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Abstract

NMR spectroscopy is a powerful tool for studying molecules from various point
of view. NMR can be used as analytical method as well as method for structure
determination or for studying spin relaxation properties of the system(s) of
interest.

Within this thesis, overview of methods for studying interaction of biomolecu-
les - covering interaction of DNA with platinum anticancer drugs, protein-
peptide interactions, protein-RNA interaction and interaction of large assembly
using integrative approach of modern structural biology - is described to provide
the reader with both practical hints and applications of the NMR spectroscopy.

Despite massive technological and methodological advances in electron mi-
croscopy and always strong X-ray crystallography, NMR has its invaluable posi-
tion in studying wide range of interactions and in studies of disordered proteins.
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1 Introduction: Structural Biology and NMR

Structural biology, as defined by Nature publishing group (https://www.nature.
com/subjects/structural-biology), is the study of the molecular structure
and dynamics of biological macromolecules, particularly proteins and nucleic
acids, and how alterations in their structures affect their function. Structural
biology incorporates the principles of molecular biology, biochemistry and bio-
physics. This definition says it all though it could be expanded by the goal that
once both structure and function of a given molecule or a complex is known,
the mechanism of biological process can be understood at the atomic level res-
olution.

The best indicator of the evolution of structural biology is the PDB database
(World-wide Protein Data Bank) http://www.rcsb.org !

The total number and yearly increase of the deposited structures is one of the
important indicators to see, the other very important statistics is the molecular
weight of the determined systems. The major part of structures deposited is of
molecular mass bellow 60 kDa but it is notable more than 3% of structures is
of size over 360 kDa (Fig. 1).
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Figure 1: PDB Data Distribution by Molecular Weight - adapted from: http:
//www.rcsb.org/stats/distribution_molecular-weight-structure

11 started to use the database 20 years ago when it was Research Collaboratory for
Structural Bioinformatics project and even nowadays prefer the mirror rcsb.org over the
pdb.org since RCSB keeps the page as simple as possible. For clarity about PDB and RCSB:
https://en.wikipedia.org/wiki/Protein_Data_Bank: In October 1998, the PDB was trans-
ferred to the Research Collaboratory for Structural Bioinformatics (RCSB); the transfer was
completed in June 1999. The new director was Helen M. Berman of Rutgers University (one
of the managing institutions of the RCSB, the other being the San Diego Supercomputer
Center at UC San Diego). In 2003, with the formation of the wwPDB, the PDB became an
international organization. The founding members are PDBe (Europe), RCSB (USA), and
PDB;j (Japan). The BMRB joined in 2006. Each of the four members of wwPDB can act as
deposition, data processing and distribution centers for PDB data.) where one can retrieve,
among others, information about number of structures resolved each year since 1976. While
in the year of 2000 there has been only 13500 structures in total, since 2016, the number of
deposited structures is nearly as high (ca. 11 thousands of structures) reaching more than
151 thousands structures today (May 2019).


https://www.nature.com/subjects/structural-biology
https://www.nature.com/subjects/structural-biology
http://www.rcsb.org
http://www.rcsb.org/stats/distribution_molecular-weight-structure
http://www.rcsb.org/stats/distribution_molecular-weight-structure
rcsb.org
pdb.org
https://en.wikipedia.org/wiki/Protein_Data_Bank
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The size distribution of the resolved structures is of course a clear conse-
quence of the stability of larger biomolecules (but this does not implicate that
small proteins it is always easy to express and purify in comparison with the
larger ones). Technological and methodological challenges coupled with the
production of large systems in amounts and purities suitable for structural bi-
ological studies is another bottleneck. However, there is no statistics provided
by PDB that would show correlation of size of the studied systems with time
but there are articles providing clear indications for this statement[1].

Statistics that completes the picture of structural biology realm and its evo-
lution from the past till today is about the “Growth of Structures Released per
Year” (Fig. 2). The statistics says us that 90% of deposited structures has been
derived by X-ray crystallography, 8% by nuclear magnetic resonance (NMR)
and 2% by electron microscopy. While crystallography is continuously deliv-
ering structures, NMR has provided only 4 thousands structures over past 10
years (out of 12.6 thousands in total) and its contributions are shrinking every
year. In completely opposite situation is electron microscopy (EM), which has
been registering only ca. 240 structures in 2009 while in last three and a half
year there were about two thousands of structures solved by EM deposited to
the PDB with total number ca. 3.1 thousands of structures.

Overall Growth of Released Structures Per Year
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Figure 2: Overall Growth of Released Structures Per Year. Plotted are cumula-
tive depositions of structures to PDB database as of November 2019, structures
solved by X-ray (orange), NMR (grey), electron microscopy (yellow), and hybrid
methods (blue) are resolved.
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Last of the tables that is worth to check (and will be used later in the text)
in PDB is summarizing “PDB Data Distribution by Experimental Method and
Molecular Type” (Tab. 1) where one can see the NMR is competitive method
only in case of determination of structures of nucleic acids but in all other fields
(structures of proteins and protein/nucleic acid complexes) X-ray is the leader
and EM is growing. This table clearly indicates that once the biological molecule
of interest expresses well and purity and stability were optimized, X-ray and EM
are the methods of choice and NMR should be used only in cases where these
two methods fail.

Expert. Method Proteins NA Protein/NA  Other Total

Complex
X-Ray 132463 2079 6819 8 141369
NMR 11264 1309 262 8 12843
Electron Microscopy 3039 35 1043 0 4117
Other 282 4 6 13 305
Multi Method 145 5 2 1 153

Table 1: PDB Data Distribution by Experimental Method and Molecular Type
as of November 2019

Such a niche in structural biology is studying interactions of biomolecules.
NMR can provide information about interaction at atomic level on a large scale
of interaction strengths. Particularly strong is NMR in studying weak inter-
actions while such complexes are difficult or impossible to crystallize and EM
requires crosslinking that needs optimization steps|2].

And interaction studies with NMR is what all my work has been about
during all my scientific career and what I will describe in this thesis. I used NMR
for studying protein-ion interaction, protein-RNA interaction, determination of
structure of cisplatinated DNA, and protein-peptide interaction. Also, I was
using NMR for studying structure of a ligand that is bound to a protein which
is in size exceeding limits of solution NMR.

NMR is a great method and in order to compete or complement EM or X-
ray, it needs methodological and technological revolution. Since 2005/6 NMR is
dominating as a method for studying disordered proteins [3, 4] and with recent
huge interest in liquid-liquid phase separation[5], there is great future for NMR
and valuable results will be discovered with NMR.
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2 Systems
2.1 Tubulin

The first system I would like to introduce is tubulin. I will refer to a protein that
is forming microtubules in eukaryotic cells and is undergoing polymerization and
depolymerization in a dynamic manner. Tubulin forms a heterodimer between
a- and S-tubulin that are the building blocks (Fig. 3) of the polymerized forms
(e.g. rings, sheets, microtubules). Each of the subunit is of molecular weight
ca. 55 kDa and the heterodimer is formed in such a way that S-tubulin has
accessible its positively charged surface while the a-subunit is accessible on its
negative surface. This obviously results in filaments with plus (4) end and
minus (-) end. 13 filaments fold into a microtubule with an outer diameter of
ca. 25 nm [6, 7].

B8 Binding sites on tubulin

Colchicine

Vinca

Taxane

GDP GTP

Figure 3: Ribbon representation of tubulin heterodimer (a and S symbols under-
neath or above the ribbon structures indicate name of a given domain) with in-
dicated binding sites for GDP, GTP and representative de/polymerizing agents.
Adapted from Gigant et al., Nature 2005, Nogales et al., Nature 1998.

Important role and structural feature of tubulin is its dynamic de/polymerizing
behaviour. Crucial role in this process plays GTP. The polymerization process
occurs only in case when GTP is bound to the E binding-site of the S-tubulin.
Further de/stabilization of the polymeric state of tubulin heterodimers is af-
fected by several protein binding partners (e.g. stathmin)[8, 9, 10]. There are
three binding sites named after the drugs (or alkaloids) binding to these binding
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pockets — paclitaxel (Taxol®), colchicine, and vinblastine (vinca-site). All of
these binding sites are present on the S-tubulin (Fig 3).

Tubulin has been identified as an important target for anti-cancer drugs. The
tubulin-binders strongly affect the de/polymerizing equilibrium and therefore
there are two groups — stabilizers (e.g. paclitaxel, epothilones) of the tubulin
polymerized form, and destabilizers (e.g. tubulysin). One of the first tubulin-
binding drugs isolated from Pacific yew in 1971 and approved for medical use
in 1993. However, as there are severe side effects connected with the use of
taxanes, several drugs sharing the efficacy of taxanes and ability to shift the
polymerization equilibrium towards the microtubule form were tested. Among
these natural compounds we can find e.g. discodermolides and epothilones.
In the results-summarizing part of this theses articles describing interaction of
tubulin with epothilone are listed.

Figure 4: Stick representation of free form of tubulysin. Extended, free form
of depolymerizing agent tubulysin is shown. Carbon atoms/bonds are shown in
cyana, nitrogen in blue, oxygen atoms in red and sulphur atom in yellow.

Among the destabilizing agents originally isolated from myxobacterium that
gained attention of pharmaceutical industry is tubulysini (Fig. 4). Tubulysin
A is peptidic in nature, however most of the amino acids are atypical and there
is a central thiazole heterocycle. Tubulysin A also contains a basic N-terminal
tertiary amine and an aromatic and acidic C-terminal end[11]. Tubulysin A
induces apoptosis in cancer cells but not in normal cells and shows significant
potential antiangiogenic properties in several in vitro assays. We have succeeded
in determination of the first solution NMR structure of tubulin bound tubulysin
A and the methodology and detailed description of the interaction is attached
in the results part of this theses[12].

2.2 RNA Polymerase 11

RNA polymerase IT (RNAPII)[13, 14] (Fig. 5) is one of the three eukaryotic
polymerases that are found in nucleus. Its role is to synthetize pre-mRNA to
be further translated into proteins. Besides pre-mRNA, RNAPII is transcribing
also short non-coding RNAs (snRNA, snoRNA, microRNA), cryptic unstable
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constructs (CUTSs), stable unannotated transcripts (SUTs), and Xrnl- depen-
dent unstable transcripts (XUTs). Since the RNAPII has to read this very
diverse set of constructs and respond to a variety of environmental changes,
transient interactions with various RNA, DNA, and protein factors have to con-
trol the timing and course of the RNAPII’s activity.

Figure 5: RNA polymerase II - surface model of RNA polymerase IT with do-
mains diferentiated by colours with the largest subunit - Rpbl - coloured in
purple. Created by UCSF Chimera from PDB ID: 5VVS

2.2.1 C-Terminal Domain

Platform for such transient interactions can be found on the Rpb1l subunit of the
RNAPII - its C-terminal domain (CTD). CTD can not be found in any other
RNA polymerase (I or IIT) and is therefore unique for RNAPII. CTD does not
possess any well-defined structure in the free form.

The RNAPII's CTD is composed of three parts — i) N-terminal flexible linker
which connects the CTD to the Rpb1l subunit, ii) central region with conserved
heptad repeats with a sequence (YSPTSPS),, length of which varies through
organisms (e.g. m is 26 in yeast and 52 in humans) (Fig. 6), and iii) last part
- divergent C-terminal sequence[l5]. Deletion of the CTD is lethal as shown in
studies on yeast and on mammalian cells, while removal of some repeats impairs
growth, but is not lethal. Deleting nearly a half of the original repeats leads to
lethality of yeasts and mammalian cells.
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CTD is not only vital and exhibits structural plasticity, but it is also post-
translationally modified by so called “CTD writers” or “CTD erasers”[16, 17].
Five out of the seven conserved residues that are forming repetitive heptad
can be phosphorylated and the remaining two residues - prolines - can un-
dergo isomerisation [18, 19, 20]. These modification lead then to a creation of
a CTD (or its parts) with unique chemical and structural features which led
Buratowski and colleagues to the proposition of the so-called “CTD-code” more
than a decade ago. Later, Schwer and colleagues have shown that the CTD-
code is read as a 10-11-letter word (i.e. not in single heptads but rather one
and a half hepta-repeat) of sequence Yla-S2a-P3a-T4a-S5a-P6a-S7a-Y1b-S2b-
P3b-Thrdb[21]. All these features of the CTD provide it with the possibility to
attract or repel a broad range of interacting factors. Proteins or interacting part-
ners to RNAPII’s CTD that are neither “eraser” nor “writers” are forming the
third group called “CTD-readers” (of the CTD-code). Starting from the non-
modified state of the RNAPII’'s CTD, there are possible 2x2x2x3x3x2x3=432
combinations of post-translational modifications together with the two pro-
line configurations in a single hepta-consensus repeat. In a 10-11 functional
unit, these combinations multiply to 2x2x2x3x3x2x3x2x2x2x3=10368[15].
However, it is still unclear how many of these combinations actually occur
in vivo, and it can be expected that some modifications exclude each other
and that the CTD-code is degenerate and/or less complex.

OH
OH OH
0 0o 0 0
N_NH / ’ \_NH ’ ’
NH \ 7N 72 NH '\ /N + NH
(0] (o] ¢}
HO HO
n

Tyr, Ser, Pro; Thr, Ser; Prog Ser,

Figure 6: Consensus hepta-repeat of CTD. Groups prone to post-translational
modifications (e.g. phosphorylation) are emphasized in orange, isomerizations
of prolyl bonds are highlighted in blue. Primary sequence and numbering of
aminoacids is shown. “n” indicates variable number of repetitions of CTD in
various organisms, for details see text. O. Jasnovidova is acknowledged for the
art-work - adapted from Jasnovidova & Stefl Wiley Interdiscip Rev RNA 2013

Distribution of phosphorylations throughout the whole CTD had been stud-
ied with the aim to tackle the question of number of phosphorylations per
heptad. Suh and co-workers have shown that phosphorylations are uniformly
distributed along the CTD with average density of ~0.4 phospho-groups per re-
peat. Monophosphorylations per repeat are very abundant followed by double-
phosphorylations. Triple-phosphorylated hepta-repeat of the CTD is very rare.
Serine 5 followed by serine 2 are the two residues with hishest level of phospho-
rylations, whereas phosphorylations of the remaining three residues occur with
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about 2 orders lower magnitude. Schiiller et al.[22] hypothesize that abundance
of double phosphorylations - the most common combination is Y1-S2 - are result
of transition between trsncription cycle stages.

To complete the biological and structural picture of the CTD, chromatin
immunoprecipitation (ChIP) experiments have been performed on yeasts and
human cells with the aim to reveal phosphorylation profiles throughout the
transcription cycle. These experiments have shown a surprising difference in
profiles in yeasts and in human cells with the most significant difference in
Tyrl, which peaks at the beginning of the transcription cycle in human cells
while in yeast is mostly phosphorylated towards the end of the cycle[23, 24].

During my work on RNAPII, T was mostly involved in studies of RNAPII
with “CTD-readers”, namely CTD-interacting domains (CIDs) and with tSH2
domain of elongation factor Spt6. The following chapters hence will provide
introduction to the structural and functional features of these CTD-binding
factors.

2.3 CTD Interacting Domains

CTD-interacting domains is a family of protein domains that recognize specific

phosphorylation patterns of the CTD-heptads. There are four multi-domain

proteins containing CID domains found in budding yeast — Pcf11, Rtt103, Nrd1,

and Ctk3. In further text, I will focus on Rtt103’s and Nrd1’s CID domains|[25,
7 ]'

CID domains are typically 130-160 amino-acids long domains arranged in
helical bundle. There are 8 helices? forming the bundle (Fig. 7). CTD interact-
ing surface is formed by helices a2, a4, and a7. Despite high overal structural
conservancy of the CID domains among the proteins, primary structure com-
position and secondary structure elements vary, forming so interactiong surface
specific for given CID domain.

2.3.1 Structural & Functional Features of the CIDs

2.3.1.1 p-turn Recognition The central residues of the CTD’s consensus
hepta-repeat, SPTS, are prone to form S-turn that is stabilized by intramolec-
ular hydrogen bonds. The g-turn conformation of the CTD seems to be inde-
pendent on serine 2 phosphorylation state[28].

2.3.1.2 cis/trans Isomerization Asmentioned above, besides post-transla-
tional modifications, the CTD-code is also defined by prolyl bond isomerization.
Proline residue is being able to rather easily adopt both cis and trans isomers of
its prolyl peptide bonds. Which conformation will the prolyl bond assume can
be also affected by the type of amino acid preceding the prolyl peptide bond.
The CID of Nrd1[29, 19] has amongst CID domains a unique, positively charged,

2the 6" helix is composed of two smaller helices and often visualizing programs display
these two helices as one long a-helix hence careful reader may be misled while counting only
7 helices in the CID structure



2.3 CTD Interacting Domains 20

Figure 7: CTD Interacting Domain - CID from protein Rtt103 as a represen-
tative of CID domains, numbering of helices is indicated for clarity. Picture
produced with UCSF Chimera using PDB ID: 5M9D

flexible region at the tip of helix a2. There are serine 25 and arginine 28 located
in this region and recognizing phospho-mark of the CTD’s serine 5. Because of
this recognition, the phosphorylated serine 5-proline 6 peptidyl-prolyl bond can
be found in an unusual cis configuration that maximizes the CTD’s contact to
the al-a2 tip region.

2.3.1.3 Electrostatic Recognition & Key Residues As we accept the
concept of the CTD-code, there has to be “reader” protein to read the code or
specific phosphorylation pattern of the CTD-stretch that is recognized. CIDs
provide interaction surface that is able to accommodate 10-11 residues of the
CTD, which is in agreement with the above mentioned length of the functional
CTD-unit.

The two readers that recognise phosphorylation marks at specific position
are CIDs from proteins Rtt103 and Nrdl. Whereas Rtt103 recognizes phos-
phorylation at serine 2 (and as recently shown also threonine 4), the CID of
Nrdl protein recognizes CTD phosphorylated at position of serine 5. Rtt103
recognizes pS2 by forming an H-bond with the guanidinium group of Argl08.
In the case of Nrd1’s CID, the recognition of phosphomark at position of serine
5 is achieved by two residues at the top of a2 — serine 25 and arginine 28. Nrdl
CID reads out serine 2 phosphorylation of the CTD sequence that is placed



2.4 Cisplatin & its derivatives 21

up-stream of the a-turn while the second serine 5 within the S-turn, appears
not to be specifically recognised at all.

