more protected in the
expanded state. The degree of protection of the
assigned peptides was determined for the procap-
sid and expanded shells under conditions that pro-
mote exchange via local unfolding (35 �C) (Figures 2
and 3). These conditions are best suited to high-
light the differences in protection between the two
states.6 Figure 2(c), left and right, provide examples
of peptides (residues 196-208, 156-168) that become
protected upon expansion. For the peptide 196-208,
the mass distribution for the procapsid is similar to
that of the fully exchanged control, suggesting little
protection for these species. Peptide156-168 is pro-
tected relative to the fully exchanged form, but the
protection in the procapsid is similar to that in the
monomer. Presumably, this is protection due to
folding. In both cases, the mass envelope obtained
for the peptide from the expanded shell is signi®-
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cantly narrower and on average shifted towards
lower mass than that in the procapsid. This indi-
cates increased protection as a result of capsid
expansion. The observed protection is in accord-

ance with the location of peptide 196-208 within
the ¯exible hinge region that becomes protease-
resistant in the expanded shell (residues 180-205).10

Similarly, other regions within and near the hinge

Figure 2 (legend shown opposite)
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(182-188,189-195) exhibit less protection in the pro-
capsid than in the mature shell (Figure 3). Several
regions (41-49, 156-168) become signi®cantly more
protected upon expansion (summarized in
Figure 3). A slightly increased protection was
further observed for residues 100-107, 262-273 and
358-373. The low magnitude of these changes, and
the fact that they are distributed throughout
the protein, suggests that they arise from the
global stabilization which is known to accompany
expansion.4

Interestingly, we have as yet been unable to
identify a single contiguous region that would
remain completely unprotected in all three assem-
bly states and thus would represent a surface epi-
tope. This may in part be due to incomplete
``coverage'' of the coat sequence in the peptide
fragments. On the other hand, none of the peptides
for which exchange was reported shows 100 % pro-
tection. Thus, it is conceivable that a stable viral
capsid assumes a polypeptide fold in which short
exposed epitopes are interspersed within regions
that are stabilized by cooperative interactions. For

Figure 3. Deuterium exchange of
coat protein subunit in different
assembly states determined as
described in Figure 2. Bar graph
above each sequence region indi-
cates fraction of deuterated pep-
tides in the monomer (after 24
hours, 4 �C, yellow), procapsid
(after 100 hours, 35 �C, red),
expanded shell (after 100 hours,
35 �C, blue). The data represent the
average and standard deviations
obtained from four independent
experiments.

Figure 2. (a) MALDI-TOF of peptic digest of P22 coat protein. The amino acid residue numbers de®ning the frag-
ment are indicated in parenthesis. Identi®cation of the peptides was carried out in separate MS/MS experiments
using a PE Sciex (Concorde, Ontario, Canada) API III triple quadrupole mass spectrometer with an electrospray ioniz-
ation interface. The molecular ions of peptides identi®ed in the MALDI-TOF analysis were subject to collision with
Ar/N2 (90 %:10 %) gas to generate daughter fragment ion spectra. Proteins and assemblies were prepared and puri-
®ed as described previously.6,10 H2O/2H2O buffer changes were achieved using BioGel P-6 desalting spin columns
which were pre-equilibrated three times with the desired H2O or 2H2O buffer (50 mM sodium phosphate, 25 mM
NaCl, pH 7.5). Exchange was initiated by a transfer of the sample into 2H2O and incubation at the desired tempera-
ture (4 and 35 �C). Because mature shells were stable even at pH 2.5, all assemblies were subject to dissociation in a
buffer (10 mM ammonium phosphate, pH 2.5) containing 3 M guanidine hydrochloride. After dilution 1:10 into
10 mM ammonium phosphate (pH 2.5) the dissociated subunits were digested with agarose-immobilized pepsin
(0 �C, two minutes, 200 units of Sigma insoluble pepsin). The resulting solution of peptides was diluted 1:10 into
matrix solution (0.1 % tri¯uoroacetic acid in 50 % v/v acetonitrile/water, saturated with a-hydroxycinnamic acid) and
spotted onto a chilled gold-coated MALDI plate. Masses of the peptides were determined using a Perseptive Biosys-
tems (Framingham, MA) Voyager Elite MALDI-TOF mass spectrometer in the re¯ector mode (mass resolution
approximately 1:2000) using a pulsed nitrogen laser operating at 337 nm. Each spectrum represented data accumu-
lated from up to 100 laser shots. (b) The amino acid sequence of bacteriophage P22 coat protein. The shaded regions
represent peptides resulting from pepsin digestion and assigned by MS:MS. The numbers above the shaded regions
correspond to the mass of the peptide as determined in (a). (c) Mass spectra of three peptides corresponding to differ-
ent coat protein regions. The mass distribution for exchanged forms is shifted towards higher mass due to the repla-
cement of the amide protons by deuterons. In each panel the top and bottom traces represent mass spectrum of fully
exchanged and non-exchanged controls, respectively. The two controls were used in quantitative analysis for determi-
nation of the fraction of deuterated peptide groups according to: d � (c ÿ n)/(f ÿ n), where c is the centroid of the iso-
topic distribution of the peptide peak, n and f are the centroids of the fully protonated and the fully deuterated
control, respectively. The centroid was calculated as a weighted average of positions of ®ve strongest peaks in the
isotopic distribution. The centroid reproducibility was �0.5 Da between different experiments. The second and third
traces from top (ES and PS, respectively) represent endpoint of exchange via local unfolding in expanded shells and
procapsid shells, respectively (100 hours in 2H2O at 35 �C6). The second trace from the bottom (M) represents the end-
point of exchange for the native state of coat protein monomer (24 hours, 4 �C).
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P22 and other dsDNA bacteriophages this feature
is consistent with great stability of the mature cap-
sid shell and resistance to protease cleavage.4,10,23

Therefore, it may not be possible to use the differ-
ence in the protection of the monomeric subunit
and the assembled subunit to identify subunit-sub-
unit interfaces directly, as demonstrated for smal-
ler, less stable and reversible, protein oligomers
such as cAMP-dependent protein kinase/inhibitor
and thrombin/thrombomodulin binding.19 In
order to determine subunit association within large
stable assemblies, for which subunit folding and
assembly are often coupled, characterization of the
energetics of local unfolding may be required.24

The use of H/2H exchange to follow
dynamic transformations

While structural studies can characterize stable
states, often in great detail, and thereby suggest
pathways for structural transformations, character-

izing the actual pathways of these transformations
remains a signi®cant challenge. In principle, HDX
techniques should be applicable to this problem in
much the same way they have been used to
characterize protein folding pathways. As a proof
of principle, we have pulse-labeled procapsid
shells during the process of expansion and exam-
ined the pattern of deuterium retention after back-
exchange. We use exchange of the peptide corre-
sponding to the hinge region (residues 196-208) to
illustrate dynamic behavior during expansion
(Figure 4).

Procapsids were incubated in 2H2O at 68 �C for
30 seconds, conditions under which approximately
40 % of the shells expand (rate of expansion at
68 �C is one minÿ1),6 and the distribution of deuter-
ium in the peptide corresponding to amino acid
residues 196-208 was determined (Figure 4(a), trace
II). Pre-expanded shells were incubated in parallel
as a control (Figure 4(b), trace II). Within the pro-

Figure 4. Deuterium labeling during procapsid shell expansion at 68 �C. (a) (I) Mass spectra of protonated control;
(II) procapsids labeled at 68 �C for 30 seconds during which 40 % shells expanded (the extent of expansion was
assessed by agarose gel electrophoresis);6 (III) procapsids labeled at 68 �C for 30 seconds and back-exchanged in H2O
for 2.5 hours at 35 �C; (IV) procapsid shells were heated at 68 �C in 2H2O for ten minutes during which 70 % shells
expanded; (V) procapsid shells were heated at 68 �C in 2H2O for ten minutes and back-exchanged in H2O for ten min-
utes at 68 �C; (VI) fully deuterated control. (b) The same as (a) but expanded shells were used instead of procapsids.
The fully deuterated control spectra for both procapsid and pre-expanded shells were superimposable and were aver-
aged to improve the signal-to-noise ratio, Note that the appearance of bimodality in the fully deuterated sample
((a) and (b), trace VI) is due to the overlap of the deuterated tail of the m/z 1499 peak, This does not affect the
conclusions.
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capsid, the peptide became almost fully deuterated
whereas in the expanded shell only approximately
half of the NH sites were exchangeable. The fact
that a similar degree of labeling can be achieved in
the procapsids at 35 �C (a temperature where there
is no expansion6) (Figure 3) suggests that the deu-
terium is likely incorporated before the expansion.
To determine if this exchange was reversible, both
samples were then back-exchanged at 35 �C for 2.5
hours (at 35 �C no detectable expansion is
observed,6 and data not shown). For the pre-
expanded shells, the forward exchange was com-
pletely reversible (compare Figure 4(b) traces I and
III). For the procapsid-derived samples, the reac-
tion was not fully reversible, some deuterons were
retained as evidenced by the peaks observed
between m/z 1515-1519 (Figure 4(a), III). In con-
trast, when the forward exchange was performed
at 35 �C (Figure 2(c)) it was fully reversible (not
shown). Thus, the retained deuterons were stabil-
ized by the expansion and face a higher activation
barrier for back-exchange (Figure 1).

More extensive incubation at 68 �C for ten
minutes results in the continued expansion of
procapsids until they comprise 70 % of the popu-
lation. Once again, it is evident that the pre-
expanded shells are more resistant to forward
exchange than the procapsid-derived samples
and upon back-exchange at 68 �C the pre-
expanded shells display complete reversibility
(compare Figure 4(b) traces I and V). However,
for the procapsid-derived samples approximately
half the initial amount of deuterium was
retained as a second peak centered at around
m/z 1515 in the overall envelope (Figure 4(a),
trace V). We interpret these data as follows: the
196-208 region is exposed prior to expansion.
Upon expansion, approximately one half of the
amino acid residues in this fragment become
fully protected against exchange and retain deu-
terium, while the other half continue to
exchange freely. This con®rms the existence of a
large increase in the activation barrier for local
exchange upon expansion affecting approxi-
mately half of the residues within the hinge. The
high activation barrier is a result of higher stab-
ility of this region in the mature shell as
depicted on the energy landscape in Figure 1.
Flexibility within the hinge region is required for
expansion.10 Furthermore when the mobility of
the loop was increased by proteolytic cleavage
expansion was greatly accelerated.10 The use of
H/2H exchange permits better mapping of the
hinge region dynamics.

Several other regions (residues 41-49 and 156-
168) also became labeled during expansion and
retained deuterium (data not shown). The retention
of deuterium re¯ects the increased energy barrier
for exchange that results from stabilization of the
expanded state. On the other hand, as would be
expected if the C-terminal region was a component
of the constant folding core, none of the C-terminal
regions trapped deuterium during expansion.6

Implications for dynamics of viruses and
other assemblies

A viral capsid undergoes a series of controlled
structural transformations during the viral life
cycle and as such represents a dynamic protein
assembly. This dynamic character is critical to their
function, and mutations which alter the stability of
the capsid frequently have a deleterious effect on
viral replication.25 Stabilization of the capsid struc-
ture, thereby preventing uncoating, is in fact the
mechanism of action of one class of antiviral
agents.26 However, investigating the progressive
alterations in backbone dynamics as the proteins
comprising viral capsids fold, assemble, and func-
tion has proven to be a challenge. Proteolytic clea-
vage and mass spectrometry has been used to
detect ¯exible regions,10,25 and HDX studies by
Raman spectroscopy have been used to gain an
overall estimate of exchange kinetics and
protection.6,27,28 The use of HDX and mass spec-
trometry extends these studies and allows for
determination of ¯exibility throughout the poly-
peptide backbone. The present method exploited
the irreversibility of the procapsid-to-capsid tran-
sition to probe the expansion dynamics. Although
molecular machines undergo cyclic changes to
return to the identical initial state, individual steps
in the cycle are usually coupled to an irreversible
chemical reaction (e.g. ATP hydrolysis) and thus
the complex moves along an energy landscape
similar to that of the P22 capsid (Figure 1). Thus,
the methodology presented here could be applied
to more complex molecular machines.
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Abstract

Many viruses employ molecular motors to package their genomes into preformed empty capsids (procapsids). In dsRNA bacteriophages the
packaging motor is a hexameric ATPase P4, which is an integral part of the multisubunit procapsid. Structural and biochemical studies revealed
a plausible RNA-translocation mechanism for the isolated hexamer. However, little is known about the structure and regulation of the hexamer
within the procapsid. Here we use hydrogen–deuterium exchange and mass spectrometry to delineate the interactions of the P4 hexamer with
the bacteriophage phi12 procapsid. P4 associates with the procapsid via its C-terminal face. The interactions also stabilize subunit interfaces
within the hexamer. The conformation of the virus-bound hexamer is more stable than the hexamer in solution, which is prone to spontaneous
ring openings. We propose that the stabilization within the viral capsid increases the packaging processivity and confers selectivity during RNA
loading.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Structure; Assembly; Interactions; Hydrogen–deuterium exchange; Dynamics; RNA; Packaging

Introduction

Genome encapsidation is an essential step in viral morpho-
genesis. Viruses utilize different strategies that can be divided
into two basic classes: (1) nucleic acid–coat protein co-
assembly, (2) genome packaging into a capsid precursor
(procapsid, PC). While many ssRNA viruses adopt the first
strategy, the latter is common among dsDNA viruses and

dsRNA bacteriophages. The second type of genome packaging
requires a molecular motor that converts chemical energy into
mechanical work in the form of translocation and condensation
of the nucleic acid. Genome packaging can be performed by a
polymerase that replicates the genome while translocating it into
the capsid precursor. In many cases, a specialized packaging
ATPase performs the translocation. In dsDNA viruses, the
packaging motor consists of a connector, which is embedded
into one vertex of the capsid, and a multisubunit terminase with
ATPase activity. Although the structure of bacteriophage ϕ29
connector was elucidated (Simpson et al., 2000), only limited
structural information is available for terminases and their
interactions with the connector (Feiss and Catalano, 2005).

In comparison with dsDNA viruses, the packaging motor
(protein P4) from dsRNA bacteriophages (ϕ6–ϕ14, Cystovir-
idae family, (Mindich and Bamford, 1988; Mindich et al.,
1999)) is much simpler (Kainov et al., 2003), and consists of a
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hexameric ring of identical ATPase subunits that encircle a
central channel. Twelve hexamers are attached to the five-fold
vertices of the procapsid (empty polymerase complex) (de Haas
et al., 1999) (Fig. 1). The polymerase complex is a large
icosahedral molecular machine that constitutes the core of the
bacteriophage (Butcher et al., 1997). The icosahedral frame-
work of PC is built from 120 copies of major structural protein
P1. The P1 framework also exposes specific RNA binding sites
in a segment-specific manner on its surface during packaging.
This assures precise packaging of all three single-stranded
genomic precursors (Mindich, 1999) because RNA binding to
isolated P4 hexamer is not specific (Juuti et al., 1998; Kainov et
al., 2003). During packaging initiation RNA carrying a specific
pac site is bound to P1, presumably in the vicinity of P4
hexamer. The close proximity of RNA may trigger hexamer
opening and RNA loading into the central channel as observed
for isolated hexamers from bacteriophage ϕ8 (Lisal et al.,
2005). After loading ATP hydrolysis by P4 powers unidirec-
tional translocation of the enclosed RNA into PC.

In addition to its roles in packaging, P4 hexamer is also
required for nucleation of PC assembly (Poranen et al., 2001;
Poranen and Tuma, 2004) and for transcription (Pirttimaa et al.,
2002) (Fig. 1C). Interestingly, ATPase activity of P4 is shut-off
during transcription and consequently the hexamer may act as a
passive pore for RNA exit (Kainov et al., 2004) (Fig. 1). This
suggests that P4 activity is regulated within the polymerase
complex via its interactions with the PC framework (Benevides
et al., 2002).

Recently, atomic structures of P4 hexamer from bacterio-
phage ϕ12 in several nucleotide binding states were solved and
a translocation mechanism has been proposed (Lisal and Tuma,
2005; Mancini et al., 2004a). In this mechanism RNA is
propelled by a swiveling motion of helix α6 and loop L2, which
protrudes into the central channel (Figs. 1A–B). The motion
was also visualized by solution hydrogen–deuterium exchange
for P4 protein from bacteriophage ϕ8 (Lisal et al., 2005). The
method further unraveled concerted changes in the dynamics of
a cooperative unit that encompasses part of the catalytic Rec-A
domain (Fig. 1B).

The three-dimensional structure of P4 and the EM maps
suggest that P4 hexamer may interact with the P1 framework via
either N-terminal dome or C-terminal facet (Fig. 1B). Due to the
symmetry mismatch between the five-fold vertex and P4
hexamer EM has not provided any further information about
these interactions (de Haas et al., 1999). It was shown
genetically that the last 13 amino acids of ϕ6 P4 are essential
for assembly and presumably this region interacts with P1
(Paatero et al., 1998). Here we take advantage of the high-
resolution structure of P4 from bacteriophage ϕ12 and
characterize the procapsid bound structure of ϕ12 P4 by
hydrogen–deuterium exchange (HDX) (Englander et al., 1996)
and high-resolution mass spectrometry (MS) (Lanman et al.,
2004; Lanman and Prevelige, 2004). We compare HDX kinetics
of the free hexamer with that of the PC-associated P4. HDX
revealed protection of the C-terminus upon assembly and
stabilization of the hexameric interfaces. Implications of the
interactions for assembly and regulation are discussed. This
contribution also demonstrates that HDX can be successfully
applied to fairly complex virus capsids and complement the
traditional techniques of structural virology.

Results and discussion

Deuterium exchange reveals stabilization of many regions

In a HDX experiment proteins or their complexes are first
incubated in a D2O buffer under native conditions to allow
exchange of labile hydrogens, among others amide N–H
groups of the polypeptide backbone. The pattern of deuterium
incorporation reflects both solvent accessibility and local
stability (Englander et al., 1996). HDX is first quenched by
acidification and the denatured proteins are then fragmented
by a non-specific protease to obtain fragments that are then
analyzed by mass spectrometry (Zhang and Smith, 1993).
Under the digestion conditions, only deuterium incorporated
at the backbone amide sites is preserved while side chain

Fig. 1. Hexameric molecular motor P4. (A) Schematic model of RNA
translocation through the central channel. The power stroke direction is
delineated by blue arrow. The two limiting positions of the swiveling helix α6
are indicated. (B) Functional epitopes of P4 subunit (Lisal et al., 2005): The
protected core (blue), cooperative unit encompassing the helix α6 and loop L2
(yellow) together with β-sheet 15 (red). ADP molecules are shown (green). (C)
Dual role of P4 in the viral life cycle: active motor during packaging (left) and
passive conduit for RNA, which is transcribed by the polymerase P2 (right).
Schematic diagram shows bacteriophage ϕ12 polymerase complex (blue) and
the packaging motor (green). The empty PC (procapsid) is assembled from 120
copies of proteins P1 (major structural protein). 12 P2 monomers (RNA-
dependent RNA polymerase), 12 P4 hexamers (packaging ATPase) and 60 P7
subunits (minor structural protein) (Poranen et al., 2001). The procapsid
specifically recognizes the three viral single-strand plus-sense genomic
precursors (s+, m+, l+) by their unique packaging signals situated at the 5′-
ends and P4 motor packages a single copy of each (Mindich, 1999, 2004).
During packaging P4 translocates ssRNA in the 5′ to 3′ direction (Kainov et al.,
2003).

74 J. Lísal et al. / Virology 351 (2006) 73–79

38



groups rapidly back exchange. This allows selective determi-
nation of the backbone amide exchange. In the case of protein
assemblies (e.g. virus polymerase complex) the peptide
mixture is complex and often generates overlapping isotopic
envelopes. In such a case a high-resolution mass spectromet-
ric technique like FT-ICR is required to resolve the isotopic
envelopes of the selected protein. We selected the hexameric
packaging NTPase P4 for which the three-dimensional (3-D)
structure is known (Mancini et al., 2004a). As discussed
below, knowledge of the 3-D structure plays pivotal role in
interpretation of HDX data.

Deuterium incorporation into a peptide fragment (i.e., amide
hydrogen exchange) caused progressive mass increase. The
mass increments were converted to exchange kinetics (Fig. 2,
2nd column). Because each peptide fragment contains multiple
amide sites that often exchange with different rates the kinetics
are rather complex. Additional information was obtained by
transforming the complex kinetics into exchange rate distribu-
tions (Fig. 2, middle column) (Zhang et al., 1997). From these
distributions the number of protected sites (kex < 0.1 h−1), sites
with intermediate exchange rate (0.1 < kex < 100 h−1) and fast
exchanging sites (kex > 100 h−1) were computed (Fig. 2 right
column) (Lisal et al., 2005). As seen from all three representa-
tions, some regions (e.g. Fig. 2 panels B–F) were more
protected in the PC-associated state than in the isolated P4,
showing that HDX reveals changes associated with interactions
between P4 and PC. Altogether HDX kinetics were obtained for
24 peptic fragments which cover 68% of P4 structure.

In order to visualize the changes associated with PC binding
we employed apparent HDX rates to color-code the ribbon
representation of the P4 structure (Fig. 3). The apparent rates
were obtained as weighted averages from the rate distributions
(Lisal et al., 2005). Many regions in the isolated P4 hexamer
exhibited fast and intermediate exchange rates (Fig. 3A),
consistent with relatively unhindered solvent accessibility of the
surface and relative instability of subunit interfaces. In contrast,
exchange of many regions in PC-bound P4 hexamer was slower
(Fig. 3B). In the following sections we distinguish between a
global stabilization of the PC-bound hexamer and stabilization
due to direct P4–PC interactions, which most likely involve
residues on the surface of the hexamer.

Based on the protection pattern and the location within the
three-dimensional structure the peptic fragments can be grouped
into two classes. Fragments that are located on the surface of the
hexamer exhibited fast or intermediate exchange rates in the
isolated P4 (Figs. 2A, E, F) and belong to the first class. Some of
them became protected in the PC-bound P4 (Figs. 2E–F). Such
protection is most likely due to decreased solvent accessibility
in the P4–PC complex and thus constitutes a “footprint” of the
interactions on the surface of P4.

The second class encompasses fragments that are located
within the hexameric structure as judged by the 3-D model.
Some of them were partially protected in the isolated hexamer
(Figs. 2B–C) and many became further stabilized within PC
(Figs. 2B–D). This protection is due to global stabilization
because it is unlikely that these partially buried regions would
directly interact with PC.

P4 hexamer interacts with the procapsid via its C-terminal
facet

On the bases of EM reconstruction for PC from the related
phage ϕ6 (de Haas et al., 1999) and the doughnut structure of
P4 hexamer (Mancini et al., 2004a) the interactions between P4
and PC should be limited to either the N-terminal dome or the
C-terminal facet of P4. Based on the compact structure of P4 we
assume that only regions exposed on the surface of P4 hexamer
will interact with PC. The surface representation of exchange
rates is shown in Fig. 4. Conspicuously, the fragments lining the
bottom facet of the hexamer (CT and fragments within the
adjacent β-sheet) exhibited significantly decreased HDX rates.
In the isolated hexamer these C-terminal fragments exhibit
negligible number of protected sites (Figs. 2E–F, right column)
while upon binding to PC both fragments gained significant
number of protected sites. This is compatible with a decreased
solvent accessibility of the C-terminus in the P4–PC complex.
On the other hand, surface-exposed regions within the N-
terminal apical domain were not significantly protected upon
association with PC (Fig. 2A). Only two fragments within the
N-terminal facet became more protected upon PC association.
These fragments are situated in close vicinity to and are part of
the subunit interfaces that are protected via global stabilization
of the hexamer (see below). Thus, it is unlikely that these
regions interact directly with PC.

Taken together, the C-terminal facet, in particular the C-
terminus, C-terminal helix and the adjacent β-strand, constitute
the likely sites of direct P4–PC interaction. Notably, this
orientation is also consistent with the direction of RNA
translocation proposed on the basis of the structure-based
mechanism in which the RNA translocation direction is from
the apical towards the C-terminal domain (Mancini et al.,
2004a) (Fig. 1A). Furthermore, the C-terminal 13 residues of P4
from the related phage ϕ6 were essential for assembly (Paatero
et al., 1998). We conclude that the C-terminal facet of P4
hexamer is proximal to and interacts with the procapsid.

Procapsid controls hexamer opening

As noted above PC association results in global stabilization
of the hexamer. Most of these regions are located at subunit
interfaces. For example, the two helices at subunit interfaces
(IH1 and IH2 in Fig. 3B, see also Fig. 2C) become significantly
protected only upon incorporation of the hexamer into PC.
These helices in the related ϕ8 virus P4 were shown to be
exposed only upon opening of the hexameric ring during RNA
loading into the central channel (Lisal et al., 2005). Thus, ϕ12
P4 hexamer encounters frequent spontaneous ring openings in
solution, a feature manifested by its low RNA translocation
processivity in comparison with that of the ϕ8 protein (Lisal
and Tuma, 2005). However, this spontaneous opening ceases
within the structural context of the PC. In the context of the
virus PC may trigger ring openings in a controlled fashion in
order to selectively load the viral RNA during packaging
initiation. In this way loading of heterologous RNA is
prevented.
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Fig. 2. Hydrogen–deuterium exchange measured by mass spectrometry. HDX kinetics of selected regions (P4 hexamer in solution in red, P4–PC complex in blue):
residues 69–83 (A), 131–152 (B), 215–224 (C), 230–244 (D), 294–320 (E), 316–324 (F). Panels from left to right: Localization of the region within the structure of
the P4 subunit, HDX kinetics, rate distribution, number of sites exchanging with slow (<0.1 h−1, blue), intermediate (0.1–100 h−1, green) and fast (>100 h−1, red) rates
under the two conditions (as shown below the panel).
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The ring opening mechanism is not limited to P4. For
example, the DnaC-mediated loading of the hexameric
replicative helicase DnaB onto DNA also proceeds via a ring
opening (Delagoutte and von Hippel, 2003). Similarly,
association with other component of the replication machinery
controls the specificity of DNA loading. DnaB hexamer alone
can load onto ssDNA using ring opening. However, DnaC
prevents this non-specific process and promotes loading at the
origin of replication (OriC) sites. As in P4 DnaB interacts with
DnaC via one facet of the hexameric ring (Barcena et al., 2001).
Therefore, it is likely that global stabilization may control ring
opening also in this case. Association between DnaB and DnaC
also inhibits ATPase activity of DnaB (Galletto et al., 2003).
This resembles the effect seen for P4 within the polymerase
complex that accompanies switching from the packaging to
RNA transcription mode (Kainov et al., 2004). In the next
section we speculate about the structural basis for such
regulation.

Mechanism of activity regulation

All regions close to the C-terminal helix were affected
by P4 binding to the procapsid (cf. Figs. 3A and B and

Supplementary material). Dynamic stabilization propagates
from the C-terminal helix via β15 sheet to α6 helix and L2
loop (Fig. 2D). This region also constitutes the cooperative
unit of the ATPase as proposed for P4 from ϕ8 phage (Fig.
1B). Association of the C-terminus with PC appears to
affect dynamics of the cooperative unit and thus may also
affect the ATPase activity. The influence of the C-terminus
on the ATPase activity was examined by use of a C-
terminal deletion mutant P4ΔC (ϕ12 P4 missing amino
acids 312–331) (Mancini et al., 2004b). Although the basal
ATPase activity (kcat) of P4ΔC in the absence of RNA
(0.66 s−1) was slightly below that of the full-length P4
(0.84 s−1), the truncated protein was stimulated by RNA to
a greater degree (kcat = 3.95 s−1 versus 2.52 s−1 for wt).
Thus, the C-terminus acts as an inhibitor of ATPase activity
in the isolated hexamer. We propose that in the virus core
this helix may be either withdrawn from the cooperative
unit to activate the ATPase (procapsid in packaging state)
or “jammed” onto the catalytic RecA-like domain to shut
off the activity (polymerase complex in transcription mode),
respectively.

Fig. 3. Ribbon diagrams for one ϕ12 P4 subunit colored according to the HDX
rates for isolated P4 hexamer (A) computed from rate distributions similar to
those in Fig. 2 (for details see (Lisal et al., 2005)). The hexamer within the
procapsid (B). The central channel of P4 is in the front, the C-terminal base is at
the bottom; the N-terminal apical domain points up. The scale bar for HDX rates
(h−1) is shown at the bottom. IH1 and IH2 are the two helices located at the
subunit interfaces. L2 designates the L2 loop and CT is the C-terminal helix.

Fig. 4. Surface representations of ϕ12 P4 hexamer colored according to the
weighted average HDX rates. Panel A shows the HDX rate for isolated hexamer
whereas panel B shows HDX rates for P4 in the procapsid. The color bar in
bottom is the color scale for rates (h−1); segments for which no peptic fragments
were available are shown in gray. The top panel shows a top view of the hexamer
facing the N-terminal apical domain, the middle panel shows a side view and the
bottom panel shows the C-terminal base of the hexamer.
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Conclusions

In this study, we have demonstrated that hydrogen–
deuterium exchange can be selectively determined for a selected
subunit type within a complex, multisubunit, virus assembly.
The exchange kinetics allowed comparing the subunit solution
and crystal structures with that adopted within a large multi-
subunit assembly. This approach revealed the interactions of the
packaging motor with the viral core and provided insight into
roles of different regions in assembly, genome packaging and
transcription regulation. The approach holds promise for
studying other packaging motors, especially those that are
only transiently associated with the virus capsid (e.g.,
terminases or various non-structural proteins of dsRNAviruses)
for which structural analysis by EM or X-ray crystallography is
difficult or impossible. The technique shall be applicable to
other molecular machines like ribosomes or replisomes and
their transient states.

Methods

Protein and virus preparations

The ϕ12 PC was assembled in Escherichia coli strain BL21
(DE3) transformed with plasmid pPL1 carrying a cDNA copy
of the entire l segment after the T7 promoter. The expression
was induced with 0.5 mM IPTG and particles were purified
from cell lysates by zonal centrifugation in 5% to 20% sucrose
gradients. The gradients were fractionated and aliquots from
these fractions were analyzed by SDS-PAGE. The particles
were composed of P1, P2 and P4 proteins, although a fraction of
P4 was lower than in the virus. For further details, see (Gottlieb
et al., 1988, 2002).

The ϕ12 P4 wild type (wt) protein was expressed in
Escherichia coli and purified as previously described (Mancini
et al., 2004b). To produce the C-terminal deletion mutant P4ΔC
(residues 1–311), the 5′-terminal part of P4 gene was PCR
amplified from pPG27 (using primers 5′-GGAGTGACATAT-
GATCCATCTGTACGA-3′, 5′-CTACGGATCCTCAAGCTT-
TGCCGGAGGCTT-3′) and inserted into pT7-7 plasmid at
NdeI–HindIII sites to yield an expression plasmid pDK50. The
expression, purification and activity measurements for the
truncated protein were essentially the same as for the wild type
protein.

Hydrogen–deuterium exchange

HDX analysis was performed as described in (Lam et al.,
2002). P4 or procapsids were diluted into D2O containing buffer
and exchanged for variable period of time ranging from 30 s to
4 h. Exchange was quenched by acidification and rapid freezing
in liquid nitrogen. Fragmentation was achieved by pepsin
digestion for 2 min on ice. Peptides were identified and assigned
by either exact isotopic mass matching or by MS/MS analysis
using ESI-ion trap Esquire 3000+ mass spectrometer from
Bruker Daltonics. Deuterium contents were measured with a
home built 9.4 T Fourier transform ion cyclotron resonance (FT-

ICR) mass spectrometer (Lam et al., 2002; Marshall et al.,
1998). Exchange was corrected for back exchange during
sample processing using a fully deuterated control as described
in (Lisal et al., 2005). 24 peptide fragments covering 68% of P4
sequence provided sufficient signal in both PC and P4 hexamer
spectra for reliable analysis.
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Abstract

Double-stranded RNA viruses infecting bacterial hosts belong to the Cystoviridae family. Bacteriophage�6 is one of the best characterized
dsRNA viruses and shares structural as well as functional similarities with other well-studied eukaryotic dsRNA viruses (e.g. L-A, rotavirus,
bluetongue virus, and reovirus). The assembly pathway of the enveloped, triple-layered�6 virion has been well documented and can be
divided into four distinct steps which are (1) procapsid formation, (2) genome encapsidation and replication, (3) nucleocapsid surface shell
assembly, and (4) envelope formation. In this review, we focus primarily on the procapsid and nucleocapsid assembly for which in vitro
systems have been established. The in vitro assembly systems have been instrumental in revealing assembly intermediates and conformational
changes that are common to�6 and�8, two cystoviruses with negligible sequence homology. Two viral enzymes, the packaging NTPase (P4)
and the RNA-dependent RNA polymerase (P2), were found essential for the nucleation step. The nucleation complex contains one or more
tetramers of the major procapsid protein (P1) and is further stabilized by protein P4. Interaction of P1 and P4 during assembly is accompanied
by an additional folding of their respective polypeptide chains. The in vitro assembled procapsids were shown to selectively package and
replicate the genomic ssRNA. Furthermore, in vitro assembly of infectious nucleocapsids has been achieved in the case of�6. The in vitro
studies indicate that the nucleocapsid coat protein (P8) assembles around the polymerase complex in a template-assisted manner. Implications
for the assembly of other dsRNA viruses are also presented.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Bacteriophage�6 is the type organism of the family Cys-
toviridae (http://www.ncbi.nlm.nih.gov/ICTV/). For a long
time�6 represented the only member of this family and was
the only known double-stranded RNA virus (dsRNA virus)
infecting bacteria. Recently eight similar viruses have been
isolated (Mindich et al., 1999). Some of the new isolates
(�7, �9, �10, and�11) have clear sequence similarity with
�6, while others (�8, �12, and�13) are more distantly re-
lated. However, the virion architecture and the genomic or-
ganization are conserved. In this review we focus on the
bacteriophage�6 because most of the current knowledge on
the structure, assembly, and molecular biology of dsRNA
bacteriophages is derived from this model system. The other
dsRNA bacteriophages, especially�8, are invoked when re-
lated information is available.

∗ Corresponding author. Tel.:+358-9-19159106;
fax: +358-9-19159098.

E-mail addresses: minna.poranen@helsinki.fi (M.M. Poranen),
roman.tuma@helsinki.fi (R. Tuma).

The �6 system has been of interest because its internal
polymerase complex is a cytoplasmic molecular machine,
translocating, replicating and transcribing RNA in a highly
specific manner. This multi-functional complex can now be
reconstituted from its component proteins, and the assem-
bled complexes are fully functional both in vitro and in vivo
(Poranen et al., 2001). Such in vitro assembly system has
opened up the possibility to extract novel information on
the sequence of molecular interactions operating during�6
virion assembly. A similar in vitro system has been recently
described for bacteriophage�8 (Kainov et al., 2003b) and
allows for assessment of assembly pathway evolution and
conservation among members of the Cystoviridae. The com-
pilation of the in vitro assembly results and description of
the common features of polymerase complex assembly con-
stitute the major part of this review.

The similarities among dsRNA viruses are not restricted
to viruses infecting bacterial hosts, instead, common fea-
tures have been observed between cystoviruses and eu-
karyotic dsRNA viruses of the Reoviridae family (Bamford
et al., 2002). The similarity is evident in the innermost
virion layer, the polymerase complex, which carries out

0168-1702/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
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Fig. 1. Architecture of�6 virion and protein functions.

genome packaging, replication, and transcription. Given
such high degree of conservation, conclusions reached for
the bacteriophage have clear implications for the assembly
pathways of related eukaryotic viruses.

Because the life-cycle, genomes and replication strategies
of cystoviruses have been described in detail in the Mindich
paper in this special issue we limit our introduction to struc-
tural features that are relevant to the virion assembly. The
structure of�6 virion is schematically depicted inFig. 1. The
innermost layer, the viral core (or in more general terms, the
polymerase complex) is composed of four protein species,
P1, P2, P4, and P7 (Bamford and Mindich, 1980; Mindich
and Davidoff-Abelson, 1980). P1 is the major component
of the polymerase complex forming the polyhedral skeleton
of the particle (Olkkonen and Bamford, 1987; Ktistakis and
Lang, 1987). There are 120 copies of protein P1 arranged
as 60 asymmetric dimers on aT = 1 icosahedral lattice
(Butcher et al., 1997). Such a capsid organization exhibiting
two chemically identical subunits in different conformations
within the icosahedral asymmetric unit has been observed
only in the cores of dsRNA viruses and is sometimes re-
ferred to as a “T = 2” structure (Grimes et al., 1998). A
hexameric protein, P4, forms turret-like protrusions on the
P1 lattice creating a symmetry mismatch at the five-fold ver-
tices (Butcher et al., 1997; de Haas et al., 1999). The poly-
merase P2 is located under the five-fold vertex (Ikonen et al.,
2003). P7 has been proposed to reside at two-fold symmetry
axes of the polymerase complex (Juuti and Bamford, 1997;
Poranen et al., 2001). In addition to the above described sym-
metry mismatch recent studies indicated that one of the 12
P4 hexamers is physically and functionally different (Fig. 2)
(Pirttimaa et al., 2002).

The core is surrounded by a second proteinaceous layer,
called the nucleocapsid surface shell (Fig. 1), composed
mainly of a single viral protein, P8 (van Etten et al., 1976;
Bamford and Mindich, 1980). P8 is arranged on aT = 13
lattice with the exception of the regions close to the five-fold
symmetry axes that are occupied by the hexameric P4 tur-
rets extending from the polymerase complex (Butcher et al.,

1997). This double-shell assembly intermediate is desig-
nated as a nucleocapsid (NC).

The outermost layer of the virion is the lipid bilayer
(Fig. 1) (van Etten et al., 1976). The envelope of�6 contains
phospholipids originating from the host plasma membrane
(Sands, 1973), and four virally encoded integral membrane
proteins, P6, P9, P10, P13 (Gottlieb et al., 1988a; Sinclair
et al., 1975; van Etten et al., 1976), of which protein P6
anchors the receptor-binding spike protein P3 (Stitt and
Mindich, 1983b). The envelope lacks icosahedral symmetry
(personal communication, F. de Haas, A.O. Paatero, S.J.
Butcher, D.H. Bamford and S.D. Fuller).

2. Procapsid assembly

The early studies of�6 infected cells revealed that
the assembly pathway involves formation of empty poly-
merase complexes with dodecahedral morphology (Fig. 2)
(Bamford and Mindich, 1980). These precursors are called
procapsids (PC). PC has the same protein composition as
the virion core but is devoid of RNA. In early studies no
assembly intermediates for the PC were detected. How-
ever, since then substantial information on the structural
and functional organization of the PC has been obtained
from analyses of assemblies formed during expression of
different combinations of viral proteins (Gottlieb et al.,
1988b, 1990; Paatero et al., 1998). Additional details of the
�6 and�8 polymerase complex morphogenesis are based
on recent in vitro assembly assays (Poranen et al., 2001;
Kainov et al., 2003b), which have facilitated elucidation of
the sequence of protein-protein interactions and structural
characterization of assembly intermediates.

2.1. Assembly of recombinant procapsids

When expressed within a host cell or in a heterologous or-
ganism, the polymerase complex proteins assemble into PCs
similar to those found early during�6 infection (Gottlieb
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Fig. 2. Overview of the�6 assembly pathway. Solid arrows indicate re-
actions for which in vitro systems have been established, while dotted
arrows mark processes that can so far be studied only within a cell. For
in vitro reactions the minimal chemical conditions that activate subse-
quent processes are marked beside the arrow. The empty procapsid of
�6 is composed of four proteins (A). P1 forms the structural skeleton
of the particle, which is stabilized by P7. The enzymatic components,
the packaging NTPase P4 hexamer and the polymerase P2 monomer,
are located at or near the five-fold axes. One of the P4 hexamers dif-
fers from the others in its physical properties so that P4 is more tightly
bound to the procapsid (special vertex, colored in green) than the others
(colored in yellow). The special vertex is active during the packaging of
the single-stranded genomic segments s, m and l (B). The packaging of
the three genomic segments is followed by minus strand synthesis which
take place within the particle (C). The empty packaging competent poly-
merase complex has dodecahedral appearance (A–B) while the mature,
dsRNA filled, polymerase complex is roughly spherical (C).The nucle-
ocapsid shell (P8) is subsequently assembled around the dsRNA filled
polymerase complex (D) and the nucleocapsid is enveloped (E). Virions
attain infectivity by acquisition of receptor binding spikes (P3) (F).

et al., 1988b). This indicates that the PC assembly is not de-
pendent on additional factors encoded by the host cell or by
the M and S genome segments. PC formation is also inde-
pendent of natural viral RNA.

In addition to the complete polymerase complexes, it is
possible to produce different incomplete PCs using similar
heterologous expression systems. Soluble particles, missing
either one of the proteins P2, P4, P7, or both P2 and P7, have
been obtained. Thus, proteins P2, P4, and P7 can associate

with the P1 skeleton independently of each other (Gottlieb
et al., 1988b; Paatero et al., 1998; de Haas et al., 1999;
Juuti and Bamford, 1995; Benevides et al., 2002). When
P1 from�6 is expressed alone, it forms spherical particles,
which are very aggregative and partially unfolded (Gottlieb
et al., 1988b; Paatero et al., 1998; Benevides et al., 2002).
Similar aggregation has been observed for�12 and�13 P1
(D. Kainov, R. Tuma, unpublished) but limited solubility of
�8 P1 has been achieved (Kainov et al., 2003b).

2.2. In vitro assembly

The recently published in vitro assembly of the poly-
merase complexes of dsRNA bacteriophages�6 and�8 rep-
resented an important step in understanding the assembly
of complex viruses and provided the first evidence for early
intermediates on the assembly pathway of a dsRNA virus.
The�6 and�8 assembly systems are very efficient; 30–50%
of the precursor proteins are assembled into PCs when in-
cubated under in vitro assembly conditions (Poranen et al.,
2001; Kainov et al., 2003b). Based on their protein com-
position, sedimentation, morphology and enzymatic activ-
ities (ssRNA packaging, replication and transcription), the
in vitro assembled structures are indistinguishable from the
recombinant particles purified from bacteria (Poranen et al.,
2001; Kainov et al., 2003b). Furthermore, the in vitro as-
sembled polymerase complexes of�6 are able to enter the
host cell and to initiate a new round of productive infection
(Poranen et al., 2001).

2.2.1. Characterization of building blocks
To set up an in vitro assembly system the component

proteins have to be isolated in an active and soluble form.
Table 1 compares properties of�6 and �8 PC building
blocks. Despite negligible amino acid sequence homology
each pair of the PC proteins has a similar monomeric size
(Hoogstraten et al., 2000).

Protein P1 forms the dodecahedral framework of the
viral core (Olkkonen and Bamford, 1987; Butcher et al.,
1997). In addition to its structural role, P1 is also involved
in the specific binding and recognition of the viral genome
segments (Qiao et al., 2003). The P1 framework is rather
malleable and undergoes substantial but cooperative con-
formational changes during maturation (seeFig. 2 and
Mindich, this issue) (Butcher et al., 1997). These allosteric
properties most likely result in the precise control of the
polymerase complex multiple functions during genome en-
capsidation and replication (Poranen et al., 2004). We have
purified protein P1 from two of the dsRNA bacteriophages,
�6 and�8. P1 of�6 is an elongated monomer exhibiting
limited solubility (Poranen et al., 2001; Benevides et al.,
2002), while P1 from �8 can be obtained as a soluble
tetramer (Kainov et al., 2003b) (Table 1).

Protein P2 contains the consensus sequence of known
RNA-dependent RNA polymerases (Koonin et al., 1989).
Particles missing P2 (P1P4P7 particles) can package ssRNA
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Table 1
Properties of procapsid building blocks

Protein Virus Mass (kDa)a Copies/virionb Multimeric
status

Hydrodynamic
radius (nm)

Functions

P1 �6 85.0 120 Monomerc 3.8c Major structural protein
�8 86.8 120 Tetramerd 5.5d Major structural protein

P2 �6 74.8 12 Monomere 3.3c RNA-dependent RNA polymerasee

�8 71.5 12 Monomerd 2.6d RNA-dependent RNA polymeraseh

P4 �6 35.0 72 Hexamerf 5.9f ssRNA packaging, NTPase, transcriptionj

�8 34.1 72 Hexamerd 5.1d NTPase, helicasei

P7 �6 17.2 60 Dimerg 3.7c Assembly cofactorc, packaging factorg

�8 19.0 60 Dimerd 2.8d Not known

a Calculated from the cDNA sequence (excluding N-terminal Met that is removed).
b Estimated copy numbers, based onDay and Mindich (1980)and the symmetry of the virion.
c Poranen et al. (2001).
d Kainov et al. (2003b).
e Makeyev and Bamford (2000).
f Juuti et al. (1998).
g Juuti and Bamford (1997).
h Yang et al. (2001).
i Kainov et al. (2003a).
j Pirttimaa et al. (2002).

but are unable to carry out genome replication and tran-
scription (Juuti and Bamford, 1995). P2 has been purified
as a monomer and is an active RNA-dependent RNA poly-
merase which can initiate complementary strand synthesis
on the ssRNA template by a primer-independent mecha-
nism (Makeyev and Bamford, 2000). The structure of�6
P2 shares common features with the polymerases of hepati-
tis C virus, human immunodeficiency virus (Butcher et al.,
2001), and reovirus (Tao et al., 2002). The polymerase P2
is located under the five-fold vertices in the particle interior
(Ikonen et al., 2003).

Protein P4 of�6, as well as that of�8, contains sequence
motifs of NTP binding proteins (Walker-motifs) (Gottlieb
et al., 1992; Kainov et al., 2003a). Purified P4 self-assembles
into ring-like hexamers, which are stable in the case of�8
(Kainov et al., 2003b) but require ADP and divalent cations
(Mg2+ and Ca2+) for stability in the case of�6 (Juuti et al.,
1998). �6 P4 is active only in the hexameric form and can
hydrolyze all nucleotide triphosphates (rNTP, dNTP, and
ddNTP). The NTPase activity is weakly stimulated by ss-
RNA (Paatero et al., 1995; Juuti et al., 1998). In contrast,
the activity of �8 P4 is tightly coupled to ssRNA binding
and the hexameric protein also possesses an RNA helicase
activity (Kainov et al., 2003a). Such activity has not been
detected for purified P4 of�6, although�6 PC can displace
short stretches of dsRNA during packaging (Kainov et al.,
2003a). �6 P4 is the viral packaging NTPase and interest-
ingly, it is also needed for transcription (Pirttimaa et al.,
2002).

Protein P7 is a minor component of the particle. Puri-
fied P7 is an elongated dimer (Juuti and Bamford, 1997)
(Table 1). The N-terminal part of�6 P7 forms the core of
the dimer, while the C-termini constitute flexible, protease
sensitive arms (S.J. Butcher, personal communication). The

flexible part of the protein is not crucial for the stable in-
corporation of the P7 into the polymerase complex, but it is
essential for the viability of the virus (M.M. Poranen, S.J.
Butcher, unpublished).

P7-null particles have poor packaging and transcription
efficiencies (Juuti and Bamford, 1997). In addition, P7 is an
assembly cofactor (seeSection 2.2.3). These diverse roles
of P7 suggest that it might be either a particle-stabilizing
(glue) protein or constitute a hinge which allows structural
transitions within the P1 shell. The estimated copy number
for P7 is 60 (Juuti and Bamford, 1997), and it has been
suggested to be located near the two-fold axes of the PC,
so that the elongated P7 dimer could span in the interface
between two P1 dimers (Poranen et al., 2001).

2.2.2. Assembly conditions
The �6 and �8 PC can be assembled by incubating

the component proteins in the presence of 3–6% (w/v)
polyethyleneglycol 4000 or 6000 (Poranen et al., 2001;
Kainov et al., 2003b). When high enough concentrations
of �8 PC proteins (>1 mg/ml) were used, PC-like particles
were assembled also in the absence of polyethyleneglycol.
The assembly of�6 PC is also dependent on low concen-
trations of ADP and divalent cations that stabilize the P4
hexamers.

In addition to the complete PCs different incomplete par-
ticles can be produced in vitro by omitting one or more pro-
teins from the assembly mixture (Poranen et al., 2001). At
high concentrations�8 P1 alone could assemble into PC-like
dodecahedral cages (Kainov et al., 2003b). However, the
high critical concentration (4.6 g/l for�8) and low stability
of these cages indicated that other proteins were likely to
control PC assembly via stabilization of intermediates and by
lowering the critical concentration for assembly nucleation.
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Fig. 3. Summary and comparison of the�6 (above) and�8 (below) in vitro assembly pathways. Both pathways share a P1 tetramer as an obligatory
intermediate and proceed via nucleation-limited polymerization. P1 and P4 association into nucleation complex initiates�6 procapsid assembly while
nucleation complex of�8 contains P1 and P2. In both cases the nucleation complex is then stabilized by P4 and P7 and the procapsid shell is rapidly
completed by addition of individual building blocks. A hypothetical assembly intermediate, depicting how the symmetry mismatch at the five-fold
symmetry position of the capsid could be built up, is shown in brackets.

2.2.3. Assembly pathway
An in vitro system allows one to define the minimal set

of components required for particle assembly and also to
identify rate-limiting nucleation steps. Such systems are also
amenable to time-resolved studies, which can provide infor-
mation about the structure of metastable intermediates that
are often populated early on the assembly pathway.

The formation of�6 PC-like structures is dependent on
protein P4, suggesting that the P4 hexamer plays a cru-
cial role in the nucleation step (Poranen et al., 2001). In
�8 below critical P1concentrations, the P2 polymerase was
identified as necessary and sufficient for the formation of
particle-like structures, although aberrant assemblies also
appeared (Kainov et al., 2003b). The addition of P4 in-
creased the assembly rate and prevented aberrant structure
formation. Thus, P2 and P4 are essential for the initiation
of assembly. This ensures incorporation of the two key en-
zymes into the PC (Fig. 3).

The kinetics of�6 and�8 PC formation exhibit a distinct
lag phase typical of nucleation-limited assembly (Prevelige
et al., 1993). Analyses of�6 kinetics identified formation of
a P1 tetramer-P4 hexamer complex as the rate-limiting, nu-
cleation step (Fig. 3) (Poranen et al., 2001). In the�8 system
P1 forms stable pre-assembled tetrameric building blocks
and the nucleation complex resulted from interaction of sev-
eral P1 tetramers with a P2 monomer (Fig. 3) (Kainov et al.,
2003b). When P7 was included in the�6 assembly system
the rate of assembly was significantly accelerated. This sug-
gests that P7 acts as an assembly cofactor, albeit a nonessen-
tial one. The presence of P7 accelerated the rate-limiting
step of�6 PC assembly and an intermediate composed of a
tetrameric P1 connecting two P4 hexamers was identified.
Thus, P7 can stabilize the P1 tetramers and accelerate the
assembly process (Poranen et al., 2001). In the�8 assembly,
P7 had only a small effect on the assembly rate but P4 hex-
amers significantly increased the assembly rate presumably
playing a similar stabilizing role as�6 P7 (Kainov et al.,
2003b). Using time-resolved dynamic light scattering
distinct intermediates with hydrodynamic radii between
10–12 nm (Poranen et al., 2001) and 8–10 nm (Kainov

et al., 2003b) were observed for�6 and�8, respectively.
These intermediates correspond to the stabilized nucleation
complexes detected by kinetic methods (Fig. 3), that is one
P1 tetramer and one P4 hexamer in the case of�6 and 2–3
P1 tetramers together with P2 monomer and P4 hexamer in
the case of�8.

A tetrameric P1 intermediate appears to be obliga-
tory for both �6 and �8. The tetramer forms a bridge
between two neighboring five-fold vertices and thus fa-
cilitates propagation of the structure (Fig. 3). In the �6
system it was possible to identify a nucleation com-
plex containing two P4 hexamers which suggests that
the assembly proceeds via a two-fold centered assembly
intermediate.

2.2.4. Conformational changes accompanying
procapsid assembly

Assembly-induced conformational rearrangements have
been demonstrated for many viral systems either by
high-resolution crystallographic studies or by spectroscopic
methods. Such changes are often required to accommodate
non-equivalent interactions in viral capsids (Dokland, 2000;
Tuma et al., 2001). The availability of incomplete�6 and
�8 PCs has allowed the study of conformational changes
associated with the interaction of particular subunits within
the PC. Large ordering of�-helices has been shown to be
characteristic of P1-P4 interactions (Benevides et al., 2002).
The C-terminal tail of P4, which is otherwise disordered
in solution, most likely adopts the�-helical structure. The
same region has been shown essential for P4 incorporation
into the PC (Paatero et al., 1998). Such conformational
switching may be necessary for accommodation of the
symmetry mismatch between the five-fold vertex of the P1
shell and the P4 hexamer (de Haas et al., 1999).

In addition to P4, P7 undergoes ordering upon binding
to PC. On the other hand, interactions of P2 do not lead to
any significant changes in secondary and tertiary structures
(Benevides et al., 2002). This is consistent with the fully or-
dered and compact three-dimensional structure of the poly-
merase (Butcher et al., 2001).
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3. Maturation of procapsids to viral cores

PCs package the single-stranded copies of the viral
genome segments, and subsequently replicate the packaged
ssRNA segments into the mature double-stranded form
within the particle (Ewen and Revel, 1988, 1990)(Fig. 2).
During this process the particle undergoes substantial
conformational changes and obtains its mature, relatively
spherical, appearance (Fig. 2) (Butcher et al., 1997). The
packaging and the replication of the genome are highly con-
trolled processes and reviewed in detail elsewhere (Poranen
et al., 2004).

4. Nucleocapsid shell assembly

The NC surface protein P8 can be purified from virions
in a trimeric, highly �-helical, form (Tuma et al., 1999;
Poranen et al., 2001). In the presence of millimolar con-
centrations of calcium, purified P8 can self-assembles into
a polydisperse mixture of aberrant, shell-like, structures
(M.M. Poranen and D.H. Bamford, unpublished observa-
tions). These assemblies are not topologically closed and
appear as open spirals in electron micrographs. This sug-
gests that the assembly of closed P8 shells is dependent
on the core template. Indeed P8 reassembles onto both the
virion-derived and the in vitro reconstituted, RNA-filled,
polymerase complexes (Olkkonen et al., 1990, 1991;
Poranen et al., 2001). The assembly is also calcium depen-
dent, and no detectable conformational change is associated
with the assembly of P8 shell (Tuma et al., 1999) suggesting
that P8 subunits assemble in a quasi-equivalent manner.

The P8 shell assembly onto the in vitro assembled and
packaged polymerase complexes yields in vitro assembled
NC. Because NCs can directly interact with host plasma
membrane and thus infect host cell spheroplasts (i.e. cells
with the outer membrane and peptidoglycan layers partially
removed), the in vitro assembled polymerase complexes can
be introduced into the host cell (Ojala et al., 1990; Poranen
et al., 2001). The infectivity of the assembly products indi-
cates that the formation of bacteriophage�6 NC does not
require any phage or host encoded assembly factors.

5. Envelope assembly

The final step in the�6 maturation is the envelope as-
sembly around the NC. So far no in vitro based system has
been devised to study this process, and the knowledge on
envelope formation is based on analyses of�6 infected cells
and different expression systems.

A membrane protein P9 together with a nonstructural
protein P12 constitute the minimum set required for en-
velopment (Mindich and Lehman, 1983; Stitt and Mindich,
1983a; Johnson and Mindich, 1994; Mindich et al., 1976).
The envelope assembly takes place within the cell cytoplasm

(Bamford et al., 1976; Ellis and Schlegel, 1974; Gonzalez
et al., 1977)and does not involve budding out from the
host plasma membrane (Stitt and Mindich, 1983a). The host
recognition and attachment protein, P3, which is anchored to
the envelope via protein P6, is expressed as a soluble protein
and is the last component to be assembled onto the virions
(Fig. 2) (Mindich et al., 1979; Stitt and Mindich, 1983b).

6. Comparison to Reoviridae

The eukaryotic Reoviridae and prokaryotic Cystoviridae
(including �6 and�8) share a similar genome replication
strategy in which the single-stranded genomic precursor
molecules are replicated to their double-stranded forms
within the viral capsid (Patton and Spencer, 2000; Poranen
et al., 2004). Additionally, they share similar core architec-
ture and it has been suggested that these two families may
belong to the same evolutionary lineage (Bamford et al.,
2002).

The arrangement of the 120 P1 molecules within the core
of �6 is similar to that of the bluetongue virus VP3 layer
(Grimes et al., 1998) and the reovirus�1 layer (Reinisch
et al., 2000) (see Nibert and Harrison, this issue) as well as
the rotavirus VP2 layer (Prasad et al., 1996; Lawton et al.,
1997; Prasad et al., 2001). The arrangement of the five-fold
vertices of the polymerase complex differs. While the�6
has the P4 packaging hexamer at these positions the reovirus
has a turret of the RNA-capping pentamer (�2) in equiv-
alent locations (Reinisch et al., 2000). By contrast, BTV
and rotavirus do not contain similar turret-like structures
(Grimes et al., 1998; Prasad et al., 1996). The rotavirus and
BTV RNA processing and replication machinery has been
localized within the core (Prasad et al., 1996; Gouet et al.,
1999). Similarly, the P2 enzyme has been positioned inside
the�6 core under the five-fold vertex (Ikonen et al., 2003).
Although the atomic structures of several eukaryotic dsRNA
virus polymerase complexes are known, in the absence of
an in vitro system assembly intermediates have only been
postulated. A decamer of VP3 was proposed as a BTV
core assembly intermediate (Grimes et al., 1998). It may
well be an intermediate albeit a late one, which is preceded
by several smaller species. Recent results from the�6–�8
system suggest that a tetramer of the major structural pro-
tein P1 in complex with one or more of the key enzymes
(the polymerase and the packaging ATPase) is essential
for nucleation (Poranen et al., 2001; Kainov et al., 2003b).
Interestingly, it was suggested that the viral polymerase of
rotavirus (VP3) may nucleate the core assembly (Patton and
Spencer, 2000).

The NC shell of cystoviruses is built from P8 trimers in
a fashion similar to the BTV VP7 and rotavirus VP6 layer
(Grimes et al., 1995; Lawton et al., 1997). The � P8 as
well as the BTV VP7 need the core template for correct
assembly (Grimes et al., 1997). The outer most capsid layers
(a membrane envelope in Cystoviridae) accommodate host
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specificity and are not structurally related among different
dsRNA viruses.
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Abstract
Recent advances in protein mass spectrometry (MS) have enabled determinations of hydrogen
deuterium exchange (HDX) in large macromolecular complexes. HDX-MS became a valuable tool
to follow protein folding, assembly and aggregation. The methodology has a wide range of
applications in biotechnology ranging from quality control for over-expressed proteins and their
complexes to screening of potential ligands and inhibitors. This review provides an introduction to
protein folding and assembly followed by the principles of HDX and MS detection, and concludes
with selected examples of applications that might be of interest to the biotechnology community.

Introduction
Many essential cellular activities are mediated by large
protein complexes. Similarly, viruses, the cellular para-
sites that are often detrimental to human and animal
health, constitute a special but important class of large
macromolecular assemblies. Such assemblies are com-
posed of multiple protein subunits and may also contain
nucleic acids (e.g. ribosome, viruses, chromatin) and lip-
ids (certain viruses and membrane complexes like nuclear
pore, receptors, respiratory complexes). As with any pro-
tein successful folding of the subunits and assembly into
the final complex are the pre-requisites for attaining activ-
ity while non-specific aggregation interferes with function
and often triggers a cascade of secondary responses that
are detrimental to cells and organisms (e.g. apoptosis,
neurodegeneration). In certain cases aggregation pro-
duces highly structured and stable assemblies (e.g. amy-
loid fibrils) that in effect represent an alternative outcome
of folding and assembly under the altered conditions
[1,2]. In all cases, subunit-subunit interactions determine

the outcome of assembly and stability of the final com-
plexes. Given the complexity of large assemblies new
approaches to investigate structure and dynamics are
needed.

Hydrogen deuterium exchange (HDX), which probes
accessibility and local dynamics of polypeptide chains, is
a powerful method to study protein folding. With the
advent of mass spectrometric (MS) detection the method
(further referred to as HDX-MS) became amenable to
study assembly and structure of large macromolecular
complexes. In this contribution, we first provide basic
concepts of protein folding and assembly that are neces-
sary for understanding HDX principles. Then we explain
the theoretical basis and practical methods for HDX-MS.
In the later part we illustrate how HDX-MS can be utilized
for characterizing protein folding, misfolding, aggrega-
tion, and for probing interactions in large macromolecu-
lar complexes.
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Protein folding and assembly
The process of macromolecular assembly starts when the
subunit polypeptide chain is made on the ribosome and
folds. During early stages of folding the number of acces-
sible conformations is enormous. Experimental studies
demonstrated that a rapid collapse of hydrophobic pro-
tein core and concomitant formation of secondary struc-
ture constitute the early events during folding [3-6].
Detailed tertiary (specific side chain contacts and orienta-
tions) and quaternary (subunit interfaces) structures usu-
ally develop later. These contacts further stabilize the core
and exclude solvent (H2O) from the protein interior mak-
ing the hydrophobic core the most stable part of the struc-
ture. The formation of the core has been demonstrated by
an early protection of the amide protons (NH) against iso-
tope exchange (hydrogen deuterium exchange, HDX, see
below for the detailed mechanism) during the folding
process. The core also hosts the most stably hydrogen
bonded and thus protected peptide groups which exhibit
extremely slow amide exchange under equilibrium condi-
tions [7-9]. This is because amide exchange rates are
related to the local and global stability [10].

Protein folding can be best explained with the help of
multidimensional energy landscape [11,12]. The folding
process is described as successive decrease of polypeptide
energy to a global minimum on a landscape which, for a
typical globular protein, has a funnel-like shape (Fig. 1
shows a one dimensional cross-section projected along a
specific folding parameter such as compactness or per-
centage of native structure) [13,14]. In vitro experiments
and theoretical considerations demonstrated that most
protein molecules in the ensemble rapidly adopt their
lowest energy state following energetically preferred paths
while minority is being slowed down by trapping in local
minima on the landscape [15,16]. These kinetically
trapped molecules are prone to aggregation [17-19]. Evo-
lutionary pressure selects protein sequences against trap-
ping in local minima and consequently most naturally
occurring polypeptides exhibit relatively smooth folding
landscapes. However, genetic engineering and over-
expression of proteins in heterologous hosts might induce
additional roughness into landscapes [20]. This has been
manifested by numerous expression studies in which
folding behavior was derailed by as little as a single point
mutation or by a slight change in folding conditions or
absence of correct post-translational modifications [21-
27].

Many self-assembling and interacting proteins, however,
attain their native fold only upon incorporating into the
macromolecular complex [28-30]. The energy landscape
for folding and association of self-assembling (or aggre-
gating) proteins depends strongly on protein concentra-
tions and ambient conditions (Fig. 1) [29,31-35]. This is

because assembly is often cooperative and relies on mul-
tiple weak interactions between many subunits. Weak
interactions are sensitive to changes in environmental
conditions like temperature, ionic strength and composi-
tion and pH. Since amide protection is related to local
protein stability [36] HDX constitutes excellent tool for
mapping the assembly energy landscape. For example
comparison of HDX for subunits in disassembled and
assembled states yields appraisal of stabilization by subu-
nit contacts and provides basis for mapping of subunit
interfaces.

Structural characterization of macromolecular complexes
High resolution structure determination relies on experi-
mental techniques such as X-ray crystallography and NMR
spectroscopy both of which require substantial protein
quantities. The proteins and their complexes are usually
produced by expression in a suitable host cell. The most
widely used expression hosts are various laboratory
strains of Escherichia coli, yeast cells or insect cells infected
with bacullovirus. Folding of eukaryotic proteins in E. coli
is often compromised due to the lack of the adequate gly-
cosylation apparatus and appropriate post-translational
processing. In such cases one has to resort to expression in
cells of higher eukaryots which may significantly decrease
the yield to levels insufficient for crystallization or NMR

A schematic, one dimensional cross-section of the multidi-mensional energy landscape projected along a specific folding reaction coordinateFigure 1
A schematic, one dimensional cross-section of the 
multidimensional energy landscape projected along a 
specific folding reaction coordinate.
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experiments and consequently lower resolution structural
techniques, such as electron microscopy (EM), must be
used. HDX is an emerging method belonging to this class.
In addition, the stoichiometry and structure of the
expressed complexes may differ from those occurring in
the original cells and tissues. Hence there is a need for
methods which allow comparing structure of the
expressed complexes with the native, tissue-derived spe-
cies. HDX and mass spectrometry are well positioned to
fill this gap [37,38].

Electron cryo-microscopy offers a suitable alternative for
the structure determination of larger complexes (>1 MDa)
[39]. However, EM alone seldom provides high enough
resolution (i.e. better than 4Å) that would allow building
structural models in atomic details. Cryo-EM routinely
achieves resolution as high as 7 Å but the resulting elec-
tron densities do not allow polypeptide chain tracing and
the primary structure (sequence) cannot be mapped onto
the structure. Consequently, this provides little informa-
tion about the residues at subunit interfaces or about the
subunit fold. This problem can be circumvented if high
resolution structures of the subunits are known and could
be fitted into the EM density [40-42]. However, in cases
where the high-resolution structures are not available or
substantial portions of the structure are not resolved in
the models (e.g. intrinsically unfolded domains which
become folded upon assembly) one would like to obtain
some information about the disposition of amino acids
between folding core, subunit interfaces and intrinsically
unfolded regions. As indicated above and discussed in
more detail in the next section HDX can provide such
information. HDX and mass spectrometry (MS) can also
help to tackle sample heterogeneity and classification of
EM images [43] and thus provides supportive tool to EM
[44].

Theory and Methods
Principles of hydrogen-deuterium exchange
Physical chemistry of amide exchange
HDX probes the exchange kinetics of the main-chain
amide (NH) hydrogens for deuterium in samples exposed
to D2O (Fig. 2A). The advantage is that, in principle, it
provides site-specific probes along the whole polypeptide
chain (except prolines and the N-terminal amino group).
Under extreme pH conditions (pH<1 or pH>14) a free
amide group can be either protonated or ionized [45].
Amide hydrogens can exchange via those states albeit
slowly under physiologically relevant conditions. The
reaction is greatly accelerated by an acid or a base. In aque-
ous solutions the hydronium ion (H3O+) or the hydroxide
anion (OH-) plays the role of the acid or the base, respec-
tively [45]. The acid- or base-catalyzed substitution of the
unprotected (free) amide hydrogen, i.e. the chemical step
of the exchange reaction, is strongly pH- and temperature-

dependent (Fig. 2A right panel). This means that an
exposed amide group would exchange on millisecond
time scale at room temperature and neutral pH. Con-
versely, it would take about an hour to exchange the same
exposed NH at low pH = 2.5 and 0°C [46]. The strong pH
dependence of the chemical step allows preserving the
pattern of labeling that was attained under native, neutral
pH conditions by shifting the sample to pH 2.5 and low
temperature. This, in turn provides a window of opportu-
nity for the analysis of isotope incorporation by mass
spectrometry [46].

Steric hindrance by the neighboring side chains (R in Fig.
2A) also affects the rate of the chemical step. This depend-
ence was calibrated using short, unfolded peptides as
model compounds and constitutes relatively small correc-
tion to the intrinsic exchange rates of unprotected peptide
groups (further designated as k2 rate) [47-49]. This correc-
tion becomes important when quantitative interpretation
for site-specific rates is being sought e.g. determination of
the energetics for individual peptide bonds during fold-
ing.

Effects of protein secondary and tertiary structures
In folded proteins most of the amide hydrogens partici-
pate in hydrogen bonding within secondary structure ele-
ments, e.g. α-helices and β-sheets (Fig. 2B). This
considerably slows down the exchange since it requires
temporal breaking of hydrogen bonds. In the folded state
secondary structure is further stabilized by tertiary con-
tacts and thus exchange requires partial or complete
unfolding of the protein and exposure of the buried seg-
ments to solvent. This process is sometimes called struc-
tural opening and is a prerequisite for the chemical step of
exchange [45]. The open states in Fig. 2B correspond to
higher-energy, partially unfolded intermediates on the
energy landscape in Fig. 1. Quaternary, subunit contacts
provide additional stabilization and protect NH sites on
or close to the subunit interfaces [50,51]. In a typical well-
folded protein the exchange rates may differ by many
orders of magnitude reflecting local and global stability
[46].

Two step model of amide exchange
The exchange rates are governed by the folding energy
landscape. However, the correspondence is not straight-
forward and it is necessary to consider all factors contrib-
uting to the overall exchange rate. In order to simplify
such analysis several reasonable assumptions and approx-
imations are made. For amides within protected regions
(secondary structure, hydrophobic core, subunit inter-
faces) structural opening is the rate-limiting step and the
exchange process may be considered as a two step reaction
(Fig. 2C): (1) structural opening which is governed by rate
constants k1 and k-1. (2) chemical exchange step which is
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governed by rate k2 and considered irreversible under the
condition of excess D2O. Then the overall HDX rate can be
described by:

kex = k1k2/(k2+k-1) (1)

There are two limiting cases that are considered when
interpreting HDX exchange rates:

(EX1) k2 >>k-1, i.e. the chemical exchange is fast compared
to the structural opening step:

kex = k1 (2)

The EX1 limit is typical for exchange via global unfolding
under strongly denaturing conditions or for subunit dis-
sociation in large assemblies. The rate does not depend on
pH. The temperature dependence of the rate yields the
activation energy for the unfolding event, i.e. provides

information about the heights of barriers (roughness) on
the energy landscape.

(EX2) k-1 >> k2, i.e. the open state is short lived compared
to the rate of the chemical step:

kex = k1k2/k-1 = Kopk2 (3)

where Kop is the apparent equilibrium constant for struc-
tural opening. EX2 is typical for exchange from the folded
state under native or mildly denaturing conditions and is
strongly pH dependent (through k2). EX2 is a product of
the local unfolding equilibrium constant and the chemi-
cal step rate constant. When site-specific exchange rates in
unfolded state are available it is possible to factor them
out and to obtain the protection factor:

p = k2/kex (4)

Mechanism of HDXFigure 2
Mechanism of HDX. (A) Mechanism of the chemical step. Inset on the right illustrates the pH and temperature (solid line 
25°C, dashed line 0°C) dependence of the intrinsic exchange rate (B) Influence of quaternary, tertiary and secondary structure 
on HDX. (C) Overall reaction scheme and the two limiting cases.
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This factor is then related to the local stability, i.e. depths
of "wells" on the energy landscape:

ΔGlocal = -R·T·ln(p) (5)

where R is the universal gas constant and T is absolute
temperature.

Because different mechanisms of local opening usually
operate simultaneously, neighboring amides within the
same element of secondary structure may exchange with
different rates under native conditions. Upon destabiliza-
tion under progressively more denaturing conditions,
these rates converge to a value that is characteristic of the
cooperative unfolding unit to which these sites belong
[36,52]. This approach identifies structural characteristics
of partially unfolded states and enables to map the energy
landscape in structural terms [10].

HDX detection by mass spectrometry
We first compare various methods for HDX detection and
then explain practical issues involved in HDX-MS meas-
urements. More detailed discussion of experimental
implementation has been provided in recent reviews
[46,53,54].

Comparison of different methods for HDX detection
Several experimental techniques for measurement of HDX
are available. NMR, which determines HDX through dis-
appearance/appearance of amide proton resonances in
D2O/H2O solutions, is the most widely used and provides
site-specific probe of protection. Presently, NMR is not
applicable to large protein complexes (>200 kD) and

requires high concentrations (>10 mg/ml). HDX dynam-
ics of large macromolecular complexes can be readily
examined by Fourier transform infrared (FTIR) [55-60]
and Raman spectroscopy [29,32,61,62]. These techniques
probe incorporation of deuterium by monitoring shifts of
frequencies arising from collective vibrations of the pep-
tide bond and the amide NH group (so called amide
bands, deuterium incorporation increases the local mass
and hence these bands shift to lower frequencies). These
techniques differentiate the exchange rates only by the
type of secondary structure and do not provide mapping
onto the protein sequence.

Mass spectrometry measures deuterium incorporation as
an increase of apparent mass, more specifically as a
change in the isotopic composition. Advances in protein
MS enabled routine resolution of isotopic composition
for oligopeptides with masses up to several kDa. Simi-
larly, shifts due to deuterium incorporation are readily
discernible in mass spectra of intact proteins. This in turn
allowed to probe HDX kinetics for large proteins [63,64]
and macromolecular complexes [33,65-68] and map sub-
unit-subunit interactions in assemblies [51,69-72]. Clear
advantages of MS detection over NMR are the lower pro-
tein concentrations and sample quantities needed.
Although, in principle, MS allows for residue-specific res-
olution of HDX kinetics this is seldom achieved and only
region-specific information is obtained [53,73,74].

Data acquisition and instrumentation
The extent and rate of HDX is measured from mass
increases of peptide fragments after enzymatic cleavage of
a protein (Fig. 3). The exchange is usually initiated by
diluting the protein into D2O exchange buffer (Fig. 3A).

Practical aspects of HDX measurementFigure 3
Practical aspects of HDX measurement. (A) Simplified exchange and protease digestion protocol. (B) Cooled LC-MS 
setup, INJ = injector [64].
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The sample is incubated under the exchange conditions
for the desired exchange period (usually 30 s to 10 h) and
then quenched by rapid acidification to pH 2.5 on ice
(usually done with formic acid). This effectively slows
down any further exchange (so called exchange-in) and
minimizes pickup of hydrogens during subsequent han-
dling in H2O solutions (so called back-exchange). The
quenching solution may be supplemented with a denatu-
rant (e.g. guanidine hydrochloride or urea) to facilitate
dissociation of stable complexes prior to proteolytic diges-
tion. The quenched sample may be analyzed immediately
or flash-frozen and stored for up to several weeks in liquid
nitrogen for off-line analysis.

Prior to MS analysis the sample is digested with a non-spe-
cific acid protease (e.g. pepsin, Aspergillus type XIII,
Rhizhopus type XVIII, or their mixture [75]) on ice. The
resulting digest is loaded onto a reverse-phase column
(usually short C-8 or peptide trap) and rapidly separated
by a steep gradient. As shown in Fig. 3B it is essential that
the HPLC column and the injector are cooled and kept at
constant temperature (e.g. in an ice-water bath) to mini-
mize the back-exchange and maintain reproducible con-
ditions [76]. With the advent of high-resolution MS, good
HPLC separation is not essential. The chromatography
step effectively provides rapid desalting and removal of
undigested protein before sample introduction into the
mass spectrometer. This is usually done through a stand-
ard or micro-capillary electrospray ionization interface
(ESI) [77,78]. Any mass spectrometer with resolving
power 5000 or better (e.g. a quadrupole-time of flight (Q-
TOF), an ion trap) is in principle suitable for detecting
HDX. Higher resolution enables a more accurate measure-
ment of multiply charged peptides and is essential for
resolving overlapping isotopic envelopes that are com-
monly found in MS spectra of large proteins and their
assemblies. High mass accuracy and reproducibility, usu-
ally provided by calibration with a suitable standard, are
essential. The highly repetitive nature of HDX-MS experi-
ment (i.e. collection of many time points) makes it suita-
ble for automation and several setups were reported
[53,79].

Note that the exchangeable side-chain hydrogens (e.g.
tyrosine or serine OH groups, the amino group of lysine
etc.) exchange rapidly back during digestion and HPLC
separation performed in H2O [80]. On the other hand,
deuterium at main-chain amide sites persists much longer
(see Fig. 2A). However, back-exchange of main-chain
amides, which inevitably occurs during sample handling
after quenching (i.e. peptic digestion and reverse-phase
separation), interferes with HDX data analysis by dimin-
ishing the differences between exchanged populations
and needs to be kept as low as practically possible.
Recently, several attempts were made to alleviate the back-

exchange problems during separation. In principle ultra
performance liquid chromatography (UPLC) provides
faster and superior resolution. Comparison between
UPLC and conventional HPLC in HDX/MS experiments
using cytochrome c as the benchmark protein failed to
provide convincing evidence in favor of UPLC mainly due
to higher back-exchange. This was caused by inadequate
cooling of the injector in the commercial UPLC system
[81]. A radically different approach using a supercritical
fluid chromatography (SFC) that employs non-aqueous
CO2 mobile phase and fast flow rates yielded substantial
reduction of back-exchange compared to the HDX-opti-
mized HPLC separation. The slightly impaired peptide
separation in SFC was offset by the superior resolving
power of the Fourier transform ion cyclotrone resonance
mass spectrometer (FTICR-MS) which was used in this
study [82].

Data analysis-from mass spectra to structural interpretations
Digestion with pepsin or other acidic proteases is rather
non-specific and under given conditions (e.g. digestion
time, denaturant concentration, protease-to-protein ratio)
yields overlapping fragments with lengths ranging from 5
to 15 amino acids. The same set of peptide fragments is
obtained for a given protein and digestion conditions
[75]. This assures that consistent and reproducible data
sets are obtained in independent runs. Each of the frag-
ments acquires one or more positive charges during ioni-
zation and produces a typical isotopic envelope in the
mass spectrum (Fig 4A). The relative abundance of differ-
ent ionization states and fragments strongly depends on
the particular ionization interface and mass spectrometer
design. Hence, it is advisable to use one MS instrument
throughout the whole study.

Each peak in the envelope corresponds to an increasing
number of heavier isotopes (naturally occurring 13C, 34S
and the HDX introduced 2H) and spacing between them
is inversely related to the acquired charge. Even the non-
exchanged control (t = 0 s) contains series of peaks corre-
sponding, in succession, to the monoisotopic fragment
mass (the lowest m/z, all atoms are of the lightest isotope)
followed by the peaks from species containing one or
more of the heavier, naturally occurring isotopes. Note,
that due to 1% abundance of 13C and other naturally
occurring isotopes the monoisotopic peak is usually weak
for longer fragments (>10 residues).

The fragments in non-deuterated sample are assigned to
the amino acid sequence by tandem MS (MS2; i.e. frag-
mentation of the selected peptide in the mass spectrome-
ter, usually performed by collision with gas or application
of strong electric field, followed by analysis of the result-
ing ions; see [77] for details) [83]. In favorable cases, espe-
cially when using ultra-high resolution mass
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spectrometers (e.g. FT-ICR), assignments may be based on
the exact mass alone. However, a confirmation by MS2 is
still desirable [84].

As expected, deuteration shifts the isotopic pattern to
higher m/z values (Fig. 4A). As seen in the second spec-
trum from top the monoisotopic peak may not be
resolved in the shifting isotopic envelopes and hence the
patterns are usually identified by the expected progression
of m/z peaks for the given charge state. One of the main
advantages of MS detection is that MS spectra exhibit dis-
tinctly different patterns for EX1 and EX2 mechanisms.
This provides basis for distinguishing between the two
limits without measuring the tedious and often experi-
mentally inaccessible pH dependence.

In the EX1 regime amides remain either all unexchanged
or become all exchanged at once and thus the mass spec-
tra show a bimodal pattern (c.f. t = 0 and 40 sec in Fig.
4B). The apparent rate constant, kex = k1 in Eq. 2, corre-
sponds to the rate of structural opening or a conforma-
tional change, and it is determined from the time-
dependence of the integrated intensity belonging to the
deuterated envelope.

In the EX2 regime exchange causes progressive shift and
binomial broadening of the isotopic envelope (Fig. 4A).
In this case the centroid of the isotopic envelope or the
average of the peak positions weighted by their intensities
are both reasonable and frequently used measures of the
degree of deuteration [46,51,64,85,86]. In this case the
HDX rate constant, kex in Eq. 3, is obtained from the
dependence of the centroid/average position on exchange
time. This analysis provides kinetics averaged over the
whole fragment and consequently corrections for the
effects of primary structure (sequence) on k2 in the EX2
limit are impossible. Such correction is not necessary
when comparing two states of the same protein, e.g. for
mapping subunit interfaces in protein assemblies.

In certain cases (e.g. high resolution spectra like those
shown in Fig. 4) the true deuteration distribution may be
obtained from the measured envelope by deconvolution
with the naturally occurring isotope distribution [87].
Such procedure allows analyzing exchange under condi-
tions when part of the fragment is exchanging via EX1
mechanism while the rest belongs to an EX2 limit [88].

Site-specific resolution of exchange will be essential for
quantitative study of enzymes and molecular motors and
for direct comparison with theoretical results [89-91]. Sev-
eral attempts to improve the resolution have been made.
One approach was to analyze simultaneously the
exchange kinetics of overlapping fragments and separate
the individual contributions computationally. In favora-
ble cases this may produce site-specific resolution for few
residues within the entire sequence. An attempt at more
reliable experimental solution was made by using MS2 for
sequencing of deuterated fragments. However, it was
found that the collision-induced fragmentation step led to
significant scrambling of deuterium among the amide
sites and hence this approach proved impractical [74].
Recent experiments using gentler fragmentation methods
demonstrated significant preservation of the deuteration
pattern [73,92].

In all cases the measured degree of exchange is always
lower than the actual value because some of the label is
lost during sample handling (e.g. digestion and HPLC)
due to the back-exchange. The true extent of exchange is
an important parameter for interpretation. Take the fol-

Example of HDX detected by mass spectraFigure 4
Example of HDX detected by mass spectra. m/z iso-
topic envelopes for EX2 (A) and EX1 (B) limit of exchange. 
Data obtained for a region that is situated within the subunit 
interface in ϕ8 P4 hexamer [114].
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lowing example: In the absence of site-specific resolution
the exchange is averaged over the whole peptide fragment.
Hence, situations, in which half of the fragment residues
are exposed and exhibits fast exchange while the rest is
buried and does not exchange at all, are common. Ignor-
ing the true extent of the exchange, which amounts to
only half of the available sites in this example, and taking
into account only the fast kinetics would lead to an erro-
neous conclusion that the whole peptide is exposed.

In order to obtain the true extent of exchange one must
correct for the back-exchange. The degree of back-
exchange depends on the experimental setup and sample
handling and varies from as little as 10% for ESI-MS to
about 40% in MALDI-TOF MS detection. There is also var-
iation between different fragments, presumably due to
sequence effects on the back-exchange. Therefore, the best
way to correct for back-exchange is to measure a fully deu-
terated control sample under identical conditions, e.g. a
protein which was first denatured and then re-folded in
D2O buffer. For some proteins refolding in D2O is impos-
sible and one must resort to approximations. For exam-
ple, it is fair to qualitatively compare the relative extent of
exchange for two states of the same protein (e.g. assem-
bled and free subunit of a virus) if the two data sets were
collected under identical conditions [70].

Automated data processing
Mass spectrometry is venerable for generating large data
sets and HDX-MS is no exception. A typical 35 kD protein
may yield about 100 assigned fragments which contribute
to the mass spectra. In addition, the spectra contain pleth-
ora of unassigned peaks e.g. from oxidized protein or
from pepsin. In HDX-MS the useful MS data is spread over
several (4–10) scans within the LC-MS run. Usually, the
full kinetics contains at least 15 time-points collected in
three independent replicas. Taken together one needs to
extract and process at least 4000 isotopic envelopes from
about 200 spectra per each kinetic curve. Such a task calls
for a considerable automation and deployment of data-
mining tools.

MS2 peptide assignments can be done using either com-
mercial proteomics add-on packages for automated data-
base searches and subsequently validated by spectral
prediction tools when necessary [93]. Despite the appar-
ent popularity of HDX-MS, specific tools are not to be
found in any of the commercial software packages that are
currently supplied with instruments. This spurred in-
house development of various HDX-MS-specific software
packages [54,79,94] and eventually led to applications
ranging from semi-automated to fully-automated process-
ing that are now freely available [88,95,96]. The utility of
some packages is still hindered by the plethora of propri-
etary data formats used by different manufacturers but

could be overcome by adopting the mzXML standard for
data interfacing [96,97]. Recently, Pascal and colleagues
launched a web application ("Deuterator") compatible
with multiple file formats for automated HDX-MS data
analysis [96,98]. Although promising, the utility of the
web-based approach is somewhat compromised by the
need to supply large datasets to a remote server.

Applications
In the following sections we present selected examples of
HDX-MS use in detection and characterization of folding
intermediates, association of small oligomers and dynam-
ics in large assemblies. Later we provide illustrations of
HDX-MS utility for structural characterization of aggre-
gates and intrinsically unstructured proteins. Finally, we
discuss applications to characterize functional dynamics
in protein complexes and molecular machines.

Detection of folding and association intermediates in vitro
Native state exchange reveals folding intermediates
Multi-state and two-state protein folding cannot be often
distinguished due to instability of partially folded inter-
mediates. Meta-stable intermediates can be detected via
HDX and play a crucial role in the determination of fold-
ing kinetic and native state dynamics [85]. HDX experi-
ments are also considered most effective in teasing out the
structural details of protein folding intermediates, often
with amino-acid resolution [99].

The three-state unfolding of ubiquitin (highly structured,
partially unstructured A-state, and fully unstructured
state) was examined by HDX-MS [100]. The highly
dynamic A-state consisted of flexible, rapidly exchanging
C-terminal region while the N-terminal domain adopted
less dynamic, native-like β-strand configuration.

Time-resolved techniques and characterization of folding and 
assembly intermediates
Pulse-labeling HDX-MS techniques enable detection and
characterization of transient folding intermediates which
are not readily populated under equilibrium conditions
[101]. An on-line HDX pulse-labeling ESI MS apparatus
was developed and tested on myoglobin folding and
heme incorporation [86,102] (Fig. 5). The method is
based on tandem mixing chambers: the first one serves to
initiate folding/assembly reaction while the second one is
used to stop the folding reaction and transiently expose
the products to deuterium label. Subsequently, the
exchange is quenched and the incorporated label is quan-
tified by MS. This provides a "snapshot" of protection at a
particular stage of the reaction. Usually, this is applied to
intact proteins but there is no principal obstacle in carry-
ing out pepsin digestion and LC-MS analysis and obtain
region-specific exchange kinetics.
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The method enabled millisecond resolution of the folding
dynamics for a well-studied model protein ubiquitin and
led to the discovery of a previously uncharacterized inter-
mediate [103]. The method was then used to follow fold-
ing and association of dimeric protein, S100A11, and
revealed three different kinetic species – a relatively
unfolded monomer, a more compact folded monomer
and the native dimer [104].

Pulse labeling can also reveal the interplay between fold-
ing and assembly in multidomain, multimeric proteins.
Rabbit muscle aldolase is a homotetramer encompassing
subunits with three domains each. A locally unfolded
aldolase was pulse-labeled with deuterium after destabili-
zation in urea for a defined period of time (1 min to 48
h). Isotope patterns revealed four populations corre-
sponding to distinct conformations: one native and three
distinct, partially unfolded intermediates. The intermedi-
ates, which were further characterized using pepsin diges-
tion, corresponded to aldolase with one, two or all three
domains unfolded, respectively. Remarkably, the com-
pletely unprotected intermediate, which also lacked sec-
ondary structure, still remained tetrameric, suggesting
strong coupling between folding and assembly of the
tetramer. The observed HDX kinetics supported sequen-
tial and cooperative mechanism of aldolase unfolding
[51,80,105].

Structural characterization of expressed proteins
When there is no high resolution structure available,
HDX-MS experiment can provide valuable information
about the domain structure and may be used to validate
structural models which are built solely on the basis of
limited sequence homology. This approach was applied
to a protein kinase scaffolding protein, D-AKAP2, which
augments interactions of signaling molecules inside cells
[106]. HDX-MS revealed two regions of low exchange
located in the midst of fast exchanging regions and iden-
tified two distinctly folded regions (Fig. 6). Fig. 6A illus-
trates a plausible representation of region-specific HDX
kinetics in the absence of three-dimensional structure.
The sequence, which was found homologous to regulator
of G-protein signaling (RGS), mapped within the first

folded region. The second folded region encompassed a
highly protected protein kinase A (PKA) binding site and
a less protected PDZ-binding motif (PDZ domain is a
potential target of D-AKAP2). HDX-MS thus confirmed
the multi-domain architecture of D-AKAP2. HDX-MS was
also used to validate a homology-based structural model
of the RGS domain (Fig. 6B–C) [106].

An interesting application of HDX-MS has been devel-
oped to follow protein folding during in vitro, cell-free,
transcription-translation [107]. This is a fast and easy way
to use method based on MALDI-TOF and yields global
degree of folding using minute protein quantities without
purification. In addition, it affords rapid identification of
the expressed protein. HDX-MS was also used to refine
protein constructs for crystallization trials [108,109]. A
somewhat similar MALDI-MS approach was used to char-
acterize stability of an expressed protein in the cell extracts
i.e. under conditions close to those found in the cyto-
plasm [38]. The method, abbreviated by the authors as
SUPREX (stability of unpurified proteins from rates of H/
D exchange) revealed that the model protein, bacteri-
ophage λ repressor, exhibited identical stability in the cell
lysate and in the dilute solution of pure protein, respec-
tively. This study was later extended to perform and detect
HDX of the λ repressor in the cytoplasm of intact E. coli
cells, i.e. in vivo [37]. This method exploited permeability
of lipid membranes for small molecules like water and
urea which allowed for rapid equilibration of D2O
between the cytoplasm and the deuterated medium con-
taining increasing amounts of denaturant. As in their pre-
vious study the authors found no difference between
repressor stability under in vivo and in vitro conditions,
respectively. However, the in vivo stability was signifi-
cantly enhanced by administering hyperosmotic shock to
the cells prior to the exchange experiment.

Assembly and dynamics of large complexes
Macromolecular complexes, some of which are indeed
fairly sophisticated molecular machines, ensure consecu-
tiveness of cellular processes such as macromolecular syn-
thesis, transport, and metabolism. Their functions rely on
self-assembly, subunit rearrangements and conforma-
tional changes throughout the duty cycle. Viruses repre-
sent special class of such machines and, in effect they
could be considered smart containers for targeted delivery
of macromolecular cargo. They are programmed for con-
trolled replication, encapsidation, transport and release of
their genomes into new host cells. This is accomplished by
series of concerted structural changes within viral capsids.
The utility of HDX-MS in virus research and in characteri-
zation of macromolecular complexes in general was
recently reviewed [71] and here we present selected exam-
ples, mostly from the virus field, to illustrate the type of
problems this method may help to answer.

Schematics of on-line folding and pulse labeling apparatus (based on [102])Figure 5
Schematics of on-line folding and pulse labeling appa-
ratus (based on [102]).
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Domain structure of D-AKAP2 scaffolding proteinFigure 6
Domain structure of D-AKAP2 scaffolding protein. (A) Graphical representation of deuteration levels at different time 
points is shown in color (scale on the right) below the sequence. (B) Backbone homology-based model of the RGS domain (C) 
Color representation of deuteration levels after 3000 s mapped onto the modeled structure. (D) Deuteration levels after 3000 
s mapped onto the primary structure. From [106] with permission.
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Mapping subunit interfaces and association dynamics
The first step towards functional macromolecular com-
plex is assembly of subunits guided by subunit-subunit
interactions. In many instances only the high-resolution
structures of subunits are available while a medium reso-
lution electron density of the whole assembly is readily
obtained by cryo-EM. The fitting of the subunit structures
into the EM density is greatly facilitated by knowing the
subunit interfaces within the complex. This strategy was
adopted for bacteriophage ϕ12 which is a dsRNA virus
belonging to the Cystoviridae family and is structurally
related to members of the Reoviridae family [110].
Although the high-resolution structure of the virus-associ-
ated packaging ATPase, a hexameric molecular motor P4,
had been known [111] and the hexameric structure had
been resolved by cryo-EM [112,113] it was not possible to
determine which way the hexamer interacted with the
viral procapsid (Fig. 7A). HDX-MS was used to map the
subunit interfaces [94]. Fig. 7B shows comparison of the
isotopic patterns for the C-terminal helix in the free hex-
amer (red) and the PC-bound motor (blue). A substantial
increase in protection (lower final plateau in Fig. 7C) and
slower kinetic (smaller initial slope) is clearly apparent for
the assembled state. Mapping of the average exchange
rates for all resolved fragments onto the surface represen-
tation of the hexamer confirmed that P4 associates with
the procapsid using its C-terminal facet (Fig. 7D). This
information was subsequently used to fit the atomic
model of the hexamer into a refined asymmetric cryo-EM
reconstruction of a related virus ϕ6 [113] (Fig. 7E).

HDX-MS also revealed that the association of the motor
with the viral capsid stabilized subunit interfaces (c.f.
exchange of helices IH1 and IH2 in Fig. 7F) and prevented
spontaneous opening of the hexameric ring (Fig. 7G).
Ring opening had been detected by HDX-MS and associ-
ated with loading of ssRNA into the central channel (Fig.
7G) [114]. The exchange dynamics of the PC-associated
hexamer closely followed temperature B-factors derived
from the crystal structure while the free, solution state was
more dynamic [94] (Fig. 7F).

HDX-MS and crosslinking was used to identify new con-
tacts between subunits in the capsid of human immuno-
deficiency virus (HIV) [70]. The subunit of HIV capsid
(CA) encompasses N-terminal domain connected via a
linker to C-terminal domain. The capsid assembly process
was thought to be driven by association (dimerization) of
C-terminal domains and hexamer formation by six N-ter-
minal domains. While the C-terminal domain was known
to form stable dimers in solution there was no evidence
for the oligomerization of the N-terminal domain. Hence,
the assembly mechanism was far from being certain. By
comparing the exchange of the full-length CA in the mon-
omeric and the assembled state Lanman and colleagues

were able to delineate a new interface between the N-ter-
minal and C-terminal domains of neighboring subunits
[70,115]. This contact was shown to play essential role in
stabilizing hexamers during assembly.

HDX-MS can also provide information about subunit
association kinetics in functional assemblies. Small heat
shock proteins (sHSP) belong to a family of molecular
chaperones, which transiently bind partially unfolded
proteins and prevent their aggregation. One member of
this family, HSP16.9, assembles into a dodecamer at
room temperature. Surprisingly, subunit interfaces exhib-
ited no protection against HDX after incubation for 5 s in
D2O [50]. Note, that under these conditions most oligo-
meric proteins show significant protection of their subu-
nit interfaces. Almost complete exchange suggested that
large conformational motions were taking place within
the assembly, leading to the disruption of subunit inter-
faces. When pulse-labeled for just 10 ms, the subunit
interfaces showed significantly lower exchange comparing
to the 5 s experiment. Thus, the HSP16.9 oligomer under-
went fast association-dissociation dynamics on a sub-sec-
ond time scale. At 42°C, HSP16.9 forms a dimer with the
same exchange pattern and kinetics as the dodecamer at
room temperature. It is believed that HSP16.9 is heat-acti-
vated by shifting the equilibrium between the two forms
[50] and the fast association-dissociation dynamics plays
essential role in the process. This example also shows that
it is important to consider HDX kinetics on millisecond
time scale when dealing with metastable, highly dynamic
complexes.

Structure and dynamics of subunits within large assemblies
EM and X-ray diffraction yield structures of well-defined,
stable conformations. However, even highly symmetric,
icosahedral viral capsids are dynamic entities. Essential
biological processes, like delivery of viral genomes, are
mediated by structural transformations. HDX-MS enables
monitoring of these dynamic events.

Many viruses require a maturation step in which a capsid
precursor undergoes large scale structural rearrangements
in response to e.g. protease processing of the viral poly-
protein. HIV maturation is triggered by a virion-associated
protease which specifically cleaves the assembled Gag
polyprotein to releases the individual structural proteins
(NC, nucleocapsid; CA, capsid; MA matrix; ENV, envelope
glycoprotein). During the process the assembled CA col-
lapses from a spherical form into a conical core. This step
is essential for infectivity and hence the protease has been
successfully targeted by several antiviral drugs. However,
in structural terms, the maturation process has been elu-
sive [115]. HDX-MS was used to compare CA in the
mature and immature form of virus-like particles (VLP).
The intact CA protein in the mature form exhibited signif-
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Mapping subunit interfaces and dynamics in large viral assembly- P4 hexamer within ϕ12 procapsid [94]Figure 7
Mapping subunit interfaces and dynamics in large viral assembly- P4 hexamer within ϕ12 procapsid [94]. (A) 
Schematics of the viral procapsid (PC) and packaging of ssRNA precursors by the P4 hexamers associated with the capsid ver-
tices (left). The right panel illustrates the problem of determining the orientation of the hexamer with respect to the procapsid. 
(B) Bar representation of the isotopic envelopes during progressive deuteration, free hexamer in red and PC-bound in blue. 
(C) The HDX kinetics derived from centroid positions of the isotopic envelopes in panel B (and from additional data not 
shown). (D) Mapping of average exchange rates onto P4 structure in surface color representation (color scale on the bottom 
right). (E) Fitting of the P4 hexamer into the EM-derived electron density using the correct orientation from HDX experiment 
(adopted from [113]). (F) Average exchange rates mapped onto the ribbon diagram of P4 subunit for free (left) and PC-bound 
(middle) hexamer together with the scaled crystallographic temperature factors (B-factors, right panel). Color scale as in panel 
D. (G) Schematics of ssRNA loading into the hexameric packaging motor via ring opening mechanism. Top: A specific viral 
RNA structure (packaging signal) is recognized by the major capsid protein P1 which brings the polynucleotide strand to the 
vicinity of P4. Middle: P4 ring opens and lets the RNA slip in between subunit interfaces into the central channel. Bottom: The 
ring topologically encloses the bound RNA and translocates RNA in 5' to 3' direction into the capsid at the expense of ATP 
hydrolysis (packaging).
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icant protection with respect to the immature state (Fig.
8A) [116]. A bimodal pattern in the m/z spectra of the
intact, mature CA indicated two populations of CA con-
formers. The first exhibited protection similar to the
immature CA while the second was significantly more
protected. Similar bimodal HDX pattern was observed for
a peptide fragment from the interface between N- and C-

terminal domain (Fig. 8B). This demonstrated that only
half of the subunits in HIV-1 capsid matured into the con-
ical cores and that the formation of the heterotypic N-C
interface is a key feature of the maturation process. On the
other hand, the formation of new interfaces between N-
terminal domains, which had been proposed on the basis
of EM to mediate maturation, was not detected [116].

Structural changes during HIV maturation [71, 115, 116]Figure 8
Structural changes during HIV maturation [71, 115, 116]. (A) Progress of deuteration for the intact capsid protein 
(+28 charge state, 25 601 Da) in mature virus-like-particles (mVLP, red) and as disassembled monomer in solution (black). (B) 
Time-resolved isotopic envelopes for the peptic fragment encompassing residues 55–68 of the CA protein in immature (left) 
and mature (right) VLPs. The peaks marked by asterisk do not belong to the CA fragment envelopes. From [71] with permis-
sion.
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Unlike HIV dsDNA and dsRNA bacteriophages (e.g. Cysto-
viridae discussed above) mature via packaging of their
genomes into empty procapsids which simultaneously
expand and undergo substantial stabilization [117,118].
HDX-MS application to viral maturation was pioneered
using dsDNA bacteriophages P22 and Raman spectros-
copy for detection [29]. This initial investigation was sub-
sequently extended by mass spectrometry [33] and
demonstrated that the observed stabilization of the viral
lattice was due to refolding of coat protein domains. Fur-
ther study of P22 capsids by FT-ICR HDX-MS identified
the N-terminal domain as being substantially stabilized
upon maturation while the C-terminal dimerization
domain remained unaffected. Together with crosslinking
experiments HDX results assisted mapping of the refolded
domains into the EM-derived electron density [119,120].

Flexibility of virions has been demonstrated as an impor-
tant factor in the delivery of genomes by plus-sense ssRNA
viruses [121]. Capsid dynamics of human rhinovirus was
studied by HDX-MS [122]. A fast and intermediate
exchange pattern was observed for the interfaces around
the five-fold axis. These sites may serve as the initiation
site for uncoating and release of the viral RNA.

Native-state HDX of whole protein subunits within the
intact large and small ribosomal subunit was detected by
MALDI-MS [66]. While this method did not resolve subu-
nit interfaces it provided first glimpse at the overall
dynamics for almost all ribosomal proteins. The protec-
tion correlated well with the assembly pathway i.e. subu-
nits that were incorporated early during ribosomal
assembly exhibited significantly higher protection. On the
other hand, faster HDX was observed for subunits impli-
cated in tRNA translocation between sites or those
involved in pivoting of large and small ribosomal subu-
nits. These functions presumably require higher flexibil-
ity.

Aggregation, amyloid and inclusion bodies
Fluids in cells contain macromolecules at high total con-
centration, causing molecular crowding [123]. In most
cases crowding favors protein folding as well as formation
of functional complexes relative to the less compact, non-
native structures. However, under such conditions even
brief loss of native protein structure or exposure to
extreme conditions (e.g. oxidative stress, heat shock) may
lead to aggregation. Aggregation produces plethora of spe-
cies, ranging from soluble oligomers, amorphous aggre-
gates, to fibrils, amyloid plagues and inclusion bodies
[124,125]. HDX-MS has played important role in charac-
terizing structure and dynamics of protein aggregates
which are often refractory to other methods [126]. HDX-
MS also constitutes an indispensable tool in characteriz-
ing intrinsically unfolded proteins [127].

Prion proteins are prone to adopt different structures and
some mutants readily oligomerise and aggregate to form
amyloid plagues. Amyloid and inclusion body formation
is associated with severe human disorders such as Alzhe-
imer's or Huntington's diseases. The oligomers are cur-
rently thought to constitute the toxic species.

One of the proteins that are often associated with amyloid
formation is α-synuclein. HDX-MS was used to delineate
structural differences between two states of α-synuclein,
the natively unstructured soluble monomer and the aggre-
gated insoluble amyloid [128]. The monomer exchanged
with rates corresponding to an unstructured random coil.
In the amyloid state the long N-terminal and the C-termi-
nal segments remained mostly unprotected while the cen-
tral β-sheet was significantly protected. The protected β-
sheet segments exceeded the length expected for an amy-
loid ribbon and no exposed amides corresponding to the
putative interconnecting turns were observed. These
results indicate that the α-synuclein amyloid adopts a
structure similar to that of amyloid-β [129].

Ovine prion protein oligomerization was investigated by
a combination of size-exclusion chromatography, circular
dichroism and HDX-MS [130]. Three different oligomeric
species were detected and structurally characterized. Sur-
prisingly, HDX detected increased flexibility of certain
regions that were shown to play essential role in aggrega-
tion. The heterogeneity and the increased dynamic charac-
ter of these oligomeric precursors pointed to the existence
of multiple aggregation pathways.

Overexpression and inclusion body formation may facili-
tate high recovery of bioactive protein provided the pro-
tein attains native structure after solubilization [131].
Over-expression and purification from inclusion bodies
was employed to study the cytoplasmic region of tyrosine
kinase-interacting protein (TIP) from Herpes virus
saimiri. Intrinsic disorder was predicted for TIP and con-
firmed by HDX-MS but this did not compromise the
enzyme activity and binding [132].

Protein dynamics and function
Protein function is often intimately linked to protein
dynamics and involves, for example, conformational
changes during enzyme activation or segment immobili-
zation imposed by ligand binding. Conformational
changes require transient population of higher energy
states on the folding landscape and thus they can be
detected by HDX as in the case of folding intermediates
[133-135]. The importance of thermally activated protein
dynamics was demonstrated for a thermophilic alcohol
dehydrogenase by measuring temperature-dependent
HDX rates [136]. The activation energies for HDX rates of
peptides in the vicinity of the NAD+ cofactor and the sub-
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strate binding site underwent two transitions, at 30 and
45°C, respectively. These transitions correlated with
changes in NAD+ binding kinetics and enzymatic activity.