2.3.1.4 Non-CTD binding CID domain & Non-CTD interactions
CID domains or their structural analogues that, however, do not recognize any
CTD motif are also found is in some proteins. For example the Ctk3 subunit of
the CTDK-I kinase which is phosphorylating CTD to promote the elongation
step of the transcription cycle. The canonical interaction surface of Ctk3’s CID
formed by the helices a2, a4, and a7 is negatively charged hence is not suitable
to attract CTD but rather different substrates[30].

It is also important to note that the consensus hepta-repeats of the CTD are
not the only binding partners to CIDs. As shown recently, CID may also interact
with other substrates with rather high affinity (Kp of ~ 1 uM), for example
C-terminus of Trfd-protein. For its strong interaction with Nrd1l’s CID, the
peptide of sequence DDDEDGYNPYTL was dubbed NIM — Nrd1 Interacting
Motif.

2.4 Cisplatin & its derivatives
2.4.1 Cisplatin

Cisplatin (Fig. 8)is a square plannar inorganic compound containing plat-
inum(II) as a central atom, and two chloride anions and two amine groups
in cis-configuration, as ligands. Cisplatin has been successfully applied as anti-
tumor therapeutics against testicular, bladder, neck, ovarian, and head cancer
since it has been approved by the Food & Drug Administration (FDA) in the
USA. Trans isomer of platinum(II) complex exists as well but its activity is
much lower than the one of cisplatin hence it will not be further mentioned in
the following text[31, 32].

Cisplatin, cis-diamminedichloroplatinum(IT) enters the cell as a neutral mole-
cule, which is activated in the intra-cellular environment where concentration
of chloride ions drops from ~100 mM to ~4 mM concentration and one of the
chlorides is replaced by water molecule to form mono-aqua [PtCl(H2O)(NH3)o] "
cation, and more slowly the di-aquo Pt(Hz0)2(NHjz)s]?T cation. This posi-
tively charged molecule crosses nuclear membrane and crosslinks DNA| but can
also bind to RNA and sulthydryl groups of amino-acid side-chains in proteins.
Bifunctional cisplatin cation is forming first monofunctional adduct with the
preference to guanine’s N7 and subsequently major intra-strand cross-link to
adjacent purine base.

While the 1,2-intra-strand d(GpG) cross-link between cisplatin and two
adjacent guanines is the major product, 1,2-intra-strand d(ApG) can be also
formed. Furthermore, 1,3-intra-strand d(GpNpG), inter-strand cross-link and
monofunctional adduct are created as well.

These 1,2-intra-strand cisplatin cross-links bend and unwind DNA and are
hence blocking DNA replication and transcription and lead to a programmed
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cell death — apoptosis. Despite high efficacy of cisplatin in treatment of can-
cer, there are numerous side effects connected with the toxicity of cisplatin, e.g.
nephrotoxicity, nausea, neurotoxicity and nausea and vomiting. Additionally,
some types of tumour exhibit resistance against cisplatin treatment. To im-
prove better cisplatin delivery in the cell and enlarge the spectrum of cisplatin
treatable cancers, development of new drugs derived from cisplatin has been
performed[33, 34].
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Figure 8: Cisplatin and its 2"% and 3"¢ generation analogues are shown. Green
rectangle is emphasizing the core structure of cisplatin which is common for all
cisplatin drugs and its derivatives. Adapted from: JMedChem, 55: 7182-7192,
2012

2.4.2 Cisplatin Derivatives

There are several representatives that should accomplish the goal of better de-
liverable and more potent successors of cisplatin I would like to mention. They
are representatives of second and third generation (Fig. 8), carboplatin and
oxaliplatin, respectively. And lipoplatin is derivative of cisplatin with the aim
of better delivery of cisplatin molecule into the cell[35].

Carboplatin - cis-diammine-(1,1-cyclobutanedicarboxylato)platinum(II) — is
a member of the so-called second generation of platinum drugs. Carboplatin
interacts with DNA the same way as cisplatin, i.e. forming the same type of
1,2-(GpG) adducts with the difference that the conversion to the active complex
is much slower in the case of carboplatin. Carboplatin is sold since 1986 when
it was approved for medical use as Paraplatin and since then has been used
against neuroblastoma, head and neck cancers as well as against ovarian and
lung cancer. Nevertheless, carboplatin shows cross-resistance with cisplatin[36].

Development of cisplatin analogues is still ongoing. Lipoplatin, picoplatin,
satraplatin and tetraplatin are some of the tested or even promising ones.
Lipoplatin[37] is assembly of cisplatin encapsulated in a micelle with the aim to
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improve the delivery of the drug into the cell, while picoplatin (cis-amminedichloro-
2-methylpyridineplatinum(II)) shows lower inactivation by non-DNA interac-
tions and higher activity in cisplatin resistant cell lines. Tetraplatin, tetrachloro-
(D,L-trans)1,2-diamminocyclohexaneplatinum(IV), is one of the candidates that
was tried in clinical test but did not show sufficient activity compared to cis-
platin and was not approved.

2.5 RNA binding proteins

In the previous chapters, wide range of interaction regimes and interacting part-
ners have been introduced (weak to strong binding or even covalent bond/cross-
link in the case of cisplatin). In these case proteins were interacting with pep-
tides or other proteins or nucleic acid with inorganic or organic compounds. In
this chapter, proteins interacting with nucleic acids or specifically RNA, will be
presented[38, 39].

Figure 9: Cartoon representation of RRM domain of protein Nab3 (PDB ID:
2141) with SB-strands shown in yellow, a-helices in red, and RNA oligomer
UCUU in black. S-sheet is of topology 84518352 (left to right) for details see
the text.

There are several binding motives or protein domains that interact with RNA
to regulate many aspects of RNA processing, such as RNA splicing, polyadeny-
lation, capping, modification, transport, localization, translation, and stability,
called RNA metabolism. Out of the known RNA-binding proteins or motives
(RBPs), namely - double-stranded RNA binding motives (drRBM), Sterile
alpha motif (SAM), PAZ domain named after proteins Piwi, Argonaut and
Zwille, zinc fingers, K homology domains (KH), highly conserved motives
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in RNA helicases - Asp-Glu-Ala-Asp (DEAD/DEAH boxes), Pumilio/FBF
(Caenorhabditis elegans Pumilio- fem-3 binding factor, PUF) domains, penta-
tricopeptide-repeat domains (PPR), and RNA-recognition motifs (RRMs) fur-
ther text will describe the RRM domains only.

The RNA recognition motif (RRM) or RNA-binding domain (RBD) or
even ribonucleoprotein domain (RNP)[10] is a family of ~90 amino acids do-
mains that contain a central sequence of eight conserved residues that are mainly
aromatic and positively charged. The canonical fold of RRM is an a8 sandwich
with a topology Slal5283a234. The domain structure is composed of a 3-sheet
formed by four antiparallel S-strands in order (left to right) 84515382. The
helices ala2 are packed against the S-sheet (Fig. 9)[11].

Sequence of the central region of the RRM, termed RNP, is defined by con-
sensus residues Arg/Lys-Gly-Phe/Tyr-Gly/Ala-Phe/Tyr-Val /Tle/Leu-X-Phe/Tyr,
where X stands for any amino-acid. Since later, another motif with a sequence
Ile/Val/Leu-Phe/Tyr-Ile/Val /Leu-X-Asn-Leu has been defined, the first motif
is referred as RNP1 and the second as RNP2.[12] The binding of the RRM to
RNA is through three aromatic side-chains from the central S-strands that stack
to three RNA nucleotides. Both motives were shown to bind RNA with wide
range of affinities and specificities, while the typical length of recognized RNA
is four nucleotides. In addition to the protein-RNA interactions, RRM can be
involved in protein-DNA interactions or even in protein-protein interactions.
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3 Before We Start to Measure Interactions With
NMR

Despite the fact that NMR is a great method for studying molecules and in-
teraction and dynamic processes in solution, there are several important points
that have to be taken into consideration prior of any NMR study is performed.
There are five options one can face before studying complex formation between
biomolecules: i) unknown structure of the protein of interest, ii) known X-ray
structure of the protein of interest, iii) known NMR structure of the protein
of interest, iv) known chemical shift assignment, v) unknown chemical shift as-
signment. Any combination of these situations is imaginable and the best for
NMR studies is situation iii)+iv) since it means most of the tedious work has
been done and one can focus on interaction studies only. In all other cases,
substantial time and money investment has to be taken into account.

3.1 Sample Preparation

To have full profit of the NMR technology when studying interactions between
biomolecules, one of the interacting partners has to be mostly 5N, and/or 13C
enriched. Sometimes specific labelling is also beneficial but that is beyond the
scope of this overview.

It is good to design well what is the goal of the study and chose labelling /
enrichment accordingly. With N labelled sample, which is usually sufficient,
most of the amino-acids can be studied in detail including side-chain residues.
While histidine’s imidazole ring can be measured through long-range 'H-'°N
correlation in the range 160240 ppm in ®N dimension, N-H pair in arginine’s
side-chain appears between 75-95 ppm in a standard 'H-'>N HSQC experiment
and the same is true for -NHy groups in side-chains of asparagine and glutamine.
Backbone N-H pairs are monitored through std. 'H-'"N HSQC with the obvious
exception of prolines.

If aliphatic and aromatic side-chains are of interest, '*C enriched sample is
needed and cleavage of His-tag (if used for purification purposes) is strongly
recommended.

3.2 Chemical Shift Assignment

The bottleneck of NMR studies of biomolecules is chemical shift assignment. It
is the most demanding step on wo/man-power, experimental time, processing
and analysis time. There are several strategies to achieve the NMR assignment
but still time to successful obtaining of the chemical shift assignment varies from
weeks to months.[13, 44]

3.3 Structure Determination

Structure determination (of one or both interacting partners using NMR spec-
troscopy) is a step that is not necessarily needed when studying interaction of
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biomolecules. If situations ii) or iii) apply (i.e. structure of one of the interacting
partners is known from either X-ray or NMR or electron microscopy), with the
use of bioinformatic tools and/or molecular dynamics, valuable results can be
obtained. Otherwise, when structure is unknown, one has to follow the standard
procedures relying on nuclear Overhauser effect (NOE), interligand NOE, trans-
ferred NOE, scalar couplings, residual dipolar couplings, paramagnetic shifts,
paramagnetic shielding etc[44].

3.4 NMR Spin Relaxation Methods

Besides “static” information about chemical shift assignment or structure of a
free or complexed protein, NMR provides also information about the dynamics
of the protein(s) and change in spin relaxation upon interaction with binding
partner. Relaxation measurement in NMR enable us monitoring dynamic prop-
erties over a wide range of time-scale covering large portion of considerable
motions in biomolecules. The biggest drawback of dynamic measurement is
that biological community does not appreciate these enough and only a small
portion of dynamic data is recognized despite big effort of NMR, spectroscopists
and molecular dynamics experts[45, 46].
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4 Studying Interactions by NMR

4.1 NMR as a Universal Tool For Studying Interactions
in Solution

All biological processes are happening through the interactions between biomole-
cules and their interactions with organic or inorganic compounds. The course
of the processes is strongly dependent on the kinetics and thermodynamics of
the interactions. While for the thermodynamics the typical physico-chemical
method of choice is isothermal titration calorimetry (ITC), there are several
experimental methods that enable us to study the kinetics of the interactions.
Amongst these methods, solution nuclear magnetic resonance (NMR) deserves
special attention as it allows to monitor and identify many aspects of the in-
teraction — identifying the key residues for the interaction to appear, revealing
the interaction surface and also through relaxation measurement suggest the
molecular weight of the reaction adduct (REF). When these information are
combined with ITC or fluorescence anisotropy measurement, almost complete
picture of the interaction process is revealed.

4.1.1 NMR Titration

The first and most crucial step in studies of interactions using NMR spectroscopy
is preparation of the complex of interest which is achieved through an NMR
titration. With NMR titration we understand a stepwise addition of one of the
interacting partners (titrant or ligand) in small volumes and high concentrations
to the solution of volume of several hundred of microliters (depending of NMR
tube used — 3 mm, Shigemi, and 5 mm range from 180 microliters, through
280 up to 600 microliters, respectively) containing the interacting partner (pro-
tein or titrand). Addition of small volumes of titrant to high volumes of the
titrand maintains the total volume of the titration nearly constant hence the
concentration of the titrand is constant as well. An NMR spectrum is measured
after each addition of the titrant and changes in the spectrum are analyzed.
NMR titration can be performed through 1D as well as through multidimen-
sional NMR spectra. In case of protein NMR spectroscopy, the most typical
set up is that one of the partners is N and or '3C /15N enriched and series of
heteronuclear-single-quantum coherence spectra (HSQC) is measured through-
out the titration.

4.1.2 Fast to Slow Exchange Regimes - Analysis of NMR Titration

Upon completion of the titration, both K4 and interaction surface of the labeled
titration partner can be identified supposing previous knowledge of backbone
resonance assignment of the measured spectra.

Dissociation constant or K is in case of NMR titration derived from changes
in chemical shift changes throughout the titration. The first requirement for the
analysis of such experiments is to establish which exchange condition applies.
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For many complexes studied by NMR, the association rate constant will be
diffusion-limited, with value in the range 107-10% M ~!'s~!. To a first approxi-
mation, then, the exchange rate will depend on the equilibrium constant. If the
complexes bind tightly (with dissociation constant Ky < 10~7 M), the slow
exchange condition usually applies, and separate signals for the complex and
the free species are observed[47].

When K, > 1073 M the dissociation rate constant are larger, and exchange
between the complex and the free species is often fast on the NMR timescale.
Under these conditions a single averaged resonance is observed for nuclei
at corresponding sites in the free and bound species, and this resonance shifts
progressively as the relative concentrations of the two species are changed.

Plotting the chemical shift variation (in fast exchange mode) or the inten-
sity increase (in the slow exchange one) against molar ratio of the proteins
throughout the titration, a binding curve is obtained and its analysis yields
both either the chemical shift or the intensity of the fully formed complex and
the dissociation constant. The most commonly used approach for studies of
protein—protein (also protein-ligand) interactions in NMR is acquisition of seri-
ous of 'H-X HSQC spectra (X is substituted either for 1°N or for **C) through-
out the titration from which the intensity or chemical shift variations can be
evaluated|[48].

Between the two extremes of “fast” and “slow” exchange, complex with
non-Lorentzian line—shapes from species in intermediate exchange is observed.
Detailed analysis of such a spectrum would allow one to determine chemical
shifts and lifetimes of the contributing species. This lineshape analysis is often
difficult to perform in experiment, hence in practice, the assumption of fast
exchange is usually made to facilitate the analysis, since there is no simple test
to establish whether in fact the fast exchange condition is completely fulfilled.

Considering a protein A, that binds to a protein B, to form a 1:1 complex
AB:

A+ B+ AB (1)
The dissociation constant, K, is defined as follows:

[A][B] _ ([A]° = [AB))([BI° = [AB]) _ k,
Ka= [AB] — [AB] - k:f,j (2)

and the complex concentration is given by:

[AB] = %[([A]O +[B]° + Ka) = V([A]° + [B]° + Kq)? — 4[A]°[B]’]  (3)

where [A]? and [B]Y, in a case of an 1:1 complex formation, can be written:

A°
[B]°

[A] + [AB]
[B] + [AB]
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The fast exchange condition is:
1 1
o1 | vp —vp |< <+> (4)
TF B

where vp and vp are the resonant frequencies (in Hz) of the nucleus in the
free and bound states, respectively, and 7z and 75 are its lifetimes in those
states (with 7 = 1/koys). If this condition is fulfilled, we shall observe a single
resonance at a frequency:

Vobs = Prvp + Ppup (5)

where Pr and Pg are the fractional populations of the free and bound states,

PB:[EZ?)]Zl_PF (6)

so that AB) AB]
Vobs = (1 - [A]O ) vp + [A]O VB (7)
(vovs — ve) = 2 0y — i) 5)

[A]°

Combining Egs. (3) and (8) it can be seen that the variation (v,ps —VF) as a
function of [A]° (with [B]Y constant?®) can be analyzed by nonlinear least-square
fitting in terms of two unknowns, (v — vr) and Ky [47, 50, 49, 51, 48].

The change in resonant frequencies induced by complexation is usually nor-
malized to a reference value (i.e. Av = vops — v¢). In addition, it is useful to
define the maximum frequency (Avg.) that would be observed in the limit
of full formation the complex. In the above described system, this would be
vp — vr. Hence, the final equation to be used for fitting the experimental data
looks as follows:

Vobs = Amag { (AP + [B° + Ka) = /(A + [B° + Ka)? — 4[A][B] } (9)

2[B]0

In the case of slow exchange, the binding constant can still be quantitated
by measuring the intensities of the disappearing and/or appearing peaks as a
function of the titration progression.

4.2 Mapping Protein Binding Surface

Qualitatively important information about interacting surface of the labeled
partner can be obtained by monitoring the chemical shift perturbation per
residue. The chemical shift of N and 'H are particularly sensitive to any

3for corrections on concentration, see [49]
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change in environment; thus, perturbation of these shifts as a result of com-
plex formation provides a highly sensitive tool for the mapping of binding sites
on a protein. Method commonly used to combine perturbations observed in
both dimensions of " N-'H HSQC throughout an NMR titration is described by
following equation [52, 53]:

15 2 1 2
Aby — \/(A(S N/5)2+(A5 H)

where Adg, is average amide chemical shift perturbation, in which A§'N and
AJ'H represent the change in the chemical shift of amide nitrogen and proton,
respectively.

The binding interface hence will be defined by the residues exhibiting the
largest shifts upon the complex formation, which in other words means that the
residues that do not exhibit any change or exhibit changes within the range of
error are those not-localized at the binding interface.

The interaction surface and key residues can be of course also determined
by solving the structure of the studied complexes but such approach is far from
being quick and easy, where quick is also possible only when the resonance
assignment is already available.

Another option for determination of interaction surface is performing hydro-
gen exchange experiments [28], however, these have not been used within any
of the presented works and this approach will therefore not discussed.

(10)
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5 Results

This section is formed from articles that were either submitted or already pub-
lished during my scientific career. The publications were selected such to demon-
strate the spectrum of my know-how both from the part of studied systems as
well as from the point of view of techniques that have been used to achive the
published results.

5.1 The Tubulin-Bound Structure of the Antimitotic Drug
Tubulysin
The attached publication is describing the use of transferred nuclear Overhauser

enhancement for deteremination of tubulin-bound structure of tubulysin - a
tubulin-depolymerizing agent with promissing anti-cancer effect.
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The Tubulin-Bound Structure of the Antimitotic Drug Tubulysin

Karel Kubicek, S. Kaspar Grimm, Julien Orts, Florenz Sasse, and Teresa Carlomagno*

Tubulysin is a highly cytotoxic peptide isolated from the
myxobacterial species Archangium gephyra and Angiococcus
disciformis.!) It consists of N-methylpipecolic acid (Mep), L-
isoleucine (Ile), and the two unusual and novel amino acids
tubuvaline (Tuv) and tubutyrosine (Tut)? (Scheme 1). Tubu-

Mep : lle . Tuv . Tut

R' R? R' R? R' R?
\)\ OH TubulysinA ~~~ H Tubulysin E ~~~ OH Tubulysin C
\)\ H TubulysinD ~ OH Tubulysin | OH Tubulysin X**

\/I\ OH Tubulysin G~~~ OH Tubulysin W*

Scheme 1. Chemical structure of natural tubulysins; Mep, N-methylpi-
pecolic acid; lle, isoleucine; Tuv, tubuvaline; Tut, tubutyrosine
(* =deacetyl; **= N,O-deacetyl).

lysin displays extremely potent cytotoxic activity in mamma-
lian cells, including multidrug-resistant cell lines, with ICs,
values in the lower nanomolar range."*! The cytotoxic activity
of tubulysin is connected with its ability to interfere with
microtubule (MT) dynamics and to inhibit tubulin polymer-
ization both in vivo and in vitro.?! With respect to its peptidic
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nature and biological activity, tubulysin is closely related to
dolastatin-10, an anticancer agent derived from the marine
mollusc Dolabella auricularia (see Scheme S1 in the Support-
ing Information). Other tubulin ligands, such as vinblastine
and colchicines, share the MT-destabilizing activity of tubu-
lysin while showing a very different chemical structure (see
Scheme S1 in the Supporting Information).

The binding sites of vinblastine and colchicines to tubulin
have been elucidated by X-ray crystallography!** and pro-
vided the basis to propose a mechanism for the cytotoxic
activity of these two MT-destabilizing agents. Tubulysin A
(TBS, Scheme 1) strongly inhibits the binding of vinblastine
to tubulin; however, the experiments suggest a noncompeti-
tive pattern of inhibition,” as previously observed for other
antimitotic peptides, such as dolastatin-10 and phomop-
sin A.[* Instead, antimitotic polyketides, such as rhizoxin®
and disorazol,”’ have been shown to inhibit binding of
vinblastine to tubulin in a competitive manner. This led to
the proposal of two binding sites for MT-destabilizing agents
on tubulin, a Vinca site where the Vinca alkaloids bind and a
peptide site for phomopsin and TBS binding, both sites
situated in a region of the (3-tubulin called the Vinca domain.

In addition to the many classes of MT-destabilizing agents,
other groups of compounds, such as the epothilones and
paclitaxel, function as MT-polymerizing enhancers. In vitro
studies showed that induction of polymerization of tubulin by
these compounds is strongly inhibited in the presence of
TBS,? and that TBS is able to dissolve MTs formed in the
presence of paclitaxel or epothilone.?

Knowledge of the structure of the tubulin-TBS complex is
essential to understand the mechanisms of action of TBS and
the interplay between this MT-destabilizing agent and other
tubulin ligands. Direct structural information on the inter-
action of natural products with tubulin includes complexes of
tubulin with either taxol or epothilone A (EpoA) as the
polymerizing agents,”! and with vinblastine and colchicines
as the depolymerizing agents*” (see Figure S1 in the
Supporting Information). However, in the case of TBS
structural knowledge is limited to the unbound conformation
of TBS in a methanol/water mixture, determined by X-ray
diffraction, or in dimethyl sulfoxide (DMSO), studied by
NMR spectroscopy.?!

Herein, we describe the bioactive tubulin-bound confor-
mation of TBS, as determined by NMR structural analysis in
aqueous solution using transferred NOE (tr-NOE) data. We
find that the bioactive conformation of TBS dramatically
differs from that in the solid state determined by X-ray
crystallography. The conformational differences between the
unbound and tubulin-bound forms presented here allow the
first rationalization of the biological data available on the
tubulin depolymerization activity of tubulysins.
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There are only weak cross-peaks observed in the NOESY
spectra of tubulin-free samples of TBS, as expected for a small
molecule tumbling rapidly in solution. In contrast, the
NOESY spectra of a 500 um solution of TBS in the presence
of 10 um tubulin show intense cross-peaks (tr-NOE), thus
indicating that TBS binds to soluble tubulin. In the presence
of tubulysin and under the conditions described in the
Experimental Section, tubulin is either dimeric or forms
rings (see Figure S2 in the Supporting Information).

A total of 197 nonredundant tr-NOE peaks were identi-
fied in the NOESY spectrum of a 500 pm aqueous solution of
TBS in the presence of 10 um tubulin, and were used as
restraints in the structure calculation (see Figure S3 in the
Supporting Information). The full relaxation matrix approach
was used to calculate the structure of tubulin-bound TBS. This
method minimizes the difference between the computed and
the experimental 2D NOE intensities while accounting for
spin-diffusion effects. The structure calculation converged to
a unique family comprising the 12 lowest-energy conformers
(Figure 1; heavy atoms, root mean square deviation 0.33 A).

Figure 1. Conformation of A) tubulin-bound (overlap of the best twelve
NMR structures) and B) free TBS. Color code: blue N, red O, yellow S,
green/cyan C.

The tubulin-bound conformation of TBS (Figure 1A,
green) is compared to the free (unbound) conformation of
TBS determined by X-ray crystallography (Figure 1B,
cyan).P”! The compact structure of tubulin-bound TBS largely
differs from the extended unbound conformation. In the
bound state, the nitrogen atom of the thiazole ring of Tuv and
the aromatic ring of the Tut form a basal platform at the
bottom of the molecule upon which the O-acyl N,O-acetal
side chain of Tuv packs to form a hydrophobic core. The Ile
and the methyl group at the C-terminal end of the Tut also
contribute to this core. The O-acetylmethyl group closes the
hydrophobic pocket at the bottom. The remaining backbone
towards the N-terminal N-pipecolic acid protrudes from this
core region, as does the O-acetyl group, both of which are
located on the same side of the basal platform. Comparison of
the dihedral angles of the tubulin-bound and free conforma-
tions of TBS revealed several major differences, which are
described in detail in the Supporting Information (Table S1).

The piperidine ring of the N-pipecolic acid shows only
sparse interresidual tr-NOE data, whereas the expected
number of intraresidual signals from the methylene groups
is present in the NOESY spectra. The NOE data are not
consistent with a single conformation of the ring but indicate a
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mixture of twisted boat and chair conformations in the ratio
60:40 (Figure 1). Consistently with this conformational flex-
ibility, the piperidine ring points away from the rest of the
molecule and is likely not to be part of the pharmacophore. In
contrast, in the tubulin-unbound structure the piperidine ring
adopts a well-defined chair conformation.

Figure 2 shows a summary of the structure-activity
relationship (SAR) datal'®""! mapped on the three-dimen-
sional structure of tubulin-bound tubulysin. The tertiary

Figure 2. Stereo view of the tubulin-bound three-dimensional structure
of TBS mapping of the SAR data available from the literature. The
radius of the spheres, which represent C (gray), N (blue), S (yellow),
and O atoms (red), is proportional to the relevance of the site for
cellular activity. No sphere indicates that the corresponding atoms can
be eliminated without affecting the bioactivity; middle-size spheres
represent the sites where modifications were not tested, while the
large spheres represent the sites where modification of stereochemis-
try or suppression of the functionality negatively impacts activity.

amine group of the Mep residue at the N terminus is essential
for activity, but very simple low-molecular-weight substitu-
ents are acceptable at this site. Neither the tyrosylethyl nor
the y-carboxy groups of the C-terminal Tut residue are
relevant for cytotoxicity. Similarly, both labile Tuv C5-acetyl
and O-acyl N,O-acetal groups can be eliminated without
affecting cellular activity. On the other hand, a change in the
stereochemistry at the Tuv C5 atom negatively impacts the
ability of TBS to destabilize MTs.

The tubulin-bound structure of TBS allows rationalization
of these SAR data. The piperidine ring of the N-terminal
Mep, the tyrosylethyl and y-carboxy groups of the C-terminal
Tut, and the O-acyl N,O-acetal group are all situated on the
same side of the molecule and are all dispensable for
biological activity. On the other hand, the hydrophobic
skeleton of the molecule, which assumes a T-shaped form
described by the thiazole ring, the valine side chain of Tuv,
and the Ile side chain, seems to be essential, as indicated by
the relevance of the stereochemistry at the Tuv C5 atom. On
the opposite side of the T-shaped core, the hydrophilic tail of
the Mep residue is likely to be involved in a hydrogen bond
with tubulin side chains, as indicated by the relevance of the
tertiary amine group at the N terminus of TBS.

Tubulysin has been shown to inhibit the binding of
vinblastine to tubulin in a noncompetitive manner.” Thus,
the location of the tubulin-binding site of TBS remains
unknown. To address this question, we applied the
INPHARMA method!"*" to two samples: 1) TBS (500 um),
EpoA (500 um), and tubulin (10 pm); and 2) TBS (500 um),
vinblastine (500 um), and tubulin (7 pm). In INPHARMA,

Angew. Chem. Int. Ed. 2010, 49, 4809 —4812



protein-mediated interligand NOEs can be observed between
two ligands binding weakly and competitively to the same
binding pocket of a macromolecular receptor. In agreement
with the biological data, which suggest a noncompetitive
inhibition of the tubulin binding of vinblastine by TBS, we did
not observe any protein-mediated interligand NOEs between
TBS and vinblastine. However, we cannot exclude that the
failure in the observation of the interligand NOEs may result
from the slow dissociation constant, k., of vinblastine rather
than the presence of two different binding sites for the two
drugs.

Surprisingly, we observed interligand NOEs between
EpoA and TBS, which suggests that the two drugs share a
common binding site on tubulin (see Table S2 and Figure S4
in the Supporting Information). Tubulin-mediated interligand
NOEs are observed homogeneously for almost all protons of
the two drugs, thus suggesting that they do not bind
simultaneously to neighboring pockets. Furthermore, the
piperidine ring of TBS does not show any tubulin-mediated
interligand NOEs, which confirms that this ring is not in
contact with tubulin. The existence of tubulin-mediated
interligand NOEs between EpoA and TBS could imply that
the taxane binding pocket, to date identified as an exclusive
binding site for MT-stabilizing agents, accommodates MT-
destabilizing agents as well. This in turn poses the fundamen-
tal question about which structural features make a tubulin
ligand either a MT-stabilizing or a MT-destabilizing agent.

Another possible explanation for the observation of
interligand NOEs between EpoA and TBS would be the
competitive binding of the two drugs to a pocket different
from the taxane one. Recent work by Diaz etal.'"¥! has
identified a second binding site for MT-stabilizing agents, the
cyclostreptin binding site, which is adjacent to the taxane
binding site on the other side of the M-loop and includes
residues F214, T220, T221, and P222 of the H6-H7 loop. This
binding site was suggested to be partially present in dimeric
tubulin as well, and is proposed to represent the entry gate for
MT-stabilizing agents to the lumenal taxane binding pocket in
MTs. Thus, it is conceivable that EpoA and TBS share the
cyclostreptin binding pocket in nonpolymerized tubulin.

Recently, the binding mode to tubulin of soblidotin, a
dolastatin-10 analogue lacking the thiazole ring, has been
determined by X-ray crystallography using of-tubulin in
complex with the RB3 stathmin-like domain."™! An overlap of
the tubulin-bound conformation of soblidotin and tubulysin is
shown in Figure S5 in the Supporting Information. There is a
remarkable overlap between the pharmacophore of the two
drugs, both in the overall shape at the Ctermini of the
peptides and in the position of both the aromatic and polar
groups. In this study, the binding site of soblidotin to tubulin
partially overlaps with that of vinblastine, thus contradicting
previous reports on the noncompetitive nature of the
inhibition of vinblastine binding by dolastatin-10.1 Notwith-
standing this contradiction, we note that the dolastatin-10
binding site identified in the crystallographic study!"” margin-
ally overlaps with the cyclostreptin binding site,"* especially
in the involvement of the H6-H7 loop. Assuming that
dolastatin-10 and tubulysin share a common binding site on
tubulin, the results from our INPHARMA NOE experiments
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might indicate that EpoA and tubulysin both bind to soluble
tubulin at a site close to the cyclostreptin binding pocket.

Further investigations are in progress to confirm or
disprove the competitive binding of tubulysin and EpoA,
either to the taxane or to the cyclostreptin binding pockets of
tubulin.

Experimental Section

Tubulin preparation: Bovine brain tubulin was purchased from
Cytoskeleton Inc. (Denver, CO, USA; Product No. T238) and was
prepared for the NMR measurements as described previously.!"®)

Sample preparation: TBS stock solution was prepared by
dissolving TBS in [D¢]DMSO (25 L), and then mixed with tubulin
solution to a final volume of 280 pL. The final sample contained 5 %
[Dg]DMSO, 10 um tubulin, and 500 um TBS. The presence of DMSO
increased the solubility of TBS. Tubulin-free NMR samples of TBS
were prepared by diluting the [D¢]DMSO stock solution of TBS in the
NMR buffer.

NMR spectroscopy: NMR experiments were performed on a
Bruker 900 MHz spectrometer. Resonances of TBS were assigned
from COSY, TOCSY, HSQC, and HMBC spectra. A series of
NOESY experiments was recorded at 25°C with mixing times of 40,
70, 100, and 150 ms on tubulin—-TBS and tubulin-free TBS samples.
NMR data were processed with NMRPipe!'”! and analyzed with
FELIX (Accelrys Software Inc., CA, USA); 221 cross-peaks were
identified in the NOESY spectra. Build-up curves were extracted for
each cross-peak and 197 nonredundant NOEs were used as restraints
in the structure calculation.

Structure calculation: 120 structures were calculated with
XPLOR-NIH 2.13!"" using restrained simulated annealing (SA)
from a single extended starting template. NOEs were used in the
full relaxation matrix approach. From the initial rates of NOE build-
up curves of those proton pairs the distance of which was independent
of the conformation, a value of approximately 9 ns was estimated for
the effective correlation time (. .y), which correlated well with the
result of the XPLOR-NIH grid search routine. The SA protocol
comprised one high-temperature phase (2000 K), two cooling phases
(from 2000 to 1000 K in steps of 50 K and from 1000 to 100 K), and a
final 200 steps of energy minimization. The same weight was applied
to all experimental peak intensities. Since stereospecific assignment
of the methylene groups was missing, the in-house XPLOR function
SWAP was used for optimizing the energy. Protons in methyl groups
were averaged as (r°) "', The quality of the fit of the structures to the
experimental NOE data was determined with the generalized R-
factor R", with n=1/6. To test the consistency of the experimental
data, the NOE information from 10 and 15% of the data was
completely omitted from the experimental restraint list. Calculations
run with the reduced sets of NOE data converged consistently to the
same result. All our tests proved that the tubulin-bound conformation
of TBS was exclusively determined by the experimental NMR data.

Structures have been deposited in the BioMagResBank (http:/
www.bmrb.wisc.edu/) under accession number BMRB-20121.

Interligand tr-NOEs: Protein-mediated interligand NOEs
between EpoA and TBS were observed in a NOESY spectrum
acquired at 900 MHz by a sample containing tubulin (10 um), EpoA
(500 pm), and TBS (500 pm) in a D,O/[Dg]DMSO (95:5) solution. The
mixing times of the NOESY spectra were 450, 275, 200, 150, and
100 ms.
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5.2 Unusual Interstrand Pt(S,S-diaminocyclohexane)-GG
Crosslink

Following publication summarizes our results obtained during the study of an
unusual interstrand Pt—-GG crosslink that is formed within a DNA duplex by
spontaneous isomerization of a classical intrastrand crosslink bearing two adja-
cent guanines coordinated to Pt(S, S-DACH)?*
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Currently used platinum antitumor drugs, such as cisplatin
(cis-[PtCL,(NH;),]) and oxaliplatin  ([Pt(oxalate)(R,R-
DACH)]) (DACH=1,2-diaminocyclohexane), are believed
to trigger apoptotic cell death by a cascade of cellular
events induced by an initial reaction with DNA.? This re-
action yields predominantly covalent crosslinks between ad-
jacent guanine bases, which produce a bend in the DNA
double-helix.’l The crosslinks are generally inert and thus
persistent; nevertheless some examples have been identified
where an initially formed crosslink rearranges to another
lesion.! We report here a remarkable case of such a rearrange-
ment where the initial duplex d(C,C,T;T,G*G*;T,CsToCyp)-
d(GnALGEALCCleARA1G1Gy) (1) (G* bases  cross-
linked by Pt(S,S-DACH)**, the enantiomer of Pt(R,R-
DACH)** occurring in oxaliplatin) rearranges to the inter-
strand-crosslinked  species  d(C,C,T5T,GsG*,T,CsToCyp)-
d(G*1A1,G13A1,C5C 1A 17A13G19Gy) (2). 2 has an unprece-
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dented structure with a head-to-tail orientation of the plati-
nated bases G*; and G*;; and a side-on interaction between
G*,; and the methyl group of T,. This intrastrand-to-inter-
strand rearrangement is a new demonstration of the kinetic
instability of Pt—N bonds in strained structures.