HDX-MS was used for mapping the interactions of pro-
teins with ligands [137,138] and enabled to unravel sub-
tle structural changes in troponin C upon Ca2+ binding.
These changes are important for regulation but escaped
detection by other techniques [139]. The concept is illus-
trated in Fig. 9A–D for binding of nucleotide di- and tri-
phosphates and RNA to the hexameric viral packaging
motor, protein P4 (see above). The exchange of a peptide
fragment originating from the vicinity of the ATP binding
site exhibited slower rate in the presence of ATP or ADP
but is was largely unaffected by RNA binding (Fig. 9B–D)
[114]. Further insight was obtained by computing the dis-
tribution of exchange rates by a maximum entropy
method [140] (Fig. 9C) and by classification of the amide
sites into three groups: fast (exchanged before the first
time point, i.e. 30 sec), intermediate (exchanging on the
time scale of the experiment), and protected (not
exchanged during the whole duration of the experiment,
i.e. 8 h) (Fig. 9D) [114]. The three-class analysis revealed
that reversible ligand binding affected mostly the fast
exchanging amides and provided only partial protection.
This is understandable given that ATP and ADP binding
and dissociation both happen on millisecond-to-second
time scale.

The three-class analysis proved valuable in visualizing
changes in local stability during RNA binding and ATP-
driven translocation by the hexameric packaging motor
P4. HDX information for each peptic fragment was color-
coded and mapped onto the three-dimensional structure.
For each fragment the applied color was an RGB (red-
green-blue) blend which was weighted by the relative frac-
tion of protected (blue), intermediate (green) and fast
(red) amide sites (Fig. 9F). Such representation is superior
to the simple average rate coloring scheme used in Fig. 7
because it contains more information and enables to dis-
tinguish cases in which the average rate is not affected, e.g.
when fast and slow sites shift to intermediate class. The
three-color representation revealed increased flexibility of
the hexamer upon RNA binding (Fig. 9E). During translo-
cation the protein subunits cycle between stable and flex-
ible states and this resulted in purple color of many
regions (purple = blue + red). The only exception is the
interface helix (IH, green) for which the intermediate
exchange is of the EX1 type (see the primary MS data in
Fig. 4) and represents opening of the ring during RNA
loading.

HDX-MS proved extremely useful in uncovering allosteric
activation networks in protein kinases [141,142]. The
extracellular regulated protein kinase-2 (ERK-2) is a MAP

kinase which is activated by phosphorylation. The influ-
ence of phosphorylation on conformational flexibility
was probed by HDX-MS [143]. HDX demonstrated that
phosphorylation induced flexibility in the hinge region
between two domains. Subsequently, conformational
changes upon AMP-PNP binding to the inactive and the
activated (phosphorylated) ERK-2 revealed that the DFG
motif within the catalytic site was stabilized in the pres-
ence of AMP-PNP but only in the active form [144]. Hence
phosphorylation facilitates interdomain closure that is
necessary for the precise alignment between ATP and the
polypeptide substrate.

In another example HDX-MS was used to probe allosteric
activation of coagulation factor VIIa (FVIIa) by a tissue
factor (TF), both of which play essential role in blood clot-
ting [145]. Observed HDX kinetics demonstrated stabili-
zation of the activation domain and the 170-loop in FVIIa
upon TF binding. Interestingly, the two protected regions
are distal to the TF recognition helix within FVIIa
sequence. Comparison of HDX results with molecular
dynamics simulations identified a key interaction
between Leu305 and Phe374 which is likely to transmit
the stabilizing effect from the recognition site to the acti-
vation domain. This is an example in which region spe-
cific HDX was augmented by molecular dynamics
simulations to reach conclusions at atomic level.

Conclusion
It is clear from the above illustrative but largely incom-
plete survey of HDX-MS applications that this method has
gained popularity within the community. As suitable
mass spectrometers become more affordable they will be
acquired by individual labs for dedicated HDX-MS use.
This will generate vast amounts of data and hopefully
stimulate further software developments. However, at the
moment there is no public depository for such a vast
amount of potentially useful data. The results are scattered
throughout literature in various formats which are gener-
ally not amenable to quantitative comparisons and
searches. Therefore, there is an urgent need to develop a
uniform way of how to present and deposit HDX-MS
results and time is ripe to create a fully searchable public
database.

In addition, more advanced instrumentation will enable
developments of new methods and improve sequence
coverage and site-specific resolution by e.g. tandem MS.
Another avenue is to improve the overall throughput by
decreasing the time necessary for data collection by e.g.
lab-on-chip implementation of fully automated proto-
cols. This in turn would significantly enhance temporal
resolution of HDX and enable probing faster, functional
dynamics which is often associated with enzyme action.
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Mapping functional dynamics in the hexamer of P4 from bacteriophage ϕ8 [114]Figure 9
Mapping functional dynamics in the hexamer of P4 from bacteriophage ϕ8 [114]. Mass/charge (m/z) spectra corre-
sponding to the peptic fragment encompassing residues 139–158 (m = 2210.14 Da, z = 3) during H/D exchange (only interval 0 
to 60 min shown). (B) Increase of deuterium content in the peptide (symbols) and the corresponding maximum entropy fit 
(MEM) for P4 alone (black circles, solid line), P4+1 mM poly(C) (blue triangles, dotted), P4 + 1 mM poly(C) + 1 mM ATP (red 
squares, dashed line), P4 + 1 mM poly(C) + 1 mM AMP-PNP (green diamonds, dash-dot-dot) and P4 + 1 mM ADP (cyan 
inverted triangles, dash-dot). Standard deviations (error bars) were estimated from three independent experiments. (C) Rate 
distributions obtained by MEM fitting of data in panel B. The color bar under the panel indicates the three integration regions 
which were used to obtain the number of sites within each rate class (blue = slow/protected, green = intermediate, red = fast/
unprotected). (D) Number of amide sites in the three classes and under different conditions (nucleotide di/triphosphates, RNA 
binding) obtained from data in panel C, bar colors as in panel C. (E) RGB representation of the HDX kinetics for subunit inter-
faces. The two facets (left and right) represent the facing interfaces from the neighboring subunits in a surface representation. 
Bound ATP molecule is shown in yellow ball-and-stick representation. Several regions of interest are delineated: NT-nucle-
otide binding pocket; L2H-loop 2 and α-helix 6 which constitute the moving lever of the motor; IH-interfacial helix which 
becomes transiently exposed during ring opening and RNA loading. (F) Three-color, RGB scale for number of amides exchang-
ing in the three classes.
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These later developments will make HDX-MS valuable
companion to structural genomics.
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Bacteriophage P22 serves as a model for the assembly and maturation of
other icosahedral double-stranded DNA viruses. P22 coat and scaffolding
proteins assemble in vitro into an icosahedral procapsid, which then
expands during DNA packaging (maturation). Efficient in vitro assembly
makes this system suitable for design and production of monodisperse
spherical nanoparticles (diameter ≈50 nm). In this work, we explore the
possibility of controlling the outcome of assembly by scaffolding protein
engineering. The scaffolding protein exists in monomer–dimer–tetramer
equilibrium. We address the role of monomers and dimers in assembly by
using three different scaffolding proteins with altered monomer–dimer
equilibrium (weak dimer, covalent dimer, monomer). The progress and
outcome of assembly was monitored by time-resolved X-ray scattering,
which allowed us to distinguish between closed shells and incomplete
assembly intermediates. Binding of scaffolding monomer activates the coat
protein for assembly. Excess dimeric scaffolding protein resulted in rapid
nucleation and kinetic trapping yielding incomplete shells. Addition of
monomeric wild-type scaffold with excess coat protein completed these
metastable shells. Thus, the monomeric scaffolding protein plays an
essential role in the elongation phase by activating the coat and effectively
lowering its critical concentration for assembly.

© 2008 Elsevier Ltd. All rights reserved.

Edited by M. Moody Keywords: self-assembly; virus; X-ray; kinetics; structure

Introduction

A typical viral capsid is composed of an outer
protein shell that contains and protects the viral
nucleic acid. Simple viral shells may be made of
multiple copies of a single coat protein.1 Virus
assembly is a process in which well-organized,
usually highly symmetric (icosahedral or helical),
viral capsids are built by association of the protein
subunits.2 The advent of nanotechnology has
brought renewed interest in viruses and their
assembly.3 While understanding virus assembly is

crucial to tackling viral diseases,4,5 it also provides a
basis for the exploitation of viruses in the design of
new nanostructures.6,7 Current nanotechnology
applications rely on modified viral coat proteins
that assemble native-like icosahedral shells and
serve as attachment scaffolds for other molecules or
assemblies. However, advanced applications of viral
capsids are likely to require purposeful control over
the assembly process. For example, onewould like to
assemble capsids within nanofabricated compart-
ments (e.g., lab-on-chip applications) in a control-
lable fashion. This will require careful control of
assembly initiation by chemical or physical means,
e.g., gradual buildup of concentration or surface-
immobilized nucleation sites. Similarly, control over
the outcome of assembly may be needed when
partially assembled shells are desired or if incorpora-
tion of a bulky cargo inside the viral shell would
require slower, gradual polymerization. Achieving
such a level of control depends on a detailed
understanding of the assembly process.

*Corresponding author. Astbury Centre for Structural
Molecular Biology, University of Leeds, Leeds, UK. E-mail
address: r.tuma@leeds.ac.uk.
Abbreviations used: PC, procapsid; TR-SAXS, time-

resolved small-angle X-ray scattering; SVD, singular value
decomposition; wt, wild type; CTF, C-terminal fragment.
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Several bacteriophages and viruses had been recons-
tituted in vitro from purified components and the
morphogenetic pathways for many bacteriophages
had been delineated using ingenious genetic schemes.8

However, detailed kinetic analyses have been
achieved for only a few of the simplest capsids,
which are usually composed of one type of subunit.9,10

Among the more complex systems, in which two or
more proteins co-assemble, bacteriophage P22 assem-
bly is perhaps the best understood. The assembly of
bacteriophage P22 has been extensively studied in
vivo by both genetic and structural means.11–13 These
studies have revealed that the capsid assembles in
two steps. First, an empty procapsid (PC) results
from co-assembly of the major coat protein (Gp5,
47 kDa, abbreviated CP) with the scaffolding protein
(Gp8, 34 kDa, abbreviated SP) and several minor
capsid proteins.14 Then the proapsid shell undergoes
a large conformational change and expands during
DNA packaging.15,16 An in vitro system for procapsid
reconstitution had been established17 and made
possible detailed kinetic studies of the assembly
process.18 The in vitro studies demonstrated that CP
and SP are essential as well as sufficient for the
formation of isometric procapsid shells (Fig. 1a).
Kinetic analyses indicated that PC assembly proceeds
in two phases, a rate-limiting nucleation phase is
followed by fast growth leading to completion of the
shells. The putative nucleation complex was pro-
posed to consist of a coat protein pentamer together
with several SP molecules. Subsequent studies with
different scaffolding protein mutants pointed out the
prominent role of scaffolding dimer in assembly.19

Scaffolding protein exists in a monomer–dimer–
tetramer equilibrium in solution,20 and their respec-
tive roles in assembly were proposed on the basis of
the final PC structure.21–23 The scaffolding protein
can be extracted from the procapsid by treatment
with either mild denaturant (GuHCl, urea)17, salt24

or heat25 without affecting the structure.23 This
suggests that the scaffolding protein's role is in the
formation of transient complexes during nucleation
and growth phases. Given that the final structure
provides only limited information on the early steps
of assembly, the role of different scaffolding protein
forms in these steps remains elusive. In particular,

the role of scaffolding proteinmonomer has not been
elucidated.
This studyassesses the role of different SPoligomers

in assembly by time-resolved small-angle X-ray
scattering (TR-SAXS). This technique, together with
singular value decomposition (SVD),26 enabled us to
resolve complete shells from intermediates and
aberrant products and to follow assembly under
stoichiometric aswell as substoichiometric conditions.
In addition, we take advantage of various engineered
scaffolding proteins (Fig. 1b) and delineate the role of
the monomeric and the dimeric scaffolding protein in
assembly. The results demonstrate that assembly rate
and outcome can be controlled by manipulating the
scaffolding protein dimerization equilibrium and coat
protein concentrations.

Results

Wild-type scaffolding protein

SAXS-based assembly assay

Monomeric coat protein and wild-type (wt) scaf-
folding protein were manually mixed in two molar
ratios (CP–SP 1:1 and 2:1, respectively) and their
assembly process was monitored by SAXS (Figs. 2a
and 3). The manual mixing procedure and activa-
tion of the X-ray hutch interlock system resulted in
about 1-min dead time. The time dependence of
the scattering revealed the gradual emergence of
maxima and minima characteristic of closed shells.
After 25 min, the reaction reached a stationary phase
with little further change. The observed scattering
curve wasmodeled by calculating the scattering from
hollow spheres with outer and inner radii of 310 and
160 Å, respectively (Fig. 2b). The model fits well for
q b0.04 Å−1 above which the departure of the ico-
sahedral shell from the spherical model becomes
apparent. The thickness of the shell (150 Å) includes
the density from both coat and scaffolding protein.
The overall dimensions are consistent with those
derived from cryoelectron microscopy.22,23

Detection and structural characterization of
assembly intermediates

The TR-SAXS data were plotted as a three-dimen-
sional surface (Fig. 2a). Given the relatively high
concentrations of CP and SP required for SAXS
experiments, any intermediates would be expected to
appear early during the assembly and would quickly
grow into complete shells that would dominate
scattering during the later stages of assembly. Due to
their low abundance and small size any scattering
arising from intermediates would be quite weak.18 In
order to examine whether the TR-SAXS data contain
contributions from any putative intermediates, we
employed SVD analysis. Thismathematical procedure
yields the number of linearly independent and
orthogonal scattering components in TR-SAXS at a
given noise level27 (see Supplementary Methods for

Fig. 1. (a) Scaffolding-protein-assisted in vitro assembly
of bacteriophage P22 procapsid. (b) Different scaffolding
protein constructs as used in this study.
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detailed description). If there were no intermediates
then the data set would be fully described (to within
experimental noise) by two components, namely,
scattering from the initial mixture of CP and SP and
from the final shells, respectively, Such least-squares
procedures failed to reproduce the data and sig-
nificant, time-resolved residuals remained (Supple-
mentaryMethods Fig. S1). Hence, the data contained
a significant scattering contribution from one or
more assembly intermediates in addition to the
scattering contributed by the initial and final species.
In fact, three components (corresponding to the three
highest SVD eigenvalues, Supplementary Methods
Fig. S2) were necessary to reproduce the experi-
mental data towithin the noise level (Supplementary
Methods Fig. S3). Because SVD yields orthogonal
scattering and concentration factors, they alternate
between positive and negative values (Supplemen-
tary Methods Fig. S4) and do not directly represent
physically meaningful scattering curves or concen-
trations. However, the SVD scattering vectors
represent a convenient orthogonal basis for obtain-
ing a plausible and physically meaningful set of
scattering curves as a linear combination. Con-
strained least-squares method and manual rotation

were used to obtain scattering factors and concentra-
tion loadings that were non-negative to within the
noise level (Fig. 3, see Ref. 28 and Supplementary
Methods for further details).
Semi-quantitative scaling of scattering intensities

(i.e., relative to each other) could be achieved by
extrapolating the scattering factors to zero angle
using the Guinier approximation.29,30 In order to
hold for shell-sized scattering objects, the Guinier
approximationwould require a significant portion of
the experimental data to extend below q b0.005 Å−1

(i.e., within the so called Guinier region, Rg·q ≤2).
This was precluded by the limited experimental
range (q N0.008 for manual mixing data and q N0.012
for stopped-flow experiments). In order to overcome
this limitation, we assumed that the observed
assembly intermediates were partial shells with
rotational symmetry around the z-axis (i.e., spherical
section inscribed by a cone with vertex angle 2Θ, Fig.
4a). This is a reasonable approximation, since other
smaller species would not dominate in the scattering
signal due to their sizes and would be less stable.31
Then the scattering curves for such partial spherical
shells were simulated for various degrees of comple-
tion (i.e., Θ from 0° to 180°, Fig. 4b). The true and
apparent Rg values for each degree of completion
were computed from these curves using the two
experimentally accessible q ranges (Fig. 4c). Compar-
ison of the simulated curves show that the extended
Guinier region may be used for intermediates up to
45% completion, i.e., apparent Rg values up to 190 Å.
Hence, we used the extended Guinier region to
estimate the Rg and the degree of completeness, i.e.,
the relative apparent mass of the intermediate (from
Fig. 4c). This relative mass was then used to scale the
intensities of the scattering factors and amplitudes of
relative mass concentrations (Fig. 3).
Note that the assignment of single apparentRg and

mass to a given scattering factor does not mean this
represents a single intermediate. This could hardly
be expected for a reaction of such complexity and,
consequently, the values characterize an ensemble of
intermediates. The apparent mass represents a
weight-average value, while the apparent Rg is the
Z-average across the distribution.32 Both of these
averages are biased towards larger species and, thus,
these parameters effectively represent the upper
bound of the distribution.
An apparent Rg of 155±25 Å (lower initial coat

concentration, 1:1 CP–SP ratio) and 125±30 Å (higher
coat concentrationwith 2:1 CP–SP ratio, i.e., similar to
the stoichiometry found in native procapsids) was
obtained for intermediates from the data in Fig. 3a
and b, respectively. The apparent Rg values as well as
the scattering curves agreed within experimental
error for the two conditions. This suggests that in
both cases, the largest intermediates were approxi-
mately of the same size corresponding to about 25–
35% completeness (Fig. 4c). The scattering curves of
the intermediates (red curves in Fig. 3) are also
similar to the 30%-complete shell model (Fig. 4b).
However, the kinetics exhibited distinct behavior
for the two CP concentrations, namely, the maximum

Fig. 2. Manual mixing (dead time about 1 min) and
TR-SAXS using wt scaffold (14.7 μM) and coat (24.9 μM).
(a) TR-SAXS. (b) Final product scattering (after 25 min,
continuous red line) fitted to a hollow shell model (dotted
blue): Rinner=160 Å, Router=311 Å.
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in the intermediate concentration (representing 5%
total mass fraction) was attained at about 65–100 s for
the higher CP concentration, while the peak (8% total
mass fraction) was delayed to 210 s for the lower
concentration. Because of their relatively large size
and preferential sensitivity of SAXS for larger species,
these intermediates are still detectable despite their
low abundance. On the other hand, their occurrence
precluded detection of smaller species.
The 30%-complete shells contain roughly 86 CP

subunits, i.e., a much larger number than the penta-
meric nucleation complex.18 Similarly, the Rg values
are also larger than those expected for the nucleation
complex (∼60–70 Å, estimated Rg for a pentameric
complex). This indicates that smaller intermediates
are either not significantly populated during assem-
bly or populated only during the dead time of
manual mixing experiments. Hence, we resorted to
rapid mixing techniques to resolve early complexes
of coat and scaffolding proteins that may lead to the
formation of assembly nuclei.

Stopped-flow kinetics

Stopped-flow mixing was achieved using a two-
syringe apparatus with an incorporated scattering
flow cell.33 In order to achieve the necessary

sensitivity towardsweakly scattering early intermedi-
ates (e.g., pre-nucleation complexes such as CP2–SP2
dimer), high concentrations of both CP (27.2 μM, the
maximum achievable concentration for the mono-
meric, assembly-competent CP) and SP (22.9 μM)
were used. The first 5 min of the assembly kinetics
were sampled using 5- to 10-s exposures (Fig. 5a).
SVD analysis revealed three significant factors that
were then rotated to obtain non-negative, physically
meaningful scattering factors (Fig. 5b, top) and the
associated relative concentrations (Fig. 5b, bottom).
The time course for the appearance of completed
shells exhibited a noticeable lag time (70 s) previously
assigned to the nucleation phase.18 During this phase
a considerable amount of coat protein was incorpo-
rated into intermediates. An apparentRg of 170±50 Å
was obtained from the initial slope (q values, 0.012–
0.016 Å−1) and the scattering factor in Fig. 5b
resembled that of shells with completeness between
20% and 40%. Again, the size of these intermediates
represents the upper bound of intermediate ensemble
due to theZ-averaging nature of scattering intensities.
This suggests that the rate-limiting nucleation step is
followedby a rapid additionof coat/scaffold subunits
to the partial shells until the number of sites for
addition becomes large and the decreasing concentra-
tion of CP limits the rate of addition of coat protein to

Fig. 3. Analysis of TR-SAXS from assembly reactions by SVD. Top panels are the factor loadings that represent relative
distribution of protein mass between the species corresponding to the scattering factors in the bottom panels. (a) 14 μM
CP+14.7 μM SP, (b) 24.9 μM CP+14.7 μM SP. Black traces (continuous line) correspond to the relative abundance or
scattering factor of free coat and scaffolding protein (reactants). Red traces (dashed line) correspond to those of the
intermediates. Green traces (dotted line) indicate the product concentrations and scattering factors.
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the existing partial shells (elongation rate) and
prevents shell closure. Under those conditions, the
reaction is prone to kinetic trapping. Substantial
accumulation of these intermediates suggests that at
the initial high CP and SP concentrations, nucleation
dominates over the elongation.
After the lag phase, the production of shells

increased linearly over time until approximately
250 s. During this phase, the intermediate concentra-
tion peaked at about 150 s (at 10% total mass

abundance) after which the intermediates were
completed into shells, while nucleation of new
assemblies was limited by the decreased CP and SP
concentrations. Finally, the pools of free coat protein
and partially assembled intermediates become
exhausted and the assembly reaction enters a
steady-state phase after approximately 250 s.
Comparison of the TR-SAXS data collected under

different protein concentrations (Figs. 3 and 5)
revealed that an increase in CP concentration speeds
up the rate of elongation, while increasing SP
concentration leads to a longer lag phase for complete
shell formation and thus favors nucleation.

Scaffolding protein dimer

The scaffolding protein dimer has been implicated
as the active species in P22 assembly. Here we took

Fig. 5. P22 assembly kinetics monitored by stopped-
flow TR-SAXS. (a) TR-SAXS curves rendered to 10-s
resolution, 24.9 μM CP+14.7 μM SP. (b) The scattering
factors (top) and relative mass concentrations (bottom)
computed from the data in (a) by SVD and factor rotation
as described in Materials and Methods.

Fig. 4. Dependence of SAXS on the completeness of the
shell. (a) Schematic illustration of the partial shell model
(conical wedge, left; two-dimensional projection, right)
with rotational symmetry used for simulating the scatter-
ing curves in panel b. The inner and outer radii obtained for
the final state from the experimental data in Fig. 2b were
used in the computations. The sphericalΘwas varied from
0° to 180°, i.e., from 0% to 100% completeness (b) Repre-
sentative simulated scattering curves for various degrees of
completion. (c) Dependence of the radius of gyration (Rg)
on completeness. The continuous black trace corresponds
to the exact value computed directly from the model in
panel a. The red dotted curve corresponds to the apparent
Rg estimated from the simulated scattering curves in panel
b using the q range 0.008–0.012 Å−1. The blue dash–dot line
shows the apparent Rg estimated from the simulated
scattering curves using the q range 0.011–0.016 Å−1.
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advantage of a reversible disulfide cross-link in an
SP mutant (R74C/L177I, Fig. 1b) that leads to a
covalent dimer formation.19 We address the ques-
tion of whether the SP dimer alone was sufficient for
assembly. Although the assembly reactions were
done under similar concentrations as in the case of
wt SP, it is evident that the dimer alone is not
sufficient for closed shell assembly in vitro (Fig. 6a).
In a control experiment, the reduced form of the
mutant SP exhibited assembly similar to that of the
wt SP (Fig. 6d). This indicates that the defect is due
to SP dimerization and not due to the mutation
alone.
From the analysis of the assembly reaction, the

final products had apparent Rg ranging from 80
to 180 Å depending on the initial CP concentration
(Fig. 6b and c). Although higher CP concentrations
led to apparently larger assemblies and kinetics
exhibiting apparent intermediates (Fig. 6c), the
final product did not contain any closed shells. The
maxima and minima typical of scattering from
spherical shells were not detected in any of the
scattering factors. Under both CP concentrations,
the largest assembly product exhibited an apparent
Rg of 180 Å, which corresponds to 40% complete
shells (Fig. 4c) provided these products were
intermediates on the procapsid assembly pathway.
Alternatively, these products could be aberrant
assemblies.
To distinguish between these two possibilities, the

distribution of assembled species obtained under
different conditions were compared using sucrose
gradients and electron microscopy (Fig. 7). In
comparison with wt SP, the dimer was more
efficient in inducing coat protein assembly (cf. CP
amount at the top, 5% sucrose gradient fractions for
rows 1 and 2 on the gel). However, the dimer
induced assembly of broadly distributed, smaller
(lighter) products, which appeared to be incomplete
shells in a negative-stain electron micrograph (Fig.
7, right). Addition of wt SP to the dimer reaction
restored the product distribution to almost the wild-
type pattern (cf. rows 1 and 3). The addition of
excess CP and simultaneous decrease of SP dimer
concentration had a similar effect (row 5), while
reducing both CP and SP concentrations yielded less
complete shells (row 4). The incomplete assemblies
were rescued by the addition of fresh CP after the
stationary phase was reached with the dimer SP (not
shown). This demonstrates that the products of
assembly reaction with R74C dimer are PC assem-
bly intermediates.
The SAXS and sucrose gradient results suggest

that the SP dimer is more effective in nucleating
assembly than the wt SP (monomer/dimer equili-
brium) and decreases the critical concentration of
coat protein (most CPs had assembled in the
presence of R74C SP). Hence, the incomplete shells
constitute kinetically trapped intermediates that are
produced by overnucleation of assembly by the
dimeric scaffold. From the rescue of assembly by wt
SP, it is clear that there is a role for the scaffold
monomer, most likely during the elongation phase.

Scaffolding protein monomer

The C-terminal 38-amino-acid residues of the
scaffolding protein encompass the coat protein bind-
ing site.34 The C-terminal fragment (CTF) lacks the
dimerization domain and thus remains mono-
meric.19,35 Despite the lack of dimerization, the
monomeric CTF induced rapid assembly (Fig. 8a).
However, the products were polydisperse and lacked
scattering features typical of complete shells, i.e.,
maxima and minima. A broad range of products was
found by sucrose gradient analysis (Fig. 8b). This
shows that SPmonomer switches the coat protein into
an assembly-competent form and effectively
decreases the critical concentration for assembly.

Discussion

Three phases in assembly

In our TR-SAXS study, we have resolved a
nucleation phase during which rapid initiation of
assembly leads to accumulation of partial shell
intermediates. For wt SP this phase leads to the
establishment of a steady state during which the
nucleation rate matches the rate of shell completion
and the amount of PC increases approximately
linearly with time. Eventually, coat protein becomes
depleted and the reaction enters a stationary phase
during which there is no net increase in assembly
products. The stationary phase is particularly pro-
nounced for the kinetically trapped assembly reac-
tions of SP covalent dimer (Fig. 6). This phase should
not be confused with the final equilibrium, since
kinetically trapped intermediates can be completed
either by addition of coat protein (as shown here in
Fig. 7) or by slow disassembly and reassembly.36,37

Experimental limitations (poor signal-to-noise ratio
at lowprotein concentrations) precluded examination
of broader protein concentration range. However,
qualitative conclusions can be drawn from the
concentrations sampled. The duration of the nuclea-
tion phase, measured as the time at which the
concentration of intermediates peaks, decreases with
increasing initial concentration ofCP (cf. Fig. 3a andb)
and increases upon doubling the SP concentration
(i.e., increase in the fraction of dimer from 10% to
18%,20 cf. Figs. 3b and 5b). The covalent SP dimer
accelerated nucleation, completely eliminated the
steady-state phase and yielded only kinetically
trapped partial shells. This could be due to its higher
affinity for the shells. However, the covalent SP dimer
also decreased the apparent critical coat concentration
for assembly (note the lower amount of unassembled
coat on the top of sucrose gradients in Fig. 7 for the
cross-linked R74C), pointing out its direct role in
nucleation.14

The partial shells could be completed by addition
of excess coat protein or by including even a small
amount of wt SP in the reaction (i.e., monomeric SP).
This suggests that efficient elongation is accelerated
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Fig. 6. Assembly of CP with R74C/L177I disulfide dimer SP. (a) TR-SAXS at 24.5 μM CP, 7.4 μM SP dimer (monomer
concentration 14.7 μM). (b and c) Scattering factors (bottom) and relative concentrations (top) for two initial conditions: (b)
12.8 μMCP, 7.4 μM SP dimer; (c) 24.5 μMCP, 7.4 μM SP dimer. The dashed lines indicate that only the end point at 1500 s
was collected after the finish of the time-resolved series at 900 s. (d) Assembly with reduced R74C: TR-SAXS on the left,
scattering factors on the right; 16.6 μM CP, 18.5 μM SP (monomer concentration).
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by monomeric SP. Our observation that the mono-
meric scaffolding fragment CTF promotes coat
aggregation suggests that SP monomer may activate
CP for assembly.

Activation of coat for assembly by scaffolding
monomer

The activation of CP by SP constitutes a step
common to both the nucleation and elongation
phases. This activation relies on a direct CP–SP
interaction that is predominantly electrostatic.24

Low salt concentrationwould be expected to promote

CP–SP interactions and thus lead to accelerated
assembly. In fact, excessive nucleation and rapid
assembly of partial shells was observed under low-
salt conditions.38 These authors concluded that
strengthening the electrostatic interactions between
CP and SP promoted rapid nucleation and growth of
shells.38 In addition, they showed that low ionic
strength led to conformational changes in CP but not
in SP. The altered conformation may, perhaps, be
more amenable to assembly. PC assembly is accom-
panied by significant change in CP secondary
structure.39 This and the partially unfolded character
of CP monomer40 suggest that CP monomer may
exist in solution as an ensemble of conformations of
which only a fraction is assembly competent. Binding
of SP monomer may sway the equilibrium in favor of
assembly-competent conformations and thus activate
the coat protein. This is reminiscent of bacteriophage
MS2 coat activation for assembly by specific RNA
binding.41 However, in this case the conformational
switching is involved in early stages of assembly and
RNA packaging.
The assembly phenotypes observed by Parent et

al.38 at low ionic strength are remarkably similar to
those observed here for the SP covalent dimer under
standard ionic strength. This suggests that perhaps,
in addition to affecting CP–SP interactions, the low-
salt conditions may also affect the monomer–dimer
equilibrium of the highly polar and charged SP and
promote nucleation by excess of scaffolding dimer.

Role of scaffolding monomer–dimer equilibrium
in assembly

It is clear from the above discussion that mono-
meric SP is required for assembly, most likely in the
later stages. In fact, addition of wt SP to the reaction
mixture (as low as 0.05 mg/ml, i.e., 95%monomeric)
also alleviated the overnucleation-induced kinetic
trap caused by the covalent dimer (Fig. 7 and data
not shown). This substoichiometric effect suggests
that the monomeric SP may transiently bind to CP,

Fig. 7. Scaffolding monomer is required for assembly of complete shells. R74C dimer promotes nucleation. Left: SDS-
PAGE analysis of fractions after sedimentation of assembly products on a 5–20% sucrose gradient. Right: negatively
stained assemblies from the peak fraction of the scaffold dimer reaction. Protein concentrations (micromolar) are shown in
columns on the left.

Fig. 8. Assembly of CP with SP CTF. (a) Stopped-flow
TR-SAXS. (b) Assembly products after 60 min were
separated by a sucrose gradient and fractions were
analyzed by 13% SDS-PAGE.

1402 Intermediates of dsDNA Virus Assembly

80



Author's personal copy

activate it and then dissociate instead of remaining
stably associated with the resulting PC shell.
Themonomeric CTF activates CP for assembly, but

unlike the dimer, it is not stably incorporated into the
products (cf. Fig. 7 and Fig. 8b). This suggests that the
affinity of the coat protein for the monomeric SP is
low or may even decrease during the course of
assembly, while the affinity for the dimer is higher.
Indeed, the procapsid exhibits two distinct types of
binding sites for wt SP with different affinities that
were assigned to monomeric and dimeric states,
respectively.42 Thus, the monomeric SP most likely
transiently interacts with CP and activates it for
assembly, effectively increasing the concentration of
assembly-competent CP and increasing the elonga-
tion rate (Fig. 9). This also competes with nucleation,
which is promoted by the SP dimer. Thus, the SP
monomer–dimer equilibrium is ultimately linked to
the nucleation–elongation balance and may be
effective in steering the course and outcome of the
assembly reaction (Fig. 9).

P22 assembly differs from the structurally
related bacteriophage HK97

P22 coat protein has a fold similar to that of
another double-stranded DNA bacteriophage
HK97.16 However, the latter utilizes a two-step
assembly pathway in which relatively stable penta-
mers and hexamers serve as the building blocks for
the prohead (procapsid equivalent in HK97)
formation.1 Thus, coat protein fold similarity and
identical capsid architecture may not automatically
result in the same assembly pathway. The different
assembly pathways may be due to the radically
different interaction between coat and scaffolding
proteins. While P22 SP interacts with CP non-
covalently, the HK97 has its scaffolding element,
the N-terminal 110-residue Δ-domain, integrated
within the coat protein. The Δ-domain is proteoly-
tically cleaved within the assembled prohead and
subsequently released. Very little is known about the
interactions between the putative scaffolding
domains in HK97. On the other hand, coat–coat
interactions, which are weak for P22, dominate the

early assembly of HK97 (i.e., pentamer–hexamer
formation). Hence, the final structure of a virus may
give us little information about the assembly
mechanism unless a quantitative survey of protein–
protein interactions is performed and related to the
solution conditions. The latter are important because
assembly is governed by a set of relatively weak
protein–protein interactions,43 and these in turn are
extremely sensitive to solution conditions such as
ionic strength and pH.

Kinetic control over assembly in vitro and
implications for in vivo

The detectable amounts of P22 assembly inter-
mediates also demonstrate that under the conditions
used here the assembly reactions are far from
equilibrium. Even under those conditions viral shells
are being producedwhenwt SP is present, indicating
that the assembly process is quite robust. However,
the results presented here and elsewhere38,31 suggest
that virus assembly is prone to kinetic trapping
under conditions of strong protein–protein interac-
tions. The common cause is either high concentration
of subunits, which leads to overnucleation, or
imbalance of intermolecular interactions (e.g., muta-
tions). Specifically, in a system with several co-
assembling components, such as P22, balance of the
interactions and concentrations for all components
plays an essential role in successful assembly. Hence,
the scaffolding protein association is relatively weak
and dynamic, and coat protein associates only upon
interaction with SP. In addition, the scaffolding
protein concentration is being maintained inside
the infected cell by a translational control in which
the N-terminal domain acts as an autorepressor.44

Recent theoretical studies demonstrated that the
assembly mechanisms could abruptly switch from a
productive mode to a non-productive one upon a
slight shift in concentrations or strength of subunit
interactions.45 In general, conditions of slower
growth are less prone to kinetic trapping,31 and
weak protein–protein interactions represent oneway
to achieve this.46 Alternatively, low protein concen-
trations need to be maintained, but such conditions

Fig. 9. Role of different scaffolding protein oligomers in assembly of bacteriophage P22 procapsid.
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would interfere with the need for high protein
production in a short time during infection, a
condition applicable to most lytic viruses.
Although not desirable during the course of

productive infection, kinetic trapping may be useful
in the manufacture of virus-based nanoparticles. The
stepwise completion of the shells in vitro as demon-
strated here could be exploited for, e.g., encapsidat-
ing guest material or incorporating selectively
labeled subunits that may otherwise interfere with
the nucleation step of assembly. In the P22 system,
the kinetic trap may be “programmed” at ease by
manipulating the self-association of the highly
soluble scaffolding protein while using the hard-to-
obtain coat protein in its wild-type, assembly-
competent, form.

Materials and Methods

Protein purification

Coat protein was purified fresh just before the assembly
experiments to ensure monodispersity as described
previously.39 The wt scaffolding protein was extracted
from procapsids expressed in Escherichia coli and purified
as described.20 Engineered scaffolding proteins were
expressed in E. coli and purified as described.19,20 All
proteins were centrifuged for 15 min at 14,000g at 4 °C just
before use. The R74C/L177I disulfide dimer was reduced
by 3.3 mM glutathione.

In vitro assembly reactions

Assembly reactions were started by mixing (either
manually or by a stopped-flow mixer) a small amount (ca
5–10 μl) of concentrated scaffolding protein into excess of
coat protein.All reactionsweredone inbuffer B (50mMTris,
25mMNaCl, 1mMethylenediaminetetraacetic acid, pH7.6)
at 20 °C. If needed, assembly products were analyzed by
sedimentation velocity on 5–20% (w/v) sucrose gradient
(50-μl loading per tube). The gradient was run in an SW55
rotor at 20 °C for 55 min and fractionated into 250-μl
fractions,whichwere subsequently analyzed onSDS-PAGE.

TR-SAXS data collection and processing

All SAXS data collection was performed at SSRL beam
line 4-2 as previously described.39 Stopped-flow time-
resolved experiments were conducted using the experi-
mental procedures previously published47 with the
exceptions of different exposure times and slightly
different q range covered. The magnitude of momentum
transfer q is defined as 4π sin(θ)/λ, where θ is one-half the
scattering angle and λ is the X-ray wavelength.
A limited region of q values containingmost information

(0.008–0.15 Å−1 for the manual mixing runs and 0.011–
0.15 Å−1 for stopped-flow experiments) was selected for
SVD analysis of time-resolved scattering. SVD was
performed inMatlab by a standard protocol.27 The number
of significant scattering factors was determined by ranking
the singular values48 and by comparing the residuals
between the reconstructed and experimental data with the
experimental noise level26 (see Supplementary Methods,
Fig. S2 and S3).

The raw eigenvectors (scattering curves, scattering
factors) and their cognate loading factors (time-dependent
concentrations) as produced by SVD are orthogonal and
thus generally do not have a direct physical meaning, e.g.,
often giving negative values (see Supplementary Methods
for further discussion). Thus, linear combinations (rotations)
of the SVDeigenvectorswere generated to obtain physically
meaningful scattering curves and their corresponding time-
dependent concentrations.28,49,50 First, the scattering curves
of the initial (I) and the final (F) state were approximated by
linear combinations of the SVD eigenvectrors in such a way
that their loading factors were non-negative. Then an
appropriate linear combination approximately orthogonal
to both I and Fwas found to yield a non-negative scattering
curve and the corresponding non-negative loading factors
(Fig. 3). This procedure yielded similar TR-SAXS results at
two different CP concentrations (cf. Fig. 3a and b). After
scaling of intensities and concentrations, we obtained a
unique solution to the problem (see Supplementary
Methods for additional details).

Modeling of incomplete shells

Incomplete hollow shells with inner and outer radii of
160 and 310 Å, respectively, were modeled as spherical
sections inscribed by a cone with angle θ. The distance
distributions H(R, θ) for these partial shells were obtained
computationally by direct enumeration for each value of θ
(using steps of 0.9°). Scattering curves were obtained from
the distance distributions by Fourier transform.29
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Self-Assembly of a Viral Molecular Machine
from Purified Protein and RNA Constituents

is that the functionality of the assembly product (viral
particle) can be monitored in vivo using a sensitive
plaque assay.

Minna M. Poranen, Anja O. Paatero,†
Roman Tuma, and Dennis H. Bamford*
Department of Biosciences and

The assembly of a virus particle is a complex processInstitute of Biotechnology
that involves a large number of protein–protein, protein–University of Helsinki
nucleic acid, and protein–lipid interactions. Assembly of00014 Helsinki
infectious virions of simple viruses, like tobacco mosaicFinland
virus (TMV) and cowpea chlorotic mottle virus (CCMV),
have been achieved in vitro by condensation of the ge-
nomic ssRNA and coat protein constituents (Fraenkel-Summary
Conrat and Williams, 1955; Bancroft and Hiebert, 1967).
A more complex assembly cascade is utilized by manyWe present the assembly of the polymerase complex
animal and bacterial viruses, which first assemble an(procapsid) of a dsRNA virus from purified recombi-
empty precursor capsid, the procapsid, into which thenant proteins. This molecular machine packages and
genome is subsequently packaged. For several dsDNAreplicates viral ssRNA genomic precursors in vitro.
viruses, procapsid-like structures have been success-After addition of an external protein shell, these in vitro
fully assembled in vitro from purified components (Pre-self-assembled viral core particles can penetrate the
velige et al., 1988; Cerritelli and Studier, 1996; Newcombhost plasma membrane and initiate a productive infec-
et al., 1999; Wang et al., 2000), without genome packag-tion. Thus, a viral procapsid has been assembled and
ing. In contrast, efficient genome packaging systemsrendered infectious using purified components. Using
have been established for the in vivo produced procap-this system, we have studied the mechanism of as-
sids of several other dsDNA viruses (Guo et al., 1986;sembly of the common dsRNA virus shell and the in-
Hwang and Feiss, 1995) and the dsRNA virus φ6 (Gott-corporation of a symmetry mismatch within an icosa-
lieb et al., 1990, 1991). Interestingly, φ6 packaginghedral capsid. Our work demonstrates that this
shares some similarities with the dsDNA viruses, like themolecular machine, self-assembled under defined
symmetry mismatch between the packaging machineryconditions in vitro, can function in its natural environ-
and the rest of the capsid (Dube et al., 1993; de Haasment, the cell cytoplasm.
et al., 1999; Simpson et al., 2000). Such a symmetry
mismatch has been proposed to assist the rotation of

Introduction the packaging machinery during nucleic acid transport
into the capsid (Hendrix, 1978). To date, no system has

Crucial cellular functions are performed by macromolec- been reported for which a combination of procapsid
ular complexes composed of several components. How assembly and packaging has been achieved in vitro
such structures are assembled is one of the intriguing using purified components. Such a system would allow
questions of modern biology. The now classic in vitro one to address the role of symmetry mismatch in both
studies on reconstitution of ribosomes have provided procapsid assembly and genome packaging. This study
detailed mechanistic insight into the assembly of this describes the in vitro assembly of packaging competent
vital cytoplasmic machinery (reviewed by Nomura, procapsids (polymerase complexes) of bacteriophage
1973). Another cytoplasmic molecular machine is the φ6 and their subsequent maturation to infectious nu-
polymerase complex of dsRNA viruses (Bamford, 2000). cleocapsids (NCs).
This particle performs genome packaging, RNA replica- Bacteriophage φ6 has a genome composed of three
tion, messenger synthesis, and capping activities and segments of dsRNA (S, M, and L) packaged inside a
is carried, as part of the virion, from one infected cell polymerase complex, which is covered by a protein shell
to another. Although, dsRNA viruses infect a diversity and a lipid–protein envelope (reviewed by Mindich and
of host organisms from bacteria (φ6; Cystoviridae) to Bamford, 1988). The first assembly intermediate de-
vertebrates (rotavirus, reovirus, bluetongue virus; Reo- tected in bacteriophage φ6 infection is an empty poly-
viridae), the architecture of the polymerase complex is merase complex, the procapsid (PC), consisting of a
strikingly similar (Cheng et al., 1994; Butcher et al., 1997; shell-forming protein P1 (Olkkonen and Bamford, 1987),
Grimes et al., 1998; Reinisch et al., 2000). an RNA-dependent RNA polymerase P2 (Makeyev and

Detailed understanding of any assembly processes Bamford, 2000), a packaging NTPase P4 (Gottlieb et al.,
requires defined in vitro systems where the conditions 1992), and a packaging factor P7 (Juuti and Bamford,
and the assembly components can be manipulated. On 1995, 1997). The major structural protein P1 appears to

be in two sets of distinct environments in a 120-subunit,the other hand, an assay for the functionality of the
icosahedral shell structure (Butcher et al., 1997), equiva-assembly product is required to monitor the quality of
lent to the arrangement found in bluetongue and reovirusthe end product. One of the advantages of virus models
cores (Grimes et al., 1998; Reinisch et al., 2000). The
packaging NTPase (P4) of φ6 is a ring-shaped hexamer* To whom correspondence should be addressed (e-mail: dennis.
located at the five-fold symmetry positions of the 47 nmbamford@helsinki.fi).
size PC, thus creating a symmetry mismatch (Juuti et† Present address: Department of Microbiology, University of Ala-

bama, Birmingham, Alabama 35294. al., 1998; de Haas et al., 1999).
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Table 1. Properties of φ6 NC Components

Copies/ Multimeric Hydrodynamic Shape and Genome Base
Protein Mass (Da)a Virionb Status Radius (nm) Dimensions (nm)g Segment Pairsh

P1 84,986 120 Monomerc 3.8 6 0.4c Ellipsoid, 15 3 5 S 2948
P2 74,791 12 Monomerd 3.3 6 0.2c Sphere, r 5 3.3 M 4063
P4 35,032 72 Hexamere 5.9e Ring, r 5 5.9 L 6374
P7 17,169 60 Dimerf 3.7f Rod, 19 3 2.1
P8 15,873 720 Trimerc 2.8 6 0.2c Sphere, r 5 2.8

a Calculated from the cDNA sequence (excluding N-terminal Met that is removed).
b Estimated copy numbers, based on Day and Mindich (1980) and the symmetry of the virion.
c This study.
d Makeyev and Bamford, 2000.
e Juuti et al., 1998.
f Juuti and Bamford, 1997.
g Hydrodynamic dimensions were obtained using ellipsoid, sphere, or cylinder models, and approximate formulas for hydrodynamic radius
(Schmitz, 1990). Dimensions are shown by length x width, or by radius (r).
h GenBank accession numbers: M12921, M17462, and M17461.

Empty PC of φ6 can be produced in Escherichia coli protein P8, and the biological functionality is measured
using an infectivity assay. Infectious NC are formed fromcells by coexpressing the component proteins (Gottlieb

et al., 1988). Purified recombinant PC specifically recog- PCa in a system with no background activity. The present
study demonstrates that in vitro assemblies can be intro-nize the three viral plus-sense genomic precursors (s,

m, and l) by their unique packaging signals at the 59 duced into the cell and can then function as cytoplasmic
molecular machines, leading to the synthesis of infec-ends (Gottlieb et al., 1994; Pirttimaa and Bamford, 2000)

and package a single copy of each (Day and Mindich, tious enveloped virions.
1980). The translocation of the segments into a pre-
formed capsid is an NTP hydrolysis-dependent process Results and Discussion
(Gottlieb et al., 1991; Frilander and Bamford, 1995). The
polymerase (P2) replicates (minus strand synthesis) the Building Blocks for the φ6 NC Assembly

The components of the φ6 NC are listed in Table 1, andpackaged ssRNAs into dsRNA genome segments (S, M,
and L) inside the particle. These can then be used as some relevant properties of the proteins and the RNA

molecules are described. Three of the four PC proteins,templates for transcription (plus strand synthesis; Gott-
lieb et al., 1990). the polymerase P2, the packaging NTPase P4, and the

packaging factor P7, have been purified as recombinantThe virion-derived, dsRNA-containing polymerase
particle (viral core) has a more expanded structure than proteins (Juuti and Bamford, 1997; Juuti et al., 1998;

Makeyev and Bamford, 2000). A purification protocolthe empty PC particle (Butcher et al., 1997), and it has
been suggested that conformational changes occur dur- for the NC surface protein P8 has also been described

(Bamford et al., 1995). In this study a method to purify theing RNA packaging and/or replication. The dsRNA-con-
taining particles can be coated in vitro with purified NC shell-forming protein P1 was developed. The previous

attempts to isolate soluble P1 either from virions or bysurface protein P8, which forms a T 5 13 surface lattice
(Olkkonen et al., 1990, 1991; Butcher et al., 1997). NC expressing cloned gene1 have not been successful (Olk-

konen and Bamford, 1987; Gottlieb et al., 1988; Paateropurified from virions are infectious for host cells with
exposed plasma membrane (spheroplasts; Ojala et al., et al., 1998). We set up a purification protocol starting

from incomplete recombinant polymerase complex par-1990). The NC penetrates the host plasma membrane
by an endocytic-like mechanism, which is dependent ticles containing proteins P1 and P4. We found that

purified P1P4 can be disrupted by repeated cycles ofon membrane voltage and protein P8 (Romantschuk et
al., 1988; Poranen et al., 1999). The viral core is then freezing and thawing. Disruption and subsequent gel

filtration to separate P1 and P4 were performed in thedelivered into the cytoplasm, where it produces ssRNA
copies from the dsRNA genome segments. The newly presence of 0.5M NaCl. The P1 concentration in the

peak fraction was z0.3 mg/ml, yielding 4.5 mg P1 persynthesized RNAs are exported from the polymerase
complex particle and are translated on ribosomes and/ liter of culture. The apparent molecular mass of 81 6 4

kDa, obtained by gel filtration and light scattering, wasor packaged into the progeny PC.
We report here that infectious φ6 NC can be assem- as expected for P1 monomers (85 kDa). Dynamic light

scattering yielded a hydrodynamic radius (Rh) of 3.8 6bled in a test tube from constituent purified proteins
and nucleic acid segments. We have set up an efficient 0.4 nm, indicating that P1 is an asymmetric molecule (a

prolate ellipsoid with 3:1 axial ratio). The steps in P1self-assembly system for the φ6 PC and used kinetic
studies to analyze the process. The in vitro assembled purification, the other purified NC proteins (P2, P4, P7,

and P8), and the purified singl-stranded genomic precur-PC (PCa) are indistinguishable from the recombinant par-
ticles purified from bacteria (control particles, PCc) as sors (s, m, and l) are shown in Figure 1.
determined by sedimentation analysis, electron micros-
copy (EM), and enzymatic assays. Isolated, self-assem- In Vitro Assembly of φ6 Polymerase Complex

The φ6 polymerase complex was assembled from thebled PCa, which have packaged and replicated the viral
genome segments in vitro, are converted into infectious purified recombinant proteins. The assembly was initi-

ated by addition of 6% polyethyleneglycol (PEG) 4000,particles by coating them with purified NC surface shell
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Figure 1. Purified Components for the In Vitro φ6 NC Assembly

Steps in protein P1 purification (E. coli JM109 [pLM358] lysate,
purified P1P4 particle, and purified P1), purified recombinant pro-
teins P2, P4, P7, and virion-derived P8 analyzed in SDS–PAGE (left
and center). Proteins of virion-derived NC are shown on the left. An
agarose gel analysis of the in vitro produced ssRNA segments s,
m, and l used as genomic precursors (right).

Figure 2. Sedimentation, Protein Composition, and Negative Stain-50 mM Tris-HCl (pH 8.9) (final concentrations) to the
ing EM of the In Vitro Assembled Polymerase Complexdesired mixture of proteins P1, P2, P4, and P7. Protein
(A) Purified recombinant proteins P1, P2, P4, and P7 were incubatedP2 was added as a stable monomer, and P7 was added
with (assembly reaction; closed circles) or without (control reaction;

as a stable dimer (Table 1). Protein P4 was supple- open circles) 6% PEG 4000, 50 mM Tris-HCl (pH 8.9) prior to sedi-
mented with 5 mM MgCl2, 2 mM CaCl2, and 5 mM ATP mentation. Protein contents of the gradient fractions were analyzed
during purification to maintain it as a hexamer (Juuti et using the Bradford assay. The increase of the absorbance by PEG

4000 is corrected. The fractions are numbered from top to bottom,al., 1998). When a polydisperse form of P4 was used (no
and the sedimentation position of the recombinant in vivo assem-nucleotide or divalent cations), the formation of particles
bled polymerase complex is indicated by an arrow (PCc).was detected only after addition of ADP (or ATP) and
(B) The protein composition of the in vitro assembled polymerase

MgCl2 (data not shown), indicating that the hexameric complex (PCa) (fraction 5 from sedimentation analysis of the assem-
form of P4 is crucial for in vitro assembly. bly reaction) and the in vivo assembled virion derived NC and recom-

Products of the in vitro assembly reactions were ana- binant PC (PCc). Bkg is a background control (fraction 5 from the
sedimentation analysis of the control reaction).lyzed by sedimentation in a sucrose gradient, and the
(C and D) Negative staining electron micrographs of the PCc (C) andprotein content of the collected fractions was assayed
PCa (D) particles. Bar, 100 nm.(Figure 2A). After a standard assembly reaction, proteins

were distributed into two fractions: the fast-sedimenting
assembly product (fraction 5) and the slowly sedi- P2 and P7) has been produced by expression in E. coli

(Gottlieb et al., 1988, 1990; Paatero et al., 1998). Al-menting nonassembled precursors (fraction 1, top).
When the mixture of the four proteins was incubated in though this has enabled the purification and structural

and functional characterization of the assembly prod-the absence of 6% PEG 4000, 50 mM Tris-HCl (pH 8.9)
(control reaction), proteins were only found in the top ucts (Juuti and Bamford, 1995; de Haas et al., 1999), it

provided limited insight into the initiation and control offraction (Figure 2A). In either case, no aggregation was
detected. The sedimentation velocity of the PCa was the assembly process. The in vitro assembly system

presented here allowed us to study the role of the indi-similar to the PCc, and the light scattering zone con-
taining the PCa was very sharp, implying high homoge- vidual proteins in the assembly process.