The initial aim of our work was to evaluate the impact of
the ligand chirality |Pt(R,R-DACH)** versus Pt(S,S-
DACH)?*} on the structure of the intrastrand-crosslinked
duplex 1. The S,§ enantiomer, as compared to the R,R enan-
tiomer, has lower antitumor and much greater mutagenic ac-
tivities.’) 1 was obtained by reaction of [Pt(NO;),(S,S-
DACH)]| with the d(C,C,T;T,GsG¢T,CiToC,,) single-strand
and hybridization of the purified G*;G*¢-platinated single-
strand with the complementary strand. In the course of the
NMR investigation, we observed the appearance of a
second set of NMR signals belonging to a new species (2)
which formed at the expense of 1 and achieved, within one
week, a concentration comparable to that of 1, as judged
from the cytosine H5-H6 crosspeak volumes. Electrophoret-
ic studies (see Experimental Section) indicated that the mix-
ture contained an interstrand-crosslinked species, and this
conclusion was supported by the observation that, upon
heating to 40°C, the peaks of 1 disappear completely (as ex-
pected for an intrastrand-crosslinked duplex of this size),
whereas those of 2 persist indicating that it is a duplex stabi-
lized by covalent bonds. In the course of one year, the frac-
tion of 2 increased to virtually 100 %.

In spite of the structural perturbation caused to the DNA
double-helix by this unusual interstrand crosslink (vide
infra), the sequential connectivities among sugar and base
protons, typical of B-DNA, are largely conserved in 2, ena-
bling an assignment based on standard methods (Table S1 in
the Supporting Information).”” A 500 ms NOESY spectrum
of an approximately 1:1 mixture of 1 and 2 is shown in
Figure 1. The spectrum of the intrastrand-crosslinked species
1 is characterized by the typical low-field signal of the H8
proton of the platinum-bound 5'-guanine, G*, around
8.7 ppm, which has a crosspeak with the HS of the other

Chem. Asian J. 2010, 5, 244-247



T,HE C,H5E G*,HE* G',H5 G, ,H2 G' H2'

G',,H8 G*HB | G* HI" G H1 G*EHj‘ G*,H2" G H2*
I I I PR
—T,CH,
2 2 T2
— F
e ,)0
-
{ at’,‘“
. 5 4 ; o 08 4
g [ 2o
= 4
— 5 i
— p
6 [} / 6
v
'y
3 / ¥
— 8 8
da

8- 'H/ppm

Figure 1. 500 ms 2D 'H,'H NOESY spectrum of an approx. 1:1 mixture
of 1 and 2, total concentration ~2.6 mm in 20 mM phosphate buffer
pH7.2 in D,O at 288 K. NOE crosspeaks of the most upfield signal
(T,CHj; of 2) are labeled in black, those of the most downfield signal
(G*sH8 of 1) are labeled in red.

platinated guanine, G*¢ (Figure 1). The most striking NMR-
spectroscopic feature of 2 is the extremely upfield-shifted
methyl signal of T; (0.5 ppm), which shows NOE crosspeaks
with a number of other protons, including the HS protons of
G*; and G*,, (Figure 1, top). The G*,-T, and T,-G*; con-
tacts indicate that G*; and G*;; are close in space and T; in-
serts between them. NOE crosspeaks connecting the DACH
residue with both G*; and G*,; strongly support the proxim-
ity between bases G*; and G* arising from a platinum
crosslink. A relatively intense intranucleotide H1'-H8 cross-
peak indicates that G*;; has a syn conformation. The ab-
sence of an H8-H8 NOE between G*¢; and G*,; excludes a
head-to-head orientation of the two bases. For the base-
pairs Gs/C,s and G*J/C;5, we observed relatively strong
intra-base-pair H1-H41 NOEs, and also rather unusual se-
quential G;HS8-G*HS8, Gs;H1-G*H1’, C;sH6-C,;H6, and
C;sH2"-C;(H2" NOEs. Together, these observations indicate
that these two base-pairs lie in adjacent parallel planes, have
conserved Watson-Crick (WC) base-pairing, and the step is
considerably unwound.

GH1-CH41 imino-amino contacts and TH3-AH2 con-
tacts were observed across all base-pairs except for the ter-
minal base-pairs and T9A12, suggesting that, within the
inner part of the duplex, the complementary bases are kept
at short distances, even though their WC base-pairing may
be perturbed.

Chem. Asian J. 2010, 5, 244247
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We have used NOE volumes extracted from 50 ms
NOESY spectra as distance constraints for a molecular dy-
namics simulation performed on the solvated duplex 2. The
final structure is in excellent agreement with the NOESY-
derived distances and also explains the atypical chemical
shifts of several protons. The global view of the refined
structure is shown in Figure 2a. Figure 2b highlights the po-
sition of the T, base inserted between G*; and G*,; and
shows the protons that the NOESY spectra indicate to have
contacts with the T; methyl group. The base pairs from C,/
G, to T;/A, are largely unperturbed; the base-pair Cg/G;
opens up, whereas the terminal base-pairs Ty/A;, and C,yf
G*,, are completely disrupted. This is caused by the plati-
num-coordination of G*;; and its side-on orientation with
respect to T,. This conformation appears to be stabilized by
van der Waals contacts between the methyl group of T, and
the six-membered ring of G*;. This interaction apparently
“pushes” the T, base above the ring of G*4 with both bases
(G*; and G*¢) strongly shielding the T; methyl group. As a
result, the G*¢-T; step is overwound (twist angle of 40°), as
also suggested by the clear G*;H1-T;H3 NOE.

Figure 2a makes it clear that the observed interstrand
crosslink requires the initially unplatinated strand to make a
U-turn at the 5'-terminus (bases G*;-A,;). The formation of
such a loop is obviously possible only since G*; is the 5'-ter-
minal base of the initially unplatinated strand. Thus, a 5'-
guanine in one strand of a DNA duplex, and an interior
guanine within the other strand at an appropriate distance,
are apparently the requirements for the formation of the
type of interstrand crosslink seen in 2.

The platinum coordination of G*¢ does not perturb signif-
icantly the WC pairing with C,s. In contrast, the crosslinking
of G*;; with G*¢ disrupts the base-pairing of G*;; with C,
and also that of A;, with Ty. The A,, base inserts its amino
group between Ty and Cy, so establishing short contacts with
T,02, C,,02, and C,,04’ atoms. The positions of Ty and Cy,
nucleotides at the 3'-terminus of the top strand must be rela-
tively disordered, as indicated by the absence of the H3-
methyl crosspeak for T, and of the H41-H42 crosspeak for
Cyo in the NOESY spectrum in 90% H,O at 15°C. The C,—-
Cy strand has a fairly conserved single-helical B-DNA form,
and the nH1'-(n+1)H6/8, nH2"-(n+1)H6/8, and nH3'-
(n+1)H6/8 connectivities are seen in the 350 ms NOESY
spectrum (used for assignment) for the whole chain except
for the Ty-C,, step for which only the nH3'-(n+1)H6 peak is
present. Because of the unwinding of the Gs—G*4 step, the
G*HS8 proton is located exactly above the five-membered
ring of Gs (Figure 2b) which explains its upfield resonance
(7.5 ppm) in spite of the deshielding effect arising from plat-
inum coordination.

The formation of 2 is highly informative. First, the isomer-
ization from 1 to 2 underlines the thermal mobility of the
terminal base-pairs in DNA duplexes, allowing G*;; to loop
back on the duplex and to carry out a nucleophilic attack on
the Pt atom. Second, the slow rearrangement of 1 to 2
shows that Pt—N(purine) bonds are not inert, and the initial-
ly formed Pt-DNA crosslink can rearrange to a thermody-
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a)

Figure 2. Molecular model of 2 selected from a cluster analysis of an MD
trajectory under NOESY-derived distance constraints. a) Global view in
stick representation, with the [Pt(S,S-DACH)(Gua),]** complex and the
backbone of each strand highlighted. b) Model representation highlight-
ing the position of the T; methyl group (H atoms as white spheres) be-
tween the platinum-bound guanines G*¢ and G*,;, and showing the pro-
tons displaying NOEs with the T; methyl group (blue spheres).
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namically more stable product.l¥! Third, the apparent greater
stability of 2 is interesting. Although we have not yet per-
formed a modeling study on 1, its NMR features are indica-
tive of a classical conformation with head-to-head arrange-
ment of the platinated guanines and bending towards the
major groove.’l In this latter form, all WC base-pairs are
conserved and the major energetic loss arises from the de-
stacking at the platination site. The geometry of 2 offers an
interesting alternative, with a head-to-tail conformation
(which is intrinsically more stable than the head-to-head
conformation of the [Pt(S,S-DACH)(Gua),]** complex™)
and a more compact structure of the duplex, where the loss
of some WC and stacking interactions is compensated by
non-canonical interactions such as the side-on interaction
between G*;; and T,. The insertion of the methyl group of
T, between the two platinated bases (Figure 2b) is reminis-
cent of the intercalation of a hydrophobic peptide residue
between the two destacked bases seen in adducts between a
recognition protein and a bent DNA.['! Overall, the struc-
ture of 2 provides an impressive demonstration of the ple-
thora of possibilities DNA has for stabilizing non-canonical
structures.

Malina et al. reported differential scanning calorimetry
experiments on DNA duplexes bearing GG-Pt intrastrand
crosslinks with cis-Pt(NH;),>*, Pt(R,R-DACH)**, and Pt-
(S,S-DACH)** residues and found that, within a TG*G*T
sequence, the GG-Pt(S,S-DACH)’* crosslink destabilizes
the DNA duplex considerably more than the GG-Pt(R,R-
DACH)** and GG-cis-Pt(NH;),2* crosslinks.! Tt is there-
fore possible that the S,S-chirality of the Pt(DACH)>** resi-
due drives the isomerization of 1 into 2. Experiments are
underway to investigate whether an intrastrand-to-inter-
strand conversion occurs also with the clinically used Pt-
(R,R-DACH)** enantiomer.

Yang et al. already reported an isomerization of the octa-
mer  d(C,GT:G*,G*5TeCrCs)-d(GoG1pA11C1oC13A14G15G ),
containing two adjacent guanines (G*) crosslinked with cis-
Pt(NH;),**, to yield the interstrand-crosslinked species
d(C,GT:G*,GsTeCrCy)-d(G*9G1pA11C12C13A14G15Gie) 3).
The crosslinking of G*, with G*; was deduced from a se-
quential assignment featuring coincident and extremely up-
field-shifted (6.83 ppm) G*,H8 and GsHS8 resonances. The
authors proposed that the G*y(3') coordination is more
labile than the G*,(5') coordination which appears more
flexible in molecular models.""! Moreover it was concluded
that the G*,G*, cis-[Pt(NH;),(Gua),]** moiety has head-to-
head conformation of the two guanines, but no structural
model was proposed. In contrast, 2 is formed upon release
of the G*(5') guanine and our NMR-derived structural
model is compatible only with a head-to-tail orientation of
the platinated bases (vide supra).

In conclusion, we report here an unusual interstrand Pt—
GG crosslink (2) that forms within a DNA duplex by spon-
taneous isomerization of a classical intrastrand crosslink
bearing two adjacent guanines coordinated to Pt(S,S-
DACH)** (1). In the observed rearrangement, the Pt-N7(5'-
G) bond is broken and replaced by a Pt—N7 bond with the
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5'-terminal guanine of the complementary strand. The possi-
bility that an intrastrand Pt-GG crosslink in a DNA duplex
is attacked by a 5'-terminal guanine of the unplatinated
strand should be born in mind in studies of platinum adducts
with oligonucleotides. The thermodynamically more stable 2
has a head-to-tail orientation of the cross-linked guanines, a
more compact structure, and the loss of some base-pairing is
compensated by non-canonical interactions such as a side-on
interaction between guanine and thymine.

Experimental Section

Preparation of 1: Equimolar quantities (6 pumol) of [Pt(NO;),(S,S-
DACH)] and d(CCTTGGTCTC) were stirred at 25°C for 40 h; after 20 h
another 1.2 pmol of the platinum complex was added. The single-strand-
ed GG-adduct was purified by HPLC using a reversed-phase semi-prepa-
rative column. Hybridization with the complementary strand was fol-
lowed by NMR, monitoring the disappearance of the 9.35 ppm peak char-
acteristic of the 3'-G* of the platinated single-strand. The platinated
duplex was desalted using a 3 K Centricon filter, lyophilized, and finally
dissolved in 20 mm phosphate buffer at an estimated final concentration
of 2.6 mm, pH 7.2, in D,0O, or in a 90:10 H,O/D,O solution for the NMR
lock.

Molecular dynamics (MD) simulations: An initial structure of 2 was con-
structed using HGS molecular models (Maruzen International Co.),
crosslinking G*; and G*,; with Pt(S,S-DACH)** and modeling a cavity
around the T; methyl group according to the NOESY-derived H-H dis-
tances. An AMBER topology file was constructed using the LEAP rou-
tine of the AMBER suite, and a pdb file with coordinates corresponding
to the desk model was obtained from a B-DNA model bearing an intra-
strand G*;-G*; crosslink using molecular dynamics simulations with im-
posed G*¢-G*,; crosslinking and long-range atom-atom distances con-
straints measured on the desk model. Then, the long-range constraints
were gradually replaced by the experimental H-H distance constraints
obtained from 50 ms NOESY spectra in D,O and H,O solutions. This
procedure was considered safer than trying to obtain a starting structure
from distance geometry calculations using the (intrinsically short-range)
NOE distances.

Details of materials used, HPLC, PAGE, NMR, and MD simulations are
given in the Supporting Information.
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5.3 Recognition of Transcription Termination Signal by
NAB3

In this publication we have studied structure of protein-RNA complex and have
shown that the RRM of Nab3 binds specifically the YCU sequence (where Y
stands for pyrimidine). This was/is in a good agreement with previous func-
tional data that led to the proposal of the UCUU sequence as the Nab3 termi-
nation element.
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nucleolar RNAs (snRNAs/snoRNAs), micro-RNA precursors,
and a class of intergenic and antisense RNAs (1). RNA Pol I
uses two different mechanisms for transcription termination
of these “coding” and “non-coding” RNAs. Although the RNA
Pol II termination of mRNA requires a large multiprotein
complex that recognizes the poly(A) signal in the nascent
transcript (2), the termination of the non-coding RNAs re-
quires no poly(A) signal (2—4).

In the poly(A)-independent mechanism, transcription ter-
mination requires a specific factor, the Nrd1 complex. This
complex consists of three proteins: the nuclear pre-mRNA
down-regulation (Nrd) 1 protein, the nuclear polyadenylated
RNA-binding (Nab) 3 protein, and the putative RNA helicase
Senl (5-7). The Nrd1 complex interacts with the exosome, a
complex of 10—12 exoribonucleolytic and RNA-binding pro-
teins (8) and the Trf4-Air2-Mtr4 polyadenylation (TRAMP)
complex (9-11), which are involved in the 3" end processing
of non-coding RNA transcripts (3, 4, 7).

In yeast, transcription termination mediated by the Nrd1
complex requires binding to both the nascent RNA and the
carboxyl-terminal domain of RNA Pol II, which consists of 26
repeats of the sequence Tyr'-Ser®-Pro®-Thr*-Ser®-Pro®-Ser”
(1, 12). Interestingly, the Nrd1 complex binds the carboxyl-
terminal domain when it is phosphorylated at Ser®, a typical
feature of the early elongation phase of the transcription cy-
cle. The Ser®-phosphorylated carboxyl-terminal domain is
recognized by the carboxyl-terminal domain-interacting do-
main of Nrd1 (13, 14). The RNA-binding subunits of the Nrd1
complex, Nrd1l and Nab3, recognize their specific RNA se-
quences (called terminator elements) in the nascent tran-
scripts of RNA Pol II. It is believed that this specific binding of
Nrd1 complex to the terminator elements is the initial step in
the assembly of termination machinery.

A number of studies narrowed the sequence regions with
terminator elements (5, 6, 15-17) that were subsequently
identified as GUAR (where R stands for purine) and UCUU
sequences (18). GUAR and UCUU terminator elements are
recognized by Nrd1 and Nab3, respectively, via their frag-
ments encompassing RNA recognition motifs (RRMs) (18).
These terminator sequences are located downstream of
snRNA and snoRNA genes (18) although their relative orien-
tation and spacing are not highly conserved. In addition, it
was demonstrated that Nrd1 and Nab3 form a stable het-

RNP, ribonucleoprotein; TAMRA, N,N,N’,N'-tetramethyl-6-carboxyrho-
damine; PTB, polypyrimidine tract-binding protein.
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erodimer and bind to snoRNA terminators that contain mul-
tiple Nrd1- and Nab3-binding sequences (19).

Both Nrd1 and Nab3 contain RRM that likely mediates the
binding to their specific RNA sequences. The RRM is the
most abundant RNA-binding domain in higher vertebrates;
e.g. the RRM is present in about 2% of human genes (20). It is
a small protein domain of ~90 amino acids with a typical
BaBBaf topology that forms a four-stranded S-sheet packed
against two a-helices (21-23). The structure of this domain is
relatively well defined despite a little sequence conservation
among various RRMs. The solved structures of RRM bound to
RNA show the complexity of protein-RNA recognition medi-
ated by the RRM, which often involves not only RRM-RNA
interactions but also RRM-RRM and other RRM-protein in-
teractions. The main protein surface of the RRM involved in
the interaction with the RNA is the four-to-five-stranded
B-sheet, which typically contacts two or three nucleotides.
Frequently, RRM-containing proteins bind more than three
nucleotides and recognize longer single-stranded RNA or
even internal RNA loops by employing of B-strand loops and
N- or C-terminal flanking regions of RRMs (21-23).

To better understand the structural basis behind the
poly(A) independent transcription termination pathway, we
initiated an NMR study of Saccharomyces cerevisiae Nab3.
Here, we present the three-dimensional solution structure of
the Nab3 RRM in free form and in complex with the 5'-
UCUU-3" RNA substrate. The structure of the complex re-
veals recognition of the YCU sequence (where Y stands for
pyrimidine) by the Nab3 RRM. We confirmed the sequence-
specific intermolecular contacts by site-directed mutagenesis
and fluorescence anisotropy (FA) measurements, and their
physiological role was also confirmed by yeast phenotypic
analyses. Finally, we demonstrate that the weak RNA binding
of the isolated RRMs of Nab3 and Nrd1 is greatly enhanced
when Nab3 and Nrd1 form a heterodimer and bind the RNA
cooperatively.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Proteins—The cod-
ing sequence corresponding to the RRM of the Nab3 gene
from S. cerevisiae (961-1245) was amplified by polymerase
chain reaction (PCR), and cloned into a pET22b expression
vector (Novagen) via Ndel and Xhol restriction sites. The re-
sulting C-terminal His,-tagged construct was verified by DNA
sequencing. The protein was overexpressed in Escherichia coli
BL21-Codon Plus (DE3)-RIPL (Stratagene), transformed with
the pET22b-RRM Nab3 construct at 37 °C in M9 minimal
medium, supplemented with 50 mg/liter of ampicillin. For
isotope labeling, the medium was supplemented with
'>NH,ClI and [U-'3C]glucose. Cells were grown at 37 °C to
Agoo ~1 and induced with 1 mm isopropyl 3-p-thiogalacto-
side. Cells were harvested by centrifugation (6000 X g for 10
min), resuspended in lysis buffer (50 mm sodium phosphate,
300 mMm NaCl, 10 mm B-mercaptoethanol, pH 8), and dis-
rupted by sonication. The cell debris was cleared by centrifu-
gation (14,000 X g for 60 min). Soluble lysate was loaded on a
nickel-nitrilotriacetic acid column (Qiagen), equilibrated with
lysis buffer, washed with a high salt buffer (50 mm sodium
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phosphate, 500 mm NaCl, 10 mm B-mercaptoethanol, 5 mm
imidazole, pH 8), and eluted with imidazole gradient (50 -500
mwMm) of elution buffer (50 mm sodium phosphate, 300 mm
NaCl, 10 mm B-mercaptoethanol, pH 8). The protein was sub-
sequently loaded on a Superdex 75 gel filtration column (GE
Healthcare), equilibrated with lysis buffer. The protein frac-
tions from gel filtration were dialyzed against lysis buffer. The
purified protein was 99% pure, as judged by Coomassie-
stained SDS-PAGE. For NMR measurements the pure protein
was concentrated to 2.5 mm in 550 ul of 50 mm sodium phos-
phate (pH 8.0), containing 300 mm NaCl, and 10 mm 3-mer-
captoethanol. The cloning, expression, and purification of
Nrd1l RRM-(340 —410) were carried out in the same way as
for Nab3 RRM.

The expression and purification of the Nrd1-Nab3 het-
erodimer have been done in a similar manner as reported pre-
viously (19). To improve the yield of expression, we used
E. coli BL21-Codon Plus (DE3)-RIPL (Stratagene). We used
the following final buffer (50 mm Tris (pH 8.0), containing 150
mwm NaCl, and 10 mm B-mercaptoethanol) to have the same
conditions for all fluorescence anisotropy measurements.
Prior to RNA titration, all proteins were tested for the resid-
ual RNase activity using RNaseAlert Lab Test (Ambion). RNA
oligonucleotides were purchased from Thermo Fisher Scien-
tific/Dharmacon and Sigma.

Generation of Nab3 RRM Mutants—Site-specific mutagen-
esis was performed using the QuikChange site-directed mu-
tagenesis kit (Stratagene) with complementary sense and anti-
sense (AS) oligonucleotide primers as follows: R331A (S), 5'-
gcacaatattcctccgaagtcageattattcattggtaatttgecg-3’ and (AS),
5'-cggcaaattaccaatgaataatgctgacttcggaggaatattgtge-3'; N361A
(S), 5'-tccatacggtcatatcatgcaaatcgctatcaaaaatgectttggattcatt-3'
and (AS), 5'-aatgaatccaaaggcatttttgatagcgatttgcatgatatgaccgt-
atgga-3'; E397A (S), 5'-gcaaaaagttgatcctggcagtttctagetcgaatg-
c-3" and (AS), 5'-gcattcgagctagaaactgccaggatcaactttttge-3';
E397K (S), 5'-tggcaaaaagttgatcctgaaagtttctagetegaatge-3' and
(AS) 5'-gcattcgagctagaaactttcaggatcaactttttgeca-3'; S399A (S),
5'-agttgatcctggaagttgctagctegaatgetegt-3' and (AS), 5'-acgag-
cattcgagctagcaacttccaggatcaact-3'; S399K (S), 5'-actttggcaaaa-
agttgatcctggaagttaaaagctcgaatgetegtee-3' and (AS), 5'-ggacga-
gcattcgagcttttaacttccaggatcaactttttgccaaagt-3'. All mutations
were verified by DNA sequence analysis.

NMR Spectroscopy—All NMR spectra of 2.5 mm uniformly
15N, '*C-labeled Nab3 RRM in 50 mm sodium phosphate
buffer (pH 8.0), 300 mMm NaCl, 10 mm B-mercaptoethanol
(90% H,0/10% D,0O) were recorded on Bruker AVANCE 600
and 900 MHz spectrometers equipped with a cryoprobe at a
sample temperature of 30 °C. All spectra were processed with
Topspin 2.1 (Bruker BioSpin) and analyzed with Sparky 3.0
(T. G. Goddard and D. G. Kneller, University of California,
San Francisco). The 'H, '3C, and **N chemical shifts of Nab3
RRM were assigned as described previously (24). All distance
restraints were derived from the three-dimensional '>N- and
13C-edited NOESYs and two-dimensional 'H-'H-labeled
NOESY (with mixing time of 150 ms) collected at 900 MHz
spectrometer.

Akin to the free Nab3 RRM, the backbone resonance as-
signments of Nab3 RRM in the bound form were achieved

pCEEYON

VOLUME 286+NUMBER 5+FEBRUARY 4, 2011

¥T0Z ‘62 1sNBNY U0 WV LIZYFAINN YAONAYVSYIN I /B10°00 [ mmmy/:dny wouy pepeojumoq



using three-dimensional triple resonance experiments:
HNCA, HNCACB, and CBCA(CO)NH (24 —26). Resonances
of the aliphatic side chains were assigned by a combination of
three-dimensional HCCH TOCSY, three-dimensional
HNHA, and three-dimensional '*C-edited NOESY spectra.
Resonances of the aromatic side chains were assigned using
two-dimensional homonuclear NOESY, three-dimensional
13C, ,om-€dited NOESY, and two-dimensional (HB)CB(CGC-
D)HD spectra. All distance restraints were derived from the
three-dimensional *’N- and '*C-edited NOESYs (with mixing
time of 150 ms) collected at 900 MHz spectrometer. The RNA
resonances in complex were assigned using a combination of
standard through-space and through-bond experiments (27,
28). We could not assign all sugar resonances unambiguously
due to a high resonance overlap in the spectra (only unlabeled
RNA was used). The sugar pucker conformation for all nucle-
otides is C2'-endo, as identified in the two-dimensional
homonuclear TOCSY spectrum (strong cross-peaks between
the H1" and H2' resonances). Intermolecular distance con-
straints were obtained from the three-dimensional *C F, -
edited, F;-filtered NOESY-HSQC experiment (29), which was
recorded in H,O (with WATERGATE water suppression) as a
two-dimensional filter NOESY omitting '>C chemical shift
evolution.

Structure Calculations—The preliminary structure deter-
minations of the free and bound Nab3 RRM were performed
with the automated NOE assignment module implemented in
the CYANA program (30). This automated NOE assignment
procedure is a re-implementation of the former CANDID
algorithm (31) on the basis of a probabilistic treatment of the
NOE assignment. CYANA carries out automated assignment
and distance calibration of NOE intensities, removal of mean-
ingless restraints, structure calculation with torsion angle dy-
namics, and automatic upper distance limit violation analysis.
The resultant NOE cross-peak assignments were subse-
quently confirmed by visual inspection of the spectra. The
predicted protein backbone ¢ and i torsion angle from the
chemical shifts (32) for the secondary structure elements were
also included in the calculations. In the next step, CYANA-
generated restraints along with manually assigned protein-
RNA intermolecular restraints were used for further refine-
ment of the preliminary structures with AMBER 10.0
software (33). This calculations employed a modified version
(AMBER ff99SB) of the force field described by Cornell et al.
(34) along with a refinement protocol described in Padrta
et al. (35), and an explicit solvent. From 40 refined structures,
the 20 conformers with the lowest AMBER energy were se-
lected to form the final ensemble of structures. Structural
quality was assessed using PROCHECK (36) and WHAT IF
(37). Molecular graphics were generated using MOLMOL
(38) and PyMOL (57).

Fluorescence Anisotropy Measurements—The equilibrium
binding of Nab3 RRM to different oligonucleotides was ana-
lyzed by fluorescence anisotropy. The RNA oligonucleotides
were either 5'-labeled with TAMRA or fluorescein attached
via a hexyl linker. The measurements were conducted on a
FluoroMax-4 spectrofluorometer (Horiba Jobin-Yvon Edison,
NJ). The instrument was equipped with a thermostatted cell
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holder with a Neslab RTE7 water bath (Thermo Scientific).
The whole system was operated using FluorEssence software
(version 2.5.3.0, Horiba Jobin-Yvon). The TAMRA fluoro-
phore was excited at 561 nm and its emission was collected at
581 nm. The widths of both excitation and emission mono-
chromatic slits were 8 nm and integration time was set to 3 s.
The fluorescein fluorophore was excited at 488 nm and its
emission was collected at 520 nm. For measurement with the
individual domains (Nrd1-(340 —410) and Nab3-(331-415))
the width of both excitation and emission monochromatic
slits were 7 nm and the integration time was set to 3 s. 10 nm
labeled oligonucleotide (volume 1.4 ml) was titrated with in-
creasing amounts of the protein in 50 mm sodium phosphate
buffer (pH 7.5), supplemented with 150 mm NaCl and 10 mm
B-mercaptoethanol. For measurement with the heterodimer
(Nab3-(191-565)-Nrd1-(1-548)), 1 nMm fluorescein-labeled
RNA was used. Both excitation and emission monochromatic
slits were 14 nm, the integration time was set to 3 s.

In all measurements, an identical concentration of the
oligonucleotide was included in the protein stock solution
to prevent dilution of the RNA during titration. All experi-
ments were carried out at 25 °C in a stirred 1.5-ml quartz
cuvette. Protein aliquots were added stepwise until the cu-
vette was filled. After this point, a certain volume of the
sample was always removed from the cuvette before addi-
tion of a protein aliquot of the same volume. A fixed delay
of 30 s was set between each aliquot addition and start of
the measurement to allow the reaction to reach equilib-
rium. This delay was sufficient, as no further change in ani-
sotropy was observed. Each data point is an average of five
measurements. Neither TAMRA nor fluorescein labels
showed binding with any of the protein constructs.

The data were analyzed in SigmaPlot 11 software (Systat
Software). The experimental isotherms were fit to a single-site
binding model according to Heyduk and Lee (39) using non-
linear least squares regression. The data were normalized for
visualization purposes.

Yeast Strains and Plasmids—The plasmid for the expres-
sion of wild-type Nab3 in yeast contain 550 bp of NAB3 pro-
moter upstream of the AUG and a 286-bp sequence down-
stream of the stop codon. SV320 contains the wild-type NAB3
inserted in pRS415 (a LEU2 CEN plasmid) (40). Plasmids
SV321-SV326 contain point mutants R331A, N361A, E397A,
E397K, S399A, and S399K, respectively (see above for the
primers). Strain DLY889 containing the endogenous NAB3
under control of the GAL1 promoter (3) was transformed
with plasmids containing either wild-type Nab3 or Nab3 RRM
point mutants with a LEU2 selectable marker (SV320, SV321,
SV322, SV323, SV324, SV325, and SV326, respectively). The
resulting strains were used for growth tests and Western blot
analyses.

Growth Test Analyses—To test whether the mutated resi-
dues were essential for growth, the resulting transformants
were grown in SC-LEU-HIS + 2% galactose at 30 °C to an
Agoo 1.0. The cultures were then serially diluted in 96-well
plates by a factor of 10, and spotted onto SC-LEU-HIS me-
dium containing 2% glucose to repress the expression of the
endogenous NAB3 or control medium (SC-HIS + 2% galac-
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FIGURE 1. Overview of the RRM of Nab3 sequence, topology, NMR spectra, solution structure, and domain structure in Nab3 and Nrd1. A, amino
acid sequence of the S. cerevisiae Nab3 RRM along with its secondary structure elements and general consensus of RNP1 and RNP2 motifs. B, a schematic
drawing of the domain structure of Nab3 and Nrd1. C, two-dimensional 'H-">N HSQC spectrum of 2.5 mm uniformly '°N,"*C-labeled Nab3 RRM in 50 mm
sodium phosphate buffer (pH 8.0), 300 mm NaCl, and 10 mm B-mercaptoethanol (90% H,0, 10% D,0). The spectrum was acquired at 303 K on a Bruker
Avance 600 MHz spectrometer. The assignments are labeled by the one-letter code of amino acids accompanied by a sequence number. The side chain
resonances of asparagine and glutamine are connected by horizontal lines. D, stereo view of the 20 lowest energy structures of Nab3 RRM. The protein back-
bone is shown as a wire model. £, stereo view of the representative (the lowest energy) structure of Nab3 RRM shown as a ribbon diagram. The figure was

generated with MOLMOL (38).

tose). These plates were incubated at 24, 30, and 37 °C for 3
days.

Western Blot Analysis—Protein extracts were prepared
from cultures grown either on galactose containing medium
and cultures shifted to glucose containing medium (as de-
scribed above). Proteins were resolved on a 12% SDS-PAGE
gel, transferred to nitrocellulose membrane by a semi-dry
electroblotter (Bio-Rad), and probed for the presence of
Nab3p with the mAb 2F12 (41), or antibodies directed against
the HA epitope (sc805, Santa Cruz Biotechnology) present on
the endogenous Nab3. For loading control we used the anti-
bodies against Air2 protein (42).

RESULTS

Structure of Nab3 RRM—The RRM of S. cerevisiae Nab3
was examined by NMR spectroscopy (Fig. 1, A and B). The
'H, '3C, and '°N chemical shift assignments were obtained as
described previously (24). All NMR experiments were mea-
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sured at a high salt concentration (300 mm NaCl, 50 mm so-
dium phosphate (pH 8.0), and 10 mMm B-mercaptoethanol) to
prevent protein precipitation. The solution structure determi-
nation of Nab3 RRM employed homonuclear and hetero-
nuclear NMR techniques. The **N-'H HSQC experiment
shows a well dispersed spectrum (Fig. 1C), indicating a folded
domain. There are a number of missing peaks in this spec-
trum that mainly correspond to the N- and C-terminal re-
gions of the studied protein construct (outside of the RRM
domain). These regions were included in the study as they
often form additional structural elements (B-strand or a-he-
lix) in RRMs or contribute to the RNA binding. In addition,
several residues in the loops showed no NMR signals. These
missing signals are likely a result from the relatively high pH
used in the NMR study that was necessary to prevent the pre-
cipitation of Nab3 RRM. The three-dimensional structure of
Nab3 RRM was determined by combined automated NOESY
cross-peak assignment (30) and structure calculations with
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TABLE 1
NMR and refinement statistics for Nab3 RRM and Nab3 RRM-UCUU complex
NMR distance and dihedral angle restraints Nab3 RRM Nab3 RRM-UCUU complex
Distance restraints
Total NOEs 857 852
Intra-residue 201 228
Inter-residue
Sequential (i—j| = 1) 218 187
Medium range (1 {|i-j[)5) 164 116
Long range (|i—j[bar = 5) 274 310
Hydrogen bond restraints 25 25
Intermolecular 11
Dihedral angle restraints
¢and 76 88~
Structure statistics”
Residual NOE violations (mean * S.D.)
Number > 0.20 A 1.5 (+ 0.83) 4(%+2)
Maximum (A) 0.24 (* 0.03) 0.46 (= 0.08)
Residual dihedral angle violations
Number > 10.0° 0 0
Maximum (°) 0 0
Ramachandran plot statistics”¢
Residues in most favored regions (%) 90.8 88.6
Residues in additionally allowed regions (%) 9.1 9.6
Residues in generously allowed regions (%) 0.1 17
Residues in disallowed regions (%) 0.0 0.1

Deviations from idealized geometry
Bond length (A)

0.0011 * 0.0001 0.0010 * 0.0001

Bond angles (A) 1.46 * 0.02 1.48 * 0.02
Average root mean square deviation to mean

structure (A)®
Protein

Backbone atoms” 0.57 £0.12 0.49 = 0.10

Heavy atoms” 1.46 = 0.16 1.24 *0.12
RNA

All RNA heavy atoms® 0.98 = 0.21
Complex

Protein” and RNA heavy atoms® 1.27 £ 0.12
WHAT IF structure Z-scores™¢

Packing quality —2.3 -19

Ramachandran plot appearance —35 -3.1

“Includes C2'-endo sugar pucker and anti conformation of the glycosidic bond was used for all nucleotides (56).

® Calculated for an ensemble of the 20 lowest energy structures.
¢ Based on PROCHECK analysis (32).

“ Calculated for the structured part of the protein construct.

¢ Calculated for U,C,Us;.

/Based on WHAT IF analysis (37).

€ Z-score (54, 55) is defined as the deviation from the average value for this indicator observed in a database of high-resolution crystal structures.

torsion angle dynamics implemented in the program CYANA
2.1 (43), followed by refinement in explicit solvent using
AMBER 10 (33). An ensemble of the 20 lowest energy struc-
tures along with the best energy structure are shown in Fig. 1,
D and E, respectively. These structures have an average back-
bone root mean square deviation of 0.57 = 0.12 A for the sec-
ondary structure elements. A full summary of structural sta-
tistics including the backbone ¢-i angle distribution is given
in Table 1.

The three-dimensional structure of Nab3 RRM adopts a
compact fold with an BlalB2B3a234 topology that is similar
to the canonical fold of RRM family (21, 22). The fold is com-
posed of two a-helices and a 3, helix that are packed along a
face of a four-stranded antiparallel B-sheet. A central hy-
drophobic core composed of the residues shown in Fig. 14
stabilizes the fold of the domain. Nab3 RRM contains a
well conserved signature of the RRM family, RNP1 and
RNP2 sequences (44 —46). These two conserved amino acid
sequences found between Leu®**~Leu®*” and Asn®**—
Phe”" are located on the 83- and B1-strands, respectively.
Their sequence compositions correspond to the general
RNP2 and RNP1 consensus (ILV)-(FY)-(ILV)-X-N-L and
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(RK)-G-(FY)-(GA)-(FY)-(ILV)-X-(FY), respectively, except
for the first two amino acids of the RNP1 (Fig. 14). Nab3
RRM has asparagine and alanine in these positions (Fig.
1A). The presence of aromatic residues in RNP1 and RNP2
sequences, which usually mediates the stacking interaction
with RNA bases, along with a number of basic and polar
residues on the B-sheet surface, indicate a potential role of
Nab3 RRM in RNA binding.