The formation of particles was monitored by followingneity. The particle-containing zone was collected and
analyzed by SDS polyacrylamide gel electrophoresis the increase in turbidity in the protein mixture after initia-

tion of the assembly reaction (Figure 3A). All the tested(SDS–PAGE) and EM. SDS–PAGE analysis confirmed
that the protein composition of the isolated PCa was combinations contained the shell-forming protein P1,

as proteins P2, P4, and P7 did not self-assemble withoutsimilar to that of PCc (Figure 2B); the four proteins P1,
P2, P4, and P7 were present in the same relative propor- P1 (data not shown). Reactions containing only P1, or

P1 with P2 or P7, or all three proteins did not showtions. Finally, the EM experiments demonstrated that
the isolated PCa particles were indistinguishable from a detectable increase in light scattering (Figure 3A).

When the P4 hexamer was included, a substantial in-the PCc particles (Figures 2C and 2D).
crease was observed (Figure 3A; P11P4, P11P21P4,
P11P41P7, and P11P21P41P7). Thus, P4 is requiredIn Vitro Assembly Pathway for

φ6 Polymerase Complex to initiate the assembly in vitro. Although the require-
ment of P4 in the initiation can be bypassed by overex-Previously, a set of incomplete recombinant polymerase

particles (missing protein P2, P4, or P7, or both proteins pressing P1, P2, and P7, or P1 alone in E. coli, the yields
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on the assembly kinetics was also examined. Both pro-
teins were stoichiometrically incorporated into the assem-
blies (Figure 3B), but their effect on the assembly kinetics
was different. The polymerase P2 did not have a signifi-
cant effect on kinetics or yield (Figure 3A, compare
P11P4 vs. P11P21P4 and P11P41P7 vs. P11P21
P41P7). On the other hand, the presence of P7 doubled
the assembly rate (Figure 3A; P11P41P7 and P11P21
P41P7). This suggested that P7 is not only a packaging
factor (Juuti and Bamford, 1995, 1997) but acts also as
an assembly cofactor, albeit a nonessential one.

Analysis of the assembly reaction products by sedi-
mentation and SDS–PAGE (Figure 3B) confirmed that
the turbidity of the reaction mixture was proportional to
the fraction of assembled particles and that proteins
were incorporated into the assembled particles in na-
tive-like ratios. Despite the difference in kinetics, the
final amount of assembled particles (after 90 min) was
approximately the same in all particle-producing reac-
tions (Figure 3B).

The overall kinetics of the assembly reactions (Figure
3A) suggest that the assembly reaction proceeds rela-
tively rapidly after passage of the slow nucleation step.
Thus, the initial assembly rates are indicative of the
kinetic order of the nucleation step and provide informa-
tion about the composition of the rate-limiting nucle-
ation complex (Prevelige et al., 1993). We analyzed this
rate-limiting step using kinetic methods combined with
systematic variation of protein concentrations (Figures
3C and 3D).

Variation of P1 concentration in the presence of ex-
cess of P4 revealed an apparent fourth-order P1 con-
centration dependence of the initial rate of assembly
(Figure 3C). The slope of the log-log plot varied between
3.7 and 4.3 in different experiments, ruling out both the
third and fifth reaction order. An excess of P7 acceler-

Figure 3. In Vitro Assembly of Incomplete Polymerase Complexes ated the assembly, but the kinetic order of P1 remained
(A) Increase of light scattering in the solution of polymerase complex the same. The fourth order P1 concentration depen-
proteins after initiation of the assembly reaction. The protein compo- dence suggested that the P1 tetramer, (P1)4, is a critical
nents in each reaction are indicated. The mixing time was 100 s.

part of the nucleation complex. Because the rate in-(B) Protein composition of the in vitro assembled incomplete poly-
creased in the presence of P7, the formation of thismerase complex particles, P1P2P4, P1P4P7, and P1P4, after sepa-

ration by rate zonal centrifugation. The complete in vitro assembled complex may be stabilized by the dimeric P7 as depicted
PCa (P1P2P4P7) and the in vivo assembled NC and PCc are included in the proposed model (Figure 6).
as controls. As P4 is required for the in vitro assembly, the nucle-
(C) P1 concentration dependence of the initial assembly rate. Loga- ation complex must also contain P4. Similar analyses
rithms of the steepest slope of the kinetic curves ([A] and additional

of the P4 concentration dependence in the presence ofdata not shown) were plotted against logarithm of P1 concentration.
an excess of P1 and P7 (Figure 3D) revealed that P7Concentrations of P4 and P7 were 0.2 and 0.1 mg/ml, respectively.

The excess of the latter constituents over P1 was large enough to has a significant effect on the apparent kinetic order of
assume their concentration was approximately constant during the P4. In the absence of P7, the initial rate was proportional
initial kinetics. to the P4 concentration (slope 1.17 6 0.05, Figure 3D),
(D) P4 concentration dependence of the initial rate. Logarithms of which is consistent with a nucleation complex (P1)4:(P4)6.the steepest slope of the kinetic curves ([A] and additional data not

On the other hand, in the presence of P7, the reactionshown) were plotted against logarithm of P4 concentration. Concen-
was apparently second order in P4 (slope 2.4 6 0.3,trations of P1 and P7 were 0.18 and 0.15 mg/ml, respectively.

(E) Dynamic light scattering of P1 (0.4 mg/ml) -P4 (0.2 mg/ml) mixture Figure 3D), indicating a (P1)4:(P7)2:(P4)12 nucleation com-
was obtained 4 min after assembly initiation with 4% PEG 4000 at plex. The most likely explanation is that the (P1)4 forms
208C. The graph shows the apparent distribution of hydrodynamic more readily when stabilized by (P7)2 and the subse-
radii (Rh). The Rh values were corrected for PEG viscosity.

quent association with the second (P4)6 becomes the
rate-limiting step.

Further insight into the nature of the putative nucle-of stable, soluble, particles are low (Paatero et al., 1998).
ation complex was gained from time-resolved dynamicAs protein P4 initiates assembly in vitro at low protein
light scattering. Proteins P1, P4, and P7 do not seemconcentrations, it probably also does so during normal
to interact in the absence of PEG. The addition ofinfection.

The effect of minor protein constituents, P2 and P7, 3%–4% PEG to the P1-P4 mixture promoted the forma-
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of the assembly, and we propose that the role of (P4)6

in nucleation is most likely the stabilization of the P1
dimer (Figure 6). In the nucleation complex, P1 and P4
oligomers are held together via multiple weak interac-
tions, and the complex is stabilized by the elongated
(P7)2 acting presumably at a site of two-fold symmetry.
We propose that the critical step for the assembly is the
formation of the two-fold symmetry axis between two
P1 dimers (Figure 6), not the formation of complete P1
decamer around the (P4)6. The latter has been proposed
for bluetongue virus (Grimes et al., 1998) but seems
unlikely to apply to φ6. Because P1 does not dimerize
readily the formation of five P1 dimers around the (P4)6

would be less favorable than formation of only two as-
sisted by favorable interactions with P4 and P7. The
symmetry mismatch at the five fold is built up as the

Figure 4. RNA Synthesis Activity of the In Vitro Assembled Polymer- capsid grows and most likely results from a steric hin-
ase Complex drance during completion of the P1 decamer around
An autoradiogram of an agarose gel showing the RNA synthesis each (P4)6. As P2 does not have an effect on the kinetics,
activity of the in vitro (PCa) and the in vivo (PCc) assembled polymer- it is most likely incorporated into the capsid after the
ase complexes. Bkg is a background control. The mobility of the initial nucleation step (Figure 6).
φ6 dsRNA segments (capital letters) and ssRNA transcripts (lower
case letters) are indicated on the right and the flow of reactions in

RNA Synthesis Activity of the In Vitrothe in vitro RNA replication cycle is illustrated schematically on the
left: packaging of the three single-stranded genomic precursors into Assembled Particles
preassembled isolated PC, replication of the packaged segments After successful in vitro assembly of φ6 polymerase
into dsRNA genome segments, and transcription of segments S and complex particles, we analyzed whether the in vitro
M. The relatively low plus strand synthesis activity of PCa compared formed particles are enzymatically active using the mi-
to the amount of dsRNA segments originate from the rather high

nus (combined ssRNA packaging and replication) andcarry-over of sucrose and NaCl (11% (w/v) and 84 mM, respectively)
plus strand synthesis (combined ssRNA packaging, rep-from the sucrose gradient peak of PCa to the RNA synthesis reaction.

The concentrations of these components were compensated in the lication, and transcription) reactions. These reactions
control reactions carried out with PCc. were carried out using PCa isolated by centrifugation in

a sucrose gradient. As a background control (bkg) we
used the same fraction from a gradient of the control
reaction (loaded with P1, P2, P4, and P7 incubated with-tion of larger complexes with apparent Rh z12 nm (Fig-
out PEG 4000). The minus strand synthesis reactionsure 3E). Similarly, P1 and P7 formed a complex with
were treated with the dsRNA-specific V1 nuclease toRh z9 nm (data not shown). These structures probably
confirm that the replicated RNA was actually packagedcorrespond to the kinetically detected nucleation com-
inside the particle and was thus protected. Synthesizedplexes, which contain the (P1)4. The relatively large hy-
radioactively labeled RNase-resistant dsRNA segmentsdrodynamic size of these assemblies apparently results
from the minus strand synthesis reaction and dsRNAfrom the highly elongated and flat shape (as shown sche-
segments and transcripts from the plus strand synthesismatically in Figure 6). In the case of the P1-P4 mixture,
reactions were analyzed in an agarose gel (Figure 4). Thethe observed complexes were converted to the final
isolated in vitro assembled particles were enzymaticallyproduct (Rh 25 to 30 nm) without any detectable larger
active in the in vitro RNA synthesis reactions. Thus, theyintermediates (Figure 3E). Therefore, assembly pro-
were able to bind and package the ssRNA genomicceeds via rapid addition of P1 and P4 after the nucleation
precursors (s, m, and l), replicate the packaged seg-step.
ments into dsRNA form (S, M, and L; Figure 6), andThe kinetic analyses described above provide molec-
produce new transcripts from S and M segments. (Tran-ular insights into the assembly pathway of the φ6 poly-
scripts are not produced from L in standard in vitromerase complex. Interestingly, the (P4)6 is an example
conditions; van Dijk et al., 1995). Interestingly, the repli-of a ring-shaped genome packaging machinery (portal
cation and transcription activities of PCa particles wereprotein) that introduces a symmetry mismatch into the
somewhat higher than those of PCc in reactions con-five-fold vertex of the icosahedral capsid. Genetic stud-
taining equal amounts of P1 (Figure 4).ies on several dsDNA bacterial viruses have postulated

that such portal assemblies direct the correct assembly
of the procapsid and are involved in assembly initiation In Vitro Assembly of Infectious φ6 NC

The most sensitive parameter for correct assembly is the(reviewed by Valpuesta and Carrascosa, 1994). The cur-
rent in vitro assembly systems of dsDNA viruses (Prevel- production of infectious virions, since the intermediates

might be abortive or aberrant products of the reaction.ige et al., 1988, 1993; Cerritelli and Studier, 1996; New-
comb et al., 1999; Wang et al., 2000) have not, however, For this purpose, the dsRNA-containing PCa particles

were coated with purified NC surface protein P8 (Olkko-yielded any further insight into the mechanism of how
the packaging machinery and the symmetry mismatch nen et al., 1990), as only P8-coated particles are infec-

tious for host cell spheroplasts (Olkkonen et al., 1991).are incorporated into the highly symmetrical viral capsid.
Our results show that P4 is needed for the nucleation The P8 shell assembly reaction mixture was used to
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Figure 5. Infectivity of Virion-Derived NC, NC(virion), and the In Vitro
Assembled NC Originating Either from In Vitro Assembled Polymer-
ase Complex, NC(PCa), or from Recombinant Polymerase Complex,
NC(PCc)

Spheroplasts were infected with P8 assembly reaction mixture,
which originated from 0.2 mg of empty PC or with approximately
the same particle amount of NC(virion). The table shows results
from several repeated experiments. The IC counts presented are
per milliliter of particle preparation. Bkg is a background control
originating from sucrose gradient loaded with P1, P2, P4, and P7.
The curve below shows IC yields obtained with different NC dilu-
tions, and the arrows point where the IC yields are the same as the
IC counts obtained with NC(PCa) or NC(PCc).

infect spheroplasts, and infective centers (IC) were
counted (Figure 5). A maximum of 2.6 3 106 IC/ml of P8
assembly reaction was obtained. As a control, we used
NC isolated from purified virions as well as PCc, which
were packaged and coated in vitro (Figure 5). The num-
ber of particles was the same in infections carried out
with NC of different origins. To confirm that the obtained
IC were not contaminating viral particles, all steps pre-
ceding the P8 assembly reaction, as well as the P8

Figure 6. Steps in the φ6 NC In Vitro Assembly Pathway
assembly reactions originating from the background

P4 hexamers are assembled in the presence of Mg21 ions and ADPcontrol, were analyzed in the infection assay. None of
(or ATP). Empty PC are formed from purified recombinant proteins

these controls produced any IC. P1, P2, P4, and P7 when incubated with PEG 4000. P4 and P1
nucleate the PC assembly. One (P4)6 probably first induces the
dimerization of P1 (shown in brackets). The actual nucleation com-
plex is composed of four P1 molecules and either one or two (P4)6.Assembly Efficiency
The number of (P4)6 in the nucleation complex depends on theIn any assembly system, only a portion of the proteins
presence of (P7)2 in the reaction. In the absence of P7, (P1)4:(P4)6or nucleic acid substrates can be converted to assembly
complex nucleates the assembly, but when P7 is present the rate-

intermediates or final structures due to the reduction of limiting step is the formation of the (P1)4:(P7)2:(P4)12 structure. Thus,
the reactants as the assembly proceeds. The efficiency P7 probably accelerates the formation of the (P1)4:(P4)6 assemblies,
of assembly refers to the number of functional assem- and thus the incorporation of the second (P4)6 into this complex

becomes rate limiting. After the nucleation, the reaction proceedsblies that are produced from the original pool of re-
rapidly to a complete capsid. A hypothetical assembly intermediate,actants. From the in vitro reconstituted TMV virions,
depicting how the symmetry mismatch could be built up, is shownapproximately one-tenth appeared as normal TMV in
in brackets. P2 is incorporated into the capsid during the capsid

EM, and about 3% of the correct size virions had the growth.
infectivity of the control TMV particles (Fraenkel-Conrat The complete in vitro assembled PC packages the three plus-sense
and Williams, 1955), leading to an efficiency of z0.3%. genomic precursors, s, m, and l, if energy is provided in a form of

a NTP (for example, ATP). The polymerase is activated when all fourBased on previously presented data and that pre-
NTPs are present and complementary minus strands are synthe-sented here, we estimated the efficiencies of the steps
sized to the packaged plus strands. The RNA (S, M, and L segments)in the in vitro assembly pathway for φ6 NC; formation
filled particles can be coated with NC surface shell protein P8 in

of (P4)6, assembly of empty PC, ssRNA packaging into the presence of Ca21 ions. The in vitro assembled NC productively
empty PC, production of complementary minus strands infects host cell spheroplasts, and enveloped infectious virions are
to the packaged ssRNAs, and P8 shell assembly on the released.
dsRNA-filled particles. The assembly pathway is illus-
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trated in Figure 6, and the specific requirements for each These particles were coated with a shell of the fifth
viral protein, the NC surface protein, and the in vitrostep are indicated.

The assembly of (P4)6, as well as complete PC, is generated particles were shown to productively infect
their host.rather efficient. Purified protein P4 is isolated as a stable

hexamer after addition of MgCl2, CaCl2, and ATP (Juuti The φ6 in vitro assembly system described here is
significantly more complex than any of the previouslyet al., 1998). When (P1)1, (P2)1, (P4)6, and (P7)2 are incu-

bated in the in vitro assembly conditions, approximately studied viral assembly systems using purified single-
protein starting material. Simple viruses containing one50% of the proteins are assembled into particles, as

was concluded from the sedimentation analysis shown protein species and a single genome segment have been
successfully assembled in vitro (TMV and CCMV), butin Figure 2.

The overall efficiency of the in vitro assembly pathway the established assembly systems for more complex
viruses either start from preformed assembly intermedi-from PC to NC was measured in this study by infectivity.

The in vitro reaction products were compared to the ates or do not lead to biologically functional particles.
The φ6 NC contains about 1000 protein molecules anddifferent dilutions of virion-derived NC (Figure 5). The

IC counts originating from PCa corresponded to IC ob- three segments of dsRNA (Table 1) and is a functional
molecular machine capable of ssRNA packaging, repli-tained with a 1/280 dilution of NC; IC originating from PCc

corresponded to a 1/90 dilution of NC. Thus, the overall cation, and transcription (Figure 4).
The infectivity (Figure 5) of the in vitro assembled φ6efficiency of the assembly steps from empty PC to infec-

tive NC can be judged to be z0.35% for PCa and z1.1% NC showed that the structure is not only functional in
vitro but also in vivo. The surface shell of the NC (proteinfor PCc.

The overall efficiency depends on packaging, minus P8) can interact with the host plasma membrane and
trigger an endocytic-like uptake of the particle. This pro-strand synthesis, and P8 shell assembly reactions.

Based on the data presented previously by Frilander cess is probably driven by the viral components, as
bacterial cells do not possess endocytic mechanismsand Bamford (1995), it was calculated that about 2%–5%

of PC particles packaged all the three genomic ssRNA in general. The polymerase complex subsequently re-
leased to the cytoplasm is capable of producing newprecursors in vitro. By comparing the dsRNA produced

by PC (in the combined in vitro RNA packaging, minus, viral mRNAs from the dsRNA genome segments residing
inside the particle. This demonstrates that complex mul-and plus strand synthesis reaction) to the dsRNA

amounts in the virion-derived NC samples, we estimated tienzyme assemblies formed in the absence of cellular
components, in defined in vitro conditions, can act asthat approximately 5% of the PC particles were able to

both package and replicate the three genomic precur- functional cytoplasmic molecular machines.
The established in vitro assembly system for φ6 PCsors into double-stranded form in vitro (data not shown).

This is in good agreement with the calculated proportion allows us to delineate the role of individual proteins in
the assembly process (Figure 6). The nucleation of theof packaging competent particles (2%–5%) and indi-

cates that the ssRNA packaging, rather than the minus PC assembly by a P4 hexamer reconstitutes an active
packaging vertex into a virus and thus provides a systemstrand synthesis, is the limiting step in the formation

of dsRNA genome-containing particle. The P8 shell is to study the assembly and packaging of a viral procapsid
in defined conditions. The kinetic analyses allowed usrequired to make the dsRNA-filled polymerase complex

infectious. Earlier studies of in vitro assembly of P8 on to identify P7 as an assembly cofactor, which acceler-
ates the assembly by stabilizing the nucleation complex.virion-derived viral cores (polymerase complexes con-

taining the dsRNA genome) showed that 5%–10% of the On the other hand, the polymerase protein P2 did not
have any effect on the kinetics, indicating a postnucle-original infectivity of these particles could be restored

(Olkkonen et al., 1991). Thus, the critical steps in the in ation incorporation into the particle. This work also gave
interesting insight into the assembly of the 120-subunitvitro assembly pathway (from empty PC to infectious

NC) are ssRNA packaging (2%–5%) and P8 shell assem- capsid lattice through the formation of a tetrameric P1
complex and delineated how a symmetry mismatchbly (5%–10%), leading to a theoretical estimation for

overall efficiency (from PC to NC) of 0.1% to 0.5%. The might be incorporated into a five-fold vertex of a viral
capsid via a two-fold centered nucleation complex.overall efficiency obtained for PCa fits this range (0.35%),

thus indicating that the produced assemblies are func-
tionally close to the in vivo controls (PCc- and virion- Experimental Procedures
derived core).

Bacterial Strains and Plasmids
P. syringae pathovar phaseolicola HB10Y (Vidaver et al., 1973) wasConclusions
used for φ6 (Vidaver et al., 1973) propagation. Plasmids pLM687Infectious viral particles were assembled in defined con-
(Mindich et al., 1994) and pLM358 (Gottlieb et al., 1990) were used for

ditions from five protein species and three segments of production of empty PC and P1P4 particles, respectively. Plasmids
ssRNA. Four of these proteins were first assembled into pEM2 (Makeyev and Bamford, 2000) and pJTJ7 (Ojala et al., 1993)

encode φ6 proteins P2 and P4, respectively.empty PC. The absence of aberrant products and the
A new plasmid, pEM7, was constructed for P7 production. Theprotein composition, sedimentation, and morphology

coding sequence for φ6 gene7 was amplified by PCR from the plasmididentical to the in vivo control all suggest high specificity
pLM687 using Pfu DNA polymerase (Stratagene) and primersof this in vitro assembly reaction. The assembled PC
59-CTTTTATAAGGACGGTGTCATATGACTTTGTACCT-39 and 59-CTC

were active molecular machines capable of ssRNA TCGAATTCATCAGGCGCTTACCT-39. The PCR fragment was di-
packaging, replication, and transcription, producing gested with NdeI and EcoRI and ligated with NdeI-EcoRI cut vector

pT7–7 (Tabor, 1990).particles with three viral dsRNA genome segments.
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Isolation of Particles (0.2 U/reaction) for 15 min at 308C. The same amount of nuclease
digests dsRNA isolated from 2.5 mg of φ6 NC.For NC production and protein P8 purification, bacteriophage φ6

was grown on HB10Y and purified as described previously (Bamford
et al., 1995). For infectivity assays, NC were further purified in 5%– In Vitro Assembly of φ6 NC
20% (w/v) sucrose gradient in 20 mM Tris-HCl (pH 7.4), 150 mM The in vivo and in vitro assembled empty PC were filled with the
NaCl (Sorvall SW41 rotor, 30,000 rpm, for 50 min, 1158C). For ssRNA genomic dsRNA segments using the standard in vitro plus strand
production, NC were purified as described by Pirttimaa and Bamford synthesis conditions. Subsequently the excess unpackaged RNA
(2000). was removed with RNase A (0.1 mg/ml final concentration) treatment

Recombinant empty PC were produced and purified using Triton for 15 min at RT. The NC surface protein P8 was then assembled
X-114 extraction and sedimentation through a 5%–20% (w/v) su- on the RNA-filled particles in a 21 ml reaction volume containing
crose gradient in 20 mM Tris-HCl (pH 8), 150 mM NaCl (Frilander 0.3 mg of PC from RNase A treated RNA synthesis reaction and 1 mg
and Bamford, 1995). The particle-containing zone was collected and of protein P8 (in 10 mM Tris-HCl [pH 8], 300 mM NaCl, 0.1 mM
stored at 2808C. EDTA). The reactions were supplemented with 1 mM CaCl2, 110 mM

NaCl, 0.5 mM EDTA (final concentrations), and were allowed to
Purification of φ6 NC Proteins P1, P2, P4, P7, and P8 proceed for 0.5 to 1 hr at RT and immediately used for the infectivity
P1P4 particles were purified as PC, except that the centrifugation assay.
was for 2 hr 10 min. The NaCl concentration in the sucrose gradient
zone containing the particles was increased from 0.15 to 0.5 M. The

Preparation of Host Cell Spheroplasts and Spheroplast Infectionparticles were then disrupted by three repeated cycles of freezing
Host cell spheroplasts were prepared as previously described (Ojala(2808C) and thawing (room temperature, RT), and the material was
et al., 1990; Poranen et al., 1999). Spheroplasts were infected withloaded onto a HiLoad 26/60 Superdex 200 column (Pharmacia) equil-
virion-derived NC (in 1 mM CaCl2, 130 mM NaCl, 0.5 mM EDTA, 2%ibrated with 20 mM Tris-HCl (pH 8), 0.5 M NaCl, 0.5 mM EDTA. Gel
sucrose) or with the in vitro assembled particles for 1 hr at RT. Thefiltration fractions containing purified P1 were stored at 2808C.
number of IC was determined on HB10Y lawns. The infection mixtureThe purification protocols for P2, P4, and P7 have been described
contained 40 ml spheroplasts and 0.47 mg of virion-derived NC, orin detail previously (Juuti and Bamford, 1997; Juuti et al., 1998;
P8 assembly reaction mixture originating from 0.2 mg of empty PC.Makeyev and Bamford, 2000). To obtain better yields of P4 (10 mg
As 3/7 of the NC mass is made up by the PC proteins and the restprotein/l culture), the following buffer was used through out the
by the P8 shell, the amount of particles was approximately the samepurification: 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 0.1 mM ATP, 5
in all infections.mM MgCl2, 2 mM CaCl2. Protein P8 was purified from φ6 virions

(Bamford et al., 1995). Stocks of P2 and P7 were stored on ice, and
P4 and P8 were stored at 2808C. Analytical Methods

Protein concentrations were determinated with Coomassie brilliant
blue using bovine serum albumin (BSA) as a standard (Bradford,Production and Purification of Viral Transcripts

The single-stranded genomic precursors for RNA synthesis reac- 1976). EM was performed using a JOEL 1200 EX electron micro-
scope (at the EM unit, Institute of Biotechnology, University of Hel-tions were made by activating isolated NC to produce transcripts

according to Pirttimaa and Bamford (2000). The resulting RNAs were sinki) operating at 60 kV. Particles, dialysed against 20 mM Tris-
HCl (pH 8), 150 mM NaCl for 90 min at RT, were negatively stainedextracted with phenol:chloroform:isoamyl alcohol (25:24:1, v/v) and

chloroform:isoamyl alcohol (24:1, v/v). Subsequently, the genomic with 1% (w/v) ammonium molybdate (pH 7.2). Standards used to
estimate protein mass in light scattering and gel filtration experi-dsRNA was precipitated with 2.8 M LiCl, and the ssRNA transcripts

were precipitated from the resulting supernatant with ammonium ments were BSA (67 kDa) and aldolase (158 kDa). Hydrodynamic
properties and interactions of individual proteins as well as charac-acetate and ethanol.
terization of assembly intermediates were performed using PDDLS
Batch dynamic light scattering instrument equipped with deconvo-Polymerase Complex Assembly
lution software (Precision Detectors) for correlation functionThe four purified recombinant proteins P1 (in 20 mM Tris-HCl [pH
analysis.8] 0.5 M NaCl, 0.5 mM EDTA), P2 (in 50 mM Tris-HCl [pH 8], 90 mM

NaCl, 0.1 mM EDTA), P4 (in 20 mM Tris-HCl [pH 7.5], 175 mM NaCl,
5 mM ATP, 5 mM MgCl2, 2 mM CaCl2), and P7 (in 20 mM Tris-HCl Quantitation of the In Vitro Assembly Process
[pH 7.5], 250 mM NaCl) were mixed in the proportions found in the The efficiency of the in vitro PC assembly reaction was determined
φ6 virion (70:6:17:7) so that the final P1 concentration was about 0.2 from the rate zonal gradient fractions by measuring the protein
mg/ml. The in vitro assembly reaction was initiated by the addition of content of fractions containing the assembly product as well as
50 mM Tris-HCl (pH 8.9), 6% PEG 4000 to the protein mixture. The those containing the nonassembled material. To estimate the in
sedimentation analysis was carried out after 90 min incubation at vitro RNA packaging and replication efficiency, plus strand synthesis
RT in 10%–30% (w/v) sucrose gradient made in 20 mM Tris-HCl (pH reaction products and different dilutions of NC were loaded onto
8), 150 mM NaCl (Sorvall SW41 rotor, 35,000 rpm, for 80 min, 1108C). an agarose gel. After electrophoresis, the dsRNA amount produced
The gradient was fractionated using a BioComp gradient fractiona- in plus strand synthesis reaction was compared to the dsRNA
tor. The PCa fraction was used for enzymatic analyses, infectivity amounts in the NC samples. The amount of polymerase complex
assays, and negative staining EM. particles and NC particles in the samples was estimated by SDS–

Light scattering experiments were performed using a V-560 UV/ PAGE by comparing the amounts of P1 in the samples.
VIS Spectrophotometer (JASCO) set at 228C. Light scattering was
recorded at 350 nm (2.0 nm band width) in 2 or 5 s time increments
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Double-stranded RNA (dsRNA) viruses are complex RNA processing
machines that sequentially perform packaging, replication and transcrip-
tion of their genomes. In order to characterize the assembly intermediates
of such a machine we have developed an efficient in vitro assembly system
for the procapsid of bacteriophage f8. The major structural protein P1 is a
stable and soluble tetramer. Three tetramers associate with a P2 monomer
(RNA-dependent RNA polymerase) to form the nucleation complex. This
complex is further stabilized by a P4 hexamer (packaging motor). Further
assembly proceeds via rapid addition of individual building blocks. The
incorporation of the packaging and replication machinery is under kinetic
control. The in vitro assembled procapsids perform packaging, replication
and transcription of viral RNA. Comparison with another dsRNA phage,
f6, indicates conservation of key assembly intermediates in the absence
of sequence homology and suggests that a general assembly mechanism
for the dsRNA virus lineage may exist.
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Introduction

Large nucleoprotein assemblies such as ribo-
somes, nucleosomes and viruses perform compli-
cated tasks, like biopolymer synthesis and
transport. Such assemblies can be viewed as
molecular machines that are programmed by the
genes coding for their subunits.1,2 Additionally,
the subunits are programmed to self-assemble but
this process is not well understood.3 Historically,
simple viruses with their symmetry, amenable
genetics and biochemistry became the early models
for studying self-assembly.4 The more complex
viruses, in particular the double-stranded RNA
(dsRNA) viruses that contain packaging and poly-

merase enzymes, can be viewed as RNA proces-
sing machines.2,5 Insights into the mechanisms of
assembly, RNA packaging, and replication were
obtained using the in vitro packaging system of
f6, a dsRNA bacteriophage belonging to the
Cystoviridae family (Figure 1).6 – 10

The cystoviruses (f6, f7, f8, f9, f10, f11, f12
and f1311) all have a genome composed of three
segments of dsRNA packaged inside a polymerase
complex, which is coated by a lipid-protein
envelope.12,13 Proteins P1 (major structural pro-
tein14), P2 (RNA-dependent RNA polymerase15),
P4 (packaging enzyme16) and P7 (packaging
factor17) form a stable assembly intermediate, the
procapsid (PC), which in turn performs RNA
packaging and replication (Figure 1).10,18 – 21 The
dodecahedral procapsid framework is composed
of 60 P1 dimers forming a T ¼ 1 icosahedral lattice
(also referred to as T ¼ 2 architecture22), an
arrangement similar to that of other dsRNA
viruses.2,21,23 The 5-fold vertices of the procapsid
are occupied by P4 hexamers.24 The polymerase
P2, a compact monomer,25 has been localized at
the 5-fold vertices under the P4 hexamers.26 The
position of the P7 dimers is less certain, most likely
forming stabilizing clamps across 2-fold axes.9,26,27
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Notably, a similar arrangement of RNA processing
enzymes has been observed in the viral cores of
reovirus,28 cypovirus29 and rotavirus.30

High-resolution structures of dsRNA virus cores
revealed the intricate structural framework of the
machinery and pointed to significant similarities
shared among all dsRNA viruses.22,23,28 Despite
this extensive structural information, relatively
little is known about the process of polymerase
complex assembly. A decamer of the bluetongue
virus protein VP3, an a-helical protein analogous
to f6 P1, has been proposed as an assembly inter-
mediate solely on the basis of the three-dimen-
sional structure of the mature core.22 More

recently, the f6 in vitro reconstitution system was
used to characterize f6 procapsid assembly inter-
mediates (Figure 1).9 A nucleation complex, com-
posed of one P1 tetramer and one or two P4
hexamers, was proposed. Furthermore, the stabiliz-
ing role of P7 in the formation of the nucleation
complex was established. On the other hand, no
further assembly intermediate was detected and
the identity of the stage during which P2 was
incorporated into the growing procapsids
remained elusive.

In order to judge the relevance of f6 inter-
mediates for the assembly of other dsRNA viruses
and to characterize assembly intermediates further,
we have selected another cystovirus, f8, for in vitro
assembly studies. f8 shares less than 15% overall
sequence homology with f6 and the homologous
regions are limited to the conserved polymerase
(P2) and nucleotide triphosphatase (NTPase, P4)
motifs.31 Thus, observation of assembly inter-
mediates common to both viruses would indicate
conservation of the assembly pathway within
the Cystoviridae family. Furthermore, given the
absence of sequence homology, this would suggest
that the conservation of the assembly mecha-
nism reflects structural similarity and may
extend to other dsRNA virus families with related
morphology, e.g. the Reoviridae.

In the present work, we refine our understand-
ing of dsRNA virus assembly by developing an
in vitro system for bacteriophage f8. In vitro
assembly shows unequivocally that the major pro-
capsid protein P1 assembles via a stable tetrameric
intermediate. The nucleation complex is formed
upon interaction of several P1 tetramers with the
polymerase (P2) and is stabilized further by the
packaging enzyme (P4 hexamer). Comparison
with f6 reveals a remarkable conservation of key
assembly intermediates and suggests that assem-
bly pathways of viruses with similar architecture
may be conserved irrespective of viral sequences.

Results

Identity of the P7 gene

P7 associated with the isolated virus core had an
apparent molecular mass of 19.2 kDa (Figure 2(A))
consistently lower than the 25.4 kDa expected on
the basis of the published gene assignment.31

Furthermore, mass spectrometric analysis of core
proteins revealed a 19.2 kDa polypeptide but no
25 kDa moiety. A tryptic digestion of the core-
associated 19.2 kDa protein produced fragments
with masses matching a set predicted from the
last open reading frame (ORF) of the viral L
segment (Table 1; Figure 2(B)). Thus, the P7 protein
is encoded by the last ORF of the L-segment, while
the ORF preceding the P2 gene is designated as H
(hypothetical) in accordance with the data bank
information (Figure 2(B)).

Figure 1. Life-cycle of bacteriophage f6.10 The virion,
containing three dsRNA segments, S (small), M
(medium) and L (large), (A) attaches to the host cell and
(B) the polymerase complex penetrates the host mem-
branes, losing both the envelope and the nucleocapsid
coat). (C) The polymerase complex is activated and
(D1 and D2) produces mRNAs that are translated into
viral proteins. (E) An empty polymerase complex (also
called procapsid, PC) is self-assembled from proteins
P1, P2, P4 and P7; procapsid assembly intermediates are
highlighted in the inserted box.9 (F) The procapsid
specifically packages the three ssRNA molecules sþ, mþ,
and lþ. (G) The viral RNA polymerase P2 replicates the
packaged ssRNA (H) into the double-stranded form
inside the polymerase complex. (I) The polymerase
complex is coated by a shell of protein P8 to form a
nucleocapsid, which is (J) subsequently enveloped and
mature virions leave the cell by lysis.
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Expression and characterization of
procapsid constituents

P1 and P4 expression (for plasmids and strains
see Table 2) at 37 8C yielded large amounts of
insoluble protein (not shown). The expression
temperature was reduced to 188C and sufficient
quantities of soluble proteins were obtained and
purified to homogeneity (Figure 3). Similarly, an

improved purification protocol for P2 yielded
pure and monodisperse protein (Figure 3).

All our attempts to obtain soluble protein from
recombinant strains producing P7 alone have
failed (not shown). Therefore, we have resorted to
P7 co-expression with the other PC proteins and
purification from the resulting recombinant pro-
capsids (Table 2). P7 was released from the purified
procapsids by repeated cycles of freezing and
thawing and separated from other PC proteins by
size-exclusion chromatography yielding sufficient
amounts of pure P7 (Figure 3(A)).

Figure 2. Identification of the P7 protein and gene 7
localization. (A) SDS-PAGE analysis of core-associated
proteins showing migration of P7. (B) Map of the L seg-
ments from f8 and f6 indicating the gene order and the
position of gene 7 (red).

Table 1. Tryptic peptides of f8 P7 determined by matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry and predicted from sequence

Tryptic peptides, amino acid
sequence

Experimental
mass (Da)

Predicted
mass (Da)

QVVVGYIR 933.7 933.2
TVMVDGYR 940.6 940.2
VGELTLSAR 945.7 945.2
TDPITAVAINRa 1170.8 1170.4
AAWASMEDEEK 1266.6 1266.5
VAHDVGGDEYTR 1318.6 1318.5
YVSDADDLGISPR 1407.7 1407.6
ITIGGDESSLEDDEQADEAb 1994.0 1994.2

a This peptide represents the N-terminal sequence, the term-
inal Met was removed during post-translational processing.

b This peptide represents the very C-terminal sequence, thus
it does not end with K or R.

Table 2. List of plasmids and strains used to produce
proteins and assemblies

Plasmid Host Relevant property Reference

pDK5 BL21(DE3) P1 expression This
study

pSJ1b BL21(DE3) P4 expression This
study

pHY1 BL21(DE3) P2 expression 39

pLM2424 JM109 PC expression and P7
purification

31

Figure 3. (A) Purity of the constituents used for the in
vitro f8 PC assembly: SDS-PAGE of proteins. (B) Oligo-
meric status of PC proteins. Purified proteins were sepa-
rated on a size-exclusion column (Superdex 200,
Amersham Biosciences) and detected by monitoring
absorption at 280 nm (note that the traces were shifted
for clarity). The peak labeled with # corresponds to P1
aggregate, which appeared after storage at 4 8C. A low-
intensity peak (*) in the P1 trace corresponds to the
residual P1 monomer. (C) Distribution of molecular
masses that were calculated from calibrated light-scatter-
ing intensity and absorbance traces.
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The oligomeric status, shape and secondary
structure of the procapsid building blocks were
characterized using various methods (Table 3). P1
was soluble and highly a-helical. The molecular
mass of P1, obtained by gel-filtration and light-
scattering (Figure 3(B)), was 350(^10) kDa and
matched that of a tetramer (346.8 kDa). A small
amount of P1 monomer was also detected (,1%
of total P1, Figure 3(B)). The hydrodynamic radius
of the P1 monomer, Rh ¼ 3.7(^0.2) nm, indicated
significant asymmetry (asymmetry ratio Rh/
Rs ¼ 1.15, where Rs ¼ 3.2 nm is the radius of an
equivalent hydrated sphere). On the other hand,
the P1 tetramer was more compact, with
Rh ¼ 5.5(^0.2) nm and Rh/Rs ¼ 1.06. This is in con-
trast to the P1 from f6, which could be purified
only as a relatively insoluble monomer in small
amounts from disrupted procapsids.9

The packaging enzyme P4, a hexamer with
an a/b fold (apparent mass 206(^10) kDa,
Rh ¼ 5.1(^0.2) nm), also exhibited RNA helicase
activity (D.E.K., D.H.B. & E. Makeyev, unpublished
results). The hydrodynamic data and analogy to f6
suggests that f8 P4 forms a hexameric ring.32

The P2 monomer (apparent mass ¼ 70(^5) kDa)
appeared spherical (Rh ¼ 2.6(^0.2) nm, Rh/
Rs ¼ 0.97) as expected from comparison with the
f6 polymerase.25

The virion-derived P7 was a dimer (apparent
mass ¼ 41(^5) kDa) with a slightly asymmetric
shape (Rh ¼ 2.8(^0.2) nm, Rh/Rs ¼ 1.12), signifi-
cantly less asymmetric than the f6 P7 dimer.9

In vitro assembly

In order to determine which protein combi-
nations (designated PXY according to protein com-
position X þ Y, e.g. P12 reaction contained P1 and

P2) could assemble in vitro, we first employed con-
ditions similar to those used for f6 (i.e. one hour
incubation in the presence of 4% (w/v) PEG
60009). The reaction products were negatively
stained immediately and analyzed by electron
microscopy (EM) (Figure 4(A)). Aliquots were
separated by sucrose-gradient centrifugation and
light-scattering fractions were analyzed by SDS-
PAGE (Figure 4(B)). In all cases, the protein ratios
in the assembled particles were similar to those
found in the virus core control (Figure 4(C)). The
results demonstrated clearly that in the presence
of PEG all P1-containing reactions yielded pro-
capsid-like particles.

Electron micrographs demonstrated that the
final products were identical in shape and size
(50 nm diameter) with the control particles (Figure
4(A) and (B)). In addition to the procapsid-like par-
ticles, EM revealed other assemblies: 10–15 nm L-
shaped and linear structures (mainly in the P12
assembly reaction) and 20 nm diameter “O-rings”
(in all reactions) were observed. These assemblies
may represent an equilibrium population of inter-
mediates at the time of staining or aberrant
aggregates.

Nucleation mechanism of procapsid assembly

Because P1 alone could assemble in the presence
of PEG, it was likely that P1 would assemble at suf-
ficiently high concentrations in the absence of PEG.
Indeed, P1 solutions contained assembled and
aggregated material after being concentrated to
about 5 mg/ml. After removing the assembled
material, the concentration of the soluble P1, cP1,
was 4.6 mg/ml, which is a good approximation to
the critical concentration for P1 assembly. Hence,
all further assembly experiments excluded PEG

Table 3. Properties of f8 PC components

Protein
Mass

(kDa)a

Copies/
virionb

Multimeric
statusc,d

Hydrodynamic
radiusc,e (nm)

Secondary structure
compositionc,f (%) Proposed functiong

P1 86.768 120 Monomer 3.7 ^ 0.2 Helix: 81.0 Major structural protein of PC
Tetramer 5.5 ^ 0.2 Coil: 13.5

Sheet: 0.0
Turn: 5.5

P2 71.495 12 Monomer 2.6 ^ 0.2 RNA-dependent
RNA polymerase

P4 34.057 72 Hexamer 5.1 ^ 0.2 Helix: 50.0 NTPase, genome packaging,
helicaseh

Coil: 12.0
Sheet: 38.0

P7 19.039 60 Dimer 2.8 ^ 0.2 Enhances genome packaging
and replication

a Calculated from the cDNA sequence (N-terminal Met is removed).
b Estimated copy numbers, based on reports by Day & Mindich54 and Hoogstraten et al.31

c This study.
d Multimeric status of proteins, determined by analytical gel-filtration (Superdex-200).
e Determined by dynamic light-scattering.
f Determined by CD as described.55

g Functions were assigned in analogy to the f6 system.10

h D.E.K., D.H.B. & E. Makeyev, unpublished results.
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simplifying the reactions and light-scattering
experiments.

The critical concentration behavior of P1 indi-
cated that procapsid proteins might assemble in a
nucleation-limited fashion. Furthermore, specific
procapsid proteins might lower the critical concen-
tration via stabilization of the nucleation complex.
To explore the nucleation mechanism, a turbidity
assay was adopted to follow the assembly time-
course (kinetics) for different combinations and
concentrations of procapsid proteins (Figure 5).
The turbidity increase was found to be pro-
portional to procapsid formation (rate-zonal
sucrose-gradient analysis, not shown) and thus

constitutes a good quantitative measure of
assembly progress.

Stoichiometric amounts of procapsid proteins
were mixed employing concentrations of P1 below
cP1 (Figure 5(A)). Both combinations P1 þ P7 (not
shown) and P1 þ P4 resulted in no turbidity
increase. On the other hand, P1 could assemble in
the presence of P2. In all cases the turbidity
kinetics showed a distinct lag phase, indicative of
nucleation-limited assembly.33 Although P4 alone
failed to initiate assembly, it shortened the lag
phase substantially and accelerated the assembly
in the presence of P2. Thus, P4 augmented the
nucleation effect of P2. P7 had only a small
additional effect on the assembly kinetics. Thus,
P1 and P2 form the minimal nucleation complex,
which is stabilized substantially by P4.

In order to estimate the size of the minimal
nucleation complex, the concentration-dependence
of the assembly kinetics was examined for the
P12 assembly (Figure 5(B)).9,33 The assembly rate
dependence on the P1 concentration in an excess
of P2 showed a non-linear increase and the appar-
ent molecularity n ¼ 2.9(^0.2). These results
suggest that about three P1 tetramers associate to
form the nucleation complex.

Similar analyses for P2 yielded an approximately
linear rate increase up to a concentration of P2 of
2 mg/ml (Figure 5(C)). This suggests that one P2
monomer participates in nucleation.

Detection of assembly intermediates by
dynamic light-scattering

Dynamic light-scattering (DLS) measures the
fluctuation of scattered light intensity and typically
gives distributions of hydrodynamic radii, I(Rh). In
comparison with turbidity, which is proportional
to the weight average molecular mass of the
assemblies, DLS provides additional information
about the polydispersity of the sample.34

Because the distribution intensity I(Rh) is pro-
portional to the number density times the scatter-
ing cross-section of the species with Rh (scattering
cross-section is roughly proportional to the square
of the species mass), the method is particularly
sensitive to the presence of larger assemblies. This
property could be used to detect procapsid for-
mation even at low number density (e.g. less than
0.1% (w/v) of assembled protein). Therefore,
comparison of time-resolved Rh distributions
ðIðt;RhÞ; a few snapshots are shown in Figure 5(F)
and (G)) with the turbidity increase should be
instrumental in distinguishing the fast growth of
procapsids from the accumulation of inter-
mediates. In the former case, the distribution
should be bimodal, encompassing two sets of
peaks. The first set at low Rh (below 6 nm) would
correspond to the mixture of precursor subunits,
while the second set should be observed at
Rh around 25, corresponding to procapsids (Rh

25 nm) or larger assemblies (Rh . 35 nm). Alterna-
tively, the early distribution would contain broader

Figure 4. In vitro assembly in the presence of 4% (w/v)
PEG 6000. (A) Negative stain electron microscopy of
assembly products. Assemblies were named after their
protein compositions, e.g. an assembly containing pro-
teins P1, P2 and P4 was named P124. The scale bar
represents 200 nm. Distinct assembly intermediates 10–
12 nm in size such as L-shaped substructures (P12
assembly reaction) and O-ring substructures (in all
cases) are indicated by arrows. (B) Cryo-electron micro-
graph of the recombinant in vivo assembled PC, purified
using sedimentation through a 5%–20% (w/v) sucrose
gradient. The scale bar represents 100 nm. (C) Protein
composition of the in vitro assembled particles, P1, P12,
P14, P124 and PC after separation by rate zonal centrifu-
gation. The in vivo assembled PC is included as a control.
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peak(s) at Rh values between 8 nm and 20 nm, indi-
cating significant accumulation of intermediates.

Iðt;RhÞ measured for the P12 assembly reaction
at the end of the lag phase (t ¼ 870 seconds; Figure
5(D) and (F)) showed a bimodal distribution with
a cluster of peaks at 5 nm and a well-separated
peak at 25 nm corresponding to procapsid-sized
assemblies. Similar results were obtained for the
P124 assembly (Figure 5(E) and (G); t ¼ 270
seconds). The absence of any detectable inter-
mediates and the presence of procapsid-sized
assemblies at early stages suggests that nucleation
is followed by rapid growth and completion of
procapsids. Furthermore, the results imply that no
significant amount of intermediates accumulated
during the lag phase, confirming a nucleation-
limited assembly mechanism (i.e. the nucleation
complex constitutes the species of lowest
abundance33).

Iðt;RhÞ distributions remained bimodal well into
the growth phase (1000 seconds for the P12 and
450 seconds for the P124 assembly, respectively,
Figure 5(F) and (G)). The only significant difference
from the earlier time-points was the shift of the
precursor peak from Rh <5 nm to values between
8 nm and 10 nm. The peak shifted further to higher
Rh with time and eventually merged with the peak
of procapsid-sized assemblies (not shown). In
order to rule out the possibility of deconvolution
artifacts the significance of these shifts was con-
firmed directly by comparing the initial decays of

correlation function (not shown). Thus, this peak
represents a discrete species that is experimentally
well resolved from the mixture of precursors and
the products, i.e. it most likely corresponds to
assembly intermediates.

The observed increase of the intermediate size is
summarized in the time-resolved number-average
hydrodynamic radius (Rn

hðtÞ plotted in Figure 5(D)
and (E)). Rn

h was computed from Rh distributions
that were weighted by the inverse of the scattering
cross-section (equation (2)) and therefore it is
representative of the stoichiometrically most abun-
dant species. However, the large scattering cross-
section of procapsids and the instrumentation
limits would make it difficult to detect inter-
mediates with Rh <10 nm if they represented less
than 15% of the total protein mass. Given the
scattering intensities in Figure 5(F) and (G), the
observed intermediates were significantly abun-
dant (more than 40% of total protein mass as
judged from Ið1000;RhÞ for P12 and Ið450;RhÞ for
P124, respectively) in the middle of the growth
phase. Apart from the undetectable 15% referred
to above, these intermediates were gradually
(step-wise) converted to procapsids during the
later part of the growth phase (Figure 5(D) and
(E)). This suggests that the observed intermediates
were on the procapsid assembly pathway.

The continuous increase of the apparent Rh
after about 1200 seconds indicates that the rise in
turbidity resulted from the assembly of aberrant

Figure 5. Kinetics of in vitro
assembly: (A) Kinetics of PC
assembly followed by turbidity at
340 nm, 20 8C. Assembly of P1 in
the presence of P2, P4 and
P7. Concentrations: P1, 1.2 mg/ml;
P2, 0.2 mg/ml; P4, 0.17 mg/ml.
(B) Concentration-dependence of
P12 assembly kinetics on P1:P2
concentration, 5 mg/ml. The slope
of the steepest turbidity increase
k ¼ dA/dt was plotted as a function
of P1 concentration and fitted to an
exponential curve k ¼ 0.021[P1]2.91

according to equation (1).
(C) Dependence of P12 assembly
kinetics on the concentration of P2.
The concentration of P1 was held
constant at 2 mg/ml. The assembly
rate was fitted by a linear function
of P2 concentration. (D) Kinetics of
P12 assembly followed by turbidity
(continuous line) and time-resolved
DLS (squares, number average
hydrodynamic radius Rh

n computed
according to equation (2) from data in (F) and additional data not shown). Concentrations: P1, 2 mg/ml; P2, 4.3 mg/
ml; temperature, 23 8C. Arrows show two time-points at which the representative Rh distributions shown in (F) were
obtained. (E) Kinetics of P124 assembly followed simultaneously by turbidity and DLS. Other conditions as in (D),
except the concentration of P4 was 0.5 mg/ml. (F) P12 assembly I(t, Rh) distributions for the two representative time-
points. Due to the time-resolved nature of the data (15 second scans) and due to the logarithmic distribution of the
correlator channels, the positions of peaks within I(t, Rh) are reported to ^2 nm for Rh , 10 nm, ^5 nm for the 20–
30 nm range and ^10 nm above Rh 30 nm. (G) The same as in (F) but for P124 assembly (conditions as described for (E)).
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P12 products (Figure 5(D)). Because the rise of the
Rn

hðtÞ is steeper than the turbidity slope, it is likely
that these assemblies were filamentous.35 Long fila-
ments were also seen in electron micrographs of

P12 assemblies (data not shown). Figure 5(E)
shows a similar analysis for the P124 assembly.
The apparent number-average Rh reached a pla-
teau at 25 nm (600–800 seconds) with only a slight
increase at longer times. Thus, the P124 assembly
seemed to be less prone to further aggregation.