Characterization of the Nab3-UCUU Interactions by
NMR—To investigate the interaction and binding mode be-
tween Nab3 RRM and RNA, we carried out an NMR chemical
shift perturbation study with a UCUU element, which has
been shown to elicit transcription termination via the Nrd1
pathway. In the RNA titration experiment, we observed that
the protein amide resonances moved upon RNA binding from
their initial positions, corresponding to the free form, in a step-
wise directional manner until they reach their final positions that
correspond to the fully bound state, with stoichiometry of 1:1
(Fig. 2). Additional RNA aliquots resulting in excess RNA re-
sulted in no further change of chemical shifts, confirming the 1:1
stoichiometry of the complex. These titration data suggest that
protein amide resonances are in a fast exchange regime between
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FIGURE 2. NMR titration experiments of Nab3 RRM with UCUU RNA. A, 'H-">N HSQC spectra of Nab3 RRM alone (in red) and in the presence of 1 eq of
5’-UCUU-3’ (in blue) at 303 K. B, close-up views of the "H-">N HSQC spectra, showing selected chemical shift changes during the titration. C, quantification
of chemical shift perturbations of Nab3 RRM upon binding to UCUU RNA. The combined chemical shift perturbations ([w, A, ] + [wASy]%)""2, where
wyny = 1and wy = 0.154 are weight factors of the nucleus (52), are plotted versus the amino acid residue number. Large changes occur on the B-sheet sur-
face. The assignments of residues indicated by asterisks could not be obtained for neither the free nor bound protein, or indicates proline residues.

their free and bound forms relative to NMR time scale. The
binding of UCUU to the RRM of Nab3 induces chemical shift
perturbation of the residues shown in Fig. 2.

These chemical shift changes indicate that the above men-
tioned residues are involved in binding to the RNA, or alterna-
tively, could undergo a conformational change upon RNA bind-
ing. Mapping the perturbed residues on the sequence of Nab3
RRM delineates that the Nab3 RRM binds the RNA through its
B-sheet surface and also through the 3233 loop (Fig. 2C).

Structure of Nab3 RRM in Complex with UCUU—When
solving the structure of Nab3 RRM bound to RNA, we exten-
sively tested different lengths of RNA, buffer conditions, and
temperatures with the aim to optimize the NMR spectral
quality of the complexes. Longer RNA substrates, a UCUU

3650 JOURNAL OF BIOLOGICAL CHEMISTRY

core motif with flanking sequences, resulted in the significant
broadening of NMR signals of the complexes. Interestingly,
we obtained the NMR spectra of better quality (for both pro-
tein and RNA in complex) with a four-nucleotide UCUU de-
spite the fact that this RNA has lower affinity to Nab3 RRM
compared with the longer substrates (see below). Similar im-
provement of the NMR spectral quality by using of a minimal
specific RNA sequence has also been observed for other pro-
tein-RNA complexes investigated by NMR (47-49). There-
fore, we pursued the structure determination of the Nab3
RRM-UCUU complex.

The RRM of Nab3 in complex with RNA display the canon-
ical RRM-fold with an Blal1B2B3a2p4 topology and is similar
to that of the unbound form (Figs. 1 and 3). Akin to the free

A=V ON
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£HO S6¢l

FIGURE 3. Overview of the solution structure of the Nab3 RRM in complex with UCUU. A, stereo view of the 20 lowest energy structures of the Nab3
RRM-UCUU complex. The protein backbone is shown as a wire model in black. The RNA heavy atoms are shown as a wire model in red. B, stereo view of the
representative (the lowest energy) structure of the Nab3 RRM-UCUU complex. The RNA is represented as a white stick model and the protein is shown as a
ribbon model with residues that contact the RNA shown in yellow. Putative hydrogen bonds are shown by dotted magenta lines. C, scheme showing con-
tacts between Nab3 RRM and the UCUU RNA. Protein residues that form putative hydrogen bonds to the RNA are shown in blue and the one having hydro-
phobic interactions are in yellow. A hypothetic recognition of U4 is labeled by a gray question mark. D, solvent-accessible surface representation of Nab3
RRM colored by electrostatic potential (blue, positive; red, negative) and stick representation for the RNA of the representative structure of the complex.
Figures were generated with MOLMOL (38).
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form of Nab3 RRM, the N- and C-terminal regions as well as
the long @24 loop are structurally undefined due to the lack
of experimental data. The UCUU RNA adopts a single-
stranded conformation and the first three nucleotides are po-
sitioned over the whole -sheet surface in a canonical ar-
rangement in which the 5" end is located on the first half of
the B-sheet (841) and the 3’ end on the second half (8332)
(21, 22) (Fig. 2). The overall position of RNA on the B-sheet
coincides with the perturbed residues from the titration ex-
periment (Figs. 2 and 3). All bases have an anti conformation
of the glycosidic bond and C2’-endo conformation of the
sugar pucker.

The NMR spectra provided a limited number of intermo-
lecular NOEs (11 unambiguous intermolecular NOEs) that
loosely define the position of U;C,U; on the 3-sheet surface
of Nab3 RRM (Fig. 34), but are sufficient to reveal the molec-
ular basis of U, C,Uj recognition by Nab3 RRM (Fig. 3, B and
C; the protein-RNA hydrogen bonds described below are in-
ferred from the final ensemble of structures and thus they
should be considered as putative hydrogen bonds). We could
not define the position of U, due to the lack of intermolecular
NOEs. Based on NMR titration data, we speculate that U,
could be recognized by the asparagine side chain or a main
chain of the B2—3 loop that are in proximity to the base of
U,, as displayed in the representative structure (Fig. 3B). In
our NMR structure, C, and Uj are involved in base stacking
with the aromatic rings of Phe®** and Phe®®, respectively.
The Watson-Crick edge of C, is recognized by the main chain
carbonyl group of Val**® and the hydroxyl group of Ser®*® that
form hydrogen bonds with the amino and imino groups of C,,
respectively. One-half of the 20 structures in the final ensem-
ble has Arg®*! in a position in which it contacts the O, oxygen
of C, (for the importance of Arg®*' see below). In addition, it
is likely also that Ser**® could be involved in the recognition
of C, as the resonances of this residue broadened beyond de-
tection upon RNA binding. Our structure also rules out the
possibility that a purine could be accommodated in the C,
position due to a steric restriction imposed by the Glu®>*” side
chain.

The recognition of U, is mediated by the Arg®*" and Asn>¢*
side chains. The side chain NH,, group of Arg®*! contacts the
O4 carbonyl functional group of the base and the side chain
carbonyl group of Asn®®' forms a hydrogen bond with the
imino proton of U;. Akin to C,, the position of U; cannot be
exchanged by a purine due to a steric hindrance of Arg>*".
The sugar of the U, residue is further contacted by the ali-
phatic region of the Lys**® side chain.

In contrast to C, and U,, the recognition of U, is less evi-
dent from the structure. A single hydrogen bond is formed
between the imino proton of U, and the Oe of Glu®**”. There
are also hydrophobic contacts between the sugar and the base
of U, and the side chain of Ile**>. However, these contacts do
not explain fully the sequence specificity of a uridine nucleo-
tide. A cytidine nucleotide in this position could also form a
similar interaction with the glutamate. Altogether, our NMR
structure indicates that Nab3 RRM recognizes the YCU se-
quence (where Y stands for pyrimidine).
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Nab3 RRM Binds the Nab3 Termination Element with Low
Affinity—The FA measurements were carried out to further
characterize the binding of Nab3 RRM to various RNA sub-
strates. In FA measurements, formation of the protein-RNA
complex is monitored directly from an increase of the FA
value that occurs when the protein binds fluorescently labeled
RNA. Binding curves were recorded in the course of titration
experiments, where protein aliquots were added to 10 nm
fluorescently labeled RNAs (Fig. 4).

First, we assayed the binding affinity of Nab3 RRM to
UCUU that has been reported as the minimal Nab3 termina-
tor element. A tetranucleotide GUAA was used as a nonspe-
cific control substrate. The comparison of the anisotropy data
for specific and nonspecific four-nucleotide substrates along
with determined equilibrium dissociation constants (K,) are
shown in Fig. 44. Corresponding logarithmic values of K,

(K, = 1/K ) are shown in graph in Fig. 4E. Nab3 RRM binds
the specific recognition sequence UCUU with more than
6-fold higher affinity compared with the nonspecific substrate
GUAA.

As terminator elements often occur in multiple repeats, we
tested a longer substrate with three UCUU repeats. The sub-
strate sequence was derived from the snR47 that is terminated
by the Nrd1 pathway (Fig. 4F). Nab3 RRM binds the three
UCUU-containing substrate with a K, of 48 = 2 um, 1 order
of magnitude stronger than we observed for a single UCUU
motif (Fig. 4B). Furthermore, we assayed snR13, which is an-
other naturally occurring Nrd1-dependent terminator that
contains two UCUU and one CCU motifs (Fig. 4F). As ex-
pected, Nab3 RRM binds this substrate with a K, of 46 * 1
M, a similar binding affinity to that of snR47 (Fig. 4B). As a
control, we used SL RNA, which has a similar size and its se-
quence lacks UCUU or even CU recognition motifs (Fig. 4F).
For this nonspecific substrate, Nab3 RRM binding is reduced
more than 30-fold compared with the snR13 and snR47 ter-
minators (Fig. 4, B and E).

Nrdl RRM Binds the Nrd1 Termination Element with Low
Affinity—As Nab3 RRM binds its termination motif with a
low affinity, we therefore decided to investigate the RNA-
binding properties of Nrd1 RRM, which is the second RNA-
binding domain occurring in the Nrd1-dependent termina-
tion complex (Fig. 1B). Akin to Nab3 RRM, we assayed the
binding affinity of Nrd1 RRM to RNA using FA. We found
that Nrd1 RRM-(340 —410) binds to the minimal termination
RNA sequence GUAA (GUAR is known as the Nrd1-termina-
tion element (where R stands for purine) (18) with a low affin-
ity in the mid-micromolar range (Fig. 4C; K, of 66 = 1 um).
Next, we assayed a longer RNA substrate, snR13, which con-
tains two GUAR motifs (Fig. 4F). The titration curve for
snR13 yielded a K, of 11 = 1 um (Fig. 4C).

A Complex of Nrd1-Nab3 Binds RNA with High Affinity—
As the Nrd1 and Nab3 proteins form a heterodimer in vivo
and in vitro (19), we assayed RNA binding of the co-expressed
Nrd1-Nab3 heterodimer (19) using FA. As a substrate, we
used RNA derived from the snR13 terminator that contains
two copies of each recognition element (Fig. 4F). This RNA
substrate binds the Nrd1-Nab3 heterodimer with a K, of
2.4 * 0.3 nm (Fig. 4D), about 4 -5 orders of magnitude stron-
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FIGURE 4. Equilibrium binding of Nab3 RRM, Nrd1 RRM, and Nrd1-Nab3 heterodimer with fluorescently labeled RNA monitored by fluorescence
anisotropy. A, Nab3 RRM was titrated with UCUU and GUAA (each 10 nm), and their binding isotherms are shown as red circles and triangles, respectively.
B, Nab3 RRM was titrated with snR47, snR13, and SL substrates (each 10 nm), and their binding isotherms are shown as red circles, squares, and triangles, re-
spectively. C, Nrd1 RRM was titrated with GUAA and snR13 (each 10 nm) and their binding isotherms are shown as blue inverted triangles and circles, respec-
tively. D, Nrd1-Nab3 heterodimer was titrated with snR13 (100 pm). E, summary of the association constants (K,,) for the RRM of Nrd1 (in blue) and Nab3 (in
red) in their free forms as well as for the Nrd1-Nab3 heterodimer (in black). Logarithmic scale of K, is shown to cover a wide range of affinities. F, RNA se-
quences used in the affinity measurements. The buffers contained the same ion strength and pH values for all proteins. Equilibrium dissociation constant
(K,) was calculated from the best fit to the data using a single-site binding isotherm. Error is denoted as S.E. The data were normalized for visualization pur-

poses (A-C).

ger compared with the individual RRMs of Nrd1 and Nab3
(Fig. 4E). Another snR13-derived substrate, %2 snR13, contain-
ing only one copy of each recognition element (Fig. 4F), binds
the Nrd1-Nab3 heterodimer with only a slightly lower affinity
(K, of 5.3 = 0.6 nm). However, when one of the recognition
elements (either Nrd1 or Nab3) is removed from the % snR13
substrate, the affinity is reduced such that the dissociation
constant cannot be determined (saturation of the binding
curve cannot not be reached due to the low solubility limit of
the Nrd1-Nab3 heterodimer; data not shown).

Impacts of Nab3 RRM Point Mutations on RNA Binding
Affinity—It has been shown previously that mutations of C,
and Uj; in the UCUU motif reduce the binding affinity to
Nab3 (18) or to the Nrd1-Nab3 heterodimer (19). We per-
formed the converse experiments in which we assessed Nab3
RRM mutants for their ability to bind snR47 RNA in a quanti-
tative solution binding assay by fluorescence anisotropy titra-
tion experiments. We mutated the non-canonical amino acid
residues on the B-sheet surface (R331A, N361A, S399A, and
E397A) that specifically recognize the bases of the U,C,U,
sequence (Fig. 3, B and C). These residues surround the con-
served residues of RNP1 and RNP2 consensuses. We found
that mutants R331A and S399A showed a 3—4-fold decrease
in binding affinity of that demonstrated by the wild-type pro-
tein (Fig. 5A). In contrast, mutants N361A and E397A showed
binding affinity similar to the wild-type Nab3 RRM (Fig. 54).

Functional Significance of the Nab3 RRM Residues That
Contact RNA—To address the importance of the specific con-
tacts identified in the Nab3 RRM-UCUU complex for Nab3
function in vivo, single amino acid mutants (R331A, S399A,
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S399K, E397A, and E397K) were prepared in a yeast expres-
sion vector and introduced into a yeast strain in which the
endogenous NAB3 promoter was replaced with the GAL1
promoter (3). To test whether the mutated residues were es-
sential for growth, the resulting transformants were spotted
onto glucose containing plates. The shift to glucose represses
the expression of the GAL1-driven endogenous NAB3, which
completely impairs cell viability (Fig. 5B). This lethality was
rescued by wild-type Nab3 (Fig. 5B). Mutating the three resi-
dues involved in the recognition of C, and Uj (Fig. 3), R331A,
N361A and S399A, or S399K, caused lethality (Fig. 5B), pro-
viding further support for the functional significance of these
contacts. In contrary, the Glu>*” mutant displayed only slow
growth at 24 and 37 °C.

To further confirm that mutant lethality was not due to
impaired protein expression, we performed Western blot
analysis with antibodies directed against Nab3 and antibodies
against the HA tag present on the endogenous Nab3 only. We
detected similar levels of Nab3 in all proteins expressed episo-
mally, whereas no HA-tagged endogenous Nab3 was detected
in yeast grown on glucose medium (Fig. 5C).

DISCUSSION

RNA Recognition by Nab3 RRM and Its Comparison with
Other RRMs—We have solved the structure of Nab3 RRM in
free form and in complex with UCUU. In both forms, the fold
of Nab3 RRM is very similar, with minor adjustments upon
RNA binding, and resembles canonical RRM (21-23). How-
ever, it has shorter a-helices than observed in the structures
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FIGURE 5. The important residues of Nab3 RRM that are required for RNA binding and cell viability. A, equilibrium binding of Nab3 RRM mutants with
fluorescently labeled RNA monitored by fluorescence anisotropy. The Nab3 RRM R331A, N361A, S399A, and E397A mutants along with the wild-type of
Nab3 RRM were titrated with fluorescently labeled snR47 substrate. Equilibrium association constants (K,,) are shown for individual mutants with S.E. B, resi-
dues Arg?3", Ser*??, and Asn>¢" are required for yeast viability. The indicated Nab3 RRM mutants were expressed episomally from pRS415 plasmids in the
yeast strain with the endogenous NAB3 driven by the GAL1 promoter. Mutant strains were spotted on plates containing 2% glucose and a control galactose
plate and incubated for 3 days at the indicated temperatures. Growth on glucose-containing plates leads to the repression of GAL1-driven wild-type Nab3,
and thus shows the functionality of the different Nab3 mutants. Vector is a control where the GAL1:NAB3 strain contains an empty pRS415 plasmid, wt is
the wild-type NAB3. C, expression of Nab3 proteins from pRS415 in glucose-containing medium. Western blot analysis was perfomed with protein extracts
from the original GAL1:NAB3 strain (DLY889) grown in galactose-containing medium and extracts from DLY889 transformed with plasmids carrying wild-

type and mutant NAB3 grown for 20 h in glucose-containing medium. Air2 was used as a loading control.

of canonical RRMs, and an extra 3, helix between the a1 he-
lix and B2 strand (22).

Nab3 RRM binds UCUU in a canonical manner as observed
in other RRM-RNA complexes (21-23). Specifically, Nab3
RRM contains a well conserved signature of the RRM family,
RNP1 and RNP2 sequences (44 —46). Two conserved pheny-
lalanine residues are used in RNP1 (Phe®**) and RNP2
(Phe®°®) to mediate the stacking interaction with RNA bases
C, and Uj, respectively. These aromatic residues are sur-
rounded by basic and polar amino acid residues that mediate
the sequence-specific recognition of C,U; and in part of U;.
The specifically recognized nucleotides are accommodated
on the B-sheet only and neither loops nor N-/C-terminal re-
gions to the RRM are involved in the recognition process.

Interestingly, the binding preference for CU has also been
reported for the polypyrimidine tract-binding protein (PTB)
(49). Unlike Nab3 RRM, PTB RRMs display additional topol-
ogy elements to the canonical RRM involved in RNA recogni-
tion and significantly differ from RNP1 and RNP2 consensus
(Fig. 6A). In particular, PTB RRMs lack aromatic residues in
RNP1 and RNP2 that usually make extensive stacking interac-
tions with the RNA bases and sugars as in the case of Nab3
RRM (Fig. 6). In addition, the structures of Nab3 and PTB
RRMs revealed that these domains are sequentially unrelated
on the entire RNA interaction surface, except for the last ser-
ine residue of B-strand 4 that is present in all PTB and Nab3
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RRMs (Fig. 6A4). The serine residue is involved in recognition
of a cytosine in the structures of PTB (49) and Nab3 bound to
RNA (Fig. 6). Furthermore, in the structures of PTB RRM1-
RNA and Nab3 RRM-RNA, recognition of the 5'-end uridine
is mediated in a similar way in which its imino proton is con-
tacted by glutamine and glutamate, respectively (Fig. 6). In
both structures, a cytidine could be tolerated instead of a uri-
dine in this position. In contrast, recognition of the 3'-end
uridine is mediated differently in these two structures.
Whereas Nab3 RRM utilizes the side chains of arginine (in
B1) and asparagine (in 32) to recognize the uridine, PTB
RRM1 uses the main chain of leucine and lysine located in the
C-terminal extension to the RRM to facilitate the uridine
binding.

The importance of the serine residue, which is discussed
above, is demonstrated by our affinity measurements with the
Nab3 RRM S399A mutant that decreases the binding affinity
to its UCUU-containing substrate (Fig. 54). Correspondingly,
in vivo analyses of Nab3 S399A or S399K mutants show that
the serine residue is essential for yeast viability (Fig. 5B). Simi-
larly, the decreased affinity of the Nab3 RRM R331A mutant
to the RNA is manifested by the lethal effect in yeast (Fig. 5).
Interestingly, Asn®®!, which specifically recognizes U, along
with Arg®®!, shows lethality in vivo for the N361A mutant,
whereas the affinity of this mutant is only slightly reduced
compared with the wild-type (Fig. 5). Furthermore, the
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FIGURE 6. Recognition of YCU by Nab3 and PTB RRMs. A, sequence alignment of PTB RRM1, -2, -3, and -4 and Nab3 RRM whose structures have been
solved. The alignment was performed using ClustalW (53) and manually optimized using the three-dimensional structural information (49). For the RRMs of
PTB, amino acids interacting with the RNA are shown in red boxes, residues in gray and black boxes are located in the B-sheet and residues in yellow and
cyan boxes are in the a- or 3,4 helices, respectively (49). Residues in gray boxes form the hydrophobic core of the domains. For the RRM of Nab3, residues in
red boxes are significantly perturbed upon RNA binding. B, comparison of Nab3 RRM (left: in yellow and red schematics) and PTB RRM1 (right: in cyan sche-
matics) binding to UCU nucleotides (represented as a stick model). The protein residues that mediate the specific recognition are highlighted as a stick
model. The C-terminal region of PTB RRM1 that mediates the recognition of Us is shown in magenta.

N361A mutant yeast strain shows accumulation of cryptic
unstable transcripts when shifted to glucose,” supporting the
functional significance of this contact in the termination via
the Nrd1 pathway. The Glu®>*” mutant does not have an im-
pact on RNA binding in vitro and causes only slow growth at
higher temperatures, indicating a minor role of this contact
for the function of Nab3. Altogether, these functional data
corroborate with our structural findings that Nab3 RRM spe-
cifically recognizes the YCU sequence.

Association between Nab3 and Nrdl Increases the Affinity
to the Termination Sequences—QOur FA experiments
showed that Nab3 RRM binds UCUU with the high micro-
molar range of equilibrium dissociation constant (K), yet
the Nab3 RRM binds nonspecific four-nucleotide RNA
with a K, in the low millimolar range (Fig. 4). The observed
affinity for the specific RNA substrate is weaker than the
affinity usually observed for single canonical RRMs (21,
47). The affinity of Nab3 RRM binding to UCUU is lower
by 2-fold compared with the affinity of PTB RRM1 to
CUCU that also recognizes the YCU motif (Fig. 6) (47).
Interestingly, the apparent K, of Nab3 RRM binding to

’ F. Hobor, D. Hrossova, S. Vanacova, and R. Stefl, unpublished data.
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longer RNAs with multiple UCUU motifs (snR47 and
snR13) are ~50 uM, more than 1 order of magnitude stron-
ger than we observed for a single UCUU motif (Fig. 4). The
increased binding affinity likely originates from the pres-
ence of multiple binding sites and due to the presence of
flanking sequences to the UCUU motif in snR47 and snR13
RNA substrates. The effect of flanking sequences is likely
nonspecific, mediated by electrostatic interactions of addi-
tional phosphate groups. A similar increase in the binding
affinity, when multiple binding motifs are present, has also
been observed for the RRMs of PTB (47). The formation of
multiple complexes between the snR47-derived RNA sub-
strate and an RRM-containing Nab3 construct (Nab3-
(277-565)) has also been observed previously using elec-
trophoretic mobility shift assay (18). It has been also
demonstrated that mutations in the 2nd, 3rd, and 4th posi-
tion of the UCUU motif decrease the binding affinity to the
Nab3-(277-565) (18). Furthermore, our data showed that
Nrd1, the second RNA-binding subunit of the Nrd1 com-
plex containing a single RRM, binds its termination ele-
ment, GUAA, with a low affinity (K, of 66 = 1 uwm; Fig. 4).

Therefore, it is very likely that Nrd1 and Nab3 bind RNA in
a cooperative manner to achieve the nanomolar range of af-
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finity to snR13 RNA, as previously estimated using electro-
phoretic mobility shift assay (EMSA) (19). Indeed, our FA
measurements showed that the Nrd1-Nab3 heterodimer
binds snR13 RNA with a K, in the low nanomolar range, 45
orders of magnitude stronger compared with the individual
RRMs of Nrdl and Nab3 (Fig. 4E). The RRMs of Nrdl and
Nab3 do not bind each other (data not shown) and the re-
gions that mediate the formation of the heterodimer are lo-
cated near the N-terminal of each RRM (13).” It is difficult to
assay the binding affinity of full-length Nrd1 and Nab3 indi-
vidually due to their instability (19); the Nrd1 alone rapidly
aggregates.” However, other regions outside of the RRMs of
Nrd1 and Nab3 are not expected to contribute significantly to
RNA binding as they do not contain an identifiable RNA-
binding domain. In a similar way, the cooperative RNA bind-
ing of two RRM-containing proteins U2AF®® and U2AF?® is
utilized to enhance the affinity and selectivity in the process
of defining the site of spliceosomal assembly (50, 51).

Implication for Poly(A) Independent Transcription
Termination—W e have shown that the RRM of Nab3 binds
specifically the YCU sequence (where Y stands for pyrimi-
dine). This is in good agreement with previous functional data
that led to the proposal of the UCUU sequence as the Nab3
termination element (6, 18). However, the first position of the
UCUU motif is not fully conserved in some snRNA down-
stream sequences (18); it can be either U or C that perfectly
matches our structural findings. Furthermore, the last posi-
tion of UCUU is also not fully conserved but we cannot ex-
plain the recognition of another nucleotide due to the lack of
experimental data for the recognition of this nucleotide in our
structure. Considering the specificity only for the CU dinucle-
otide and relatively weak affinity of Nab3 RRM to YCU-like
sequences, it is evident that Nab3 alone cannot recruit the
Nrdl complex to the correct termination sites. Indeed, we
show the first quantitative evidence that the association of
Nrd1 and Nab3 (each protein contains a single RRM) facili-
tates high affinity binding and sequence selectivity. It remains
to be seen whether additional sequence elements are recog-
nized, in addition to YCU and GUAR, upon the association of
Nrd1-Nab3.
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5.4 Serine phosphorylation and proline isomerization in
RNAP II CTD control recruitment of Nrd1l

This article presents structure revealing a direct recognition of phoshorylated
serine 5 (pSer5) of short CTD construct by the protein Nrdl the protein.
The Nrdl requires for the CTD recognition cis conformation of the upstream
pSer5-Pro6 peptidyl-prolyl bond of the CTD. Additionally, Nrd1l requires also
phosphorylation of the RNAPII CTD. This suggests that the coupling of co-
valent and noncovalent changes in the CTD structure regulated by kinasesi /
phosphatases and isomerases is crucial for the dynamic process of recruitment
and displacement of appropriate processing factors during the transcriptional
cycle. Furthermore, the paper shows that specific recognition of the pSer5 CTD
by the Nrdl CID is important for the processing and degradation of ncRNAs
in vivo, suggesting that these events occur cotranscriptionally.
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Recruitment of appropriate RNA processing factors to the
site of transcription is controlled by post-translational
modifications of the C-terminal domain (CTD) of RNA
polymerase II (RNAP II). Here, we report the solution
structure of the Ser5 phosphorylated (pSer5) CTD bound
to Nrdl. The structure reveals a direct recognition of
pSer5 by Nrdl that requires the cis conformation of the
upstream pSer5-Pro6 peptidyl-prolyl bond of the CTD.
Mutations at the complex interface diminish binding
affinity and impair processing or degradation of noncoding
RNAs. These findings underpin the interplay between
covalent and noncovalent changes in the CTD structure
that constitute the CTD code.
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The C-terminal domain (CTD) of the largest subunit of
RNA polymerase II (RNAP II) consists of multiple tan-
dem repeats of the heptapeptide consensus Tyrl-Ser2—
Pro3-Thr4-Ser5-Pro6-Ser7 that is conserved from yeast
to humans. The CTD is essential and forms a flexible tail
of RNAP II. It serves as a binding platform for various
cotranscriptional processing factors (Hirose and Manley
2000; Maniatis and Reed 2002; Meinhart et al. 2005).
Phosphorylation and dephosphorylation of Ser2, Ser5, and
Ser7 create a unique pattern in coordination with the
transcription cycle (Komarnitsky et al. 2000; Meinhart
et al. 2005; Phatnani and Greenleaf 2006; Kim et al. 2010;
Mayer et al. 2010; Tietjen et al. 2010; Bataille et al. 2012).
This phosphorylation pattern, often called the CTD code
(Buratowski 2003, 2009; Chapman et al. 2008; Egloff and
Murphy 2008), controls the recruitment, activation, and
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displacement of various factors involved in transcription
and RNAP II transcript processing (Meinhart et al. 2005).
It has been proposed that the CTD code is also affected by
noncovalent changes in the CTD structure, such as
peptidyl-prolyl bond isomerization (Buratowski 2003);
however, the structural basis for such tuning of the
CTD code and its role in recruitment of RNA processing
factors are not yet fully understood. The importance of
the CTD isomerization for Ser5 dephosphorylation has
recently been demonstrated for the human and insect
Ssu72 phosphatases (Xiang et al. 2010; Werner-Allen
et al. 2011).

The pSer5 marks occur predominantly in the early elon-
gation phase and are essential in 3’ end processing of short
noncoding genes (Komarnitsky et al. 2000; Gudipati et al.
2008; Vasiljeva et al. 2008a). These marks are specifically
recognized by Nrdl and are required for the Nrdl-depen-
dent termination pathway, used at small nuclear/nucleolar
RNAs (sn/snoRNAs), cryptic unstable transcripts (CUTs),
and other short RNAP II transcripts (Steinmetz et al. 2001;
Arigo et al. 2006; Thiebaut et al. 2006; Vasiljeva et al.
2008a). Recent genome-wide studies in yeast demonstrated
the co-occurrence of pSer5 and pSer7 marks at some genes
in the early elongation phase (Kim et al. 2010; Mayer et al.
2010; Tietjen et al. 2010). In addition to specific phosphor-
ylation, the Nrdl termination pathway requires the Essl
(Pinl in humans) peptidyl-prolyl isomerase (Singh et al.
2009) that specifically isomerizes the pSer5-Pro6 peptidyl-
prolyl bond in the CTD (Gemmill et al. 2005). In yeast, Ess1
stimulates dephosphorylation of pSer5-Pro6 in vivo (Singh
et al. 2009), and therefore it has been hypothesized that it
regulates the Nrdl association with the CTD (Singh et al.
2009). To gain insights into the recruitment process of
Nrdl to the 5' regions of genes, we determined the solution
structure of the Saccharomyces cerevisiae Nrdl CTD-
interacting domain (CID) in complex with a CTD peptide
phosphorylated at Ser5. The Nrdl CID structure reveals
a conserved CTD-binding site that engages the B-turn
motif of the CTD formed by Ser2;,~Pro3,-Thr4y,—pSer5,,
and a site recognizing selectively the upstream pSer5, and
the cis conformation of the pSer5,-Pro6, peptidyl-prolyl
bond of the CTD. Furthermore, we show that the specific
recognition of pSer5 CTD by Nrdl CID is important for
the processing and degradation of noncoding RNAs
(ncRNAs) in vivo.

Results and Discussion

Affinity of Nrd1 to the CTD with ‘early’
phosphorylation marks

A previous study demonstrated that Nrd1 favors binding
to the CTD with “early” pSer5 marks over the CTD with
“late” pSer2 marks (Vasiljeva et al. 2008a). To test the
effect of the unphosphorylated CTD and the CTD with
the “early” pSer7 and pSer5 CTD marks on the affinity to
Nrdl, we performed a quantitative solution-binding assay
using fluorescence anisotropy (FA) experiments. We
found that Nrdl binds the pSer5 CTD with a signifi-
cantly stronger affinity compared with the pSer7 CTD
or unphosphorylated CTD (Fig. 1A). Nrdl shows also
only a slightly weaker binding to the doubly phosphory-
lated pSer5/7 CTD than to the pSer5 CTD (Fig. 1A,
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Figure 1. Structure of the Nrdl CID-pSer5 CTD complex. (A) Equilibrium binding of the Nrdl CID with differently phosphorylated CTD
peptides monitored by FA. Binding isotherms and dissociation constants (Kg) are shown. (B) Overlay of the 20 lowest-energy structures of the
Nrdl CID-pSer5 CTD complex shown in stereo view. The backbone of the Nrd1l CID and pSer5 CTD is shown in black and red, respectively.

suggesting that the co-occurrence of the pSer5 and pSer7
marks may not impair the recruitment of the Nrd1l complex
in the early elongation phase.

Structure of Nrd1 CID bound to the phosphorylated CTD

To understand how the pSer5 CTD is recognized by Nrd1,
we determined the solution structure of a reconstituted
complex consisting of the CID (residues 1-153) of Nrdl
and a 14-amino-acid peptide, the pSer5 CTD (two re-
peats of the heptapeptide CTD consensus phosphorylated
at Ser5; Tyrl,-Ser2,-Pro3,-Thr4,—pSer5,-Pro6,-Ser7,—
Tyrl,-Ser2y,—Pro3,-Thrd,—pSer5,~-Pro6,-Ser7;,) (Fig. 1B;
Supplemental Table S1; Supplemental Fig. S1). The
'H, 13C, and '°N chemical shift assignments for the
bound Nrd1 CID were obtained as described previously
(Kubicek et al. 2011). The structure of the Nrdl CID is
formed by eight a helices in a right-handed superhelical
arrangement (Fig. 1B) and is virtually identical to the
structure of the Nrdl CID in the free form (Vasiljeva
et al. 2008a). The pSer5 CTD peptide contacts helices
a2, a4, and a7 of the Nrdl CID (Fig. 2A).

Recognition of the phosphorylated CTD by Nrd1

The CTD peptide adopts a B-turn conformation at Ser2;,—
Pro3;,-Thr4y—pSer5;, and docks into a hydrophobic pocket
of the Nrdl CID that is formed by 11e29, Tyr67, Leul27,
I1e130, and Metl126 using Tyrly, and Pro3;, residues (Fig.
2A,B). The hydroxyl group of Tyrl, forms a hydrogen
bond with a conserved aspartate (Asp70) of Nrdl (Fig.
2A,B). The binding mode of the peptide at the B-turn
conformation resembles other previously determined
structures of the CTD bound to CIDs of Pcfl1, SCAFS,
and Rtt103 (Supplemental Fig. S2; Meinhart and Cramer
2004; Becker et al. 2008; Lunde et al. 2010). However, in
contrast to these CID-CTD complexes, Nrd1 binds more
residues upstream of the pSer5 CTD via a conserved
region at the N-terminal tip of helix a2 (Fig. 2A; Supple-
mental Fig. S3A). This unique region of Nrdl is used to
specifically recognize pSer5, via hydrogen bonding of
Ser25 and Arg28 to the phosphate group of pSer5, (Fig.
2A,B). Another region that is more upstream in the a1-a2
loop has been previously suggested as the phosphoserine-
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binding site of Nrd1 based on a sulfate ion that was found
in the crystal structure of the free Nrdl CID (Vasiljeva
et al. 2008a). The sulfate ion located ~8 A away from
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Figure 2. Recognition of the pSer5 CTD by Nrdl. (A) Scheme
showing contacts between the Nrdl CID and the CTD peptide.
Protein residues that form hydrogen bonds and hydrophobic con-
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showing contacts between the Nrd1l CID and the CTD peptide.
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the phosphoserine location identified in our
structure is coordinated using nonconserved
amino acids. The structure of the Nrdl CID-
pSer5 CTD complex shows that the specific
recognition of pSer5, is facilitated by the cis
conformation of the pSer5,-Pro6, peptidyl-prolyl
bond. This cis conformation maximizes the in-
termolecular contacts and prevents the peptide
from clashing with the al-a2 loop of Nrdl. A
conserved G26 in Nrdl (all other CTD-contain-
ing proteins have a bulky and charged residues in
this position) (Supplemental Fig. S3B) allows for
loading of pSer5, into a highly electropositive
pocket (Supplemental Fig. S3A). This is the first
CID-CTD structure in which a phosphoserine—
proline bond is observed in the cis conformation
and in which a direct recognition of pSer5 is
found. Importantly, both features are intercon-
nected and thus required for the efficient bind-
ing. A similar conformation of the pSer5 CTD
peptide was found in the crystal structure of the
Ssu72-pSer5 CTD complex (Supplemental Fig.
S4; Xiang et al. 2010; Werner-Allen et al. 2011).