In vitro assembled procapsids can package,
replicate and transcribe RNA

Packaging of genomic single-stranded RNA
(ssRNA) segments and their subsequent replica-
tion within the viral core are the hallmarks of
polymerase complex activity (Figure 1 (F)–(H)). If
the in vitro assembled procapsids represent the
biologically relevant form they should package
and replicate the viral genome. Given that
packaging is a prerequisite for minus strand syn-
thesis, a simplified assay was designed that
detected RNA replication associated with in vitro
assembled particles (e.g. combined packaging and
minus strand synthesis, Figure 6(A)).

Unlabeled f8 genomic ssRNA, which was tran-
scribed in vitro by viral cores, was used as a pre-
cursor for the reactions (Figure 6(B)). In vitro
assembled and purified procapsids were mixed
with ssRNA substrate and radiolabeled nucleo-
tides and the product of the reaction was sedi-
mented through a 12% (w/v) sucrose cushion to
remove any RNA that was not associated with pro-
capsids. A comparable amount of radiolabeled
dsRNA was found in the pellets of the in vivo
(Figure 6(C), lane PCa) and the in vitro (Figure
6(C), lane PCb2) assembled procapsids. The
labeled dsRNA was also tightly associated with
the procapsid and was released only upon pro-
capsid disruption with SDS (Figure 6(C), lane
PCb1). Thus, in vitro assembled procapsids pack-
age and replicate viral RNA with activity similar
to that of the in vivo assembled control.

A negative control was provided by in vitro
assembled procapsids lacking P4, which did not
synthesize dsRNA (Figure 6(C), lane P127). This
shows that procapsid-associated P2 cannot repli-
cate viral RNA without prior ssRNA packaging
(P4-dependent).

Plus strand synthesis activity (combined ssRNA
packaging, replication, and transcription) was
measured by the production of radiolabeled
ssRNA (Figure 6(A)). The activity of in vitro
assembled procapsids was found to be comparable
to that of recombinant procapsids (cf. lanes PCb
and PCa in Figure 6(C)). In summary, in vitro
assembled procapsids were able to package, repli-
cate and transcribe viral RNA.

Discussion

Gene order of f8 L-segment

In the course of cloning and purifying the f8
procapsid genes we noticed a discrepancy between

Figure 6. RNA packaging and RNA synthesis activity
of the in vitro assembled procapsids. (A) A flow-chart
depicting the sequence of packaging, minus (replication)
and plus (transcription) strand syntheses reactions (left)
and product detection scheme (right). (B) Ethidium
bromide-stained gel showing products of minus strand
synthesis (lane core a) and plus strand synthesis (lane
core b) performed by virus-derived cores. (C) An auto-
radiograph of a native agarose gel that separated pro-
ducts of the in vitro replication reactions: lane P127, PC
lacking P4; lane PCa, in vivo PC; lane PCb, in vitro
assembled PC; lane PCb1, pellet of SDS-disrupted pro-
capsids; lane PCb2, procapsid pellet after sedimentation
through a 12% sucrose cushion. L, M and S denote
dsRNA segments while l, m, and s correspond to
ssRNA transcripts.
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the apparent molecular mass of the recombinant
gp7 protein (25 kDa according to the published
gene assignment11,31) and the core-associated P7
(19 kDa). The latter has been assigned to the last
ORF of the viral L-segment using tryptic fragmen-
tation and mass spectrometry. During the progress
of this study, a corrected version of the f8
sequence (accession number NC_003299) was
deposited in the data bank that made the same
P7 gene assignment. Our findings confirmed the
correction.

In contrast to the L-segment of other cysto-
viruses, f8 contains an extra ORF (designated H)
encoding a protein of unknown function and the
gene order is H2417. Interestingly, the highly basic
25 kDa protein could bind to the procapsids in
vitro (data not shown), although it was not found
in virions produced during normal infection.
Additionally, gpH and P7 have limited sequence
similarity (25%). One possibility is that these two
genes have arisen by a gene duplication event.
Such events are common in the evolution of
dsDNA viruses36 but have been detected in only a
few cases of dsRNA viruses.37,38

Assembly pathway for dsRNA bacteriophages

Figure 7 summarizes the assembly pathway as
proposed for bacteriophage f8. Assembly pro-
ceeds via nucleation-limited polymerization, and
proteins P1 and P2 are required and sufficient to
nucleate procapsid assembly in the absence of
PEG. In the presence of PEG or at high concen-
trations, P1 alone assembles into procapsid-like
particles. The nucleation complex is composed of
several P1 tetramers associated with a P2 monomer
(estimated stoichiometry 3:1). This complex is
further stabilized by the P4 hexamer. The size of
the stabilized nucleation complex is approximated
by the smallest detectable intermediate with Rh

8–10 nm, which was identified by hydrodynamic
analysis.

The growth phase is rather fast in the presence of
a sufficient concentration of building blocks. After
the reaction mixture was depleted of the building
blocks (essentially P1) certain assembly inter-
mediates are left unfinished, as seen in the electron
micrographs in Figure 4(A) and by DLS (Rh

8–10 nm, Figure 5(D) and (E)).
The P4 hexamer seems to increase the fidelity of

assembly. In the absence of P4 (e.g. P12 assembly)
the product is polydisperse (Figure 5(D)) and may
contain filamentous material (Figure 5(D) and EM
data not shown). P4-containing reactions lead to a
product with the correct size (Rh 25 nm Figure
5(E)). P4 hexamer presumably introduces curva-
ture into the growing intermediates and steers the
assembly towards closed shells via stabilization of
the vertices and competition with the aberrant
pathways. Thus, P4 most likely provides key
interactions for the correct formation of the 5-fold
vertices.

The negligible effect of P7 on the f8 assembly
kinetics confirmed its role in stabilizing the P1
tetramer during f6 procapsid assembly.9 Such a
function is redundant in f8 assembly due to the
stability of the P1 tetramer and no kinetic effect
would thus be expected.

Further comparison of the f8 assembly with the
f6 system9 identifies several common features and
intermediates. A f6 P1 tetramer has been proposed
solely on the kinetic basis to constitute an essential
assembly intermediate. In the f8 system, P1
forms a stable tetrameric building block. Thus, the

Figure 7. In vitro assembly pathway model for f8 pro-
capsid. The procapsid building block is a compact P1
tetramer. Three tetramers associate with one P2 mono-
mer to form a nucleation complex. This complex is stabil-
ized further by a P4 hexamer and assists the formation of
neighboring 5-fold vertices. Further assembly proceeds
rapidly by addition of individual building blocks. When
building blocks are depleted, an intermediate with Rh

8–10 nm is observed transiently and most likely corre-
sponds to the stabilized nucleation complex. Procapsid
representation is according to de Haas et al.24
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tetrameric intermediate is common for both
assembly pathways. As proposed previously, each
tetramer can bridge together two P4 hexamers
and thus facilitates association of the neighboring
5-fold vertices during assembly.

In the f6 system, P4 is the necessary component
for in vitro nucleation of assembly. In f8 assembly,
P2 plays a similar role, while P4 is involved in the
stabilization of the nucleation complex. These
results suggest that incorporation of both P2 and
P4 is under kinetic control. The incorporation of
P2 into the f6 procapsid had no apparent effect
on the assembly kinetics in the low concentration
regime (0.3 mg/ml of P1 monomer in 6% (w/v)
PEG 4000).9 It is possible that the kinetic effect of
P2 at low concentrations was diminished by the
key role of P4 and P7 in stabilizing the P1 tetramer.
It is conceivable that the f6 P2 associates with an
assembly intermediate similar to that of the f8
nucleation complex, in which the P1 tetramer is
already formed.

Assembly intermediates with an apparent Rh of
10–12 nm have been observed for f6 assembly at
the end of the lag phase.9 Similar intermediates
(smallest species with Rh 8–10 nm) were observed
for f8 in the middle of the growth phase. These
intermediates most likely represent metastable
species that are formed by stabilization of
the nucleation complex (Figure 7) although the
determination of the exact stoichiometry of these
intermediates is beyond the scope of the current
analysis. The absence of the early detectable inter-
mediates in the f8 system reflects the higher
concentrations of protein employed for f8 assem-
bly, leading to faster growth rates. This is con-
sistent with the proposed nucleation-limited
assembly mechanism.

We show that the in vitro assembled procapsids
package, replicate and transcribe viral RNA. The
present results show that the packaging NTPase
P4 is necessary for subsequent replication. Because
f8 P2 can replicate ssRNA in the absence of
procapsids,39 this suggests that the active site of
P2 is not accessible on the procapsid surface. Such
an internal location is consistent with the recently
determined position of P2 within the f6
procapsid.26 Thus, successful packaging of ssRNA
is a prerequisite for f8 RNA replication, which
takes place inside the procapsid. This mode of
replication is identical with that of f6.40 – 42 The f8
polymerase complex (resulting from procapsid
packaging and replication) is able to produce
mRNA de novo as seen for the f6 system.41,43

In conclusion, the f6 and f8 systems exhibit
similar building blocks, share key procapsid
assembly intermediates, package and replicate
RNA in a similar fashion despite their very low
level of sequence homology.31 Such conservation
of the assembly pathway and function may reflect
common ancestry as well as physico-chemical con-
straints imposed on the procapsid assembly and
may extend to other members of the Cystoviridae.
It remains to be seen whether the tight regulation

of genome replication and transcription observed
for f6 is applicable to f8 and other cysto-
viruses.8,41,44 – 46

Implications for other dsRNA viruses

The unique polymerase core architecture (so-
called 22T ¼ 2) and function seem conserved
between different families of prokaryotic and
eukaryotic dsRNA viruses.2 Despite extensive
structural knowledge, very little is known about
the assembly intermediates of the eukaryotic
viruses of the Reoviridae family. Given the
structural and functional similarity, the proposed
mechanism of Cystoviridae assembly may have
implications for the assembly of other dsRNA
viruses.

The polymerase core framework is built from
120 subunits of the same protein that adopt two
distinct conformations (i.e. T ¼ 1 shell of 60 asym-
metric dimers). At which stage of the assembly are
the two non-equivalent conformations attained? The
significance of the tetrameric intermediate suggests
that the conformational switching may happen
during the formation of the P1 tetramer, which
could be envisioned as a dimer of dimers.

A decamer of the bluetongue virus protein VP3
(P1 analog) has been proposed as an assembly
intermediate.22 Such a large assembly would pose
two problems for efficient assembly: (1) its for-
mation would be kinetically unfavorable, i.e. such
an intermediate would have a low concentration;
(2) subsequent growth of shells by addition of
these large building blocks would be impeded by
both slow diffusion and low concentration. On the
other hand, the tetramer is sufficiently small to
assemble efficiently. Additionally, the tetramer
would also tie together neighboring 5-fold vertices
thus facilitating formation of closed shells. Interest-
ingly, a dimeric asymmetric unit of VP2 that con-
nects two neighboring vertices has been identified
in the rotavirus core.47 The asymmetric dimer may
play the same role in rotavirus assembly, as the
P1 tetramer does in the bacteriophage.

The replication and transcription machinery of
many dsRNA viruses resides inside the polymer-
ase complex.26,30,48,49 Our present results suggest
that incorporation of the transcription complex
(including the RNA polymerase) might be under
kinetic control and may happen during the early
phase of assembly. This would assure internali-
zation of the transcription complex before closure
of the polymerase complex shell. If the P2 mono-
mer and the P4 hexamer are incorporated early
during assembly when symmetry is non-existent
or low their incorporation does not depend on the
final icosahedral symmetry. This may explain why
the transcription complex does not follow icosa-
hedral symmetry and explains the mechanism
for incorporating the symmetry mismatch at the
5-fold vertices of dsRNA viruses (one transcription
complex associated with a decamer of the core
protein24,30,49).
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In summary, we have established an in vitro
assembly system for the dsRNA bacteriophage f8,
which allowed detection of intermediates and deli-
neation of the nucleation mechanism. In addition,
comparison with the assembly pathway of another
dsRNA bacteriophage f6 suggested conservation
of assembly pathways in the absence of significant
sequence homology. Such conservation may
extend to eukaryotic dsRNA viruses. The assembly
mechanism also explains how asymmetry may
be incorporated into the icosahedral capsids of
dsRNA viruses.

Materials and Methods

Bacterial strains and plasmids

Escherichia coli DH5 (Gibco-BRL) was the host for
plasmid propagation and molecular cloning. Plasmid
pLM2424 was used for PC production.31 Plasmid pHY1
encoded f8 protein P2.39

To construct a plasmid for P1 protein expression, the
P1 gene was PCR-amplified from pLM2424 template
with recombinant Pfu DNA polymerase (Stratagene)
and the oligonucleotides

50-GGAGTTGACATATGAGTAAGCTTGATCT-30

and 50-TAGGATCCGTCATGTCACATACCTT-30

(restriction sites underlined) served as upstream and
downstream primers, respectively. The PCR fragment
was inserted into pT7-7 plasmid50 between the Nde I-
Bam HI. E. coli BL21(DE3) (Novagen) was transformed
with the resultant plasmid pDK5 to give the P1 pro-
ducing strain BL21(DE3/pDK5).

To construct the f8 P4 expression strain, the p4 gene
was amplified from pLM2424 using the primers

50-TCGTCAACATATGGCTAGAAAAACGAAAGT-30

and 50-CCCAGATCAAGCTTACTCATTTGTCA-30.

The PCR fragment was inserted into pET32b(þ )
(Novagen) at Nde I-HindIII sites to produce plasmid
pSJ1b. The pSJ1b was introduced into BL21(DE3) (Nova-
gen), yielding BL21(DE3/pSJ1b).

Preparation of viral cores and recombinant PCs

For core production bacteriophage f8 was grown
on Pseudomonas syringae LM2489 and purified as
described.31 For ssRNA production, cores were purified
as described.51 Recombinant empty PCs were expressed
in E. coli JM109 harboring plasmid pLM2424 and puri-
fied using Triton X-114 extraction and sedimentation
through a 5%–20% (w/v) sucrose gradient in 20 mM
Tris–HCl (pH 8), 50 mM NaCl, 7.5 mM MgCl2. The
light-scattering zone was collected and stored at
280 8C. For cryo-EM, a fresh sucrose band was pelleted
in a Beckman airfuge at 95,000 rpm (A-95 rotor) for 15
minutes at 15 8C, immediately resuspended in buffer A
(20 mM Tris–HCl (pH 8.0), 50 mM NaCl, 7.5 mM
MgCl2) and vitrified as described.51

P7 gene identification

The purified PC and core proteins were separated on
SDS-PAGE (15% polyacrylamide gel) and stained with
Coomassie brilliant blue. The putative P7 band was cut
out of the gel and digested with trypsin as described.52

The resulting tryptic peptide mixture was analyzed by
automated matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (Voyager DE-STR,
Applied Biosystems). Peptides were assigned using an
in-house built sequence database of cystovirus genes.

Expression and purification of recombinant P1, P2,
P4 and P7 proteins

To achieve expression of soluble P1 and P4, starter
cultures of BL21(DE3/pDK5) and BL21(DE3/pSJ1b) in
Luria–Bertani medium containing 150 mg/ml of ampicil-
lin were grown at 37 8C until the absorbance at 540 nm
(A540) reached 0.5. These were then diluted 50-fold into
1 l of fresh medium each. The diluted cultures were
further grown at 37 8C to an A540 of 0.6. The cultures
were chilled on ice and induced with 1 mM isopropyl-
b,D-thiogalactopyranoside (IPTG). IPTG-induced cells
were incubated for an additional 12 hours at 18 8C. All
the following steps for P4 purification were performed
at 4 8C. P1 purification was performed at room tempera-
ture unless otherwise stated.

Bacteria were collected by centrifugation, resuspended
in 10 ml of buffer and lysed using a French pressure
cell at <105 MPa. Phenylmethylsulfonyl fluoride
(PMSF) was added to a concentration of 1 mM after
lysis. Cells debris were removed by centrifugation at
120,000g for 1.5 hours.

P1

The supernatant fraction was brought to 10% satu-
ration with ammonium sulfate and kept on ice for ten
minutes. Precipitated P1 was collected by centrifugation
(Sorvall SS-34 rotor, 12,000 rpm for 20 minutes at 4 8C),
dissolved in 2–3 ml of buffer A, filtered and loaded
onto an affinity column (heparin-agarose, Amersham
Biosciences). Proteins were eluted with a linear 0.1–1 M
NaCl gradient buffered with 20 mM Tris–HCl (pH 8.0),
7.5 mM MgCl2. Fractions containing P1 were pooled and
diluted fivefold with ice-cold distilled water and applied
onto an anion-exchange column (HiTrap HP Q-Sepha-
rose, Amersham Biosciences). Proteins were eluted with
a linear 0.1–1 M NaCl gradient buffered by 20 mM
Tris–HCl (pH 8.0), 7.5 mM MgCl2. Fractions containing
P1 were pooled, filtered and resolved by gel-filtration
(Superdex-200, Amersham Biosciences) equilibrated
with buffer A. Purified P1 was stored at 280 8C.

P4

P4 was purified following a protocol similar to that
used for the purification of P1 but without the precipi-
tation in ammonium sulfate step. The purified protein
was stored at þ4 8C.

P2

P2 was expressed in E. coli BL21 from plasmid pHY1
and purified using a modification of the published
protocol.39 Briefly, the bacterial pellet from a 2 l culture
was resuspended in 30 ml of 50 mM Tris–HCl (pH 7.4),
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100 mM NaCl, 1 mM EDTA, 1 mg/ml of hen egg-white
lysozyme (Boehringer Mannheim), 1 mM Pefablock SC
(Roche), 0.05 mg/ml of DNase I (Sigma), and lysed by
passage through a French press at t 105 MPa. After
clearance of the lysate at 11,5000g for 1.5 hours, it was
applied to two 5 ml Hitrap Q Sepharose HP columns
(Amersham Biosciences) connected in series, and the
flow-through was loaded directly onto a Reactive
Brown 10 agarose (Sigma) column in 50 mM Tris–HCl
(pH 7.4), 100 mM NaCl, 1 mM EDTA. The polymerase
was eluted in one step with 50 mM Tris–HCl (pH 7.4),
500 mM NaCl, 1 mM EDTA. A greater degree of homo-
geneity was achieved when required by the following
two additional steps. After dilution to 50 mM Tris–HCl
(pH 7.4), 30 mM NaCl, 1 mM EDTA, the protein was
applied to a heparin-Sepharose HP column (Amersham
Biosciences) and eluted in a 0–700 mM NaCl gradient
in 50 mM Tris–HCl (pH 7.4), 1 mM EDTA. Gel-filtration
was then carried out on a HiLoad 16/60 Superdex 200
column (Amersham Biosciences). The protein was stored
at þ4 8C.

P7

P7 was purified from recombinant PC particles.
The particles were expressed in E. coli BL21(DE3/
pLM24224)31 then disrupted by three repeated cycles of
freezing (280 8C) and thawing (room temperature). Dis-
sociated PC proteins were separated on a HiLoad 10/30
Superdex 200 column (Pharmacia) equilibrated with
20 mM Tris–HCl (pH 8), 50 mM NaCl. Gel-filtration
fractions containing purified P7 were stored at 280 8C.

Procapsid assembly

The purified recombinant proteins P1, P2, P4, and P7
in buffer A were mixed in the proportions found in the
f8 virion. Proteins were assembled in the presence of
4% (w/v) PEG 6000. The in vitro assembly reaction was
initiated by the addition of P1 so that its final concen-
tration was 2 mg/ml; other proteins were added in stoi-
chiometric amounts. The samples for negative staining
were prepared after 60 minutes incubation at room
temperature to examine products of reactions including
any remaining intermediates. Assembled particles were
separated by sedimentation (Beckman SW41 rotor,
35,000 rpm for 80 minutes at 10 8C) on a 5%–20% (w/v)
sucrose gradient made in buffer A. The gradients were
fractionated using a BioComp gradient fractionator and
the fractions corresponding to the light-scattering zone
were analyzed by SDS-PAGE and detected by staining
with Coomassie brilliant blue. The fractions containing
PC assemblies were further assayed for enzymatic activi-
ties (e.g. packaging and RNA synthesis, see below).

The efficiency of the in vitro PC assembly reactions
was determined from the rate zonal gradient fractions
by measuring the protein content of fractions containing
the assembled products as well as those containing the
non-assembled material (top of the gradient).

Critical concentration for P1 assembly

The P1 tetramer was concentrated to about 5 mg/ml
using a Schleicher–Schuell microconcentrator (100 kDa
cut-off) and the assembled material was removed by
ultracentrifugation (Beckman Airfuge, rotor A-95,
29.5 psi (1 psi <6.9 kPa) for 30 minutes at 15 8C). The
critical concentration, defined as the concentration of

soluble P1 in the supernatant, was determined as the
ratio between absorbance at 280 nm and the P1 extinc-
tion coefficient (e280 ¼ 0.66 cm2 mg21).

Assembly kinetics

The concentration dependent assembly kinetics were
performed in buffer A at 20 8C. Light-scattering (turbid-
ity) experiments were performed using a V-560 UV/VIS
spectrophotometer (JASCO). Light-scattering was
recorded as the increase of absorbance at 340 nm
(2.0 nm bandwidth) in two or five second time incre-
ments up to 8000 seconds. The relative rates of assembly
were determined as the slope of the steepest part of the
turbidity curve before a significant change in the reactant
concentration.33

The concentration dependence of the assembly rate (k)
was approximated by the following relationship:

k ¼ C½P1�n ð1Þ

where C is a normalization constant and n is the molecu-
larity of the nucleation reaction.

Analysis of assembly intermediates by
dynamic light-scattering

Buffer solutions used for DLS were filtered through a
20 nm pore syringe filter (Millipore). Proteins were
centrifuged in a Beckman Airfuge (rotor A-95, 29.5 psi
for 30 minutes at 15 8C) and examined by DLS to assure
no aggregates or assemblies were present (Rh ,6 nm).

A PDDLS/Batch dynamic light-scattering instrument
(Precision Detectors) was used to collect time-resolved
correlation functions during assembly. Each correlation
function was accumulated for 15 seconds. The correlator
data collection window (10 ms) was spread loga-
rithmically over 190 physical channels. PrecisionDecon-
volve software was used to transform the correlation
functions into time-resolved Rh distributions I(t, Rh).35

Number average Rh values, designated Rh
n were com-

puted from the measured Rh distributions by dividing
the scattering intensity with the function expected for
the relative scattering power of spherical assemblies:

Rn
h ¼

X

Rh

½IðRhÞ=R5
h�=ð

X

Rh

½IðRhÞ=R6
h� ð2Þ

Production and purification of viral transcripts

The single-stranded genomic precursors for RNA syn-
thesis reactions were made by activating isolated cores to
produce transcripts under the conditions determined
earlier for f6.43 The resulting unlabeled RNAs were
extracted with phenol/chloroform/isoamyl alcohol
(25:24:1, by vol.) and chloroform/isoamyl alcohol (24:1,
v/v). Subsequently, the genomic dsRNA was precipi-
tated with 2.8 M LiCl, and the ssRNA transcripts were
precipitated from the resulting supernatant with
ammonium acetate and ethanol. Unlabeled genomic
ssRNA was subsequently used for coupled in vitro
packaging, minus strand synthesis and transcription
reactions (see the next section).

RNA packaging and polymerase activity
of procapsids

A coupled RNA translocation and synthesis activity
reaction was assayed in a 50 ml reaction mixture
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containing 2.5 mM each ATP, GTP and CTP, 1.5 mM UTP,
50 mM ammonium acetate, 100 mM KCl, 50 mM Tris–
HCl (pH 9.0), 1 mM MgCl2, 2.5 mM MnCl2, 5% (w/v)
PEG 6000, 5 mM DTT, 0.2 mg/ml of bovine serum
albumin, 0.4 unit/ml of RNAsin (Promega). Unlabeled,
in vitro transcribed f8 ssRNA was used as a precursor
for the reactions. The final concentration of RNA was
200 mg/ml. Reactions were started by the addition
of 0.2 mg/ml of in vitro assembled PC, isolated by
centrifugation in a sucrose gradient, and incubated
at 30 8C for one hour. In vitro assembled PC lacking
P4 and in vivo assembled PC were used as negative
and positive controls. Both plus and minus strand
syntheses were detected by incorporation of
[a-32P]UTP into the nascent RNA. The mixture was
supplemented with 0.1 mCi of [a-32P]UTP (3000 Ci/
mmol; Amersham).

To confirm that RNA synthesis occurred within the
PC, the packaged particles after plus strand synthesis
were sedimented through a 12% (w/v) sucrose cushion
and the pellet and top fractions were analyzed for the
presence of labeled dsRNA. Top and bottom fractions as
well as the products of the initial reaction were treated
with 3% (v/v) glycerol, 0.025% (w/v) bromphenol blue,
0.025% (w/v) xylene cyanol, 5 mM EDTA, 3.0 M urea,
0.1% (w/v) SDS and analyzed by agarose gel electro-
phoresis followed by autoradiography (Fuji Super
RX film). In a control experiment, the same packaged
particles were disrupted with 0.25% SDS and analyzed
as described above.

Analytical methods

Protein concentrations were determined by measuring
UV absorption at 280 nm using extinction coefficients
based on amino acid compositions, and with Coomassie
brilliant blue using bovine serum albumin as a
standard.53

Particles were negatively stained with 1% (w/v)
potassium phosphotungstate (pH 7.4). EM was per-
formed using a Tecnai F20 transmission electron micro-
scope operating at 200 kV. Micrographs of negatively
stained particles were recorded on a Gatan CCD camera.
Cryo samples were prepared as described51 and imaged
in an Oxford CT 3500 specimen holder at the tempera-
ture of liquid nitrogen. Images were recorded under
low-dose conditions on S0163 film and developed in full
strength D19 for 12 minutes.

The molecular mass of proteins and their complexes
was estimated using analytical gel-filtration coupled to
a light-scattering flow-cell (PDI2020, Precision detectors)
calibrated with bovine serum albumin (67 kDa) and
aldolase (158 kDa).

The hydrodynamic properties of individual proteins
were determined using a PDDLS/Batch dynamic light-
scattering instrument (Precision Detectors). Precision-
Deconvolve software was used for correlation function
analysis and for computation of Rh distributions.35

The Rh values (Z-average derived from the measured
Rh distribution34) reported for individual proteins
represent averages of at least three independent
measurements.

CD spectra were recorded on a Jasco (Tokyo, Japan)
J-720 spectropolarimeter using a 2 mm path-length
sample cell. Each spectrum was an average of five
scans corrected for the contribution of the solvent
baseline.
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Long RNAs often exist as multiple 
conformers in equilibrium. For the 

genomes of single-stranded RNA viruses, 
one of these conformers must include a 
compacted state allowing the RNA to be 
confined within the virion. We have used 
single molecule fluorescence correlation 
spectroscopy to monitor the conforma-
tions of viral genomes and sub-fragments 
in the absence and presence of coat pro-
teins. Cognate RNA-coat protein interac-
tions in two model viruses cause a rapid 
collapse in the hydrodynamic radii of 
their respective RNAs. This is caused by 
protein binding at multiple sites on the 
RNA that facilitate additional protein-
protein contacts. The collapsed species 
recruit further coat proteins to complete 
capsid assembly with great efficiency and 
fidelity. The specificity in RNA-coat pro-
tein interactions seen at single-molecule 
concentrations reflects the packaging 
selectivity seen for such viruses in vivo. 
This contrasts with many in vitro reas-
sembly measurements performed at 
much higher concentrations. RNA com-
paction by coat protein or polycation 
binding are distinct processes, implying 
that defined RNA-coat protein contacts 
are required for assembly.

Introduction

Single-stranded (ss) RNA viruses are 
major pathogens in every kingdom of 
life. They have mono- or multipartite 
genomes ranging in length up to > 10 
kb, encoding multiple open reading 
frames. These genomes often serve mul-
tiple functions acting as both mRNAs for 
viral protein expression and templates for 

A two-stage mechanism of viral RNA compaction revealed by single 
molecule fluorescence

Alexander Borodavka, Roman Tuma* and Peter G. Stockley*
Astbury Centre for Structural Molecular Biology; Faculty of Biological Sciences; University of Leeds; Leeds, UK

RNA-dependent RNA polymerase during 
replication. During these processes, the 
RNAs are not in compact conformations. 
Formation of progeny virions, however, 
requires that the RNAs be confined in 
the restricted space formed by assembly 
of a protective protein shell. The precise 
mechanism that controls both the confor-
mational changes accompanying virion 
assembly and the selective packaging of 
cognate genomes, rather than potential 
competitor cellular RNAs, has remained 
vague. The current paradigm, extrapolat-
ing from the fact that many viral coat pro-
teins contain positively charged domains 
and will self-assemble in vitro around non-
viral RNAs, assumes that genome packag-
ing is non-sequence specific.1-3 Our recent 
results with two simple viruses that infect 
bacteria and plants overturn this view.4 
Using single molecule fluorescence assem-
bly assays that avoid artifacts due to high 
protein concentration, we show that pack-
aging is both sequence-specific and two-
stage. The first stage is a rapid compaction 
of the RNA that is required to allow it 
to fit into the capsid, driven by multiple 
coat protein-RNA and coat protein-coat 
protein interactions. The second stage is 
recruitment of the remaining complement 
of coat proteins to these partially formed 
compact complexes. This mechanism 
mirrors aspects of other RNA folding 
reactions, such as ribosome assembly, and 
provides novel insights into the biology 
of RNA viruses that could be exploited 
therapeutically.

RNA compaction. Folding into a com-
pact state plays an important role in the 
function of many RNAs. This has been 
demonstrated for both short RNAs, such 
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based on multiple weak RNA-coat protein 
interactions rather than on recognition of 
a single high affinity site.4 A key to observ-
ing such co-operativity during co-assem-
bly of RNA and viral coat proteins was to 
mimic early stages in virus assembly when 
the coat protein concentration is naturally 
low. This was achieved using single mol-
ecule detection of assembling intermedi-
ates, based on fluorescence correlation 
spectroscopy (FCS).

RNA virus assembly. Coat proteins of 
RNA viruses, such as bacteriophage MS241 
and the small plant virus satellite tobacco 
necrosis virus (STNV) (Fig. 1),42,43 inter-
act with genomic RNA primarily via two 
mechanisms. The MS2 coat protein rec-
ognizes a high affinity, RNA stem-loop 
within the cognate genome (TR),44-47 
which interacts with both subunits of a 
coat protein dimer.41,48-50 This complex 
initially represses translation of the phage 
replicase and is thought to nucleate assem-
bly (Fig. 1). STNV is an example of a large 
group of viruses in which the coat proteins 
interact with RNA, at least in part, using 
positively charged extended polypeptide 
arms. In different viral proteins, these 
can be at the N or C terminus and have 
been thought to neutralize RNA charge 
with no sequence specificity. However, in 
vitro SELEX against the STNV coat pro-
tein allowed us to identify aptamers with 
sequence/structure matches to multiple 
degenerate potential stem-loop structures 
positioned throughout the known STNV 
genomes, suggesting sequence selectiv-
ity.22 The latter has been demonstrated 
in in vitro reassembly assays.51 Multiple 
RNA-coat protein contacts are effective 
at promoting efficient assembly.52 Similar 
mechanisms seem to be adopted by other 
RNA viruses, including some plant 
(TCV), animal and human viruses.23-29

Many viruses can, however, package 
non-cognate RNAs in vitro53-55 or assemble 
without any RNA,56 leading to the domi-
nance of a protein-centric assembly model 
in which coat protein binding neutralizes 
RNA charge, gradually condensing it to 
fit into the capsid. This concept cannot 
account for the highly specific packaging 
observed for RNA viruses in vivo, per-
haps reflecting the difference from in vitro 
conditions, which usually employ high 
protein and nucleic acid concentrations. 

protein. Specific packaging signals (PSs), 
short conserved sequences/motifs that are 
recognized by viral coat proteins during 
assembly, have been identified in many 
viral RNAs.22-29 These sequences are 
thought to facilitate selective packaging 
of viral genomic RNA. However, many 
viruses do not exhibit such clearly defined 
packaging signals and most of those which 
do can also package non-specific RNA in 
vitro or cellular mRNA when their pro-
teins are overexpressed from a DNA vector 
in cells, or even during normal infection 
cycles.30

Since RNA is a polyanion, buffer salt 
concentration and composition are cru-
cial for folding and condensation, e.g., for 
ribosomal and other structured RNAs. 
Many viral coat proteins possess positively 
charged polypeptide arms or domains 
which are in direct contact with RNA 
in the virion and help to neutralize RNA 
charge. Some viruses also encapsidate 
polyvalent cations, such as spermidine, to 
aid charge neutralization.31-33 As a result of 
these features, charge neutralization has 
been thought to be the essential step in 
viral genome packaging,1,3,34-36 although 
such a mechanism cannot easily explain 
the observed preference for encapsidation 
of cognate genomes in vivo.

How can a virus selectively pack-
age its own RNA inside an infected cell 
cytoplasm full of heterologous RNAs? 
One strategy, adopted by dsRNA viruses 
and some ssRNA viruses, is to sequester 
the sites of replication and assembly away 
from the cytoplasm into “virus factories,” 
inclusion bodies or onto membrane sur-
faces.37-39 This process requires a level of 
sophistication and specialized gene prod-
ucts that organize these assemblies, lead-
ing to co-localization and direct coupling 
between RNA replication and packag-
ing.40 Simpler viruses, with limited coding 
capacity, including major pathogens, do 
not have such luxury and replicate in the 
cytoplasm and, therefore, have to select 
their own RNAs based on coat protein 
affinity. Given the apparent paucity of 
high affinity packaging signals and the rel-
atively high concentration of cellular com-
petitors, affinity alone may be insufficient 
to achieve specificity. Nature’s solution to 
this problem seems to be the evolution of 
co-operativity in the packaging process, 

as ribozymes or riboswitches (< 500 nt 
long), and also for longer rRNA (16S bac-
terial rRNA, 1,530 nt). Ribozymes, ribo-
switches and shorter fragments of rRNAs 
(e.g., the 5' domain of 16S rRNA)5 fold 
in the presence of multivalent cations. 
Folding of these RNAs usually proceeds 
through rapid formation of compact 
structures, which may contain non-native 
tertiary contacts that are resolved during a 
subsequent slower phase.6

Longer rRNAs also undergo rapid for-
mation of secondary structure and col-
lapse into a compact ensemble but require 
ribosomal proteins for stabilization of the 
native fold under physiological salt con-
centrations.7 Ribosomal protein assembly 
onto the largely pre-folded RNA core is a 
co-operative, step-wise process,8,9 charac-
terized by a gradual decrease in RNA flex-
ibility upon addition of proteins.10 Some 
ribosomal proteins, such as S4 and S7, are 
largely disordered prior to interaction with 
the rRNA and may also fold upon assem-
bly. Such co-folding further increases the 
co-operativity and specificity of assem-
bly.7,11 Formation of secondary structure 
and initial compaction of long rRNAs is 
thought to occur co-transcriptionally in 
cells and in the later stages is assisted by 
assembly of ribosomal proteins.7 Parallel 
assembly pathways may be utilized12 to 
bypass potential roadblocks due to muta-
tions or protein deficiency.13

Considerably less is known about the 
structures of other long RNAs, such as 
mRNAs, long non-coding (lnc) RNAs and 
viral genomic RNAs. While local second-
ary and tertiary structures are important 
in mRNAs for control of gene expression, 
processing and stability,14-16 their overall 
structures are less well defined. Due to 
their limited lifetimes and coding func-
tions, they are not required to adopt a 
uniquely folded structure.

Likewise, viral RNAs were thought 
not to harbor extensive regions of ter-
tiary structure, especially those which 
also act as mRNAs (e.g., viruses with 
positive sense ssRNA genomes). Medium 
resolution cryo-EM reconstructions have 
demonstrated, however, that substantial 
portions of genomic RNA are ordered 
inside the capsids of many viruses.17-21 This 
order includes regions in contact with the 
coat protein layer as well as regions free of 
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fL, the number density changes due to 
molecules diffusing in and out of the 
detection volume (Fig. 2). The resulting 
fluctuations are then transformed in real 
time, usually by a specialized hardware 
correlator, to an autocorrelation function 
(CF) (Fig. 2), and the characteristic times 
(τ

d
) are obtained from fitting the cor-

relation function to a model.57 At single 
molecule concentrations (~1 nM), the 
diffusion represents the longest correlated 
process and the corresponding diffusion 
time, which is related to the average time 
the molecule takes to transverse the con-
focal volume, is readily identifiable from 
the CF profile (Fig. 2). A small molecule 
(e.g., fluorescent dye), which has a large 
diffusion coefficient, will spend a rela-
tively short time in the measured volume 
and, thus, the fluorescent signal will only 
be correlated during this short period 
(~80 μs for an AlexaFluor 488 dye mol-
ecule, Fig. 2). Viral coat proteins, assem-
bly intermediates, genomic RNAs and 
capsids diffuse progressively more slowly 
producing considerably longer correla-
tions in the fluorescent signal (~0.4–1 ms, 
Fig. 2). This provides a way to size selec-
tively labeled molecules in the presence of 
unlabeled species. Their hydrodynamic 
radii (R

h
) are then computed using cali-

bration of the confocal volume with free 
dye and Stokes-Einstein equation.57 For 
the viral systems described here, these R

h
 

values agree very well with separate esti-
mations based on X-ray structures or mass 
spectrometry.41,43,59-61

FCS assays of viral assembly rely on 
selective and efficient labeling of RNA 

In vivo, protein and RNA concentra-
tions build up from scratch during viral 
infection. In many cases, replication is 
completed during the early stages of infec-
tion and precedes coat protein produc-
tion. A plausible scenario in the infected 
cell is that assembly is initiated on viral 
RNA at coat protein concentrations that 
are much lower than those used in vitro. 
Consequently, most of the newly synthe-
sized coat would be incorporated into the 
growing capsids leaving little free coat 
protein for non-specific interactions. This 
scenario begs a number of questions: Can 
assembly be triggered at low concentra-
tions? How is the viral RNA compacted at 
such low protein concentrations? Is there 
any difference between the packaging of 
cognate vs. non-cognate RNA? Answers 
to these came from single-molecule assays 
of RNA packaging during capsid assem-
bly, which are described in the following 
section.

Single molecule techniques in RNA 
folding. FCS is a correlation-based method 
which exploits spontaneous fluctuations 
in fluorescent signals in order to obtain 
characteristic time scales (e.g., relaxation 
times or rates) for molecular processes.57,58 
The fluctuations are due to changes in 
the number density of fluorescent species 
within the measurement volume and are 
related to rates of chemical (e.g., the con-
version of a fluorescent to non-fluorescent 
substrate by quenching) or photo-physical 
reactions (e.g., the dynamics of triplet 
state formation, on the ~1 μs time scale). 
When performed at the single molecule 
level using a small confocal volume ~1 

Figure 1. the bacteriophage MS2 and satellite tobacco necrosis virus (StNV) components. (A) Structure of the MS2 phage capsid (inner capsid radius, 
Rinner~10.5 nm), its genomic map and a cartoon showing the RNA fragments used for the smfCS experiments described here (below). the location of 
tR is indicated by a blue stripe. (B) Structure of the StNV capsid (inner capsid radius, Rinner~6.0 nm), together with its genomic map and corresponding 
transcript employed in assembly experiments (1.22 kb, shown in red below). Average hydrodynamic radii of the protein-free RNAs in a polyvalent ion-
free buffer (see text) are also shown.

Figure 2. Single-molecule fluorescence cor-
relation spectroscopy. the fluorescent signal 
is collected from single molecules passing 
through the confocal volume of the micro-
scope objective. Rapid fluctuations in the 
fluorescent signal (black trace) are collected 
by the detector and correlated to obtain 
an autocorrelation function (Cf). typical Cf 
values for Alexa fluor 488 dye (gray), MS2 
bacteriophage coat protein dimer (blue) and 
capsid (red) are shown below. the τd values 
are indicated by dotted vertical lines and the 
corresponding hydrodynamic radii (Rh) are 
shown. the Cf amplitude scales inversely 
with the average number of molecules in 
the confocal volume (N) as indicated on the 
Y axis.
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RNA cannot be the sole factor by which 
the coat protein selects the genome. Are 
there other properties which might distin-
guish the cognate RNA from others dur-
ing packaging?

Cooperative collapse. The answer to 
this question came from following viral 
assembly reactions by FCS in real time.4 
The results of the most revealing experi-
ment are summarized in Figure 3. When 
the hydrodynamic radius of labeled MS2 
genomic RNA is measured before and 
after addition of sufficient MS2 coat 
protein to complete capsid assembly on 
every RNA (Fig. 3A, black line), a large 
(~30%) and rapid (faster than the experi-
mental dead time, 60 s) collapse in the 
R

h
 value is seen. This is followed by an 

increase in R
h
 in a second stage of assem-

bly that appears to reflect the completion 
of capsid assembly from pre-compacted, 
cognate coat protein-RNA complexes. In 
the EM, these have the appearance of par-
tially formed shells. Under the same con-
ditions, no collapse occurs with STNV 
genomic RNA mixed with MS2 coat pro-
tein (Fig. 3A, red line). In contrast, when 
STNV coat protein was used, STNV 
RNA undergoes a collapse (Fig. 3B, red 
line). Hydrodynamic collapse is therefore 
specific to viral RNAs making cognate 
interactions with their respective coat 
proteins. For MS2, a mutant coat pro-
tein that binds its RNA normally but is 
deficient in protein-protein interactions 
fails to elicit the collapse, showing that 
both interactions are required for this 
effect and that the collapsed state is not 
simply a random complex of protein and 
RNA. This result can only be explained 
if there are multiple, correctly placed pro-
tein binding sites, i.e., packaging signals 
(PSs), along the viral RNAs. No collapse 
was seen with non-viral RNAs, or for 
non-cognate viral RNAs.4 Interestingly, 
sub-genomic RNA fragments retain the 
property of CP-induced collapse, indi-
cating that the co-operativity extends 
throughout the RNA. Perhaps surpris-
ingly, given the above, all the RNAs 
tested in these assays trigger assembly 
of capsid-like aggregates. However, only 
cognate interactions yield capsids of the 
correct size and symmetry (T = 1 for 
STNV and T = 3 for MS2), whereas non-
cognate assembly reactions are relatively 

with early electron microscopy (EM) 
images of bacteriophage RNAs, which 
revealed extended conformations with few 
loops and low secondary structure con-
tent. It is now presumed that this appear-
ance was due to disruption of the native 
structure during sample preparation.87 
Estimation of RNA size and shape in solu-
tion has also proved difficult. Analysis of 
MS2 RNA by SAXS was complicated by 
self-association due to the high concentra-
tions required.88,89 Sedimentation velocity 
measurements of MS2 genomic and sub-
genomic RNAs under native conditions, 
however, indicates that these viral RNAs 
have compact conformations.60 Attempts 
have been made to estimate the overall 
shape and compactness of long RNA mol-
ecules.90 The extensive branching of viral 
RNAs and the requirement that they fit 
into the cramped space of a capsid led to 
the proposal that they are more compact 
than RNAs with the same base composi-
tion but randomized sequences. A recent 
SAXS study and direct visualization of a 
few examples of long RNA molecules in 
frozen solution by cryoEM demonstrated 
that they are indeed folded into highly 
branched, relatively compact but elon-
gated structures.91 However, the limited 
number of RNA types examined by this 
method thus far precludes a definitive 
conclusion on the overall compactness of 
viral vs. non-viral RNA.

SmFCS, coupled with non-disruptive 
end-labeling with dye, is an important 
development. It provides a convenient tool 
for sizing RNA molecules in extremely 
dilute solutions in which intermolecular 
RNA interactions would be expected to be 
negligible. Hydrodynamic radii estimated 
from such measurements demonstrate 
that the solution sizes of STNV and MS2 
genomic RNAs, as well as several sub-
genomic MS2 RNA fragments (Fig. 1), 
are larger than the volume available inside 
their cognate capsids (R

h
 values of the 

genome and a fragment lacking roughly a 
third of the 5' end-3' RNA, are ~13 and 
~14 nm, respectively, compared with R

inner
 

~10.5 nm, for the RNA volume in a cap-
sid). This confirms the need for compac-
tion during assembly. Similar assays with 
a range of non-viral RNAs have demon-
strated that they may be as compact as 
viral RNA.4 Hence, the initial size of viral 

and their cognate interacting proteins. 
Many strategies have been developed for 
covalent labeling of proteins, ranging 
from relatively non-specific lysine-reactive 
dye conjugates to more selective cyste-
ine-reactive maleimide derivatives and 
CLICK chemistry.62-66 Specific covalent 
labeling of RNA can be achieved at either 
5' or 3' termini.67-71 Two 3'-end strategies 
were employed in the work described here: 
(1) end ligation of a dye labeled dA

10
 oligo-

mer; (2) incorporation of 3'-amino ade-
nosine by poly-A-polymerase followed by 
amine-specific labeling.4 The advantage 
of the former is the elimination of chemi-
cal labeling steps, while the latter is more 
effective in situations where the 3' end of 
the RNA is partially occluded, preventing 
the incorporation of the bulky oligomer.

Other single molecule techniques, 
such as Förster resonance energy transfer 
(smFRET), provide a more detailed view 
of conformational changes, as elegantly 
demonstrated for the folding pathway of 
the S-adenosyl methionine regulated ribo-
switch72,73 and for protein-assisted fold-
ing of telomerase RNA.74 Unlike FCS, 
smFRET interrogates local, specific struc-
tural details and employs detailed struc-
tural information to position the donor 
and acceptor dyes. In principle, such an 
approach is also applicable to large RNAs 
but positioning of the dyes needs to be 
carefully guided (e.g., by secondary struc-
ture probing) in order to avoid interfer-
ing with RNA folding and function (e.g., 
virus assembly).

The single molecule methods discussed 
here may be useful in many other situa-
tions involving large RNA molecules. For 
instance, it would be an excellent way to 
investigate the structures and interactions 
of long non-coding RNAs (e.g., Xist, 
HOTAIR, NRON).75-78

Sizes of protein-free viral RNAs. 
Given the need for compaction during 
assembly, it is important to consider the 
structure of the protein-free viral RNA. 
All long ssRNAs, with the exception of 
synthetic homopolymers, will form short 
stretches of secondary structure by intra-
molecular base pairing.79 Raman spectra 
of MS2 and other viral RNAs suggest that 
at least 85% of their nucleotides are base-
paired,80-83 and are consistent with struc-
ture probing studies.84-86 This contrasts 
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Putative packaging signals for both MS2 
and STNV have now been identified and 
consist of stem-loops dispersed through-
out their genomes. These have only a min-
imal consensus recognition motif (ref. 22; 
Dykeman, submitted), explaining why 
they have not been identified previously. 
The collapse is rapid, occurring within the 
dead time of the FCS instrument (60 s per 
CF). This is consistent with previous solu-
tion structure probing of the MS2 genome 
that suggests that many of the predicted 
PSs should be present in the RNA and, 
thus, able to bind coat proteins immedi-
ately.92,93 The first stage of assembly resem-
bles the millisecond compaction of smaller 
RNAs by Mg2+, previously observed using 

concentrations significantly can reverse 
this effect (Fig. 3D). Thus, it seems that 
while both coat protein binding and 
electrostatic neutralization are sufficient 
to compact the viral RNA, they are not 
equivalent processes on the pathway to 
capsid assembly. The role(s) of electrostat-
ics in virus assembly may therefore be less 
prominent than previously thought.1,34

The requirement for protein-protein 
interactions to drive the RNA collapse 
implies that assembly is in fact a coop-
erative process. Sub-stoichiometric (with 
respect to capsid) amounts of coat protein 
can also cause the full collapse, imply-
ing a nucleated effect governed by coat 
protein-RNA packaging signal affinities. 

low yield and produce a high proportion 
of misassembled species.

Given the roles of multivalent cat-
ions in RNA folding, and the paradigm 
of electrostatically controlled assem-
bly, a question arises of whether simple 
charge neutralization, e.g., by magne-
sium ions or spermidine, could also trig-
ger RNA collapse? The data shown in 
Figure 3C suggest that these cations do 
indeed collapse RNA conformations to 
approximately the same (Mg2+) or even 
greater (spermidine) degrees than bind-
ing of coat proteins. Interestingly, once 
the RNA is compacted by spermidine, 
it is no longer a good substrate for cap-
sid assembly, although increasing the CP 

Figure 3. two-stage assembly of cognate viral RNAs. time-resolved changes in the apparent Rh of MS2 (black) and StNV (red) genomic RNAs are 
shown before and after addition (black arrow) of stoichiometric amounts of MS2 (A) or StNV (B) coat proteins, i.e., sufficient protein to allow each RNA 
to form a complete capsid. Blue stars denote the end of the respective compaction stages for interactions between cognate molecules. for MS2, this is 
followed by a slower increase in Rh correlated with formation of the capsids with high yield and fidelity. Capsid formation may already be complete for 
StNV following stage 1. Non-cognate interactions do not lead to collapse but do lead to inefficient formation of mostly aberrant aggregates. electron 
micrographs of negatively stained assembly reactions at defined points in the pathway are shown. (A) i, assembly intermediates observed ~1 min 
after addition of MS2 CP to MS2 RNA; ii, T = 3 MS2 capsids present at the end of stage 2, assembled with MS2 RNA; iii, aberrant assembly products and 
aggregates formed by co-assembly of MS2 CP and StNV RNAs (scale bars 50 nm). (B) i, T = 1 StNV capsids at the end of the assembly reaction and ii, 
aberrant aggregates formed by co-assembly of StNV CP and MS2 genomic RNA. (C) effects of multivalent cations on the apparent Rh of the MS2 3' RNA 
sub-genomic fragment (Fig. 1) shown as size (Rh) distributions. RNA in a monovalent buffer is shown in black, followed by separate reactions in which 
divalent (Mg2+, 10 mM, blue) or trivalent (spermidine, 1 mM, red) ions were added. (D) Condensation by counterions or coat protein subunits are not 
equivalent processes. the MS2 3' RNA undergoes condensation upon addition of 1 mM spermidine. Addition of 200 nM MS2 CP2 to this sample (red) 
or one in the monovalent buffer (black) has no effect or results in compaction and then recovery, respectively. the latter sample produces capsids, 
whereas no assembly occurs under these conditions in the presence of spermidine unless the coat protein concentration is raised significantly (not 
shown).
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second stage of assembly that is protein 
concentration dependent.

In contrast, coat proteins will bind 
to non-cognate RNAs at individual 
stem-loops that resemble cognate pack-
aging sites, but these will be randomly 
distributed and, thus, unable to support 
co-operative collapse. Individual coat pro-
tein-RNA complexes are therefore likely 
to dissociate without nucleating assembly. 
This provides an explanation for the effec-
tive discrimination between the cognate 
and non-cognate RNAs in vivo. Coat pro-
teins binding and dissociating from sites 

(e.g., cellular) RNA may be gradually 
condensed, the cognate viral RNA is rap-
idly and cooperatively collapsed (c.f. path-
ways B and C in Fig. 4). The collapsed 
state is relatively stable since it is formed 
by multiple RNA-CP and CP-CP interac-
tions. The affinities of individual PS-CP 
complexes within the collapsed state could 
be very low but are augmented by their 
relative locations and the protein-protein 
interactions that they promote. The sta-
bility of this nucleation complex facilitates 
recruitment of the additional coat proteins 
required to complete the capsid during a 

SAXS.94 Genomic RNA compaction by 
a sub-stoichiometric amount of cowpea 
chlorotic mottle virus (CCMV) coat pro-
tein has also been observed.95 However, 
that process was slow and indiscriminate, 
compacting both viral as well as non-viral 
RNA, perhaps because the assays were at 
higher concentrations than those reported 
here.

A two-stage cooperative mechanism 
of selective RNA packaging. The new 
findings challenge the prevailing view that 
RNA is gradually condensed during cap-
sid polymerization. While non-cognate 

Figure 4. the two-stage assembly mechanism for viral RNA. our results suggest that there are three forms of RNA condensation/compaction in 
the context of virus assembly. (A) Non-specific condensation of viral RNA by multivalent ions (Mg2+, spermidine) inhibits assembly by coat proteins 
(middle). only at very high CP concentrations (> 5 μM) is this block overcome (right), showing that simple electrostatic condensation is not on 
pathway to capsid formation. (B) A two-stage mechanism of assembly in which CPs first bind to cognate RNAs displaying multiple packaging sites 
(blue segments), distributed throughout the viral genome to facilitate protein-protein interactions, thus mediating a rapid RNA collapse (stage i). the 
collapse is followed by cooperative recruitment of additional CP subunits (stage ii), even at low concentration (< 1 μM), to complete capsid assembly. 
(C) Assembly with non-cognate (cellular) RNAs leads to weak interactions without observable initial RNA collapse. Dissociation of coat proteins from 
these complexes allows them to be captured by the cognate assembly pathway (red arrows, middle). A low yield alternative pathway occurs when 
non-specifically bound coat proteins nucleate assembly on cellular RNA. Since the coat protein binding sites are not correctly positioned, these RNAs 
do not collapse and there can be multiple nucleation events leading to misassembled and multishell structures. Such pathways explain the assembly 
of non-cognate RNAs in vitro at relatively high coat protein concentrations.
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way, virion assembly needs to compensate 
for the entropic cost of confining its RNA 
by making the favorable CP-PS contacts. 
Interrupting the interactions between 
coat proteins and their cognate packag-
ing signals would inhibit these processes 
and may provide a novel target for anti-
virals. Given the co-operative nature of 
the assembly mechanism described here, 
such drugs may be more difficult to escape 
by mutation.
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Genome packaging is an essential step in virus replication and a
potential drug target. Single-stranded RNA viruses have been
thought to encapsidate their genomes by gradual co-assembly
with capsid subunits. In contrast, using a single molecule fluores-
cence assay to monitor RNA conformation and virus assembly in
real time, with two viruses from differing structural families, we
have discovered that packaging is a two-stage process. Initially,
the genomic RNAs undergo rapid and dramatic (approximately
20–30%) collapse of their solution conformations upon addition
of cognate coat proteins. The collapse occurs with a substoichio-
metric ratio of coat protein subunits and is followed by a gradual
increase in particle size, consistent with the recruitment of addi-
tional subunits to complete a growing capsid. Equivalently sized
nonviral RNAs, including high copy potential in vivo competitor
mRNAs, do not collapse. They do support particle assembly, how-
ever, but yield many aberrant structures in contrast to viral RNAs
that make only capsids of the correct size. The collapse is specific to
viral RNA fragments, implying that it depends on a series of specific
RNA–protein interactions. For bacteriophage MS2, we have shown
that collapse is driven by subsequent protein–protein interactions,
consistent with the RNA–protein contacts occurring in defined
spatial locations. Conformational collapse appears to be a distinct
feature of viral RNA that has evolved to facilitate assembly. Aspects
of this process mimic those seen in ribosome assembly.

fluorescence correlation spectroscopy ∣ RNA folding ∣ RNA condensation ∣
kinetics ∣ hydrodynamic radius

Positive-sense, single-stranded (ss)RNA viruses are ubiquitous
pathogens in all kingdoms of life (1), causing significant

human disease and major financial losses (2). Therapeutic stra-
tegies are currently limited and the ideal of vaccination will only
ever be practical in a minority of the human and animal viruses.
In addition, recent work has highlighted the potential problems
that might arise by misincorporation of nonviral RNAs in virus-
like particles (VLPs) (3) that are being considered as synthetic
vaccines against both pathogens and oncogenic viruses (4). A
more thorough understanding of the molecular events central to
viral lifecycles is therefore needed. Such studies may reveal novel
strategies for therapeutic intervention.

Genomic RNAs play essential roles during the viral lifecycle,
adopting different metastable conformations in order to be repli-
cated, translated and packaged into the virion (5, 6). The latter
process, the final step in the production of infectious viral pro-
geny, is the topic of the experiments described here. For isomet-
ric, nonenveloped virions, protein capsids self-assemble around
their genomes, resulting in their confinement at relatively high
packing densities (7). It has been proposed that this is a sponta-
neous process because RNA molecules are branched polymers
and there is no barrier to compaction due to large persistence
lengths, as seen in dsDNA phages. Electrostatic neutralisation
of the nucleic acid charge has been seen as the principal driving
force for this confinement step (8–12), consistent with the packa-
ging of noncognate RNAs or protein-alone assembly in vitro (13).

Here we have investigated the molecular mechanism control-
ling this vital step in the viral lifecycle by taking advantage of
single molecule fluorescence correlation spectroscopy (smFCS)

to selectively monitor coat protein (CP) or viral RNA compo-
nents in in vitro reassembly reactions. Such assays can be carried
out at low concentrations (≤1 μM), allowing observation of
mechanistic features that are not dominated by high CP concen-
trations. We have applied the smFCS assays to two viral model
systems (Fig. 1), the RNA bacteriophage MS2 of the Leviviridae
family and Satellite Tobacco Necrosis virus (STNV), which is
representative of a large number of plant viruses. These were cho-
sen because our previous studies (14–22) have revealed potential
roles played by the RNA in coat protein quasi-conformer switch-
ing, required for correct assembly of the MS2 T ¼ 3 capsid and
the presence of multiple putative preferred coat protein binding
sites (packaging signals) within the STNV genome, which gets
packaged into a T ¼ 1 capsid in which all protein conformers
are identical. The two viral coat protein architectures are distinct,
the STNV CP having a positively charged N-terminal extension
to its globular body which is essential for assembly (17) and
partially disordered in X-ray structures, whilst the MS2 CP lacks
these features. These differences allow us to identify conserved
and distinct mechanistic processes.

SmFCS reveals that there is no simple correlation between
RNA length and hydrodynamic radius (Rh) and this property can-
not be used to discriminate between viral and nonviral RNAs for
these systems. The viral RNAs are larger in the absence of their
CPs than the capsids into which they must eventually fit. Remark-
ably instead of a steady condensation of the RNA, which would
be expected by a charge neutralisation mechanism, addition of
CPs to their cognate RNAs results in a rapid collapse (<1min)
in the solution conformation. Collapse depends on protein–pro-
tein interactions, and does not occur on nonviral RNA controls or
with the noncognate viral RNA, showing that it depends on
specific RNA-CP interactions mediated by the sequence and
structure of each genome. The collapsed state is smaller than
the capsid and appears to consist of complexes with substoichio-
metric amounts of coat proteins with respect to capsids, but with
roughly the correct shell curvature. The full complement of CPs is
recruited in a second slower stage of assembly. Nonviral RNAs
support assembly inefficiently and with much lower fidelity.

Results and Discussion
During assembly the sizes and hydrodynamic properties of viral
RNAs and CP aggregates change as a result of their co-polymer-
isation. SmFCS is particularly suitable for determining the hydro-
dynamic sizes of species in solution (see SI Methods for a brief
introduction and further references). By fluorescent labeling of
the CP component one can selectively follow capsid shell poly-
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merisation, whilst labeling of the viral RNA monitors any confor-
mational changes, such as compaction, that occur (23). As de-
scribed in Materials and Methods and Fig. S1, we labeled MS2
coat proteins and transcript RNAs with Alexa-fluor-488. These
molecules retained the ability to self-assemble intoT ¼ 3 capsids,
as described in SI Materials and Methods and in Fig. S2. In experi-
ments using TR oligonucleotides we were able to show that the
smFCS assays reproduced the features of the MS2 assembly
reaction seen previously by mass spectrometry (20). The derived

hydrodynamic radii of the species involved matched very closely
values for the same species obtained by other techniques
(Table S1).

Investigating the Solution Conformations of RNAs Via smFCS. Unlike
ensemble methods smFCS data can be obtained in very dilute
solutions, effectively eliminating artefacts due to aggregation, in-
cluding nonspecific interactions between large RNA molecules.
Fig. 2A shows the average Rh values for the dye-labeled genomic
and subgenomic RNAs fromMS2 and STNV, together with three
nonviral RNA controls (Fig. 1 and Figs. S1 and S2) as a function
of their nucleotide lengths. The nonviral control RNAs (NVR1-
3) were chosen because they had similar lengths to some of the
viral RNAs being used. NVR1 is a fragment of the E.coli RNA
polymerase B subunit (rpoB), a high copy number transcript
present in the same cells in whichMS2 replicates. NVR2 is a tran-
script from pGEM-3Zf(+) encompassing most of the plasmid.
NVR3 is a transcript encompassing a eukaryotic ORF.

There is a general increase of Rh with the length of the RNAs,
but they are not directly proportional. For example gRNA and
the 5’RNA have similar averageRh values (approximately 12 nm)
despite the fact that the latter is approximately 30% shorter.
Similarly, the 3’RNA fragment has an even larger Rh (approxi-
mately 14 nm), implying that there are long range RNA-RNA
contacts that are preserved in both the gRNA and 5’RNAs that
stabilize their more compact conformations (24, 25). Contrary
to previous predictions (8) the viral RNAs are not significantly
more compact than their nonviral counterparts (c.f. 3’RNA and
NVR2, STNV and NVR3).

SmFCS is sensitive to variations in Rh due to different confor-
mations and these can be seen in time dependent Rh distributions
(Fig. S3 and Table S2). The distribution width is a measure of
the conformational heterogeneity for each RNA and is shown
as error bars in Fig. 2A. It is clear that even the relatively compact
and folded MS2 genomic RNA is an ensemble of molecules with
a wide range of conformations.(Rh approximately 10–16 nm).
Even for conformers that are relatively compact the sizes of the
majority of viral RNAs are larger than the volumes of their cog-
nate capsids. Hence, the genomic RNAs need to be condensed
during packaging.

Assembly Kinetics are Dependent on the Sizes and Sequences of
the RNA Being Encapsidated. We then examined the assembly of
labelled MS2 CPs in the presence of genomic and various su-
genomic RNAs (Fig. 1 and 2B), all of which encompass the TR
site and presumably initiate assembly from that point. These frag-
ments have been shown previously to support assembly of T ¼ 3
capsids (23) and EMs of the smFCS reaction end-points con-
firmed this (Fig. S2). Assembly time courses were measured by
acquiring time-dependent correlation functions, which were then
reduced to plots of apparent Rh vs. time (Fig. 2B). As expected,
there is time-dependent variation in the apparent Rh values
(shown by the black dotted lines) but the trends of each data set
are obvious after data smoothing (solid lines, see Materials and
Methods). The apparent rates of assembly vary between RNA
fragments but are not directly related to RNA fragment length.
Instead, the rates increase roughly with the ðRhÞ3 values of each
RNA; i.e., their volumes (Fig. 2C), suggesting that the rate is
determined by complex factors such as compactness and shape.
In contrast, coat protein assembles very slowly if at all with two
of the nonviral RNAs, confirming that RNA sequence/structure
determines assembly efficiency.

RNA Conformational Changes During Encapsidation. We then exam-
ined the process of RNA compaction using labelled RNAs. Fig. 3
shows time-resolved RhðtÞ values for RNAs in assembly buffer.
Fluctuations in the initial RhðtÞ values correspond to the con-
formational variations discussed above for protein-free RNA.

Fig. 1. The bacteriophage MS2 and Satellite Tobacco Necrosis Virus (STNV)
systems. (A) Structure of the T ¼ 3 MS2 bacteriophage (PDB ID 2ms2). Struc-
tures of the A/B and C/C quasiequivalent coat protein dimers (PDB ID 1zdh)
that differ in the conformations of their FG-loops (highlighted). Sequence
and secondary structure of the high-affinity 19 nt TR stem-loop, which is
known to cause a conformational switch in coat protein from the C/C to the
A/B dimer. Capsid assembly is believed to be initiated at this site on genomic
RNA. (B) Genetic map of the MS2 genome (GenBank Accession NC001417)
and the RNAs used in assembly studies (color-coded here and throughout).
The locations of TR are indicated by the yellow stripes. (C) Structure of the
T ¼ 1 STNV capsid. Structure of the STNV coat protein monomer (PDB ID
3RQV) shown with its positively charged N-terminal extension (highlighted).
(D) Genetic map of the STNV genome (strain C, GenBank Accession AJ000898)
and the RNA used in assembly studies. (E) Nonviral RNA controls used in the
study (color-coded here and throughout).
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At the times indicated by arrows in Fig. 3A–C, capsid assembly
was initiated on each RNA by the addition of a 200-fold molar
excess of MS2 CP2; i.e., enough CP to complete capsid formation
around each RNA. Fig. 3A compares the data for gRNA (ap-
proximately 3.5 kb) and the NVR1 control (approximately
3.5 kb). Both protein-free RNAs have dramatically different Rh
values although they are roughly the same length. Although the
viral RNA is the smaller, it is larger than the inner capsid radius
(approximately 10 nm). Strikingly, these RNAs behave very dif-
ferently upon addition of coat protein. There is an immediate
collapse by approximately 30% of the Rh of the viral RNA,
whereas very little happens to NVR1. The smoothing of the RhðtÞ
traces disguises the kinetics of the collapse with the viral RNA,
which happens within the experimental dead time (<1min) and
is presumably a consequence of the rapid formation of RNA-CP
interactions.

Following the collapse, gRNA increase its apparent hydro-
dynamic radius reaching a plateau close to the size expected for
T ¼ 3 capsids (13 nm, Fig. 3A). In contrast, the nonviral control,
NVR1, appears largely unaffected by the presence of coat pro-
tein. Both RNAs lead to the formation of capsids or capsid-like

aggregates, presumably with different yields, as judged by TEM,
with the nonviral RNA showing many more aggregates than
gRNA. The Rh distributions of the assembly reactions show that
gRNA results in a tight distribution similar to bona fide samples
of capsid (Fig. S3). In contrast, the NVR1 distribution is slightly
larger than that for the free RNA with a peak much larger than
the diameter of the T ¼ 3 MS2 capsid. The data support the
ideas that faithful assembly requires compaction of the protein-
free RNA and that this is facilitated by the viral RNA sequence
compared to a similar length control.

In order to assess the roles of viral RNA sequences in this col-
lapse and the faithful assembly process we then examined two
subgenomic RNA fragments in similar assays. The MS2 3’RNA
and the control NVR2 are similar lengths but theMS2 RNA has a
larger initial Rh. Strikingly it also shows a CP-induced collapse
whilst the control does not collapse (Fig. 3B). In this case both
RNAs show a gradual RhðtÞ increase after addition of the coat
protein consistent with further assembly of RNA-protein com-
plexes, which was confirmed by TEMs (Fig. S3). Once again

Fig. 2. (A) Size distribution of the test RNAs (color-coded as on Fig. 1) mea-
sured by FCS as a function of their lengths in nucleotides. Vertical error bars
correspond to the full width at half maximum of Rh distributions for each of
the RNAs. The black dashed line represents the inner capsid radius of MS2,
whilst the red one corresponds to the inner radius of STNV capsid. (B) Assem-
bly assays with fluorescently labeled MS2 CP2. Capsid assembly kinetics with
genomic (blue), and subgenomic 3’RNA (green) and iRNA (dark blue). The
kinetics with nonviral RNA controls are shown in magenta (NVR2) and black
(NVR3). Apparent hydrodynamic radii, Rh, are plotted as a function of time
from assembly initiation (assembly time). FFT smoothed data are shown as
solid lines overlaid on the original traces (thin dotted lines). The gray dashed
line represents the hydrodynamic radius of the MS2 virion. (C) Apparent
assembly rates obtained from a single exponential approximation of RhðtÞ
for different MS2 RNAs as a function of their hydrodynamic size. Vertical
error bars (rate) represent the standard error of repeated experiments.

Fig. 3. Assembly with labelled long RNA was followed by RhðtÞ and per-
formed at 1∶200 molar ratio RNA∶CP2 for MS2 or at 1∶60 molar ratio for
STNV under the conditions described in Materials and Methods . Data collec-
tion was started for RNA alone and the coat protein (CP) was mixed with RNA
at the time points indicated by the red arrows. (A) gRNA (light blue) and
NVR1 (gray). The black dashed line represents the Rh of the MS2 virion.
(B) 3’RNA (green) and NVR2 (magenta). (C) 5’RNA (red) and STNV RNA
(orange). (D) 3’RNA (green) & STNV RNA (orange) upon addition of STNV
CP. The black dashed line represents the Rh of the STNV virion. (E) Changes
in Rh for viral RNAs upon addition of cognate coat protein. Red hash (#) in-
dicates the precollapse state of the RNA-protein complex, which is not detect-
able by FCS due to the fast kinetics of the CP binding reaction. The initial
(ensemble of RNA molecules) and end-points of the assembly reaction
(capsids) are highlighted in gray. The collapse stage (I) is highlighted in pink
and the collapsed RNA intermediate is marked with a red star (*). The capsid
assembly stage (II) is highlighted in green.
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the viral RNA sequence leads to faithful production of T ¼ 3
shells whilst the nonviral RNA control yields large fused-shell
structures or aggregates (Fig. S3). This result confirms that it
is the viral RNA sequence rather than its size that governs the
initial collapse and subsequent assembly. Similar behavior, for
example, lack of initial collapse and aberrant assembly, occurs
for the other nonviral RNA NVR3 (Fig. S3).

As a final control we compared two viral RNA fragments, the
MS2 5’RNA and the STNV genomic RNA, that both must under-
go compaction during assembly of their cognate capsids (see
Fig. 2). The data (Fig. 3C) show that the cognate interaction
between MS2 coat protein and its RNA causes the collapse to
occur whilst the STNV RNA behaves similarly to the nonviral
RNA controls (Fig. S3). This confirms that the initial collapse
requires sequence-specific RNA recognition by the coat protein.
Above a certain threshold CP2 concentration (approximately
50 nM) the magnitude of this collapse does not depend on pro-
tein concentration (Fig. S4). This result is not compatible with a
simple charge neutralization in which increasing protein concen-
tration would produce a gradual compaction of the RNA. Instead
it suggests a cooperative binding of a subset of CP2 to the RNA.
Using an MS2 coat protein mutant (W82R) that retains the abil-
ity to bind TR sequences but not to assemble beyond that point
(26), we were able to show that the collapse depends on protein–
protein as well as protein–RNA interactions (Fig. S5).

Thus, it appears that specific recognition of multiple sites on
MS2 viral RNAs by a subset of the coat protein subunits required
to form the capsid triggers a collapse, which facilitates assembly.
In order to assess whether this assembly mechanism is specific to
MS2 and related bacteriophages, or also occurs more widely, we
carried out similar assays using STNV CP and STNV genomic
RNA (Fig. 3D). The comparison in this case was between STNV
RNA and MS2 3’RNA which is of a similar Rh, although it is
much longer. In this case, a rapid collapse occurs when STNV
coat is mixed with its cognate RNA whilst the MS2 RNA behaves
similarly to the previous nonviral controls. TEMs and Rh distri-
butions (Fig. S3) show that the cognate protein–RNA interaction
yields mostly T ¼ 1 capsids, whereas reassembly of MS2 RNA by
STNV protein yields mostly fused shells and aggregates. These
very similar outcomes for two different viruses, especially since
they represent very different coat protein folds, MS2 lacking the
positively charged N-terminal region of STNV CP, suggests that
viral RNA collapse is likely to be a widespread phenomenon and
is a prerequisite for correct assembly.

A Two-Stage Assembly Mechanism. A typical path of a viral RNA
through packaging is epitomised by MS2 gRNA (Fig. 3E). In the
preassembly state, the protein-free RNA exists in an ensemble of
conformations. These are relatively compact and likely possess
folded structures that favor assembly, since heat denaturation
followed by rapid quenching of this RNA on ice produces an

RNA with decreased assembly rate and yield (Fig. S6). Rapid
coat protein binding to RNA initiates the first stage of assembly
(region I in Fig. 3E), namely a cooperative RNA collapse, which
results in a compact initiation complex. This stage is dependent
both on specific recognition of viral RNA sequences and protein–
protein interactions. In the second stage of assembly (II in
Fig. 3E), additional CP subunits are recruited to the growing shell
in a process that is CP concentration dependent (Fig. S4). The
similarity in behavior of the MS2 and STNV genomic RNAs
in the presence of their cognate coat proteins suggests that this
two-stage mechanism is likely adopted by many ssRNA viruses.
Nonspecific RNAs, on the other hand, may be encapsidated using
a different mechanism which bypasses stage I via formation of
heterologous nucleation events from multiple sites, often leading
to fused or partial capsids.

Biological Implications. The data described above, together with
our extensive previous studies on the assembly of MS2 (20–23,
27), allow us to propose a molecular model for capsid assembly
(Fig. 4) that amounts to a paradigm shift with respect to ssRNA
viruses. Current views of assembly are dominated by protein-
centric models based on the observations that many viral coat
proteins can assemble in the absence of RNA, around nonviral
RNA or polyanions (28, 29) and even nanoparticles (30). This has
led to the conclusion that viral proteins are the key component in
the assembly process (31). In vivo, however, most viruses package
their own genomes highly efficiently into defined capsids even in
the presence of competitor cellular RNA. There must therefore
be some mechanism promoting both specificity and assembly fi-
delity. We have argued that coat proteins and RNA act as mutual
chaperones altering their conformations due to complex forma-
tion in a context specific way as the capsid shell grows from an
initiation complex (23).

The smFCS data are entirely consistent with this view and re-
veal several novel features to the assembly mechanism. In the first
stage of assembly, these RNAs undergo a rapid collapse in their
solution conformations. The threshold concentration at which
this occurs for MS2 suggests that this is driven by the formation
of multiple CP-RNA contacts, presumably at TR and TR-like
degenerate sites (shown in red in Fig. 4). The Kd value of the
highest affinity MS2 CP binding site, TR, is low nanomolar and
secondary sites would be expected to be lower affinity (32), con-
sistent with the effect being mediated by RNA-protein affinities
in this concentration range (i.e., 50 nM, see Fig. S4). This idea is
further supported by the lack of collapse for the smallest iRNA
(Fig. S6B and C), which encompasses the high affinity TR site but
may lack some secondary binding sites. Indeed, a set of dispersed,
TR-like binding sites located throughout the genome has recently
been identified for MS2 and a related phage GA [Dykeman,
Stockley and Twarock, unpublished]. That bioinformatics analysis
also demonstrated that such a disposition of binding sites is

Fig. 4. Proposed two-stage assembly model for MS2. A pre-assembly ensemble of protein-free genomic RNAs (gray box) presents a number of dispersed high
affinity sites for CP2 (red, not to scale), having an Rh approximately 20–30% larger than the inner space of the T ¼ 3 capsid. CP2 binds to these putative
packaging signals creating an initiation complex denoted as a (hash) as in Fig. 3E. Protein–protein interactions within this complex trigger RNA collapse into
the assembly intermediate with an Rh small enough to fit within the confines of the capsid shell, denoted by the (red star). This completes stage I of the
assembly process (pink box). During stage II the stable collapsed complex recruits additional CP2 to populate shell-like species of the correct curvature (green
box, see inset for EM) and allows efficient completion of capsids (end-point of assembly, gray box).
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unlikely to occur in cellular RNAs. Similarly, degenerate CP
binding sites have been identified in STNV (17) and other ssRNA
viruses (33). We propose that such coat protein binding sites dis-
tinguish viral RNAs from their cellular competitors by facilitating
the initial collapse, which also promotes packaging at coat protein
concentrations significantly lower than those necessary for forma-
tion of empty shells in vitro. Assembly at low protein concentra-
tions would also minimize nonspecific packaging of cellular
RNAs in infected cells. Assembly has an intrinsic entropic cost
as the ensemble of solution RNA conformations and multiple
CP subunits become ordered in the virion. Clearly for the two
test viral RNAs used here, most of this cost is compensated by
the enthalpic gains from the initial CP-RNA contacts and further
augmented by protein–protein interactions in the initiation com-
plex. Hence, most of the energy cost may be recouped during the
formation of the specific initiation complex and consequently
stage II may be more favorable for packaging of specific rather
than for nonspecific RNAs. This is clearly not the case for non-
cognate RNAs where coat proteins would bind at more or less
random places along each RNA, resulting in heterologous nu-
cleation and complexes of low stability. The constant break-down
and reformation of weak nucleation complexes would slow the
rate of capsid formation (34) for such noncognate RNAs, which
is indeed the case (Fig. 2B). This mechanism also explains why
viral RNA gets efficiently packaged even in the presence of a
large number of cellular competitors. The viral RNA sequence
and structure, fine tuned by evolution, decreases the entropic
penalty for the formation of the collapsed/compact initiation
complex, which is stable and competes efficiently for additional
coat proteins from the less stable heterologously initiated cellular
competitors.

The collapsed RNAs have sizes (Rh ∼ 9–10 or 8 nm, for MS2
and STNV, respectively) similar to that of their cognate capsid
interiors [Rinner ∼ 11 and 6 nm (15, 18, 35)] and may act as a scaf-
fold during stage II, facilitating formation of complete capsids
with the correct curvature. Negative stain EMs of the early pro-
ducts of assembly with MS2, equivalent to the start of stage II,
show incomplete shells of approximately the correct curvature,
consistent with growth from an initiation complex (Fig. 4). At
later times all the viral RNAs result in high yields of T ¼ 3 cap-
sids with few misassembled species. Because this is also true of
subgenomic RNA fragments, it implies that for the collapsed
complex CP-CP interactions are sufficient to complete the capsid
shell.

This behavior is remarkably similar to results emerging from
studies of RNA folding and particularly ribosome assembly (36).
Folding of the Tetrahymena ribozyme shows that it can undergo
very rapid collapse into its native conformation (in approximately
1 s). However, the bulk of the RNA collapses into nonnative folds
that then rearrange over a much longer time period (min). In con-
trast, ribosomal 16S rRNA folding is both rapid and mediated
by interactions with the 30S proteins. The result is a highly or-
dered and accurate assembly reaction brought about by induced

conformational changes within the ribonucleoprotein complex,
although in that case there are few direct protein–protein con-
tacts. It appears that with significantly larger RNAs to fold into
the restricted volumes of their capsids, RNA viruses exploit
similar basic mechanisms but with the additional co-operativity
of the CP lattice that forms around the RNA. The smFCS assays
described here will be an important tool in the armoury of tech-
niques needed to investigate the behaviour of both viral and other
large RNAs (37).

Materials and Methods
MS2 virus-like particles (VLPs) were produced and purified as described pre-
viously (38). Purified VLPs were covalently labeled with Alexa Fluor 488-SDP
ester (Invitrogen) via surface lysines (39). RNA-free CP, having approximately
0.3 mole dye∕mole CP2, was isolated as previously described (40) and used in
assembly assays.

RNA 19-mer, TR, encompassing the high affinity packaging signal (Fig. 1C
and ref. 20, 27) and carrying a 3’-amino group, was produced by solid-phase
synthesis and labeled using Alexa Fluor 488-SDP ester. The genomic and sub-
genomic RNAs (Fig. 1D) were produced by transcription of cDNA clones (23).
Genomic RNA extracted from the phage using RNeasy mini kit (QIAGEN) and
produced similar results in assembly assays to the corresponding transcript;
hence transcripts were used throughout unless otherwise indicated. Nonviral
control RNAs were transcribed from linearized templates as described in Sup-
porting Information. All RNAs were purified using RNeasy mini kit (QIAGEN).
3’-end fluorescent labelling of RNA transcripts was achieved via ligation of a
5’-phosphorylated-oligo-A(25-mer)-3’-AF488 oligonucleotide (subgenomic
and nonviral RNAs) or incorporation of a reactive amine group at the 3’-end
using poly-A polymerase, followed by chemical coupling of the amine to
AF488 SDP-ester (MS2 full genomic RNA, STNV). STNV genome was also trace
labelled by transcription in the presence of amino-allyl UTP followed by che-
mical coupling of the amine to AF488 SDP-ester. Denaturing formaldehyde
agarose gels were used to assess RNA integrity before and after experiments.

Assembly conditions (23) were optimised for the single molecule assays.
RNA (0.5 nM) was mixed with AF488-labeled CP2 (final concentrations
25 nM–100 nM) to achieve the desired CP2∶RNA ratio. Similarly, labeled RNAs
(long RNAs at 1 nM, TR at 10 nM) were mixed with unlabeled CP2 (50 nM-
5 μM). All assembly reactions were performed in assembly buffer [50 mM
ammonium acetate, 1 mM EDTA, 1 mM DTT, 0.05% (v∕v) Tween20, pH 7.5]
at 21 °C. Manual mixing caused approximately 1 min delay at the start of
time-resolved FCS data collection. FCS measurements were made using a
custom-built FCS setup (41) with 10 s data accumulation per each autocorre-
lation function (CF). Individual CFs were decomposed into triplet state relaxa-
tion and quenching (if necessary) and diffusion (characterized by diffusion
time, tD) components and the latter was converted into an apparent hydro-
dynamic radius Rh (42). Electron microscopy grids were prepared at the end
of FCS data collection to monitor formation of assembly products by imaging
in negative stain. Further details are given in SI Methods.
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We present direct experimental evidence that assembly of a sin-
gle-stranded RNA virus occurs via a packaging signal-mediated
mechanism. We show that the sequences of coat protein recogni-
tion motifs within multiple, dispersed, putative RNA packaging
signals, aswell as their relative spacingwithin a genomic fragment,
act collectively to influence the fidelity and yield of capsid self-
assembly in vitro. These experiments confirm that the selective
advantages for viral yield and encapsidation specificity, predicted
from previous modeling of packaging signal-mediated assembly,
are found in Nature. Regions of the genome that act as packaging
signals also function in translational and transcriptional enhance-
ment, as well as directly coding for the coat protein, highlighting
the density of encoded functions within the viral RNA. Assembly
and gene expression are therefore direct molecular competitors for
different functional folds of the same RNA sequence. The strongest
packaging signal in the test fragment, encodes a region of the coat
protein that undergoes a conformational change upon contactwith
packaging signals. A similar phenomenon occurs in other RNA
viruses for which packaging signals are known. These contacts hint
at an even deeper density of encoded functions in viral RNA, which
if confirmed, would have profound consequences for the evolution
of this class of pathogens.

virus assembly | single-molecule fluorescence correlation spectroscopy |
satellite tobacco necrosis virus | packaging signal

Almost all natural nucleic acid sequences appear in the form
of RNA polynucleotides at some point in their existence.

The concept of “one RNA, one function” (e.g., for tRNA or
mRNA) is increasingly seen as far too simplistic with RNAs
known to alter their secondary/tertiary structures in regulated
ways to control the appearance of distinct functional states (1).
This multifunctionality is also true of the genomes of single-
stranded (ss) RNA viruses, where refolding to promote replication,
translation and control of gene expression are well known (2). Here
we describe additional layers of previously unsuspected functions
within the genome of the satellite plant virus, Satellite Tobacco
Necrosis Virus (STNV). Aspects of these functions are potential
drug targets for this class of viruses, which include major human
pathogens and a significant fraction of emerging viral diseases (3,
4). Virus-like particles (VLPs) are also increasingly being used both
for vaccines and for delivery of imaging, diagnostic, or therapeutic
agents (5, 6). Thus, understanding the detailed molecular mecha-
nisms used by these viruses for assembly is of widespread interest.
Previously we showed, using single molecule fluorescence cor-

relation spectroscopy (smFCS), that at low (nanomolar) concen-
trations the coat proteins (CPs) of STNV and bacteriophage MS2
package their cognate genomes preferentially (7). Cognate pack-
aging in vitro is accompanied by a characteristic drop in the hy-
drodynamic radius (Rh) of the viral RNA, making it smaller than
its capsid as a subset of CPs bind. We have shown that this be-
havior is consistent with an assembly mechanism (8) controlled by
the interaction of multiple CPs with degenerate RNA sequence/

structure sites we term packaging signals (PSs), distributed across
the genomes. PSs are bound sequence-specifically by their cognate
CPs, increasing the yield, rate and/or fidelity of assembly. PS-
mediated assembly has many potential advantages for the virus,
including solving a viral version of the Levinthal Paradox (9). For
the T = 3 MS2, there is a known assembly origin, the 19-nt-long
coat protein gene translational operator (TR) stem-loop (10). TR
functions as an allosteric effector, switching the dimeric viral
capsomere between the two quasi-conformers required to build
the capsid (11). This mechanism requires 60 TR-like sites within
the genomic RNA for CP contacts (12). These defined RNA–CP
contacts require the RNA in every particle be in a very similar
conformation, and an asymmetric tomographic reconstruction is
consistent with this view (13).
For STNV, there were no known PSs, so we used RNA SELEX

combined with a theoretical analysis protocol we designed for
the identification of PSs from SELEX data, to isolate preferred
sequences for CP binding. This dual approach identified an
aptamer whose sequence matches a region of the cognate genome
(14). Both the aptamer (B3) and genomic sites (B3-like, PS3, Fig. 1
A and B) are predicted to fold into stem-loops. An X-ray structure
of VLPs reassembled around B3 shows that the presence of mul-
tiple copies of a preferred RNA sequence increases the ordering of

Significance

Single-stranded RNA viruses self-assemble protective protein
containers around their cognategenomes rapidly and efficiently
at low concentrations. RNA encapsidation in vivo occurs pref-
erentially with the cognate genome, in contrast tomany in vitro
reassembly experiments. We describe in molecular detail how
this specificity and efficiency is accomplished using multiple
contacts between coat proteins and dispersed packaging signals
in the viral genome. The sequences and relative positioning of
the packaging signals are important for this mechanism, creat-
ing a strong evolutionary constraint. Packaging signals overlap
untranslated and coding regions ensuring assembly is in com-
petition with other functions of the genome. Disrupting these
contacts has deleterious consequences for capsid assembly
identifying a novel antiviral drug target.
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the N-terminal region of the STNV CP. The N-terminal helix
extends by roughly one turn to include amino acid residue 8, in
contrast to the virion or mRNA containing VLP, in which the
electron density shows that the polypeptide is disordered before
residue 12. These data suggest that B3 acts like a PS (15) (Fig. 1).
SmFCS confirms that B3 binds STNV CP with high affinity

(low nM) to form a capsomere, probably a CP trimer with at least
one B3 bound, that can then be assembled into T = 1 capsids in
response to increasing concentrations of CP. This reaction is highly
sequence-specific, because oligos containing B3 variant in the rec-
ognition motif fail to assemble under identical conditions. Despite
the catalytic role of B3, assembly is highly dependent on electro-
static interactions: The VLPs formed are sensitive to both the ionic
strength and the removal of structural calcium ions. Using a 5′

genomic fragment (127 nt long) encompassing the B3-like PS3 and
two additional putative PSs on either side, we have confirmed that
CP-induced reduction in Rh occurs as a consequence of binding
PS3. The five PSs work collectively to promote successful capsid
assembly and their spacing within the fragment is also important.
These functions are encoded within a region heavily implicated in
enhancing translation and viral RNA replication (16–19). In addi-
tion, PS3 is located within the CP region that encodes the amino
acid sequence undergoing conformational change in response to PS
binding. If similar contacts occur more widely for RNA viruses
there may be even deeper embedding of function in viral RNAs.

Sequence-Specificity of Assembly
To study in vitro reassembly of STNV VLPs at low CP concen-
trations, we used fluorescently labeled oligonucleotides (see Fig.
1 A and B and Table S1 for details). This method enabled smFCS
assembly assays at nanomolar RNA concentrations. Initially we
monitored CP titrations into labeled B3 (1 nM) under reassembly
conditions. This experiment reveals formation of a high affinity
RNA–CP complex that begins to form at 1 nM CP and is fully
formed by 5 nM CP. It has an apparent Rh of ∼5 nm (Fig. 2B),
consistent with it being a CP trimeric capsomere based on the
X-ray structure of the B3 VLP. Photon counting statistics (SI
Materials and Methods) were used to estimate the affinity of the
CP–B3 interaction, yielding a Kd of 0.8 ± 0.1 nM, and photon
burst statistics suggest that the complex formed most likely con-
tains a single B3 RNA (Fig. S1). Once formed, this complex is
stable for extended periods (Fig. 2C) and indifferent to the ad-
dition of extra CP monomer until a threshold concentration ∼50
nM is reached. Thereafter assembly of T = 1 capsids occurs slowly
in a CP concentration-dependent process that remains incomplete
below 1 μM CP. These VLPs are also stable over extended periods,
indifferent to the addition of more CP and protect the labeled RNA
fromRNase digestion (Fig. S2). This second phase of assembly must
be driven by CP–CP interactions between the complex nucleated
by the initial RNA–CP contact and incoming CPs. Note, at much
higher concentrations (μM) the STNV CP is a monomer with no
tendency to self-assemble in the absence of RNA (15). The slow
kinetics of capsid assembly from the B3 capsomere suggests that
the CPs must overcome a barrier to complex formation which we
previously speculated was electrostatic, i.e., that the RNA reduces
unfavorable interactions between the positively charged N-ter-
minal regions of CP subunits (Fig. 1A).
To see whether the RNA effect is purely electrostatic or

sequence-specific we set up an assembly titration with B34U, a
sequence variant of B3 of the same length predicted to form a
B3-like stem-loop, but with the CP recognition motif, -ACAA-,
in the loop replaced by -UUUU-. RNA SELEX suggests that the
minimal motif consists of a base-paired stem topped by a loop
containing -AXXA-, where X is any nucleotide (14). The result
(Fig. 2A, Lower) shows very clearly the importance of this se-
quence for CP recognition. At ∼twofold higher CP concentration
than for B3, the variant shows an increased Rh suggesting for-
mation of the capsomere. However, no further assembly occurs
until the CP concentration reaches 3 μM, when there is a sharp
increase in Rh followed by a steady decline, consistent with
formation of unstable nonspecific aggregates rather than VLPs,
and the RNA remains accessible to RNase (Fig. S2). The initial
B34U-CP complex is not a viable on-pathway assembly inter-
mediate despite the RNA being of the same length and therefore
having the same negative charge. This result shows that cap-
somere assembly is sequence-specific and that only correctly
formed species are intermediates in VLP formation. Because
B34U RNA forms a complex with CP, sequence recognition is
likely to involve binding of the base-paired stem, which is then
orientated correctly for further assembly by sequence-specific
contacts with the loop motif. B34U is able to make the first of
these contacts, but not the latter. Transmission electron mi-
croscopy (TEM) images (Fig. S3A) and Rh distribution plots
(Fig. 2B) support these interpretations. In conclusion, aptamer
B3 has the properties expected of a PS.

Fig. 1. The components of the STNV system. (A) (Upper Left) Ribbon dia-
gram of the STNV CP subunit structure seen in virions [Protein Data Bank
(PDB) ID 4V4M] with the disordered N-terminal amino acid sequence shown
dashed, with the sequence of the first 25 amino acids below. When this
assembles around the B3 aptamer, sequence and secondary structure shown
in Upper Right (nucleotide identities with the STNV-1 genome in red), it
forms a T = 1 capsid (Lower Right, PDB 3S4G), in which there is additional
ordering of the CP N-terminal region (magenta helical turn) in response to
binding the preferred RNA sequence. The virion is stabilized by multiple Ca2+

ions that bind around the differing symmetry axes (shown as color-coded
dots). (B) The sequence and putative secondary structure of the 5′ genomic
fragment encompassing five putative PSs, named in order 5′ to 3′ as PS1-5,
respectively. Red nucleotides indicate the potential CP recognition motif
(AXXA) and are the sites mutated to U to create variant fragments. The
green G is a nonviral nucleotide added for ease of dye-labeling. (C) Map of
the STNV1 genome showing the positions of these putative packaging sig-
nals (red) with respect to the CP gene.
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Natural PSs Act Cooperatively
To determine whether assembly with the genomic STNV PSs
occurs similarly, and explore potential cooperative effects of
having multiple PSs on the same RNA fragment, we carried out
CP titrations using a dye-labeled 127 nt RNA. This fragment
starts at the 5′ end of the STNV-1 genome (Fig. 1 B and C) and
encompasses five putative PSs, namely sequences that can be
folded into stable stem-loops displaying -AXXA- motifs (14).
Aptamer B3 has the highest sequence identity with nucleotides
59–72, which is the middle PS on this fragment. We term this
fragment PS1-5. We compared reassembly with identical RNA
concentrations (10 nM) of PS1-5 and B3 alone (Fig. 3A). B3
forms the capsomere at low concentration, ∼5 nM and begins to
assemble VLPs at 200 nM, although the kinetics of capsid for-
mation are relatively slow and remain incomplete (>4,000 s). On
titration to 3,000 nM CP, assembly goes slowly to completion. In
contrast, PS1-5 appears to start binding CP only at 120 nM,
resulting in a drop of its Rh by 20–30%, reminiscent of the
behavior of the full-length genome (7). At 200 nM it rapidly
assembles (∼250 s) into intact capsids that are nuclease resistant
(Fig. S2), suggesting that the multiple PSs promote cooperative
formation of the CP–CP contacts found in the capsid.
This difference in behavior between B3 and PS1-5 could be

due to the differences in the sequences/structures of their PSs, or
simply because of the length of the PS1-5 fragment. To explore
this behavior by the longer fragment, we examined the properties
of variant fragments in which all of the PSs were mutated by
conversion of 4 nt in their loop regions to uridines, or mutating
just PS3, or ablating all of the PSs except PS3 (Fig. 3B). The all
mutant PS1-5 binds CP at 120 nM like the wild-type fragment,
but this leads to an increase in its Rh, not a decrease. It does
not form T = 1 capsids or become nuclease resistant, even when
the CP concentration is raised to 3 μM (Fig. 3 B and D). TEMs

suggest that the complexes produced are aggregates rather than
partially formed capsids (Fig. S4A). This outcome confirms that
the loop sequence of PS3 at least is important for CP recogni-
tion. When only the putative flanking PSs (1 and 2, and 4 and 5)
are mutated, binding again occurs at 120 nM CP and the Rh
decreases, showing that this effect is due to initial binding at PS3.
However, subsequent assembly is very slow and formation of
complete capsids is only achieved at 3,000 nM CP. The result
confirms that PS sites other than PS3 play important roles in
making capsid assembly efficient, and supports the idea that
multiple PSs act cooperatively. When only PS3 is mutated in the
PS1-5 fragment, there is no decrease in Rh, confirming that CP
binding to PS3 triggers this event, and assembly does not occur
until 200 nM CP and does not result in formation of capsids (Fig.
3 B and D).
A hierarchy of PS CP affinities is an essential requirement of

the PS-mediated assembly model (9) and is consistent with the
sequence/structure variations in PSs PS1-5 on the genomic frag-
ment. PS3 is the highest affinity site and the other PSs contribute
to assembly efficiency but cannot trigger VLP formation alone.
The putative STNV PS sites were identified by looking at the short
range folding potential of genomic RNA, specifying a stem-loop
containing the -AXXA- motif (14), and all such sites with a neg-
ative free energy of formation were identified as putative PSs. This
simple approach appears successful. Of course, PSs with small
folding free energies may only form active conformations in re-
sponse to CP binding.
Another predicted property of PSs is that their relative loca-

tions within the genome is such that they facilitate the CP–CP
interactions seen in the capsid, implying that their relative sep-
aration in the RNA sequence, which determines their spatial
locations in three-dimensions, should be important. To test this,
we produced three additional variants of PS1-5 in which 10-nt
spacers, chosen in each case to avoid altering the potential sec-
ondary structures, were added either 5′ to PS3, i.e., between PS2
and PS3, or 3′ to it, between PS3 and PS4, or at both of these
sites. These RNAs are designated 5′ or 3′ spacer PS1-5 and 5′ and
3′ spacer PS1-5, respectively. The results of their titrations with
CP are shown in Fig. 3E. All three support fairly rapid assembly
beyond 120 nM CP, but without an initial Rh decrease. The
resulting smFCS traces are very noisy and their distributions
suggest that these species form mixtures with few correctly as-
sembled capsids. TEMs (Fig. S4B) suggest that although some
T = 1 capsids are formed by these RNAs, there are many partially
formed and malformed species present as well. RNase treatment
leads to large changes in these Rh distributions (Fig. S2), con-
firming that the natural spacing of the five PS sites in the 5′ ge-
nomic fragment is important for accurate and efficient capsid
assembly. The lack of Rh decreases in fragments with altered PS
spacing but containing wild-type PS3 sequences suggests a more
complex explanation of the phenomenon in the PS1-5 fragment.
CP binding to B34U shows that capsomere-like species can form
with high affinity for stem-loops lacking the loop recognition
motif. The PS1-5 variants with a wild-type PS3 could allow CPs
interacting at that site to contact the neighboring RNA stem-
loops, each equivalent to B34U. Although these complexes are
not efficient at ensuring cooperative capsid assembly, they could
explain the initial decrease in Rh. The spacer variants suggest that
both neighboring stem-loops must be contacted to cause this effect,
emphasizing the importance of PS positioning in the genome.

Roles of Electrostatics in Assembly and Stability
The sequence-specificity of assembly initiation revealed by the
experiments with B3, PS1-5, and their variants, is consistent with
PS-mediated assembly, but not with expectations that electro-
static interactions are the principal driving forces behind as-
sembly in this class of viruses (20–25). The PS fragments and the
variant sites, with the exception of the insert variants, are of the
same length, have the same net charge and are predicted to share
common secondary structures. Under ensemble assembly con-
ditions (CP ≥ 10 μM) B34U triggers T = 1 capsid formation,
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Fig. 2. RNA dependence and sequence-specificity of STNV assembly. (A)
STNV CP was titrated into 1 nM of 5′ Alexa Fluor-488–labeled B3 (Upper) or
B34U RNA (Lower) (see inset cartoons) in assembly buffer and the resulting
hydrodynamic radius monitored using smFCS over time. Dotted red lines
indicate titration points with the labels showing the final monomer CP
concentrations reached. FFT smoothed data (thick lines) are shown for
clarity, with horizontal gray dashed lines showing the sizes of capsid, B3,
and capsomere. For B3 the curves for the differing CP concentrations post-
formation of the capsomere are color coded and displaced slightly along the
time axis. Samples at various points in the titrations were analyzed by TEM
(Fig. S3). (B) Size distributions of the species in solution for capsomere
(magenta) and B3 containing VLP (green) together with the STNV CP + B34U
(black) containing species in plot A. Gaussian peak fits are shown by thick
lines, with vertical gray dashed lines showing expected sizes. (C) 1 nM B3
containing capsomeres (magenta) and VLPs (green) were assembled using 4
and 1,000 nM STNV CP, respectively, and their Rh measured over 2 h. The
results are compared with similar measurements of 300 nMmRNA VLP (cyan)
labeled on the CP with Alexa Fluor-488.
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although much less efficiently than B3 (15), i.e., the sequence-
specific RNA discrimination is dramatically reduced at higher
concentration, and reassembly can be driven almost exclusively
by electrostatic interactions (26). In contrast, the outcomes of
single-molecule in vitro reassembly, carried out at nanomolar
concentrations, are more sensitive to sequence-specific effects
and may reflect more accurately conditions in vivo. To examine
the effects of charge neutralization on assembly, we repeated the
B3 titration at higher RNA concentration (10 nM vs. 1 nM, Fig.
S3B). More RNA increases the proportion of T = 1 capsid and
larger intermediates present at lower CP concentrations, but
assembly is still relatively slow and requires CP > 1 μM to be
complete. It seems therefore that increasing the numbers of
phosphodiesters lowers the barrier to assembly, consistent with
it being electrostatic in nature.
As a test of this idea, we compared the salt stability of VLPs

assembled at either concentration of B3 or with PS1-5, with that
of the VLP from Escherichia coli, which packages a modified
mRNA encoding the CP gene (Fig. 4A and Fig. S5A). Addition
of NaCl to the reassembled particles leads to rapid disassembly
of both the 1 and 10 nMB3 VLPs, which are fully disassembled by
∼150 and ∼400 mM, respectively, whereas the PS1-5 and mRNA
VLPs remain stable up to 700 mM. STNV virions contain struc-
tural calcium ions that bind to three distinct sites located at the
particle symmetry axes (Fig. 1A). Note, not all these sites are
occupied in the crystal structure of the B3 VLP (15). Because
these should contribute to electrostatic stability, we repeated the
salt titration in the presence of 5 mM EDTA (Fig. 4A and Fig.
S5B). Both B3 VLPs are fully disassembled under these con-
ditions before addition of extra salt, whereas the PS1-5 VLP
partially disassembles at 50 mM NaCl, with only the mRNA VLP
remaining stable throughout the titration range. These results
confirm that particle stability is strongly dependent on formation
of favorable, relatively local, electrostatic contacts, following
a sequence-specific assembly initiation. Clearly, the presence of
longer RNAs encompassing multiple PS sites stabilizes the CP–
CP contacts relative to the VLPs formed with the short RNA.

The results described above are consistent with a two-stage
assembly model following a free energy path similar to that
shown in Fig. 4B. Capsomere formation is rapid, high-affinity,
and spontaneous, but for the RNA–CP complex to be on-path-
way to capsid assembly, the PS stem-loop must be orientated
precisely via sequence-specific interactions with the loop motif.
In longer RNAs, this initial event is coupled to a decrease in the
size of the viral RNA driven by CP binding to correctly placed
additional PSs, a vital step in preparing it for specific encapsi-
dation (7, 8). On-pathway capsomeres with short RNAs are
prevented from self-assembly to capsid by an electrostatic acti-
vation barrier created by the repulsion of clustering six positively
charged amino acid side chains into the small volume around the
particle threefold helices (Fig. 1A). This inhibitory effect can be
overcome using more RNA, either in the form of higher con-
centrations of single PSs or as natural fragments encompassing
multiple, appropriately positioned PS sites. The latter are more
effective at lowering the activation barrier, allowing assembly to
be cooperative once it initiates. Note, the cooperativity for the
complete genomic fragment, with up to 30 PSs, would be even
more pronounced than seen here for the 5′ fragment with only
five such sites.

The Relationship of the Viral RNA to its Coat Protein
By definition there is a close relationship between the genomic
RNA of ssRNA viruses and their coat proteins; one is encoded
by the other. For satellite viruses, this is heightened by the fact
that the only “viral” RNA encapsidated is an extended mRNA
encoding the CP subunit. The polymerase responsible for repli-
cation is supplied by the helper virus, Tobacco Necrosis Virus.
The STNV genome therefore encompasses at least two functions:
It is a substrate for both replication and translation. Previous
studies have shown that sequences within the 5′ and 3′ un-
translated regions (UTRs) are responsible for making both these
processes efficient via complementary base pairing between the
UTR residues 24–55 and 979–1009 (27) within the RNA. The site
in the 5′UTR overlaps the PS containing region. It is therefore

Fig. 3. Packaging signals function cooperatively.
(A) CP was titrated into 10 nM Alexa Fluor-488–
labeled PS1-5 (black) or B3 (dashed - blue). Details as
in legend Fig. 2A. Titration points are color coded
for each RNA. (B) CP titration into 10 nM of Alexa
Fluor-488–labeled PS1-5 and its sequence variants
(X), shown as cartoons (Left). (C) Color-coded size
distributions of species present in the titrations
shown in A and B (substrate key, Left). Data shown
are taken from the titration of 200 nM CP onwards
in A and B. For PS1-5 and its variants this is 4,000–
6,000 s, and for B3 from 2,000 to 8,000 s. (D) Ex-
panded section of B showing the effects of CP ad-
dition on each variant. (E) CP titration into spacing
variants (see cartoon; Left) and their size distribu-
tion plots (Right). Data shown are from 0 to 5,000 s.
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clear that replication/translation and virion assembly are distinct
processes brought about by differing RNA conformations.
A global secondary structure of the entire genome calculated

using Mfold suggests that only PS1 in the 5′ fragment used here
would be formed spontaneously (14). However, if the RNA is
folded allowing only for short-range interactions, i.e., in 50-nt
sections, then all of the predicted PSs can be formed. The data
with the 5′ fragment suggests that STNV packaging occurs on
newly replicating RNAs as they emerge from the polymerase.
The PS-mediated assembly mechanism also implies that there
is a defined spatial relationship between the protein shell of the
capsid and the PSs within the genomic RNA. Because ssRNA
viruses use RNA-dependent RNA polymerases that lack proof
reading functions, the maintenance of such PS sites is a significant
challenge. In other systems it has been shown that the coding
variants within a viral quasi-species are likely to increase the
misincorporation of noncognate RNAs, leading to the suggestion
that ssRNA can be horizontal vectors for gene transfer (28, 29). It
is thus likely that strategies have evolved that favor conservation
of PSs in viral evolution, thus enhancing packaging specificity.

Discussion
There are different ways in which ssRNA viruses may counter
the challenge of enhancing packaging of their cognate genomic
RNAs against the background of cellular competitor RNAs. One
solution could be the physical separation of viral components from
cellular factors, but the evidence of significant misincorporation
even in viruses believed to operate this way (29) suggests that other
mechanisms are likely to have selective advantages. An alternative
possibility is that packaging of cognate genomes is the result of
specificity between viral genomes and their cognate CPs. Such
a mechanism would mirror a phenomenon occurring more widely,
in particular in early events in the development of the RNA–pro-
tein world: a bias toward interactions between encoded proteins
and their mRNAs, even when those proteins are not thought to
function via RNA binding (30–32).

We speculate that a similar phenomenon may give rise to PS
conservation, and thus ensure packaging specificity, in STNV. In
particular, the molecular details of the PS3–CP interaction illustrate
how this can be achieved. PS3 is located at nt60 in the STNV-1
genome, and forms part of the codon for amino acid residue 10 in
the CP, or 9 neglecting the N-terminal methionine (Fig. 1A). Thus,
the strongest PS forms a section of the gene encoding the amino
acids in the CP that alter their conformation upon PS binding (Fig.
5). This match may of course be coincidental, but a statistical
analysis (SI Materials and Methods) suggests that it would only
occur ∼9% of the time by chance. PS3 is also one of only three
PS sites, with PS11 and PS12, conserved in all three known
STNV strains (Fig. S6). Testing this idea experimentally would
be challenging, so we compared STNV with the two other
ssRNA viruses for which we have detailed CP–RNA structural
data, namely MS2 and TMV (33, 34) (Fig. S7). The former
assembles via a mechanism mediated by multiple PSs, whereas
the latter is a helical virus that assembles from a unique PS-RNA
contact. There are four known PSs within the MS2 CP gene. One
of them encodes a 6-aa peptide that plays a significant role in
recognizing the strongest PS in that genome, TR (Fig. 5B and
Fig. S7 A and C). The probability that this match occurs by
chance in that case is 3.1% (SI Materials and Methods). In Group
2 Tobacco Mosaic Viruses, the origin of assembly, a PS, encodes
one of the two peptides forming the RNA-binding site in the CP
(35–37), suggesting similar relationships occur even in a helical virus
(Fig. S7D). The occurrence of this phenomenon in a number of
viruses suggests that PS encoding features of the protein sites
they are in contact with could be an unappreciated aspect of viral
CP–genome interactions.
STNV CP shares a common fold with many other ssRNA vi-

ruses, most of which are more complex, having quasi-equivalent
capsids, in part defined by the conformations of their positively
charged N-terminal regions that often contain arginine-rich motifs,
ARMs (38). Removal of this region in STNV prevents assembly
(39), whereas in other viruses it promotes RNA-independent as-
sembly of T = 1 capsids (40). Here we have used smFCS assays
to probe the roles of RNA in STNV assembly at nanomolar
concentrations, showing that it follows a two-stage PS-mediated
mechanism, thus preventing assembly around noncognate RNAs.
Even with relatively short PS fragments we have recreated as-
sembly features seen with the intact genome, showing that CP
recognition of degenerate PSs, and the latter’s relative spacing
along the genomic RNA, both contribute to efficient cooperative
capsid assembly (9, 41). These assays also validate the use of RNA
SELEX against viral CPs, combined with theoretical analysis
techniques pioneered by us, as a route for identifying PSs (15).
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Fig. 4. The roles of electrostatic interactions in assembly of capsomere and
capsid. (A) Salt titration into mRNA VLPs (magenta), B3 VLPs, assembled at
1:1,000 nM (red) or 10:1,000 nM (blue) RNA:CP, and PS1-5 VLPs assembled at
10:1,000 nM (black). Rh was measured over 10 min at each NaCl concen-
tration. The average and SE of the Rh’s are shown. The same experiments,
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Schematic of relative free energy barriers associated with formation of the
capsomere and T = 1 capsid.

Fig. 5. PSs encode critical features of viral CPs involved in PS RNA recog-
nition. (A) View of the contacts between the ordered portion of the B3 RNA
(cf. PS3) and the PS3-encoded amino acids (space filling representation) in
the B3 VLP structure (PDB ID 4BCU). (B) The MS2 coat protein dimer in A/B
conformation in complex with the highest affinity genomic PS, the TR stem-
loop (34). The amino acids in the A (blue) and B (green) chains that are encoded
by one of the four PSs within the CP gene (Fig. S7) are shown in space-filling
representation.
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It is tempting to speculate that, because of the multiple se-
lective advantages for viruses assembling via such mechanisms,
viruses with similar CP folds will also assemble by similar routes
(14). The requirement to encode PSs, and perhaps the peptide
functions they encode, introduces a previously unsuspected con-
straint on viral evolution, especially given the density of functions
located within the same RNA sequences. Disrupting this assembly
mechanism would therefore be a novel antiviral strategy. Previ-
ously, we showed that hydrodynamic collapse of viral genomes is a
signature of cognate encapsidation, and has many similarities to
the assembly of the ribosome. The roles of the multiple genomic
PSs revealed here also have similarities to protein sequestration by
noncoding (nc) RNAs, “RNA sponges” (42), where proteins bind
sequentially, specifically, and cooperatively to stem-loops, leading
to protection of a ncRNA from degradation. Assembly of ssRNA
viruses may therefore have more in common with cellular RNA
biology than previously suspected.

Materials and Methods
STNV CPwas prepared by dissociation of recombinant VLPs produced in E. coli
(15). RNAs were either chemically synthesized with a dye attached to the 5′
end, (DNA technology A/S, Denmark) or transcribed in the presence of
5′-amino-GMP which was subsequently chemically coupled to a dye using
an amine reactive Alexa Fluor 488 SDP ester (Invitrogen). SmFCS assays and
data analysis were performed as described (8).
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Sizes of Long RNAMolecules Are Determined by the
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ABSTRACT Long RNAmolecules are at the core of gene regulation across all kingdoms of life, while also serving as genomes
in RNA viruses. Few studies have addressed the basic physical properties of long single-stranded RNAs. Long RNAs with non-
repeating sequences usually adopt highly ramified secondary structures and are better described as branched polymers. To test
whether a branched polymer model can estimate the overall sizes of large RNAs, we employed fluorescence correlation spec-
troscopy to examine the hydrodynamic radii of a broad spectrum of biologically important RNAs, ranging from viral genomes to
long noncoding regulatory RNAs. The relative sizes of long RNAs measured at low ionic strength correspond well to those pre-
dicted by two theoretical approaches that treat the effective branching associated with secondary structure formation—one
employing the Kramers theorem for calculating radii of gyration, and the other featuring the metric of maximum ladder distance.
Upon addition of multivalent cations, most RNAs are found to be compacted as compared with their original, low ionic-strength
sizes. These results suggest that sizes of long RNAmolecules are determined by the branching pattern of their secondary struc-
tures. We also experimentally validate the proposed computational approaches for estimating hydrodynamic radii of single-
stranded RNAs, which use generic RNA structure prediction tools and thus can be universally applied to a wide range of
long RNAs.

INTRODUCTION

The discovery of ribozymes, RNA interference, and ri-
boswitches brought RNA to the forefront of molecular
biology by demonstrating that these molecules are ubiq-
uitously involved in a wide range of cellular processes
(1–4). Genome sequencing and high-throughput expression
profiling have recently revealed novel long noncoding (lnc)
RNAs, some of which are thousands of nucleotides long
and are known to play important regulatory functions
(5,6). For example, Xist lncRNA is a 17 kb-long transcript
responsible for silencing one of the homologous pair of
X chromosomes during mammalian development (7,8).
Others, such as HOTAIR and NRON, are important regula-
tors of gene expression (9–11) linked to diverse human
diseases (12). Furthermore, a vast number of important
pathogenic viruses including HIV, SARS coronavirus,
poliovirus, Dengue fever virus, and many others utilize
long RNAs as genetic material, which also play structural

roles during virus assembly and genome packaging
(13–20). Previous studies have established the importance
of local secondary and three-dimensional structure in the
biological function of RNA (21,22). However, the effects
of the secondary structure on the large-scale properties
(e.g., size) of long RNAs remain poorly understood, even
while its importance for virus assembly has been demon-
strated (13–20).

Several models have been developed to describe
properties of double-stranded (ds) and single-stranded
(ss) homopolymeric nucleic acids, both of which behave
as linear polymers. Coarse-grained properties of long
dsRNAs are well described by semiflexible polymer
models such as the wormlike chain (23), which only
take into account the overall contour length and average
persistence length, the latter being weakly dependent
on sequence or base composition. Similarly, the freely
jointed chain model describes the conformational
behavior of the more flexible single-stranded homo-
polymers (24,25). These models yield simple scaling
laws, which relate the contour length (l) or a degree of
polymerization (N, number of nucleotides) to the overall
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size, e.g., radius of gyration (Rg) or hydrodynamic
radius (Rh):

Rg � Rh � bð1�nÞ � ln � Nn: (1)

Here n is a scaling exponent that depends on the polymer
chain model (e.g., n ¼ 0.5 for an ideal Gaussian chain,
n ¼ 0.59 for a self-avoiding chain, and n ~ 1 for a stiff poly-
electrolyte at low ionic strength), and b represents an effec-
tive segment length that is related to the persistence length
(lp) and describes polymer flexibility. Highly structured
RNAs are described by a collapsed polymer chain model
with n close to 0.33, also applicable to other compact bio-
polymers such as globular proteins (26,27).

In contrast, due to extensive intramolecular basepairing
arising from Watson-Crick complementarity of nucleotides
separated by long distances along the chain contour, long
ssRNAs fold into effectively branched structures with short
duplex regions emanating from single-stranded loops (28)
(Fig. 1). Furthermore, given the plethora of possible base-
pairing scenarios, thermally equilibrated long RNAs are ex-
pected to display a large number of secondary structures in
solution. Notable exceptions are RNAs in large ribonucleo-
protein complexes such as in ribosomes (29) or virus capsids
(15,30–35). This view is supported by recent experiments
confirming that protein-free viral genomic RNAs adopt an
ensemble of branched conformations (28), which are further
compacted upon viral assembly (14,20,36,37). Hence, se-
lecting out a unique (native) or representative conformation
is less appropriate and useful than averaging over a statisti-
cal (thermal) ensemble of secondary structures, for obtain-
ing a reasonable estimate of the overall RNA size.

Here we examine the sizes (hydrodynamic radii, Rh) of a
wide range of biologically relevant long RNA molecules at
low nanomolar concentration using fluorescence correlation
spectroscopy (FCS). The sizes compare well with those pre-
dicted by two ensemble averaging methods that take into ac-
count the sequence-dependent effective branching of long
RNAs. Furthermore, this correlation holds even in the pres-
ence of polyvalent cations that enhance tertiary interactions
and result in measurable compaction of RNAs, suggesting
that these polymer theory-based methods can successfully
predict sizes of long RNA molecules under a variety of con-
ditions. Both methods are based on generic RNA structure
prediction algorithms and, accordingly, would be widely
applicable to other long RNAs with known sequences.

MATERIALS AND METHODS

DNA constructs used for transcribing long RNAs

MS2 phage RNA as well as the 30 and 50-end fragments of MS2 phage

RNAs were transcribed as described in Borodavka et al. (36). The template

for transcription of RpoB RNA was produced by cloning part of the open

reading frame of Escherichia coli RNA polymerase B subunit gene

(rpoB), as described in Borodavka et al. (14). The Xenopus laevis mRNA

was produced by transcribing a plasmid pTRI-Xef, containing the

1.89-kbp elongation factor 1-a gene from X. laevis (Ambion/Thermo Fisher

Scientific, Carlsbad, CA).
The TCV_pSMART_HCAmp construct (Table S2 in the Supporting Ma-

terial) was produced by PCR amplifying the full-length TCV cDNA using

primers TCV_F1 and TCV_R1 R2 (Table S1) and a pBIN61-based vector,

encompassing the full-length TCV cDNA, as a template. pBIN61-TCV

plasmid was a gift from Professor George Lomonossoff (John Innes Centre,

Norwich, UK). The resulting PCR product was then amplified using

50-phosphorylated primers TCV_F2 and TCV_R2 (Table S1) to add a T7

promoter sequence to the 50-end and an XhoI restriction site to the

30-end. Further PCR product purification and cloning into pSMART HCAmp

vector were performed the same way as described above for the other DNA

templates. Templates for transcription of 16S rRNA and 23S rRNA

(16SrRNA_ pSMART_HCAmp and 23SrRNA_ pSMART_HCAmp) were

produced by cloning the corresponding genes using genomic DNA

extracted from E. coli BL21 cells. The primer pairs 16S_F1/16S_R1 and

23S_F1/23S_R1 (Table S1) were designed to amplify region 483879-

485408 (16S ribosomal RNA, GenBank: CP001665.1) and region

228583-231490 (23S ribosomal RNA, GenBank: AM946981.2) of the

BL21 DE3 E. coli genome. The resulting PCR products corresponding to

the 16S and 23R rRNA-coding regions were used as templates for a second

round of PCR amplification using 50-phosphorylated primers 16S_F2/

16S_R2 and 23S_F2/23S_R2 (Table S1), respectively. This amplification

resulted in incorporation of T7 promoter sequences at the 50-ends of both
PCR products and DraI (16S rRNA DNA) and HindIII (23S rRNA DNA)

restriction sites at their respective 30-ends. Further PCR product purification

via agarose gel electrophoresis and subsequent cloning into a pSMART

HCAmp vector were performed as described above for other DNA templates.

The resulting DNA constructs for in vitro transcription of 16S and 23S

rRNAs are 16SrRNA_pSMART HCAmp and 23SrRNA_pSMART HCAmp

(Table S2).
DNA template LZRS-HOTAIR (12) encompassing a 2146-nt long human

HOTAIR lncRNA sequence (deposited by Professor Howard Chang, Ho-

ward Hughes Medical Institute, Stanford University, Stanford, CA) was ob-

tained from the AddGene depository. Primers HotAir_F1 and HotAir_R1

(Table S1) were used to amplify a DNA region, corresponding to the human

HOTAIR lncRNA using Q5 high-fidelity DNA polymerase (New England

Biolabs, Ipswich, MA), as described above. The resulting PCR product

was used as a template in a second amplification with 50-phosphorylated
primers HotAir_F2 and HotAir_R2 (Table S1), which resulted in addition

of T7 promoter sequence at the 50-end and an EcoRV restriction site at

the 30-end. The obtained PCR product was agarose gel-purified and used

for a subsequent ligation into a pSMART HCAmp vector as described above,

following the manufacturer protocols. The XL1 Blue competent cells (Agi-

lent Technologies, Santa Clara, CA) were used for transformation with the

ligated products, the resulting transformants were PCR-screened, and the

positive clones were verified by DNA sequencing. The resulting construct

HOTAIR_pSMART HCAmp (Table S2) was used for in vitro transcription

of the human HOTAIR lncRNA.
cDNA for lncRNA NRON was produced by reverse-transcribing phenol-

chloroform extracted total RNA from HEK 293 cells using Superscript III

Reverse Transcriptase and random hexamer oligonucleotide primers (Invi-

trogen, Carlsbad, CA), following the manufacturer’s protocol. Primers

NRON_F and NRON_R (Table S1) were used to amplify the resulting

cDNA using Q5 high-fidelity DNA polymerase. The resulting PCR product

was agarose gel-purified and used for a subsequent ligation into a pJET1.2

vector using a CloneJET PCR Cloning Kit (Thermo Fisher Scientific,

formerly Fermentas), following the manufacturer protocol. The XL1

Blue-competent cells were transformed with the resulting ligated products.

The transformants were csPCR-screened and the positive plasmid clones

were verified by DNA sequencing. The resulting DNA construct NRON_

pJET1.2Amp (Table S2) was used for in vitro transcription of the human

NRON lncRNA.
Several DNA constructs for in vitro transcription were generously pro-

vided upon request by various research groups. The DNA template for
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production of the STNV-C genomic RNA was a gift from Dr. Robert

Coutts (38). DNA construct HCV JFH1/Luc SGR was a gift from Profes-

sor Mark Harris (University of Leeds, Leeds, UK). DNA constructs

pUC19T7RFs1 and pUC19T7RFs11 were a gift from Dr. Ulrich Dessel-

berger (39) (University of Cambridge, Cambridge, UK). DNA constructs

pF2100 and P2BS WT were donated by Professor Anette Schneemann

(The Scripps Research Institute, La Jolla, CA). DNA constructs

pT7riboBUN-S and BUNVL were a gift from Dr. John Barr (University

of Leeds). All DNA constructs with their respective linearization restriction

enzymes, used for in vitro transcription of long RNAs, are summarized

in Table S2. The scrambled s11 sequence was synthesized as a gene

block DNA and inserted into a pUC19 vector under control of a T7 pro-

moter. Sequences and base compositions are summarized in the Supporting

Material.
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a branched polymer. (A) Minimum free energy sec-
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highlighted in magenta and flexible joints or branch

points as blue dots. (B) Tree graph representation of

the secondary structure in (A), with illustration of
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Transcription and fluorescent labeling of ssRNAs

In vitro transcription reactions were carried out using a T7 RNA transcrip-

tion kit (HiScribe T7 or T3 High Yield; New England Biolabs) following

the manufacturer’s protocol. RNAs were purified using RNeasy mini

kit (QIAGEN, Hilden, Germany) following the manufacturer’s protocol,

except for the fluorescently labeled RNAs. In those samples the RNA-

loaded column was washed four times with 80% (v/v) ethanol before

elution with 30 mL of sterile nuclease-free water. MS2-derived RNAs

were 30-end labeled while all others were 50-end amine-modified RNAs

produced by incorporation of amino-GMP and fluorescently labeled

as described in Borodavka et al. (14). All RNA samples were routinely

examined on denaturing formaldehyde agarose gels to ensure their integrity.

Every precaution was taken to avoid contamination with RNases, and

RNA samples were kept as 10 mL aliquots at �80�C to minimize

degradation.

FCS data collection and analysis

FCS measurements were performed on a custom-built FCS confocal setup.

The excitation laser (Sapphire CW blue laser, 488 nm; Coherent, Bloom-

field, CT) power was set to 65 mW. The immersion oil objective (63�
magnification, numerical aperture of 1.4; Carl Zeiss, Jena, Germany) was

used together with low autofluorescence immersion oil (refractive index

1.515, type DF; Cargille-Sacher Laboratories, Cedar Grove, NJ). The focus

position was adjusted to 20 mm from the coverslip inner surface and pre-

cisely maintained by a piezoelectric feedback loop (Piezosystem, Jena, Ger-

many). The photon count was recorded and analyzed by an ALV-5000

multiple tau digital correlator (www.alvgmbh.de) used in a single channel

mode. Multiple runs of up to 100 autocorrelation functions with acquisition

scan time of 30 s each were recorded for each of the samples using ALV-

correlator software (ALV-5000/E/EPP, Ver. 3.0). Calibration of the confocal

volume was performed by measuring the diffusion time of AF488-SDP dye

(1 nM in RNA measurement buffer) before each data set collection. FCS

data were analyzed by nonlinear least-squares fitting with a single-compo-

nent diffusion model autocorrelation function corrected for the triplet state

(14) using MATLAB (The MathWorks, Natick, MA). Calculation of Rh

was based on the measured diffusion time value for AF488 dye and the es-

tablished diffusion coefficient for a free dye using the Einstein-Stokes

relationship.

RNA measurements were performed with 0.5–2 nM RNA in RNase-free

20 mM 3-(N-morpholino)-propanesulfonic acid (MOPS), 10 mM KOH

buffer, pH 7.0 with 1 mM dithiothreitol at 25�C. RNA condensation exper-

iments were performed in the presence of divalent (10 mM MgCl2, Mg2þ)
and trivalent (1 mM spermidine chloride, Sp3þ) cations, added to the

0.5–2 nM RNA samples before FCS measurements.

Theory

To account for the conformational statistics associated with an ensemble of

secondary structures, it is useful (28,40–43) to represent the RNA secondary

structure as a tree graph (44), i.e., a collection of points (vertices) each of

which is connected by a line (bond) to at least one other point, without

any closed paths. Fig. 1 illustrates this mapping for a simple case: here

duplexes are treated as rigid bonds of the same length—tree edges, and sin-

gle-stranded flexible loops are treated as tree vertices. Hairpin loops are

vertices of order one; loops, including bulges, connecting two duplexes are

twofold vertices; and loops from which three or more duplexes emanate

are branched vertices (see Fig. 1 A). To calculate the size of the resulting

branched polymer (Fig. 1 B), two approaches can be used. The first method

makes use of the Kramers theorem (41,45,46) to directly calculate Rg from

the tree topology. In the secondmethod, the size is determined by identifying

the longest chain of edges found within the tree—defined as the maximum

ladder distance (MLD, Fig. 1 A) (42,43)—and the branched tree is replaced

by a linear chain with effective contour length (Neff) proportional to the

MLD. Treating the resulting linear polymer as an ideal chain then gives

Rg ¼ �
b2Neff

�
6
�1=2

: (2)

Here the segment length b corresponds to the average length of a duplex

(z5 bp) (17,28,47) and Neff is the number of duplexes along the MLD,

which is Neff ¼ MLD/b. Thus,

Rg ¼ �
b2MLD

�
6b

�1=2 � ðMLDÞ1=2 (3)

in bp units (42,46). The MLD is estimated from RNA secondary structure

predictions and can be further refined using structure probing experiments

(21). Because there is heterogeneity among the many structures whose

energies lie within a thermally available range (kBT), we use the Boltz-

mann-averaged MLD (denoted hMLDi), derived from an ensemble of

RNA structures generated by prediction algorithms implemented in

RNAfold (48). Earlier theoretical analyses have shown that while even

the most sophisticated and accurate basepairing programs begin to fail

for long RNAs like those treated here, the relative values of their hMLDi
and Rg can still be meaningfully estimated (41,42).

Size computations

Average hMLDi values were computed from the 100 lowest-energy second-

ary structures (42) generated using the Vienna package (48). Relative values

of Rg were estimated using (see Eq. 3) the relationship Rg ~ (hMLDi)1/2.
Each tree graph representation was derived from a dot-bracket representa-

tion of the secondary structure (see the Vienna RNA web server manual

at http://rna.tbi.univie.ac.at/help.html). The Rg was calculated from the

tree graph by treating the vertices as perfectly flexible joints and the edges

as rigid phantom bonds (i.e., as an ideal branched polymer), and using the

Kramers theorem (46). More explicitly, the Rg of a branched polymer (tree

graph) was calculated by

R2
g ¼ �

b2
�
L2
�
SjL1ðjÞ½L� L1ðjÞ�; (4)

where the overbar denotes an average over all conformations of the ideal

branched polymer. The sum in Eq. 4 is evaluated by summing over all

L bonds the product of L1(j) and L-L1(j), the numbers of vertices on either

side of the jth bond (see Fig. 1 B). The square root of Eq. 4 yields the radius

of gyration of the tree graph (i.e., bRg ¼
ffiffiffiffiffi
R2
g

q
). We then averaged bRg over

the tree graphs we generated from the secondary structures, which for

simplicity we refer to as the Rg (i.e., RghhbRgi). The predicted Rg values

are reported in units of the average duplex length b.

RESULTS AND DISCUSSION

Due to their large sizes and high conformational flexibility,
little is known about the structural organization and physical
properties of long RNAs. Some of them, such as viral
positive-sense ssRNA genomes, adopt compact conforma-
tions as part of their function and facilitate packaging into
the confined space of icosahedral viral capsids (17). Like-
wise, several lncRNAs, including HOTAIR and SRA, as-
sume well-defined conformations with separate domains,
capable of folding into compact structures upon addition
of divalent cations (49,50). These independent domains
interact with their binding partners via evolutionarily
conserved protein-binding motifs (49). To better understand
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the architecture of long RNA molecules, e.g., their overall
compactness or extendedness, we explore the relation be-
tween predicted sizes, using either the MLD or Rg obtained
from Kramers theorem, respectively, and the experimentally
determined hydrodynamic radii (Rh) for long RNAs, ranging
from 600 to >9000 nucleotides in length.

We have examined a wide range of biologically relevant
RNAs, including messenger, long noncoding, viral, and ri-
bosomal RNAs. To minimize nonspecific intermolecular in-
teractions between RNA molecules, we employ extremely
dilute solutions (low nanomolar concentrations) and low
ionic strength (i.e., good solvent conditions for charged
polymers), and measure sizes of RNA molecules by FCS.
In contrast to other ensemble solution techniques (small-
angle x-ray and light scattering, and analytical centri-
fugation), the dilute conditions minimize aggregation due
to intermolecular basepairing, which has previously been
shown to result in an overestimation of sizes (51). Further-
more, we have also used FCS to examine compaction of in-
dividual RNAmolecules in response to biologically relevant
divalent (Mg2þ) and trivalent (spermidine, Sp3þ) cations.

The latter conditions promote formation of tertiary struc-
tures (52,53).

Table 1 summarizes calculated hMLDi values and
measured hydrodynamic radii for a range of long RNA
molecules examined by FCS. Due to the low RNA concen-
trations and ionic strength conditions used here (notably
nonphysiological, by design), aggregation and tertiary struc-
ture formation are unlikely, so that the effects of branching
due to secondary structure can be accentuated and be probed
directly under close-to-isolated molecule (infinite-dilution)
conditions. We note that while the measured Rh broadly in-
creases with the length, the rise significantly deviates from
the monotonic behavior expected for the simple scaling
laws (Eq. 1, Fig. 2 A). This result suggests that linear poly-
mer scaling laws (Eq. 1) are not appropriate to describe long
ssRNA, which is an effectively branched polymer. Instead,
essential coarse-grained features of their sequences need
to be taken into account.

To account for sequence variations, basepairing, and the
resulting branching, we estimate branching patterns using
the output of secondary structure algorithms (RNAfold)

TABLE 1 Hydrodynamic Radii Measured by FCS and Average Computed MLDs

Number RNAa Classb
Length

(kb) % BasePairedc
Rh Low

Saltd,e (nm) Rh Mg2þ (nm)e,f Rh Sp
3þ (nm)e,g

hMLDi
(rungs)h Rg (a.u.)

i

1 RV s11 ds 0.67 58 8.2 5 1.1 11.2 5 3.5

(9.6 5 2)

7 5 1.6 quenchingg 114 5 6 2.10

2 RV s11 scrambled ds 0.67 56 6.5 5 1.4 — — 83 5 6 2.1

3 BunVS ss 0.96 65 10.0 5 1.6 7.2 5 2.1 8 5 3.3 134 5 11 2.23

4 STNV ss 1.2 62 11.7 5 1.0 8.5 5 1.7 9 5 2 154 5 7 2.39

5 FHV2 ss 1.4 62 11.9 5 2.0 9.4 5 2.6 8.3 5 2 176 5 24 2.76

6 Ef2 m 1.8 60 8.8 5 1.4 9.4 5 1.6 9.7 5 1.6 184 5 14 3.12

7 16S rRNA r 1.55 64 17.5 5 4.0 14 5 4.8 quenchingg 149 5 26 2.56

8 HOTAIR lnc 2.4 61 16.2 5 2.0 12.5 5 2.4 13.4 5 4.7 264 5 19 3.39

9 50-MS2 ss 2.5 69 10.7 5 1.2 9.8 5 0.6 10.3 5 1.7 167 5 17 2.74

10 30-MS2 ss 2.6 69 13.8 5 1.3 10.8 5 0.8 10.5 5 1 159 5 9 2.68

11 NRON lnc 2.6 58 17.6 5 2.7 15.3 5 3 13.7 5 2.6 212 5 11 3.14

12 23S rRNA r 2.9 63 14.2 5 2.5 11.3 5 2.2 quenchingg 252 5 24 3.25

13 FHV 1 ss 3.1 62 15.6 5 2.0 11.7 5 4.3 9.6 5 3.4 224 5 13 3.12

14 RV s1 ds 3.3 58 18.4 5 3.4 15.3 5 2.2 18.1 5 9 aggregationg 319 5 24 3.66

15 MS2 ss 3.6 69 12.3 5 0.6 11.3 5 1.7 9.2 5 1 188 5 18 2.92

16 RpoB m 3.6 64 18.3 5 2.7 12 5 1.2 10.6 5 2 289 5 20 3.69

17 TCV ss 4.5 63 16.5 5 1.7 14.7 5 4.5 12.4 5 4.5 341 5 21 3.85

18 BunV L ss 6.9 59 14.7 5 2.4 11.7 5 1.8 12.5 5 2 375 5 17 4.03

19 HCV ss 8.9 64 33.1 5 5.3 20.1 5 2.6 18.8 5 2.8 567 5 43 4.81

aRV s1 and s11, human Rotavirus segment 1 and 11 precursors (single-stranded); BunVS and BunVL-Bunyamwera virus, small and large segment precur-

sors, respectively (single-stranded); STNV, Satellite Tobacco Necrosis Virus genomic RNA; FHV1 and FHV2, Flock House Virus RNA1 and 2; Ef2 mRNA,

X. laevis Ef2 gene transcript; 50-MS2- 50 end of MS2 phage genomic RNA (nucleotides 1–2469); 30-MS2- 30 end of MS2 phage genomic RNA (nucleotides

992–3569); TCV, Turnip Crinkle Virus genomic RNA; and HCV, Hepatitis C Virus genomic RNA.
bds, single-stranded precursors of dsRNAviral genomes; ss, genomes of ssRNAviruses; m, cellular mRNA; r, ribosomal RNA; and lnc, long noncoding RNA.
cPercentage of basepairing averaged over 100 predictions.
dMeasured in 20 mM MOPS-Kþ, pH 7.
eThe values are reported as average5 SD computed from at least 10 measurements. Long RNA molecules were transcribed and 50 (or 30; see Materials and

Methods) end-labeled with Alexa Fluor 488 (Thermo Fisher Scientific), purified and subsequently checked for integrity by denaturing agarose gel electro-

phoresis (Fig. S1). In a few cases, quenching or aggregation affected or prevented determination of the diffusion correlation time.
fMeasured in 10 mM MgCl2 in 20 mM MOPS-Kþ, pH 7.
gMeasured in 1 mM spermidine in 20 mM MOPS-Kþ, pH 7.
hComputed by averaging over 100 predictions (5 SD).
iComputed using Kramers theorem.
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and ensemble average over the low energy structures.
The measured hydrodynamic radii are in good agreement
with the theoretical estimates of the Rg values based either
on the MLD (Fig. 2 B, Eq. 3) or the Kramers theorem
(Fig. 2 C). This result is consistent with most RNA mole-
cules adopting branched structures in which the MLD
largely determines the overall size (41,42). This is illus-
trated by comparing the maximum ladder path of rotavirus
segment 11 precursor (s11, Fig. 1 C) with that of MS2
phage genomic RNA (Fig. 1 D). The experimentally deter-
mined secondary structure pattern of s11 is significantly
less branched than that of the typical prediction for
MS2. Furthermore, this is reflected in the relatively large
MLD and hydrodynamic size of s11, comparable to that
of Ef2 mRNA, which is three times the length. This dem-
onstrates that the relatively simple MLD description can
capture the essence of coarse-grained RNA structure, and
yields quantitative predictions based on the RNA sequence
alone.

Further compaction of RNA molecules and the formation
of tertiary structure require di- and polyvalent cations
(Mg2þ, spermidine3þ, spermine4þ) and/or association with
RNA-binding proteins (54). As seen in Table 1, upon addi-
tion of divalent (10 mM Mg2þ) or trivalent cations (1 mM
spermidine, Sp3þ), the measured Rh decreases for most
RNAs, consistent with compaction driven by electrostatic
screening and neutralization. Fig. 3 compares Rh before
and after the addition of multivalent cations. The Rh values
cluster along the line with the slope between 0.7 and 0.8,
indicating that on average the RNAs undergo a 20–25%
size compaction compared to their original Rh. As a conse-
quence, the proportionality between Rh and predicted size
holds for most of the RNAs even after addition of polyvalent
cations. However, there are few RNAs that either fail
to further compact (RV s11 No. 1 and Ef2 mRNA No. 6
in Fig. 3, where the Rh change is insignificant at confidence
level 90%) or the compaction is more prominent in compar-
ison with other RNAs examined (HCV, No. 19 in Fig. 3,
where the Rh differs significantly from the expected value
at confidence level 99%).

The quantitative relation between the experimental Rh

and Rg predicted either from hMLDi or the Kramers theorem
indicates that modeling the RNA as an ideal branched poly-
mer constitutes a good starting point for predicting the over-
all size of long RNAs. However, there are several notable
discrepancies between the predicted and measured sizes.
One limitation of our approach is that computational predic-
tions may yield an incorrect structure and hence an MLD
that differs from that of the experimentally determined sec-
ondary structure, as in the case of STMV RNA (21,55).
Such failures of the computational approach are more likely

A

B

C

FIGURE 2 (A) Measured Rh as a function of nucleotide length (in kb).

Numbering of RNAs is according to their increasing length (Table 1) and

coloring is according to the class (black, single-stranded precursors of

dsRNA viral genomes; red, genomes of ssRNA viruses; blue, cellular

mRNAs; green, ribosomal RNA; and cyan, long noncoding RNAs. Lines

and curves represent best fits to different linear polymer models: charged

(red, Eq. 1, n ¼ 1, reduced c2 ¼ 35.85), simple Gaussian coil (blue,

Eq. 1, n ¼ 0.5, reduced c2 ¼ 13.37), and a self-avoiding coil (green,

Eq. 1, n ¼ 0.59, reduced c2 ¼ 14.85). (B) Correlation between Rh and Rg

predicted from hMLDi (in bp units); solid line is the best fit with reduced

c2 ¼ 11.28. (C) Correlation between Rh and Rg predicted from Kramers

theorem (in units of the average segment length, a.u.); solid line is the

best fit with reduced c2 ¼ 12.74. RNA color coding and numbering is

the same as in (A). Error bars were omitted for clarity; see Table 1 for stan-

dard deviations. To provide directly comparable reduced c2 values, all

fitting was performed using the same nonlinear Levenberg-Marquardt algo-

rithm in OriginPro (OriginLab, Northampton, MA). To see this figure in

color, go online.
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to occur when long RNA sequences are analyzed,
thus explaining the largest deviations observed for HCV
and BunV L (>5 kb), the longest RNAs examined here
(Fig. 2 B; Table 1) (17,28). This situation can be remedied
by estimating MLD from structure-probing data, which
should improve the accuracy of RNA size calculations.
This is demonstrated for s11 RNA for which the probing-
derived MLDexp is slightly lower than the computed
average hMLDi (Fig. 1 C, compare hMLDi and MLDexp),
yielding a Rg ~ 9.3 value that agrees better with the exper-
imental Rh (i.e., point No. 1 would be closer to the trend
line in Fig. 2 B). On the other hand, when secondary struc-
ture determination (or prediction) is ambiguous, experi-
mental size measurements by FCS can be used for
selecting those structures with MLDs compatible with the
experimentally determined hydrodynamic radii. In addition
to the MLD prediction limitations, HCV RNA is com-
pacted twofold in the presence of multivalent ions, i.e.,
to a much higher degree than other RNAs examined here
(20–25% reduction), highlighting the importance of repul-
sive electrostatic interactions at low salt and formation of

tertiary contacts stabilized by multivalent cations, not ac-
counted for in our approach.

Another case of underestimating the size is 16S rRNA,
which is predicted to be more compact than experimentally
observed (Fig. 2, B and C, No. 7, Rh ~ 17.8 nm). This
discrepancy likely reflects the presence of distinct domains
within 16S rRNA that make the protein-free 16S rRNA rela-
tively large (measured Rg ~11.4 nm). Only upon binding of
multiple ribosomal proteins does it undergoes gradual
compaction to its fully folded functional state (Rg ~ 7 nm)
(56,57).

Ef2 mRNA is an example of overestimated size (Fig. 2,
No. 6) and in this case tertiary contacts involving long-
range interactions—not accounted for in our analysis—
may play important roles in maintaining its compactness.
The observed lack of further compaction of Ef2 mRNA in
the presence of multivalent cations is consistent with pre-
formed stable intramolecular contacts present in this RNA
(Fig. 3, No. 6; Table 1).

To further test the observed correlation between hMLDi
and the experimental hydrodynamic radius, we generated
a scrambled s11 RNA sequence, as described in Materials
and Methods. This disrupted as much as 25% of the original
base pairings in the experimentally probed secondary struc-
ture of s11 (see sequence in the Supporting Material), while
maintaining a similar level of basepairing (only 2% reduc-
tion of overall base pairing, Table 1). Analysis of the scram-
bled RNA sequence yields a reduction of hMLDi and is
reflected in a concomitant decrease (significant at 99%
confidence level) of experimentally measured Rh (Table 1;
Fig. 2, RNA No. 2). In this case the native, original fold
of s11 RNA is an extended conformation while the scram-
bled sequence produces an ensemble of more branched
and hence more compact species, further demonstrating
the predictive power of the MLD approach. However, the
Kramers theorem approach fails to predict this reduction,
most likely due to assuming the same average phantom
bond length between vertices (compare to Fig. 1, A and B).

Overall, the observed differences in compactness and
extendedness of RNA molecules may reflect various biolog-
ical functions they perform. While MS2 phage genomic and
subgenomic ssRNAs (Nos. 9, 10, and 15 in Fig. 2 A) are
comparable in length to lncRNAs (Nos. 8 and 11) and the
protein-free ribosomal RNA (No. 12), they appear to be
smaller in size (see 2–4 kb region in Fig. 2 A). However,
the Ef2 mRNA transcript (No. 6) is yet even more compact
than the comparatively short viral RNAs (RNAs No. 4, 5,
and 13 in Fig. 2 A), suggesting that although there might
be evolutionary pressure on genomes of ssRNA viruses to
fold into more compact structures (17), there is a number
of exceptions, including more extended viral RNAs (21)
and compact mRNAs. Moreover, relative size of viral
RNAs may also reflect replication strategies and genome
packaging mechanisms employed by viruses. For example,
viruses with segmented RNA genomes may preferentially

A

B

FIGURE 3 Hydrodynamic size reduction in the presence of Mg2þ (A) or

spermidine Sp3þ (B). Coloring and numbering scheme is as in Fig. 2. Rh

values that were compromised by either quenching or possible aggregation

(RV s1 and s11 in Table 1) in the presence of multivalent cations were

omitted from the plot. Linear regression lines with slopes 0.77 5 0.03,

Pearson’s r ¼ 0.89 for Mg2þ and 0.73 5 0.04, and Pearson’s r ¼ 0.87

for Sp3þ, respectively, are shown. To see this figure in color, go online.
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utilize extended, less branched RNA conformations for their
segment precursors (s11 in Fig. 1 C) to minimize the forma-
tion of nonspecific intersegment RNA-RNA contacts, while
enabling formation of specific interactions facilitated by the
viral RNA chaperones (58).

Remarkably, despite significant differences in the archi-
tectures of various long RNAs, we find that their sizes (hy-
drodynamic radii) can be estimated using coarse-grained
theoretical predictions, even in the presence of multivalent
ions stabilizing tertiary contacts. Because the theoretical ap-
proaches used here treat exclusively the branching patterns
associated with the RNA secondary structures, our results
provide experimental evidence that the overall sizes of long
RNAs are determined predominantly by their secondary
structure branching patterns (17). The effects of di- and poly-
valent cations are more prominent for smaller RNAs, such
as riboswitches and ribozymes, which adopt compact and
unique tertiary structures in the presence of Mg2þ (59) via
formation of specific tertiary contacts. Due to the heterogene-
ity of secondary structures in long RNAs, such specific con-
tacts would be harder to achieve, while also explaining why
long RNAs often require auxiliary proteins to guide their
folding into a unique structure. This feature of RNA is likely
to be the result of a limited repertoire of interactions offered
by the four nucleobases and points to a fundamental limita-
tion of RNA as a complex biopolymer when compared to
proteins. We find that even relatively simple theoretical
calculations based on ensembles of predicted secondary
structures and MLD averaging correlate well with the
experimental measurements for a diverse set of long RNA
molecules, allowing our approach to account for the sizes
and compactness of broad classes of ssRNAs.

SUPPORTING MATERIAL

One figure and two tables are available at http://www.biophysj.org/

biophysj/supplemental/S0006-3495(16)30941-9.
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102:615–623.

30. Toropova, K., G. Basnak, ., N. A. Ranson. 2008. The three-dimen-
sional structure of genomic RNA in bacteriophage MS2: implications
for assembly. J. Mol. Biol. 375:824–836.

31. Toropova, K., P. G. Stockley, and N. A. Ranson. 2011. Visualising a
viral RNA genome poised for release from its receptor complex.
J. Mol. Biol. 408:408–419.

32. Dent, K. C., R. Thompson, ., N. A. Ranson. 2013. The asymmetric
structure of an icosahedral virus bound to its receptor suggests a mech-
anism for genome release. Structure. 21:1225–1234.

33. Devkota, B., A. S. Petrov, ., S. C. Harvey. 2009. Structural and elec-
trostatic characterization of Pariacoto virus: implications for viral as-
sembly. Biopolymers. 91:530–538.

34. Johnson, J. M., D. A. Willits, ., A. Zlotnick. 2004. Interaction with
capsid protein alters RNA structure and the pathway for in vitro assem-
bly of cowpea chlorotic mottle virus. J. Mol. Biol. 335:455–464.

35. Johnson, K. N., L. Tang, ., L. A. Ball. 2004. Heterologous RNA en-
capsidated in Pariacoto virus-like particles forms a dodecahedral cage
similar to genomic RNA in wild-type virions. J. Virol. 78:11371–
11378.

36. Borodavka, A., R. Tuma, and P. G. Stockley. 2013. A two-stage mech-
anism of viral RNA compaction revealed by single molecule fluores-
cence. RNA Biol. 10:481–489.

37. Perlmutter, J. D., C. Qiao, and M. F. Hagan. 2013. Viral genome struc-
tures are optimal for capsid assembly. eLife. 2:e00632.

38. Bringloe, D. H., A. P. Gultyaev, ., R. H. A. Coutts. 1998. The nucle-
otide sequence of satellite tobacco necrosis virus strain C and helper-
assisted replication of wild-type and mutant clones of the virus.
J. Gen. Virol. 79:1539–1546.

39. Richards, J. E., U. Desselberger, and A. M. Lever. 2013. Experimental
pathways towards developing a rotavirus reverse genetics system: syn-
thetic full length rotavirus ssRNAs are neither infectious nor translated
in permissive cells. PLoS One. 8:e74328.

40. Muroga, Y., Y. Sano,., S. Shimizu. 2007. Studies on the conformation
of a polyelectrolyte in solution: local conformation of cucumber green
mottle mosaic virus RNA compared with tobacco mosaic virus RNA.
J. Phys. Chem. B. 111:8619–8625.

41. Fang, L. T., W. M. Gelbart, and A. Ben-Shaul. 2011. The size of RNA
as an ideal branched polymer. J. Chem. Phys. 135:155105.

42. Yoffe, A. M., P. Prinsen,., A. Ben-Shaul. 2008. Predicting the sizes of
large RNA molecules. Proc. Natl. Acad. Sci. USA. 105:16153–16158.

43. Bundschuh, R., and T. Hwa. 2002. Statistical mechanics of secondary
structures formed by random RNA sequences. Phys. Rev. E Stat. Non-
lin. Soft Matter Phys. 65:031903.

44. Zahran, M., C. Sevim Bayrak, ., T. Schlick. 2015. RAG-3D: a search
tool for RNA 3D substructures. Nucleic Acids Res. 43:9474–9488.

45. Kramers, H. A. 1946. The behavior of macromolecules in inhomoge-
neous flow. J. Chem. Phys. 14:415–424.

46. Rubinstein, M., and R. H. Colby. 2013. Polymer Physics. Oxford Uni-
versity Press, New York.

47. Fang, L. T., A. M. Yoffe,., A. Ben-Shaul. 2011. A sequential folding
model predicts length-independent secondary structure properties of
long ssRNA. J. Phys. Chem. B. 115:3193–3199.

48. Lorenz, R., S. H. Bernhart,., I. L. Hofacker. 2011. ViennaRNA Pack-
age 2.0. Algorithms Mol. Biol. 6:26.

49. Somarowthu, S., M. Legiewicz, ., A. M. Pyle. 2015. HOTAIR forms
an intricate and modular secondary structure. Mol. Cell. 58:353–361.

50. Novikova, I. V., S. P. Hennelly, and K. Y. Sanbonmatsu. 2012. Struc-
tural architecture of the human long non-coding RNA, steroid receptor
RNA activator. Nucleic Acids Res. 40:5034–5051.

51. Strauss, J. H., Jr., and R. L. Sinsheimer. 1963. Purification and proper-
ties of bacteriophage MS2 and of its ribonucleic acid. J. Mol. Biol.
7:43–54.

52. Grilley, D., A. M. Soto, and D. E. Draper. 2006. Mg2þ-RNA interaction
free energies and their relationship to the folding of RNA tertiary struc-
tures. Proc. Natl. Acad. Sci. USA. 103:14003–14008.

53. Draper, D. E. 2004. A guide to ions and RNA structure. RNA.
10:335–343.

54. Woodson, S. A. 2010. Compact intermediates in RNA folding. Annu.
Rev. Biophys. 39:61–77.

55. Garmann, R. F., A. Gopal, ., S. C. Harvey. 2015. Visualizing the
global secondary structure of a viral RNA genome with cryo-electron
microscopy. RNA. 21:877–886.

56. Tam, M. F., J. A. Dodd, andW. E. Hill. 1981. Physical characteristics of
16 S rRNA under reconstitution conditions. J. Biol. Chem. 256:6430–
6434.

57. Mandiyan, V., S. J. Tumminia, ., M. Boublik. 1991. Assembly of
the Escherichia coli 30S ribosomal subunit reveals protein-dependent
folding of the 16S rRNA domains. Proc. Natl. Acad. Sci. USA.
88:8174–8178.

58. Borodavka, A., J. Ault, ., R. Tuma. 2015. Evidence that avian
reovirus sNS is an RNA chaperone: implications for genome segment
assortment. Nucleic Acids Res. 43:7044–7057.

59. Hammann, C., and D. M. J. Lilley. 2002. Folding and activity of the
hammerhead ribozyme. ChemBioChem. 3:690–700.

60. Li, W., E. Manktelow, ., A. M. Lever. 2010. Genomic analysis of
codon, sequence and structural conservation with selective biochem-
ical-structure mapping reveals highly conserved and dynamic struc-
tures in rotavirus RNAs with potential cis-acting functions. Nucleic
Acids Res. 38:7718–7735.

Sizing Long RNA Molecules in Solutions

Biophysical Journal 111, 2077–2085, November 15, 2016 2085

138

http://refhub.elsevier.com/S0006-3495(16)30941-9/sref21
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref21
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref21
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref22
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref22
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref22
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref23
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref23
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref24
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref24
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref24
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref25
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref25
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref25
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref25
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref26
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref26
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref27
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref27
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref27
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref28
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref28
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref29
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref29
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref29
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref30
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref30
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref30
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref31
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref31
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref31
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref32
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref32
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref32
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref33
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref33
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref33
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref34
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref34
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref34
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref35
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref35
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref35
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref35
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref36
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref36
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref36
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref37
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref37
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref38
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref38
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref38
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref38
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref39
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref39
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref39
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref39
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref40
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref40
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref40
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref40
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref41
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref41
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref42
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref42
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref43
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref43
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref43
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref44
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref44
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref45
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref45
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref46
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref46
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref47
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref47
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref47
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref48
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref48
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref49
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref49
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref50
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref50
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref50
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref51
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref51
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref51
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref52
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref52
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref52
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref52
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref53
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref53
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref54
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref54
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref55
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref55
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref55
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref56
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref56
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref56
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref57
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref57
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref57
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref57
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref58
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref58
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref58
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref59
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref59
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref60
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref60
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref60
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref60
http://refhub.elsevier.com/S0006-3495(16)30941-9/sref60


7044–7057 Nucleic Acids Research, 2015, Vol. 43, No. 14 Published online 24 June 2015
doi: 10.1093/nar/gkv639

Evidence that avian reovirus �NS is an RNA
chaperone: implications for genome segment
assortment
Alexander Borodavka*, James Ault, Peter G. Stockley and Roman Tuma*

School of Molecular and Cellular Biology & Astbury Centre for Structural Molecular Biology, University of Leeds,
Leeds, LS2 9JT, UK

Received February 06, 2015; Revised June 06, 2015; Accepted June 09, 2015

ABSTRACT

Reoviruses are important human, animal and plant
pathogens having 10–12 segments of double-
stranded genomic RNA. The mechanisms controlling
the assortment and packaging of genomic segments
in these viruses, remain poorly understood. RNA–
protein and RNA–RNA interactions between viral ge-
nomic segment precursors have been implicated in
the process. While non-structural viral RNA-binding
proteins, such as avian reovirus �NS, are essen-
tial for virus replication, the mechanism by which
they assist packaging is unclear. Here we demon-
strate that �NS assembles into stable elongated hex-
amers in vitro, which bind single-stranded nucleic
acids with high affinity, but little sequence speci-
ficity. Using ensemble and single molecule fluores-
cence spectroscopy, we show that �NS also binds to
a partially double-stranded RNA, resulting in grad-
ual helix unwinding. The hexamer can bind multi-
ple RNA molecules and exhibits strand-annealing ac-
tivity, thus mediating conversion of metastable, in-
tramolecular stem-loops into more stable heterodu-
plexes. We demonstrate that the ARV �NS acts as
an RNA chaperone facilitating specific RNA–RNA in-
teractions between genomic precursors during seg-
ment assortment and packaging.

INTRODUCTION

Avian reoviruses (ARVs) are commercially significant
pathogens that cause considerable losses in the poultry
industry worldwide (1). ARVs belong to the genus Or-
thoreovirus of the Reoviridae family, which encompasses
numerous human and animal pathogens, including ro-
taviruses, bluetongue virus and coltiviruses. Reoviruses pos-
sess double-stranded (ds) RNA genomes, partitioned into
10–12 genomic segments (2). The ARV genome (23.5 kb)

is composed of 10 dsRNA segments, encoding 8 structural
and at least four nonstructural proteins (1). The genomic
dsRNA segments are encased within two concentric pro-
tein shells, forming the outer capsid and the core. Apart
from genomic segments the core contains multiple copies
of the RNA-dependent RNA polymerase and the capping
enzyme (2). Upon infection the outer capsid is proteolyti-
cally removed, resulting in the transcriptional activation of
the core. The released core extrudes mRNAs into cytoplasm
(3), where they are used for both translation and as genome
segment precursors.

RNA replication and morphogenesis of reoviruses occurs
exclusively within cytoplasmic inclusion bodies, also known
as viral factories, or ‘viroplasms’ (4). ARV viroplasms are
primarily made of the nonstructural protein �NS in as-
sociation with another nonstructural protein �NS (3,5,6).
The mechanism of segment assortment, by which exactly
one of each of the multiple genomic precursors is selected
and packaged into individual virions, is largely unknown,
remaining one of the most significant questions in the bi-
ology of pathogenic dsRNA viruses. Previous studies of
other members of the Reoviridae family suggest that multi-
ple RNA–RNA interactions are involved in segment assort-
ment (7–9). These interactions are believed to drive forma-
tion of a hypothetical ‘assortment complex’, which includes
a full set of genome segment precursors, single-stranded
(ss) RNAs, destined for encapsidation (10–12). In ARVs
and mammalian reoviruses (MRVs) nonstructural RNA-
binding proteins �NS appear to be important in this pro-
cess, although their functions remain poorly understood
(3,13,14).

While �NS proteins from ARVs and MRVs share very
little sequence similarity, both proteins are known to form
oligomers that bind ssRNA, as well as ssDNA, having
very low affinity for double-stranded nucleic acids (6,13,14).
Here, using a combination of various biophysical tech-
niques, we demonstrate that the ARV �NS assembles into
elongated hexamers, capable of binding strands or segments
of ssRNA with nanomolar affinity. Hexamer binding causes
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local destabilization (unwinding) of RNA secondary struc-
ture, resulting in formation of ribonucleoprotein complexes
of variable stoichiometry. Upon helix unwinding, �NS pro-
motes annealing of complementary strands, yielding more
stable intermolecular duplexes with extended complemen-
tarities. Our results show that the ARV �NS is capable of ac-
celerating RNA folding, thus functioning as an RNA chap-
erone (15), consistent with its role in genomic segment pre-
cursor selection by facilitating specific RNA–RNA interac-
tions in viroplasms.

MATERIALS AND METHODS

Plasmid construction, protein expression and purification

Total RNA, extracted from chicken embryo fibroblast cells
infected with the ARV strain 1733, was a gift from Prof.
Javier Benavente (University of Santiago de Compostela).
The RNA was reverse-transcribed using Superscript III Re-
verse Transcriptase and random hexamer oligonucleotide
primers (Invitrogen). Oligonucleotide primers F sns and
R sns (Supplementary Table S1) were used to PCR-amplify
the resulting cDNA, with NdeI and XhoI restriction sites
used for ligating the resulting double-digested �NS-coding
DNA fragment into a linearized pET-15b vector (No-
vagen). The resulting pET-15b-�NS DNA construct was
verified by sequencing.

pET-15b-�NS-transformed BL21(DE3)pLysS Es-
cherichia coli cell cultures grown at 37◦C were induced with
1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) upon
reaching optical density (600 nm) of 0.6–0.7, after which
the protein expression was continued at 21◦C overnight.
Following a low-speed centrifugation harvesting, cells
were resuspended and incubated for 30 min in lysis buffer
(50 mM Tris–HCl, pH 8, 200 mM NaCl, 1% Tween 20,
0.2 mg/ml chicken egg lysozyme), complemented with a
complete protease inhibitor cocktail tablet (Roche), and
then treated with DNAseI (0.1 mg/ml) for 15 min at room
temperature (RT) before cellular debris were removed by
centrifugation at 20 000r pm for 30 min. The clarified cell
lysate was loaded onto a pre-equilibrated Ni2+-charged
HisTrap FF column (GE Healthcare), washed with buffer
A (1.2 M NaCl, 50 mM Tris–HCl pH 8, 40 mM imidazole
and 0.5% Tween 20), and eluted using a linear gradient
of buffer B (0.2 M NaCl, 50 mM Tris–HCl pH 8, 1 M
imidazole). Collected protein-containing fractions were
dialysed against buffer C (50 mM Tris–HCl pH 8, 1 mM
EDTA, 200 mM NaCl) at 4◦C, treated with human plasma
thrombin (1 U/100 �g of recombinant protein) for 12 h
at 22◦C in order to remove His-tags. Protein samples were
then loaded onto a pre-equilibrated HiTrap Q column,
washed with buffer D (50 mM Tris–HCl pH 8, 1 mM
EDTA, 50 mM NaCl), and the protein was eluted with
buffer E (50 mM Tris–HCl pH 8, 1 M NaCl). Concentrated
�NS samples were injected onto a Superdex 200 10 × 300
GL column (GE Healthcare) in 25 mM HEPES–Na, pH
7.5, 150 mM NaCl. After the final purification step, the
A260/A280 absorbance ratio of ∼0.57 suggested negligible
contamination with nucleic acids.

For strand-annealing assays, rotaviral protein NSP2 was
expressed and purified, as previously described in (16).

RNA and DNA oligonucleotides used for �NS binding assays

All oligonucleotides were obtained from Integrated DNA
Technologies (IDT). A 120-nt long RNA sequence was de-
signed with a fixed nucleotide composition distribution (A
= 5%, C = 40%, G = 5%, T = 50%) in order to minimise any
potential base-pairing. The resulting nucleotide sequence
was examined using the mfold web server (17), and the RNA
sequence with the lowest propensity to form intramolecu-
lar base pairs was chosen. A DNA ultramer (Supplemen-
tary Table S1) was used for transcribing a 120-nt long RNA.
This transcript, as well as longer RNA transcripts (3569-nt
long bacteriophage MS2 RNA) were fluorescently labelled
with AlexaFluor 488 (AF488) dye (Life Technologies), as
described in (18). A 30-nt and a 20-nt long RNAs, represent-
ing portions of a 120-nt long RNA, were chemically synthe-
sized, 3′-end labelled (AF488) and PAGE-purified. A 46-nt
long DNA oligonucleotide (Supplementary Table S1) was
designed to form a hairpin structure and was synthesized
with fluorescent labels at both the 5′ and 3′ ends (AF488
and Texas Red) (IDT).

Sedimentation velocity (SV) analytical ultracentrifugation

Sedimentation velocity data were collected from samples,
loaded into 1.2-cm path length, 2-sector meniscus-matching
epon centrepiece cells in an An50-Ti rotor using Optima
XL-I Beckman Analytical Ultracentrifuge (Beckman In-
struments, Palo Alto, CA, USA). SV analyses were con-
ducted at 21◦C with protein concentrations ranging be-
tween 5 and 25 �M and RNA concentrations of 50–60 nM.
Changes in solute concentration were detected using ab-
sorbance scans at 260 nm for nucleic acids and 280 nm for
proteins, as well as by interference. Each cell was scanned
200 times during the 12 h run, preceded with 1 h pre-run
period in the rotor at a given speed (30 000 and 48 000
rpm, respectively). Buffer density and viscosity were cal-
culated using Sednterp (19). Partial specific volume values
for hydrated RNA were assumed 0.53–0.55 cm3/g (20), and
0.7321 cm3/g for �NS (calculated from its amino acid com-
position) with an estimated hydration level of 0.3733 g/g
(19).

Radial absorbance profiles were fitted to a continuous
distribution c(S) Lamm equation model using the Sedfit
version 12.1b software (21). During the analysis of the
sedimentation velocity profiles systematic time-invariant
and radial-invariant noise components were calculated and
taken into account. Models for single and multiple discrete
species were used, and the location of the meniscus was
treated as a floating parameter. The resulting meniscus po-
sition was then used in the c(S) distribution analysis. Max-
imum entropy regularization was used to calculate the size
distribution within a confidence level of 0.68 of the best-
fit distribution (22). Equivalent Stokes radii (Rh) were cal-
culated using Einstein–Stokes relationship, implemented in
Sedfit (21).

Sedimentation equilibrium (SE) analytical ultracentrifuga-
tion

Protein samples (6–25 �M) were examined by SE, which
was attained at 8000 rpm for 24 h and 12 000 rpm for 12 h
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at 20◦C in an eight-hole An50 Ti rotor. Global analysis of
several datasets of radial absorbance obtained at different
loading concentrations and rotor speeds was performed in
Sedphat (23), and SE data were fit to a single ideal species
model (24) in order to estimate apparent molecular masses.

Negative staining transmission electron microscopy (TEM)

Five microliters of the �NS–RNA complex, used in SV
experiments (see above), was applied onto carbon-coated
grids (Agar Scientific) to absorb for 1 min, after which the
excess of sample was removed by blotting with filter paper.
Grids were stained with 2% (w/v) uranyl acetate, and exam-
ined using JEOL 1200EX transmission microscope operat-
ing at 80 kV at 30 000× and 40 000× magnifications.

Circular dichroism (CD) spectroscopy

Protein samples (4–32 �M in 100 mM NaF, pH 7.8) were
analysed in a 0.5-mm path length cuvette using a Chirascan
CD spectrometer (Applied Photophysics). CD spectra were
acquired between 260 and 170 nm at 21◦C. Two spectra were
recorded and averaged for each concentration, followed by
subtraction of the buffer spectrum. ProData Viewer soft-
ware (Applied Photophysics) was used to view the recorded
spectra and to assess the quality of the spectral data by
examining HT voltage (absorbance). Measured ellipticities
(mdeg) were expressed in terms of mean residue ellipticity
(deg cm2/dmol). CD spectra were deconvolved by applying
CDSSTR algorithm (25) using SP175 reference database
(26,27), implemented in CD analysis suite DICHROWEB
(28).

CD spectra of RNA were acquired in the 240–320 nm
spectral range using a 1 cm-long path cell, thermostated at
37◦C, as described in (29). CD spectra were recorded for the
MS2 phage RNA (∼3.6 kb, 0.2 mg/ml), before and after in-
cubation with 5–20 �M �NS for 15 min. RNA secondary
structure transitions upon thermal melting were also mon-
itored at various temperatures up to 95◦C.

Dynamic light scattering (DLS)

Apparent hydrodynamic radii of �NS species (10–60
�M) were measured by DLS using a PrecisionDeconvolve
PDDLS/Batch platform, equipped with a PD2000 DLS de-
tector. All measurements were performed in a buffer with
an estimated viscosity, η = 1.002 mPa s, and density, ρ =
1.00453 g/cm3 at 25◦C. Hydrodynamic radius distributions
were computed using Precision Deconvolve regularization-
based software (Precision Detectors).

Non-covalent electrospray ionisation ion mobility-mass spec-
trometry (ESI-IMS-MS)

Mass spectra of protein samples (12–150 �M in 200 mM
ammonium acetate, pH 7.8) were acquired in the positive-
ion mode using a Synapt HDMS (Waters, UK), with
quadrupole-orthogonal acceleration time-of-flight geome-
try and a built-in traveling wave ion mobility device. Pro-
tein mass spectra were also acquired using the LCT Premier

(Waters, UK) specially modified for the analysis of non--
covalently bound macromolecular complexes. The ESI con-
ditions were optimized for the highest sensitivity detection
of multimeric complexes in the gas phase (30). The drift
times for the IMS data have been extracted using MassL-
ynx software and the m/z spectra were plotted against the
drift time using Driftscope software (Waters, UK). Calibra-
tion of the drift time cross-section was done by the com-
bined analyses of denatured proteins (equine cytochrome
c, �-lactoglobulin, avidin, alcohol dehydrogenase, pyruvate
kinase). For each protein, the individual charge state ions
were identified by m/z ratios and their measured drift times
were plotted against collision cross-sections (�), taken from
Prof. D. Clemmer’s database (Indiana University Bloom-
ington), as described previously (31,32).

Solution small angle X-ray scattering (SAXS)

Experimental SAXS datasets from solutions were collected
at the X33 beam line (EMBL, DESY, Hamburg). SAXS
data were acquired at 21◦C using a 2D Photon counting Pi-
latus 1M-W pixel X-ray detector with a sample to detector
distance set to 2.7 m. Protein samples (1.1 – 9.5 mg/ml in
50 mM Tris–HCl, pH 7.8, 100 mM NaCl) were examined,
while serial dilutions (1–10 mg/ml) of bovine serum albu-
min (BSA) in the same buffer were used for calibrating I0
values. Data were processed using ATSAS v. 2.5.1 (33,34).
Background subtraction and data quality checks were per-
formed in PRIMUS (35). Radii of gyration (Rg) were es-
timated using AUTORG (33). Scattering curves that were
collected at several concentrations were scaled and merged
using PRIMUS package. The resulting scattering curves
served as input for ab initio low resolution shape recon-
struction algorithms DAMMIN and DAMMIF (36). Mul-
tiple models with different assumed symmetries were gen-
erated (225 in total), and their ion collisional cross-sections
were estimated using Leeds algorithm (37). Models with
computed cross-sections within 10% (estimated experimen-
tal error) of the value measured by IMS-MS were selected
(∼70% of all models generated), aligned, selected and su-
perimposed with DAMSEL and DAMSUP and finally av-
eraged with DAMAVER (38). The resulting model was iter-
atively filtered (DAMFILT) to the volume with a computed
cross-sectional area, corresponding to the hexamer as mea-
sured by IMS-MS.

Fluorescence correlation spectroscopy (FCS) data collection
and analysis

FCS measurements were performed on a custom-built FCS
confocal setup (39), as described in (18). FCS data were an-
alyzed by non-linear least-squares fitting with an autocorre-
lation function model accounting for a single diffusion com-
ponent and the triplet state dynamics in Matlab (ver 7.11,
MathWorks). Rh values were estimated based on measured
diffusion time values for AF488 dye molecule as described
before (18).
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Fluorescence anisotropy (FA) and binding affinity determina-
tion

AF488-labelled 120-nt, 30-nt and 20-nt long RNAs were
used for estimating binding affinities of �NS to ssRNAs. All
measurements were performed at 21◦C using a Fluorolog
spectrofluorimeter (Horiba Jobin-Yvon). �NS was titrated
(10 nM–10 �M final concentrations) into 1 nM of each of
the RNA in 10 mM HEPES–NaOH, pH 7.5, 150 mM NaCl,
allowing equilibration for 30 min prior FA data collection.
Normalized anisotropy was plotted as a function of protein
concentration and fitted to a single-site binding model using
OriginPro 9.0 software.

Ensemble and single-molecule FRET helix-unwinding assays

Fluorescently labeled 46-nt long probe with a FRET donor
(AF488) and acceptor (Texas Red) pair at the 5′ and 3′ ends,
respectively, was designed (Supplementary Table S1). Since
�NS was shown to bind ssDNA, as well as ssRNA (14), due
to the high cost and low yield, a dual-labeled, 46-nt long
ssDNA was synthesized and HPLC purified instead of ss-
RNA. Ensemble FRET efficiencies were measured for 1 nM
probe in the absence of �NS, upon thermal unfolding at
80◦C, and in presence of the increasing amounts of �NS (50
nM–10 �M) in the assay buffer (10 mM HEPES–NaOH,
pH 7.5, 150 mM NaCl). Fluorescence intensities at 515 nm
(donor) and 615 nm (acceptor) were recorded upon exci-
tation with 488 nm, and FRET efficiencies were estimated
as described in (40). For single-molecule FRET measure-
ments a custom-made inverted confocal microscope setup
equipped with Alternating Laser Excitation (ALEX) was
used (41), as previously described in (42). Dual-labeled 46-
nt long probe (10 pM) was measured in assay buffer with
variable amounts of �NS (25 nM–20 �M) at 37◦C. During
data acquisition laser alternation period was set to 100 �s
with 488 nm laser intensity set to 90 �W and the 594 nm
laser intensity set to 60 �W. Burst selection was performed
with a 10 kHz threshold, with the burst photon number set
to 200 photons. Uncorrected ratiometric observables E and
S were calculated after burst identification as described in
(42).

RNA strand-annealing assay

Two 33-nt long oligonucleotides, 33A and 33B, with self-
complementary stem-forming regions (Supplementary Ta-
ble S1) were designed with the aid of mfold (17) and used
in the assay. Each 33A and 33B (100 �M) were separately
heat-annealed for 5 min at 85◦C in 100 mM NaCl, 10 mM
MgCl2, 50 mM Tris–HCl, pH 7.9, slowly cooled and diluted
in assay buffer (25 mM HEPES–Na, pH 7.5, 0.05% Tween
20, 150 mM NaCl, 2 mM DTT) to 5 ng/�l. Reactions were
set up with equimolar amounts of 33A and 33B (200 nM to-
tal concentration) and variable amounts (1–20 �M) of the
ARV �NS or acetylated BSA (negative control). Reactions
were allowed to proceed at 37◦C for 5–30 min before they
were stopped by adding gel-loading buffer, after which they
were kept on ice before resolving products on a 1× TBE
15% PAGE. Gels were stained with SYBR Gold (Invitro-
gen) and visualized by a fluorescence scanner with a 488 nm
laser excitation.

Additional strand-annealing assays were performed with
viral RNA fragments, encompassing the last 91 nucleotides
of the 3′ end (1552–1643 nt) of segment s1 precursor and a
similarly sized RNA fragment (422–513 nt) of segment s4
precursor (S1133 strain of ARV). These regions were iden-
tified using RactIP tool (43) with the minimum folding en-
ergies and structures of the respective RNA sequences com-
puted using mfold (17). DNA Ultramers (IDT), incorporat-
ing T7 promoter sequences upstream of either s1 or s4 se-
quence, were designed, commercially synthesised and used
for in vitro transcription using T7 polymerase. The result-
ing RNA products were purified, and each RNA strand was
heat-annealed (as described above) prior strand-annealing
reactions. For strand-annealing reactions, s1 and s4 RNAs
(1.5 �M each) were incubated with 50–70 �M �NS for 5–15
min at 37◦C. Similarly, strand-annealing reactions were set
up with the rotaviral nonstructural protein NSP2. All reac-
tions were stopped by adding 40 �g of proteinase K (NEB),
and incubating for another 15 min. RNA samples were re-
solved on a native 12% 1× TBE PAGE and visualised by
staining with SYBR Gold (Invitrogen).

RESULTS

ARV �NS forms stable elongated hexamers

A full-length recombinant ARV �NS was expressed and pu-
rified as described in ‘Materials and Methods’ section, and
a homogeneous, intact protein sample was obtained by size-
exclusion chromatography (Figure 1 A and Supplementary
Figure S1). Its early elution from the size-exclusion column
suggests that �NS oligomerizes, whilst circular dichroism
spectroscopy confirms that the protein is folded, and com-
posed of ∼35% �-strands and ∼29% �-helices (Supplemen-
tary Figure S1). Sedimentation equilibrium analysis of the
protein at micromolar concentrations yields a mass of 259.3
± 12.0 kDa, suggesting that under these conditions it is a
hexamer (Supplementary Figure S2). Sedimentation veloc-
ity analysis (Figure 1 B), combined with the apparent hydro-
dynamic radius (Rh) of 5.0 ± 0.4 nm (estimated by dynamic
light scattering, Supplementary Figure S3 A), reveals 11.3S
oligomers with a corresponding mass of 237.6 ± 23.0 kDa.
Taken together, these analyses demonstrate that at low mi-
cromolar concentrations the ARV �NS assembles into sta-
ble 11.3S hexamers.

Previously, smaller oligomeric species of the ARV �NS
were reported (10). We therefore hypothesized that these
smaller oligomers could be assembly intermediates of the
hexamer. In order to characterize the assembly of hex-
amers, we employed native electrospray ionization ion-
mobility spectrometry mass-spectrometry (ESI-IMS-MS).
As expected, �NS hexamers are observed (Figure 1 C),
while the mass-spectrum also contains monomers, dimers
and tetramers. These smaller oligomers likely result from
dissociation during electrospray ionization, since neither
velocity nor equilibrium sedimentation data indicate mass
heterogeneity. The prevalence of oligomers with even num-
ber of subunits suggests that a dimer is the building block
of the hexamer. Since the lower molecular weight species
are only detected by the ESI-MS, it is likely that assembly
of �NS dimers into hexamers is driven by hydrophobic in-
teractions, which are significantly weaker in the gas phase.
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Figure 1. Quaternary structure of the ARV �NS. (A) Size exclusion chromatography (Superdex 200 10 × 300GL column) of �NS after His-tag removal and
anion-exchange purification. 260 and 280 nm absorbance is shown in red and blue, respectively. Inset: SDS-PAGE of the purified protein (L – molecular
weight marker with masses in Da shown on the right). (B) Sedimentation velocity analysis of the ARV �NS sedimenting at 11.3 ± 0.3S at 10 �M protein
concentration. (C) ESI-IMS-MS Driftscope plot of the ARV �NS. Protein monomers and oligomers are highlighted in differently colored ovals (blue –
monomers, orange – dimers, green – tetramers, magenta – hexamers, and gray – low intensity higher order oligomers) are separated by their drift times
and m/z values. The cumulative m/z scan spectrum is shown on the right (y-axis) and the detected charge state ions are labeled according to the color
scheme used in the Driftscope plot. Averaged collisional cross-sectional areas (Ω) values (in nm2) for the lowest detected charge states are shown next to
the corresponding protein oligomers. The m/z, molecular masses, drift time and cross-sectional area values are summarised in Supplementary Table S2.
(D) Merged and buffer corrected experimental SAXS curves (blue), taken for a range of �NS concentrations (30–150 �M), with overlaid reconstructed fit
(red). (E) A bead model of the ARV �NS hexamer reconstructed from the SAXS data. Multiple models compatible with SAXS data were produced and
filtered according to their estimated collisional cross-sectional areas (Ω), as described in ‘Materials and Methods’ section.
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Given the monodisperse nature of the hexamer, we
characterized its shape using small-angle X-ray scattering
(SAXS) (Figure 1D). The estimated mass and size of a �NS
hexamer is in agreement with its hydrodynamic properties,
with a radius of gyration (Rg) of 5.3 ± 0.3 nm, while the
Rg/Rh ratio > 1 (44) suggests that its shape is elongated.
We then performed ab initio shape reconstruction using the
SAXS data (36), without symmetry (P1, Supplementary
Figure S3B), or with P32 symmetry imposed, treating a hex-
amer as a trimer of dimers. Multiple reconstructed best-fit
SAXS models were ranked using their estimated IMS-MS
cross-section values (Supplementary Figure S4 and Sup-
porting Table S2), selected, superimposed and averaged (see
‘Materials and Methods’ section for details). The resulting
prolate bead model is shown in Figure 1E, consistent with a
shape of a hexamer, which assembles as a trimer of dimers at
low micromolar protein concentrations. A similar shape is
obtained by reconstruction without any imposed symmetry
(Supplementary Figure S3 B).

�NS hexamers bind ssRNAs with high affinity, forming ri-
bonucleoproteins of variable stoichiometry

ARV �NS has been previously reported to bind ssRNAs,
as well as single-stranded DNA in vitro (14). In order to
characterize �NS binding to ssRNA quantitatively, we de-
signed several defined ssRNA substrates of variable lengths
(20–120 nt), with minimal propensity to base pair (Sup-
plementary Table S1), dye-labeled at the 5′-end for use in
fluorescence anisotropy (FA) measurements, as described
in ‘Materials and Methods’ section. These substrates bind
�NS with high affinity, with the estimated apparent disso-
ciation constant (Kd) of 26.5 ± 4.2 nM for the 20-nt RNA
(Figure 2A). Similar affinities are observed for equivalent
20-nt long ssDNAs (Supplementary Figure S5), suggesting
the protein does not have any preference for ssRNA over
ssDNA. The 120-nt ssRNA also binds �NS with similar
affinities to those obtained for the 20-mer (Figure 2A).

Due to the oligomeric nature of the ARV �NS, it is
possible that a single hexamer could bind several RNA
strands simultaneously. At molar excess of the 20-mer RNA
(Supplementary Table S3), native ESI-MS reveals 1:1 and
2:1 RNA:hexamer complexes, thus directly demonstrating
binding of up to two RNAs per single hexamer. Other
smaller protein oligomers were also detected, but only the
hexamer bound RNA, suggesting that it is the functional
RNA-binding oligomer. Since the stability of higher order
species may be compromised in the gas phase, we also exam-
ined whether the 20-mer is capable of binding more than a
single hexamer using fluorescence correlation spectroscopy
(FCS). At saturating protein concentrations, the Rh of the
20-mer does not increase by more than the estimated hy-
drodynamic size of a single hexamer (Supplementary Fig-
ure S6), consistent with binding to a single hexamer.

Given that �NS hexamer binds ssRNAs as short as 20
nucleotides, we used sedimentation analysis to examine
whether a longer RNA, the 120-mer, can bind multiple hex-
amers. SV of the protein-free 120-mer (60 nM) reveals a sin-
gle 5.2 S species for the 41-kDa RNA (Figure 2B, red). In
order to be able to detect the protein component in SV ex-
periments, we used a molar excess of �NS (6 �M) over the

120-mer, which results in formation of 13 S and 18 S RNA-
containing complexes, in addition to the 11.3S RNA-free
hexamer (Figure 2B, blue). We then used FCS to charac-
terize the apparent hydrodynamic radii (Rh) of these com-
plexes. The Rh of the 120-mer (∼3.6 nm), incubated with
0.5–1 �M �NS, increases to 4.8 ± 0.8 nm (Supplementary
Figure S7), corresponding to the size of a single hexamer,
independently measured by DLS (see above). At higher pro-
tein concentrations (5–10 �M), the Rh further increases to
5.9 ± 1.0 nm, consistent with binding of a second hexamer
to the RNA. Thus combining Rh and S values of ribonu-
cleoproteins, the estimated masses of 13S and 18S species
correspond only to complexes of 1:1 and 2:1 hexamer:RNA
stoichiometry, respectively. A 2:2 stoichiometry is not com-
patible with the sedimentation data (Table 1). Thus longer
ssRNAs can bind multiple hexamers of �NS simultane-
ously.

�NS hexamer binding results in RNA secondary structure
destabilization

We then examined how nucleic acid secondary structure af-
fects its affinity for �NS. Since �NS exhibits similar affini-
ties for both ssRNA and ssDNA, we designed a 46-nt long
dual end-labeled ssDNA probe (see ‘Materials and Meth-
ods’ section), comprising a 30-nt stem-loop and a 16-nt long
single-stranded region (Figure 3A). The choice of ssDNA
over ssRNA substrate was motivated by the technical diffi-
culties in synthesis of the equivalent dual-labeled RNA with
extensive secondary structure, whilst the apparent affinities
for ssRNA and ssDNA are similar (Supplementary Figure
S5). The apparent affinity of �NS for the partially double-
stranded 46-nt long substrate was significantly lower (Kd =
333 ± 10 nM, Figure 3B, red), than for the unstructured 20-
nt long ssDNA. Analysis of the ARV �NS binding to the
partially double-stranded 46-nt probe yields Hill coefficient
of 3.2 ± 0.23, suggesting binding cooperativity, in contrast
to the behavior with fully single-stranded substrates.

We then examined whether �NS binding to the stem–
loop results in destabilization of its base-paired region by
monitoring changes in FRET upon protein binding. The
probe alone exhibits high FRET efficiency, consistent with
its predicted secondary structure (Figure 3A). When titrat-
ing the probe with molar excess of �NS, a gradual decrease
in FRET efficiency is observed, that plateaus at ∼5 �M
�NS (Figure 3B, black), suggesting helix unwinding. Fit-
ting the FRET data to a single site binding model yields a
Kd of 1.1 ± 0.22 �M, i.e. significantly higher than that mea-
sured by fluorescence anisotropy. This result agrees with a
model in which binding of a hexamer captures transiently
opened single-stranded regions, leading to gradual helix
unwinding at higher protein concentrations. In this model
binding effectively competes with the duplex stability, lead-
ing to the higher apparent, FRET-derived Kd for unwound
species.

Since the binding model described above predicts the
presence of multiple species with different degrees of un-
winding, we employed a single-molecule FRET detection
approach using the alternating laser excitation (ALEX)
method (41) in order to obtain the distribution of the un-
wound species. A high FRET population (E = 0.89) is ob-
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Figure 2. ARV �NS binding to unstructured ssRNAs. (A) The apparent affinities (Kd) of �NS for unstructured ssRNAs, measured by fluorescence
anisotropy (FA). Normalized FA have been fitted to a one-site binding model for a 120-nt long RNA (solid line) and a 20-nt long RNA (dashed line),
yielding Kd values of 25 ± 2.2 and 26.5 ± 4.2 nM for a 120-mer and a 20-mer, respectively. The scale of normalized FA data for the 20-mer substrate is
offset for clarity. (B) �NS binding to a 120-nt long RNA, analysed by sedimentation velocity (SV). A c(S) distribution plot of the RNA alone (60 nM),
sedimenting at 5.2S (red), and �NS hexamers (6 �M, black). �NS-RNA ribonucleoproteins are formed upon incubation of 60 nM RNA with 6 �M �NS
(shown in blue), resolving into 13S and 18S species.

Table 1. Hydrodynamic characterization and molecular masses of a 120-nt long RNA:�NS complexes of variable stoichiometry

Sedimenting species,
S

[�NS]:[RNA]
stoichiometry Expected MW (kDa)

Calculated from
experimental S values
MW (kDa) δMW (%)

Partial specific volume
(ml/g)

13 1:1 286 296 3.5 0.706
18 2:1 531 524 1.4 0.72
18 2:2 572 433 24.3 0.687

Partial specific volumes of [�NS]:[RNA] complexes were calculated based on partial specific volumes for the RNA alone (0.55 ml/g) and �NS alone (0.7321
ml/g), estimated as described in ‘Materials and Methods’ section. For 13S and 18S species partial specific volumes were calculated using the ratio of masses
of RNA:protein for a given [�NS]:[RNA] stoichiometry (69). Combining the S values and the Rh values, measured by FCS, the apparent molecular masses
(MW) of 13S and 18S species were calculated, as described in (70). The calculated MW of 13S and 18S species closely match those expected for 1:1 and
2:1 �NS:RNA complexes (δMW < 5%).

served for the probe alone (Figure 3C, blue), while unfold-
ing by formamide resulted in complete conversion of high
FRET molecules into a low FRET (E = 0.15) population
(Figure 3C, red). Increasing the �NS concentration leads to
a gradual shift from a high FRET population towards lower
FRET values, with a significant broadening of the distribu-
tion at 1 �M protein concentration (Figure 3C). Further ad-
dition of �NS results in unwinding of more molecules (Fig-
ure 3D, and Supplementary Figures S9 and S10). The num-
ber of discernible populations does not change upon further
increase in �NS (up to 20 �M), consistent with the presence
of multiple folded and partially unfolded molecules at equi-
librium.

Long ssRNAs expand upon �NS binding

Having examined �NS binding to short single-stranded nu-
cleic acids with defined secondary structures, we then char-
acterized its binding to longer ssRNAs. Given that multi-
ple hexamers can bind ssRNAs ≥ 120 nts, it is possible that
�NS binding results in RNA condensation, thus facilitat-
ing viral genome packaging (45,46). We used FCS to exam-
ine conformational behavior of the well-characterized 3.6
kb long MS2 phage genomic ssRNA (18,47,48). The appar-
ent hydrodynamic radius of the RNA (1 nM, Figure 4A,
red) does not change significantly upon addition of up to

125 nM �NS (Figure 4A, blue), while further increase in
[�NS] up to 250 nM results in a marked increase in the Rh
of RNA (Figure 4A, magenta). The apparent Kd for bind-
ing to long ssRNA is higher (∼250 nM), than for unstruc-
tured shorter ssRNA, consistent with the high content of
secondary structure in the 3.6 kb RNA (47–49). Given the
high affinity of �NS for unstructured ssRNA (∼25 nM),
this result implies that despite the initial binding of �NS at
low nanomolar concentrations, the examined ssRNA nei-
ther aggregated nor underwent significant conformational
changes. However, further addition of �NS (up to 500 nM)
results in an increase of the hydrodynamic size of the RNA,
which reaches saturation above ∼500 nM �NS (Figure 4A).
These results suggest that the observed increase in Rh re-
flects expansion of the RNA and formation of large ribonu-
cleoproteins (Rh ∼ 18 nm), rather than aggregation of mul-
tiple ssRNA molecules. In order to characterize the shape
and dimensions of these ribonucleoproteins, we performed
SV analysis of long ssRNAs (60 nM), incubated with 6 �M
�NS. Multiple spherical 50–90 S complexes, presumably of
variable RNA:�NS stoichiometry, are formed (Figure 4 B),
consistent with the appearance of negative stain EM sam-
ples (Figure 4B, inset).

Taking into account the helix-unwinding activity of the
ARV �NS, we hypothesized that the observed expansion
of the long ssRNA is likely due to its conformational re-
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Figure 3. �NS binding to partially double-stranded nucleic acids results in helix-unwinding. (A) A minimum folding energy structure of a 46-nt long stem-
loop used for helix unwinding assays. FRET donor and acceptor pair is schematically shown as green and orange circles at the 5′ and 3′ ends, respectively.
(B) Binding of �NS to the stem-loop shown in (A), monitored by FA (red binding curve fit), with Kd of 333 ± 10 nM. The second fit (in black) shows
changes in ensemble FRET upon �NS binding to the stem-loop due to helix unwinding (apparent Kd = 1.1 ± 0.2 �M). (C) Multiple unwound stem–
loop intermediates, revealed by the wide distribution of the smFRET population histogram of the stem-loop probe (10 pM), incubated with 1 �M �NS.
Gaussian fits of data for formamide-melted (red, low FRET) and heat-annealed (folded, cyan, high FRET) probes are overlaid for reference. (D) smFRET
population histogram of the 46-nt stem-loop (as shown in C), incubated with 20 �M �NS.

arrangement, caused by destabilization of its secondary
structure. We therefore examined RNA secondary structure
changes upon �NS binding using circular dichroism (CD)
spectroscopy. A positive peak at 263 nm was observed for
RNA alone (Figure 4C, black), consistent with the largely
base-paired RNA in an A-duplex conformation (48). Ther-
mal unfolding of the RNA results in a shift of the 263 nm
peak to 271 nm (Figure 4C, red), as expected for an RNA in
a single-stranded form (29). Similar changes occur upon in-
cubation of the RNA with 15 �M �NS (Figure 4C, dashed
blue line), suggesting that binding of the ARV �NS induces
melting of local secondary structures in large folded ssR-
NAs, resulting in their expansion.

�NS facilitates RNA annealing upon helix unwinding

Since helix-unwinding activity is often associated with a
strand exchange between preformed helices (15,50,51), we
then examined the strand-annealing activity of the ARV
�NS using two partially complementary RNA oligonu-
cleotides. Two self-complementary stem-loops with 11 bp-
long helical stems and 11 nt-long loops were designed (Fig-
ure 5A). Incubation of both strands (100 nM each) with 1
�M �NS at 37◦C for 5 min results in a small amount of
double-stranded (DS) product, while a large proportion of
the single-stranded form remains intact (Figure 5B, lane 4).
A significant increase in the amount of dsRNA is observed
when using higher molar excess of �NS (5 �M or more,
Figure 5B, lanes 5–7). These results suggest that strand an-
nealing requires more than a stoichiometric amount of �NS

to unwind preformed helices. Since �NS has very low affin-
ity for dsRNA, any RNA-bound hexamers are expected to
dissociate from the newly formed duplexes upon strand an-
nealing, thus being able to bind new ssRNAs. However, pro-
longed incubation with �NS does not yield more DS prod-
uct (Figure 5B, lane 4 cf. lane 8). As mentioned earlier, both
anisotropy and FCS measurements of the 20-mer ssRNA
indicate that �NS hexamers do not associate into higher
order species, while native mass spectrometry suggests mul-
tiple ssRNAs can bind each hexamer. Collectively, these
results suggest that strand-annealing occurs between two
complementary strands bound to a single hexamer, while
large ribonucleoproteins observed on a native PAGE (Fig-
ure 5B, black rectangle at the top of the gel) indicate that a
fraction of the ssRNA stays bound to a hexamer.

Having established that �NS promotes strand-annealing
between short complementary RNA stem-loops, we then
examined whether it exerts similar effects on longer vi-
ral RNAs, e.g. ARV segment precursors. In ARVs, seg-
ment assortment and packaging signals are believed to in-
volve terminal untranslated regions (UTRs), extending into
the protein-coding regions of each segment (52,53). We
therefore examined the 3′-terminal 200-nt long sequence
of the ARV segment s1 to identify a possible complemen-
tary sequence in other genomic segments. A section of seg-
ment s4, capable of forming stable (>10 bp long) inter-
segmental helix with the s1 RNA was identified, as de-
scribed in ‘Materials and Methods’ section. The resulting 91
nt long RNAs, representing partially complementary frag-
ments of the ARV genomic segment precursors s1 (1552–

146



7052 Nucleic Acids Research, 2015, Vol. 43, No. 14

Figure 4. Assembly of �NS ribonucleoproteins with long ssRNAs. (A) Size
(Rh) distributions of a 3.6 kb-long ssRNA alone (1 nM, red), and upon ad-
dition of �NS, measured by FCS. (B) Sedimentation velocity of the long
ssRNA (25 nM), incubated with �NS (10 �M). A large 80S complex with
fewer smaller species is formed. Inset – negative stain EM micrograph of
the �NS, bound to long ssRNAs, revealing multiple spherical ribonucle-
oproteins. Bar = 25 nm. (C) Circular dichroism (CD) spectra of the long
ssRNA (as in panels A and B), reveal RNA secondary structure destabi-
lization upon incubation with the ARV �NS. CD spectra for folded RNA
alone at 37◦C (15 nM, black) and thermally unfolded RNA at 76◦C (red)
are shown along with the CD spectrum of the RNA, incubated with �NS
for 5 min (15 �M, blue dashed line). Note the significantly lower inten-
sity of the 263 nm peak in the latter, characteristic for an A-form double-
stranded helix, with its shift toward 271 nm, typical for single-stranded
RNA. Below 240 nm, the CD signal from RNA is mainly dominated by
the contribution of the protein.

1643 nt) and s4 (422–513 nt), respectively (Figure 5 C), were
used in strand-annealing assays. Similarly to shorter com-
plementary RNA stem–loops, incubation of s1 and s4 RNA
fragments in the presence of saturating amounts of �NS re-
sulted in strand annealing, albeit with significantly lower ef-

ficiency (Figure 5 D inset, lane 4, cf. 5 B, lanes 5–7). No de-
tectable annealed products were observed in reactions with-
out �NS (Figure 5 D, lane 2), or when only one of the two
RNA strands was incubated with �NS (Figure 5D, lane 3).
Interestingly, when the ARV �NS was substituted with its
functional rotaviral homologue NSP2, the annealed RNA
products were also formed (Figure 5D, lane 5). These results
suggest that both proteins may perform similar functions in
these related viruses, and that the specificity is encoded by
RNA–RNA interactions, while the protein acts in sequence-
independent fashion.

DISCUSSION

Comparison with other non-structural RNA binding proteins
within Reoviridae family

Non-structural ssRNA-binding protein �NS is one of the
major components of viroplasms in avian reovirus-infected
cells. It has been suggested that the protein is involved in
the viral genome packaging (1,3). Although various roles of
the ARV �NS have been proposed (14,54), including RNA-
polymerase activity (55) and segment assortment (54), its
mode of interaction with viral RNAs has remained poorly
understood. In order to gain insight into the mechanistic de-
tails of the �NS–RNA interactions, we first determined the
quaternary organization of the functional oligomeric form
of the ARV �NS. Previously, the oligomeric nature of the
recombinant ARV �NS was characterized by sucrose den-
sity fractionation (14). Here, using a combination of multi-
ple techniques, we demonstrate that the protein readily as-
sembles from �NS dimers into hexamers at low micromolar
concentrations. Native ESI-MS data suggest that assembly
of functional hexamers is likely to be driven by hydrophobic
interactions between multiple protein dimers and that only
hexamers bind RNA. Given the high protein concentration
in viroplasms during late infection (4), the concentration of
�NS is expected to be above low micromolar, suggesting the
protein functions as a hexamer in vivo.

While both avian and mammalian reovirus �NS, as
well as other viroplasm-forming non-structural proteins
from Reoviridae have many common features, these pro-
teins share very little, if any sequence homology. Non-
structural ssRNA-binding proteins of most non-turreted
Reoviridae, including bluetongue virus (BTV), rotaviruses,
and some phytoreoviruses assemble into large oligomers,
having a ring-like appearance (16,56–58). Interestingly, the
secondary structure composition of the ARV �NS is rather
similar to that of rotavirus non-structural protein NSP2,
which assembles into octamers, with an estimated 35% of �-
sheet. This likely reflects functional similarities between the
two proteins, since �-sheet rich surfaces are often involved
in nucleic acid binding (59). Likewise, viroplasm-forming
non-structural proteins of some turreted reoviruses assem-
ble into RNA-binding octamers (60), while in mammalian
reoviruses (MRV) σNS forms 7–9S species without obvious
ring-like architecture (61), suggesting that the ring-like or-
ganization of this class of proteins is not unique amongst
Reoviridae. It is unclear whether the viroplasm-building
blocks of most turreted Reoviridae, e.g., ARV and MRV,
are different in their quaternary organization from the
non-structural viroplasm-forming proteins of non-turreted
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Figure 5. Helix destabilization facilitates strand-annealing activity of �NS. (A) Complementary ssRNA stem–loops used in the strand-annealing assay,
as described in ‘Materials and Methods’ section (top), with the resulting re-annealed dsRNA form shown below. (B) RNA stem–loops (100 nM each,
shown in A) were incubated with �NS at 37◦C for 5 min, as described in ‘Materials and Methods’ section. The resulting products were resolved on a
10% (w/v) native PAGE, and visualised by staining with SYBR Gold. DsRNA and ssRNA stem–loops were loaded into lanes 1 and 2, respectively, while
lane 3 contains the annealing reaction incubated with 20 �M BSA protein. Lane 4 – 1 �M �NS, lane 5 – 5 �M �NS, lane 6 – 10 �M �NS, lane 7 –
20 �M �NS. Note a fraction of the RNA in the presence of �NS fails to enter the gel (top, black rectangle). Prolonged incubation with �NS up to 30
min does not yield higher amounts of the double-stranded product (cf. lanes 4 and 8; 5 min and 30 min, respectively). (C) MFE structures of partially
complementary regions of the ARV genomic precursors of segments s1 and s4 (Top). Both RNA structures are characterised by relatively high stabilities
(dG > –20 kcal/mol) preventing spontaneous hybridisation in vitro. Below – the MFE structure of annealed s1 and s4 strands (‘s1/s4 hybrid’) (D) ARV
�NS facilitates strand-annealing of viral RNA segment precursor sequences in vitro. 91 nt long RNAs (shown in C) were incubated alone, or in presence
of the ARV �NS at 37◦C for 15 min. Strand-annealing reactions were stopped and RNA products were analyzed on a native PAGE and visualized, as
described in ‘Materials and Methods’ section. Lane 1 – s4 RNA, lane 2 – s1 + s4, incubated with 20 �M BSA protein, lane 3 – s4 + �NS, lane 4 – s1 +
s4, incubated with �NS, lane 5 – s1 + s4, incubated with the rotaviral non-structural protein NSP2, lane 6 – s1 RNA. Positions of S1/S4 hybrids and free
ssRNAs (S1 or S4) are indicated by arrows.
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viruses. However, given a small fraction of octameric �NS
species, observed in native ESI-MS spectrum at high pro-
tein concentration, it is possible that different functional
oligomeric states of these proteins may be important for
protein-RNA and protein-protein interactions during for-
mation of viroplasms and subsequent virus assembly.

Both mammalian and avian reovirus �NS readily bind
ssRNA, forming large ribonucleoproteins of variable sto-
ichiometries (13,14,62). Interestingly, RNAse A treatment
of large ribonucleoprotein complexes formed by MRV �NS
releases 13S–19S particles (61), with similar sedimenta-
tion properties to the 13S–18S ribonucleoproteins observed
when the ARV �NS hexamers were bound to 120-mer
RNAs. Although MRV �NS has been shown to bind RNA
with positive cooperativity and some preference for ssRNA
over ssDNA (13), our results suggest ARV �NS binds
RNAs lacking secondary structure without apparent coop-
erativity, with similar affinities for both ssRNA and ssDNA.

Previously, helix-unwinding activity has been reported
for a number of non-structural proteins from Reoviridae
family, including rotavirus NSP2 and MRV �NS (13,63).
However, no strand-annealing activity has been demon-
strated for these proteins so far. Both reovirus �NS and
rotavirus NSP2 appear to be non-specific ssRNA-binding
proteins, while BTV NS2 has been reported to preferen-
tially bind BTV segment precursors (64). Detailed struc-
tural characterisation of both �NS and NS2 is needed to
see whether these functionally related proteins play similar
roles in RNA segment assortment and packaging.

Biological implications of the RNA chaperone-like activity

Our results suggest that �NS hexamer appears to be the
functional RNA-binding species. Previously, �NS has been
proposed to act as a condensing agent for long viral ss-
RNAs in viroplasms (1). Here, we provide a direct exper-
imental evidence that its effect on long ssRNA contrasts
with charge neutralization-driven RNA compaction, or
sequence-specific ssRNA collapse, previously demonstrated
for some icosahedral ssRNA viruses (18). These results sug-
gest that although the ARV �NS is capable of recruiting ss-
RNAs into viroplasms with high nanomolar affinity, it does
not condense it, but rather causes the expansion of bound
ssRNAs. This expansion reflects its helix-unwinding activ-
ity, demonstrated for both long ssRNA and ssDNA sub-
strates.

Since hexameric �NS does not exhibit ATPase activ-
ity and ring-like shape of typical hexameric helicases (65),
the observed helix-unwinding activity is likely driven by its
binding affinity. The ARV �NS reportedly does not bind
nucleic acid duplexes, therefore helix destabilization must
involve binding of hexamers to stretches of single-stranded
RNA, resulting in further recruitment of neighbouring,
spontaneously melted single-stranded regions. This model
is compatible with the observed broad population of par-
tially unfolded substrates that are formed during �NS bind-
ing to the hairpin substrate.

Given its non-specific ssRNA-binding and ATP-
independent helix-unwinding activity, ARV �NS exhibits
typical characteristics of an RNA chaperone (15). While
it appears to be indispensable for viral replication, it is

not present inside virions. Therefore, �NS must dissociate
from the pre-assorted RNAs prior or during encapsida-
tion. Likewise, RNA chaperones do not require ATP for
their helix-unwinding activity, and once the correct RNA
structure is folded, their presence is no longer needed
(66). Binding of RNA chaperones often relies on multiple
electrostatic interactions with their targets (15). Similarly,
RNA binding by �NS is mediated by multiple electrostatic
contacts, since �NS-RNA complexes readily dissociate
under high ionic strength conditions, while several arginine
residues have been shown to be important for binding to
RNA (14). While many RNA chaperones have intrinsically
disordered regions that undergo folding when bound to
RNA (15), CD and SAXS indicate that the bulk of the
protein is well folded. However, in silico secondary structure
and disorder sequence analysis using Phyre2 (67) predicts
an intrinsically disordered region encompassing the first
seven residues at the N-terminus, as well as few regions
within the C-terminus (residues 329–338 and 361–367).
Previously, it was shown that the deletion of the first 11
residues of the ARV �NS, as well as Arg365Leu substi-
tution abrogates RNA binding (14). Interestingly, while
in mammalian reovirus �NS the first N-terminal residues
are also essential for RNA binding, they are predicted to
form an amphipathic �-helix (61), contrasting with the
secondary structure organisation of the ARV �NS.

The strand-annealing activity of �NS appears to result
from helix unwinding, followed by strand hybridization,
presumably mediated by the proximity of two complemen-
tary strands bound to a single hexamer (Figure 6). This
model is further supported by native mass spectrometry
and sedimentation analysis, which demonstrate that �NS
can bind at least two RNAs, and that the assembly of
a stable hexamer is required for RNA binding. Further-
more, using fragments of the ARV genomic precursors s1
and s4, we demonstrate that �NS can promote specific
RNA–RNA interactions between two segments in vitro.
The reaction appears to be more efficient with shorter,
less stable RNA stem–loops, likely as the result of higher
thermodynamic stabilities of longer viral RNA fragments
with multiple and more stable RNA helices. This agrees
well with previous observations that mammalian reovirus
�NS fails to unwind a 17-bp long helix (13), while the
rotaviral NSP2 was inefficient in strand-displacement as-
says with duplexes over 10 bp (63). Interestingly, both ARV
�NS and its functional homologue rotaviral NSP2 mediate
similar strand-annealing reactions, suggesting these non-
structural proteins may play similar roles in segment assort-
ment in reoviruses and rotaviruses despite lack of apparent
sequence homology. Given that rotavirus NSP2 promotes
strand-annealing between the ARV genomic sequences, it
appears that the assortment specificity in these viruses is pri-
marily controlled by specific RNA–RNA interactions, fa-
cilitated by the virus-encoded, but sequence-independent,
RNA chaperones. Recent studies of BTV segment assort-
ment and packaging strongly support this model, suggest-
ing that protein-free RNA segment precursors can specifi-
cally interact in vitro. However, in infected cells this process
requires expression of NS2 and formation of viroplasms
prerequisite for RNA replication and packaging (9).
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Figure 6. ARV �NS acts as an RNA chaperone. (A) Binding mode.
�NS hexamers bind to ssRNA, including stem–loops with partial se-
quence complementarity (shown in red and black). Longer single-stranded
stretches (>10 nts) are required for �NS binding, while shorter loops
are too small to accommodate a �NS hexamer (see Supplementary Fig-
ure S8D). Multiple RNA–�NS complexes of variable stoichiometry are
formed, depending on the length of the RNA substrate. Unwinding mode.
At low micromolar and above concentrations, �NS binding to a par-
tially double-stranded RNA results in its gradual helix unwinding. Strand-
annealing mode. Binding of two complementary strands to a hexamer ac-
celerates strand annealing, likely due to the molecular crowding effect. For
short RNA substrates (20–40 nt), annealing occurs when two strands are
bound to a single hexamer. After annealing the resulting dsRNA is released
from the �NS hexamer. (B) Proposed roles of �NS in ARV-infected cells.
The ARV �NS accumulates in cytoplasmic inclusion bodies (‘viroplasms’)
in infected cells, likely by interacting with another viroplasm-forming pro-
tein �NS (1). Multiple ssRNAs (for clarity, only two strands are shown
in red and black) are bound to �NS hexamers, which mediate partial un-
winding of the RNAs. Two partially complementary strands bound to a
hexamer can readily re-anneal, forming a more stable duplex between the
two RNA strands, thus facilitating specific RNA–RNA interactions be-
tween genome segment precursors. This results in a displacement of the
hexamer from the re-annealed dsRNA region and its subsequent binding
to another ssRNA region elsewhere in the viroplasms.

In ARVs, strand-annealing reaction leads to a stable he-
lix formation between the two strands, resulting in displace-
ment of the �NS hexamer from the duplex (Figure 6 A), or
its subsequent binding to a neighbouring single-stranded
region on longer ssRNAs (Figure 6 B). The annealing re-
action appears to be thermodynamically controlled, since
prolonged incubation of complementary strands with �NS
does not result in the increased yield of heteroduplexes.
This implies that �NS accelerates spontaneous strand hy-
bridization events, while the extent of the annealing reac-
tion is controlled by equilibrium between heteroduplex and
intramolecular secondary structure.

While the ARV �NS has high affinity for unstructured
ssRNA, the amount of protein required for its helix-
unwinding and strand-annealing activities is significantly
above its Kd for ssRNA. It should be noted that early mor-
phogenesis of ARVs occurs exclusively within the viroplasm
(Figure 6B), into which �NS is selectively recruited via
protein-protein interactions with the major nonstructural
protein �NS (6). Thus, the effective local concentration of
�NS inside viroplasms is expected to be substantially higher

than in cytosol. During the early virus infection, multiple
(+) ssRNAs are translated in cytoplasm, and �NS may
concentrate the viral ssRNAs in viroplasms and destabilize
their local secondary structures, thus assisting formation
of specific RNA–RNA interactions between strands dur-
ing segment assortment (Figure 6 B), consistent with helix-
unwinding and strand-annealing properties of the protein.

In Reoviridae, RNA–RNA interactions are likely to be
involved in genome assortment and packaging (10). For
avian and mammalian reoviruses, RNA sequences respon-
sible for genome packaging were shown to be located
close to segmental termini, encompassing untranslated re-
gions (UTRs), and overlapping with neighbouring ORF se-
quences (52,53,68). Here, we demonstrate that ARV non-
structural protein �NS displays RNA chaperone activity,
which augments specific RNA–RNA interactions between
different segment precursors and facilitates efficient selec-
tion and assortment of multiple genome segments, destined
for encapsidation.
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