Interaction between Nrd1 and the CTD is
important for cell viability and the processing
or degradation of ncRNAs

Specific association of the pSer5 CTD with the
Nrdl CID was further tested in a quantitative
in vitro binding assay using FA. We titrated the
wild-type and mutant Nrdl CID against the
fluorescently labeled pSer5 CTD. Alanine or
aspartate (charge-swapping) substitutions at
positions Ser25, Gly26, Arg28, I1e29, and
Lys30 significantly decreased the binding affin-
ity with the pSer5 CTD (Fig. 3A; Supplemental
Fig. S6, control mutations of nonessential res-
idues). In comparison, the effect of mutants at
nonconserved positions Leu20, Lys21, and
Ser22 in the region that was previously sug-
gested to bind the phosphoserine (see above) is
much smaller (Vasiljeva et al. 2008a). D70R and
R74D variants of Nrdl could not be assayed
due to their instability at the high concentra-
tions required for FA measurements. Next, we
tested the effect of removal of phosphorylation
in the downstream CTD repeat (at Ser5;). We
found that the CTD peptide with a single
phosphorylation [pSer5(1P)] has the same affinity
for Nrd1 as the CTD peptide phosphorylated at
both Ser5s (Supplemental Fig. S5). Furthermore,
mutations at Pro6, in the CTD peptide (P6,A
CTD and P6,R CTD) have a larger negative effect
on affinity to Nrdl than mutations at Pro6y
(P6,A CTD and P6,R CTD), confirming the
requirement of the cis conformation at pSer5,—
Pro6, for the binding to Nrdl (Supplemental
Fig. S5). The effect of the P6,R mutation is
larger than for P6,A, as the bulkier side chain
(the side chain at position 6, is solvent-ex-
posed) creates more unfavorable interactions
with the adjacent side chain of pSer5, decreas-

ing the stability of the cis conformation. This corrobo-
rates previous studies that showed that proline-to-alanine
mutations do not necessarily alter the cis conformation if
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Figure 3. Critical residues of the Nrd1l CID that are required for CTD binding, cell
viability, and RNA processing and degradation. (A) Equilibrium binding of the Nrd1
CID mutants with the pSer5 CTD peptide monitored by FA. Binding isotherms and
dissociation constants (Ky) are shown for individual mutants. (B) Phenotypic analysis
of the Nrdl CID mutants. The mutants were expressed from pRS415 plasmids in
the GAL1::NRD1 strain background. Growth on glucose-containing plates leads to
the repression of GAL1-driven wild-type Nrdl and thus shows the functionality of the
different Nrdl CID mutants. (C) Phenotypic analysis of the Nrd1 CID mutants. The
mutants were expressed episomally from pRS415 plasmids in the yeast strain where
the endogenous NRD1 was deleted and growth was supplemented with NRD1 on the
URAS3 plasmid (pRS316). To test the functionality of the different Nrd1 CID mutants,
cells were grown on 5-FOA-containing plates for 3 d at the indicated temperatures.
Wild-type NRD1 was used as positive control, empty pRS415 plasmid was used as
negative control, and Nrdl,; ;50 was the ACID. (D) snR33 snoRNA processing
efficiency and stability of NTS1 and NEL0O25C CUTs analyzed by Northern blot
analysis. Mature U14 snoRNA represents a loading control. Total RNA was purified
from cells expressing wild-type NRD1 or the indicated mutants grown in glucose-
containing medium. (E) Western blot analysis of expression levels of the wild-type and
mutant Nrdl originating from pRS415 (faster-migrating band) in the yeast strain
where the endogenous NRD1 is under the galactose promoter. Protein extracts were
prepared from the original GALI::NRD1 strain transformed with plasmids carrying
wild-type and mutant NRD1 grown in either galactose-containing medium (Gal) or
glucose-containing medium (Glc). (Top band) The genomic NRDI copy contains
a fusion HA tag, resulting in slower gel migration. Proteins were detected using
specific antibodies against Nrd1p. Vectors with no insertion (vector) or containing the
wild-type NRD1 were used as negative and positive controls, respectively.

it is enforced by the structural context (Mayr et al. 1994;
Xiong et al. 2000). Altogether, the FA data strongly
support the phosphorylation-specific recognition ob-
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served in the structure of the Nrd1-pSer5 CTD complex
and that the interaction relies on the presence of the
invariant basic residues in the CID domain (Supplemental
Fig. S3A).

To determine the importance of these individual residues
for Nrd1 function in vivo, we monitored cell viability and
ncRNA processing/stability in single-amino-acid mu-
tants (Fig. 3B-D). The Nrdl strain lacking the CID
(Nrd1A1-150) was used as a reference for the CID-related
function. Deletion of the CID is not lethal (Vasiljeva et al.
2008a); however, we observed that deletion of the CID led
to inviability at 37°C (Fig. 3C). Similarly, to a lesser extent,
a temperature-sensitive (ts) growth defect was observed in
mutants of Ser25, Arg28, 1le29, and Arg74 (Fig. 3B,C). The
double mutant in the residues contacting the phosphory-
lated serine (Ser25+Arg28) exhibited the same growth
phenotype as ACID Nrdl (Fig. 3C). Nrd1 CID deletion
causes an accumulation of snR33 precursors in vivo
(Vasiljeva et al. 2008a). We observed that point mutants with
the ts growth phenotype showed snoRNA processing and
CUT degradation defects demonstrated by an accumulation
of pre-snR33 snoRNA and NEL025c¢ and NTS1 CUTs,
respectively (Fig. 3D,E; Supplemental Fig. S7). None of the
Nrdl CID mutants tested displayed transcription termi-
nation defects that would be represented by readthrough
product accumulation. Importantly, the Ser25+Arg28 double
mutant showed processing and degradation defects compa-
rable with those of the mutant lacking the entire Nrd1 CID.
Taken together, these data demonstrate that specific recog-
nition of the pSer5 CTD by the Nrdl CID is important for
the processing and degradation of ncRNAs in vivo.

The Nrdl complex associates with the exosome and the
TRAMP complex (Vasiljeva and Buratowski 2006). Based
on our data, it is tempting to speculate that the Nrdl CID
mediates interaction with this processing and degradation
apparatus. As the Nrdl truncation lacking CID (A39-169)
has no effect on the exosome copurification (demonstrated
for Rrp6) (Vasiljeva and Buratowski 2006), it is likely that
other RNA processing and degradation auxiliary factors,
such as the TRAMP complex (LaCava et al. 2005; Vanacova
et al. 2005), are recruited through the Nrdl CID.

Previous chromatin immunoprecipitation (ChIP) exper-
iments showed that Ess1 promotes the release of Nrd1 from
terminator regions (Singh et al. 2009). This observation has
been attributed to the indirect effect of Essl in which it
stimulates dephosphorylation by Ssu72 (Singh et al. 2009).
Ssu72 targets specifically the cis conformation of the
peptidyl-prolyl bond of the pSer-Pro-containing peptides
(Xiang et al. 2010; Werner-Allen et al. 2011). Here we
suggest that Essl can also directly regulate the associa-
tion of Nrdl with the RNA Pol Il CTD, as it specifically
recognizes the pSer5-Pro6 CTD in the cis conformation,
indicating that Ess1 may play a dual role in regulating the
Nrdl pathway. A detailed understanding of this mechanism
will require further studies, but it is an exciting possibility,
particularly in light of recent observations that suggested
that Ssu72 may be a less “conformation-specific” phospha-
tase (acting also on the pSer7-Tyrl CTD peptide that is
unlikely to exist in the cis conformation) than previously
expected (Bataille et al. 2012; Zhang et al. 2012).

Conclusions

The structure of Nrdl CID-pSer5 CTD presented here
reveals that the CTD recognition by Nrdl requires both
phosphorylation and isomerization of the RNAPII CTD.
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This suggests that the coupling of covalent and noncova-
lent changes in the CTD structure regulated by kinases/
phosphatases and isomerases is crucial for the dynamical
process of recruitment and displacement of appropriate
processing factors during the transcriptional cycle. In
addition, we show that specific recognition of the pSer5
CTD by the Nrd1 CID is important for the processing and
degradation of ncRNAs in vivo, suggesting that these
events occur cotranscriptionally.

Materials and methods

Protein expression and mutagenesis

The DNA encoding the Saccharomyces cerevisiae Nrdl CID domain
(residues 1-153) was amplified and cloned into a pET22b expression vector
(Novagen) via Ndel and Xhol restriction sites. Details on cloning, expression,
and purification of the Nrd1 CID construct have been described previously
(Kubicek et al. 2011). Protein mutants were designed on the basis of the NMR
structure of the Nrdl-pSer5 CTD complex and were prepared using the
QuikChange site-directed mutagenesis kit (Stratagene).

The CTD of RNAP II

It has been established previously that the CTD mimic consisting of two
repeats of the CTD canonical heptad yields the same binding affinity to Nrd1
CID as the CTD mimic of four repeats (Vasiljeva et al. 2008a). Thus, we used
a 14-amino-acid peptide, the pSer5 CTD (two repeats of the heptapeptide
CTD consensus phosphorylated at two Ser5s; Tyrl,~Ser2,-Pro3,-Thr4,—
pSer5,-Pro6,-Ser7,~Tyrl,-Ser2,-Pro3,—Thrd,—pSer5,-Pro6,-Ser7y,), in our
study to mimic the CTD phosphorylated at Ser5. Similarly, the unphosphory-
lated CTD, the pSer7 CTD, and the doubly phosphorylated pSer5/7 CTD
were used. The peptides were purchased from Clonestar Peptide Services.

NMR

All NMR spectra for the backbone and side chain assignments of 2.0 mM
uniformly °N,'3C-labeled Nrdl CID in 50 mM sodium phosphate buffer
(pH 8.0), 100 mM NaCl, and 10 mM B-mercaptoethanol (90% H,O/10%
D,0) were recorded on Bruker AVANCE 600- and 950-MHz spectrometers
equipped with a cryoprobe at a sample temperature of 20°C. The spectra
were processed using an NMRPipe package (Delaglio et al. 1995), and the
protein resonances were assigned manually using Sparky software (T.G.
Goddard and D.G. Kellner, University of California at San Francisco).
The 'H, *C, and °N chemical shifts of the bound form of the Nrd1 CID
were assigned as described elsewhere (Kubicek et al. 2011). All distance
constraints were derived from the three-dimensional (3D) °N- and
13C.separated NOESYs and two-dimensional (2D) 'H-'H NOESY (with
a mixing time of 80 msec) collected on a 950-MHz spectrometer. Intermo-
lecular distance constraints were obtained from the 3D F,-'*C/'*N-filtered
NOESY-["3C,'H-HSQC experiment (Zwahlen et al. 1997; Peterson et al.
2004), with a mixing time of 150 msec on a 950-MHz spectrometer.
Intramolecular distance constraints of the bound CTD peptide (unlabeled)
were derived from a 2D FyF,-'3C/**N-filtered ['H,'H]-NOESY (7, = 150
msec) (Zwahlen et al. 1997; Peterson et al. 2004). The NOEs were semi-
quantitatively classified based on their intensities in the 2D and 3D NOESY
spectra.

Structure calculations

The preliminary structure determinations of the Nrdl-pSer5 CTD
complex were performed with the automated NOE assignment module
implemented in the CYANA program (Guntert 2004). In the next step,
CYANA-generated restraints along with manually assigned protein-CTD
intermolecular restraints were used for further refinement of the pre-
liminary structures with AMBER 10.0 software (Case et al. 2005). These
calculations used a modified version (AMBER {f99SB) of the force field
described by Cornell et al. (1995) using a protocol described previously
(Stefl et al. 2010; Hobor et al. 2011). From 40 refined structures, the 20
conformers with the lowest AMBER energy were selected to form the
final ensemble of structures. Molecular graphics were generated using
MOLMOL (Koradi et al. 1996) and PyMOL (http://www.pymol.org). The
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atomic coordinates and restraints for the Nrd1 CID-pSer5 CTD complex
have been deposited in the Protein Data Bank under ID code 2106.

FA

The equilibrium binding of the Nrd1 CID to the differently phosphory-
lated CTD was analyzed by FA. The CTD peptides were N-terminally
labeled with the 5,6-carboxyfluorescein (FAM). The measurements were
conducted on a FluoroMax-4 spectrofluorometer (Horiba Jobin-Yvon).
The instrument was equipped with a thermostatted cell holder with
a Neslab RTE7 water bath (Thermo Scientific). Samples were excited
with vertically polarized light at 477 nm, and both vertical and
horizontal emissions were recorded at 525 nm. All measurements were
conducted at 10°C in 50 mM phosphate buffer (pH 8.0) containing 100
mM NaCl and 10 mM B-mercaptoethanol. Each data point is an average
of five measurements. The experimental binding isotherms were
analyzed by nonlinear least-squares regression in SigmaPlot 11 soft-
ware (Systat Software) using a single-site binding model according to
Heyduk and Lee (1990).

Construction of yeast plasmids

The pRS415 plasmid (CEN, LEU2) with insertion of the wild-type NRD1
gene surrounded by the NRD1 promoter and terminator (Vasiljeva et al.
2008a) was used as a template for QuikChange site-directed mutagenesis
(Stratagene). See Supplemental Table S2 for primer sequences and Sup-
plemental Table S3 for constructs generated in this study. The NRD1
ACID region was amplified as follows: Fragment 1: —340 nt up to +6 nt of
NRD1 with SVO F71 and SVO F72; Fragment 2: +453 nt up to TAA +300 nt
from the 3’ untranslated region (UTR) with SVO F73 and SVO F74
primers. The two resulting PCR products were ligated together and
inserted into the above-mentioned pRS415-based construct.

Yeast cultures and manipulation

Yeast were cultured under standard conditions in media with selective
markers corresponding to particular strains and vectors. Yeast trans-
formations were performed by the lithium acetate method.

Yeast growth test analysis

W303 (GAL1::NRD1)-derived strains (Supplemental Table S4) carrying
appropriate mutant NRD1 plasmids were grown in SD-LEU-HIS + 2%
galactose at 30°C to an O.D. of 1.0. The cultures were serially diluted by a
factor of 10 and spotted onto SD-LEU-HIS medium containing 2% glucose
to repress the expression of the endogenous NRD1 or control medium (SD-
HIS + 2% galactose). Plates were incubated at 25°C, 30°C, and 37°C.
EJS101-9d-derived strains (Supplemental Table S4) were grown for 3 d on
SC-LEU plates, then spread on SC-LEU plates with or without 5-FOA and
incubated at 25°C, 30°C, and 37°C.

Whole-cell protein extract preparation for Western
blot analysis

Protein extracts were prepared from cultures grown on either galactose- or
glucose-containing medium to an O.D. of 1.0. Five milliliters of culture
was harvested and lyzed by 1.85 M NaOH for 15 min on ice, and proteins
were subsequently precipitated with ice-cold trichloroacetic acid. Pellets
were resuspended in 5% SDS and 8 M urea buffer prior to SDS-PAGE
analysis. Proteins were resolved on a 12% SDS-PAGE gel, transferred to a
nitrocellulose membrane by a semidry electroblotter (Bio-Rad), and probed
for the presence of Nrd1p with the anti-Nrd1 sera kindly provided by David
Brow (Steinmetz and Brow 1998).

RNA isolation and analysis

For RNA analysis, cells were inoculated to an O.D. of 0.1 in glucose- or
galactose-containing SD medium and grown for 16 h at 30°C. RNA was
isolated by hot phenol extraction and stored at —80°C. Five micrograms of
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total RNA was denatured in 25% formamide, separated on an 8% denaturing
(8 M urea) polyacrylamide gel, and transferred to nylon membrane using
semidry electro-transfer. RNA was cross-linked to the membrane by UV
light (120 mJ/cm?) and hybridized with a probe in Ultra-Hyb buffer (Ambion)
according to the manufacturer’s instructions.

Preparation of DNA probes for Northern blot analysis

The DNA probe for snR33 was amplified from S. cerevisiae S288C
genomic DNA with primers Forward, 5'-CGGAACGGTACATAAGAA
TAGAAGAG-3’, and Reverse, 5'-TAAAGAAAACGATAAGAACTAA
CCTC-3'. The NTS1 probe 1 was prepared according to Vasiljeva et al.
(2008b), by using primers Forward, 5-TGAGTGCTTGTATAAGTTTA
GAGAATTGA-3’, and Reverse, 5'-TTAATACTTTCCTCTTCGTCTTTT
TCTAC-3'. The NEL025¢ probe was amplified with primers Forward,
5'-CCTGTTGACATTGCAGACAA-3’, and Reverse, 5'-GCAAAGATCTG
TATGAAAGG-3'. The resulting PCR products were used as templates for
random primed labeling using [a->*P|dATP and the commercial kit (Roche).
To detect U14 snoRNA, the oligonucleotide 5-TCACTCAGACATCC
TAGG-3' was 5’-phosphate-labeled by T4 polynucleotide kinase (New
England Biolabs) and [y-32P]ATP.
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5.5 Recognition of asymmetrically dimethylated arginine
by TDRD3

The results presented in this study extend our understanding of how the methy-
larginine binding Tudor domains coordinate their ligands. The publication
reports the solution structure of the Tudor domain of TDRD3 bound to the
asymmetrically dimethylated CTD. A comparison of the ligand-bound TDRD3
structure with other Tudor domains, supported by the mutational analysis and
quantum chemical calculations provide a framework to understand dimethy-
larginine recognition by the Tudor domains at a molecular level.
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ABSTRACT

Asymmetric dimethylarginine (aDMA) marks are
placed on histones and the C-terminal domain
(CTD) of RNA Polymerase Il (RNAP Il) and serve as
a signal for recruitment of appropriate transcription
and processing factors in coordination with tran-
scription cycle. In contrast to other Tudor domain-
containing proteins, Tudor domain-containing
protein 3 (TDRD3) associates selectively with the
aDMA marks but not with other methylarginine
motifs. Here, we report the solution structure of
the Tudor domain of TDRD3 bound to the asymmet-
rically dimethylated CTD. The structure and muta-
tional analysis provide a molecular basis for how
TDRD3 recognizes the aDMA mark. The unique
aromatic cavity of the TDRD3 Tudor domain with a
tyrosine in position 566 creates a selectivity filter for
the aDMA residue. Our work contributes to the
understanding of substrate selectivity rules of the
Tudor aromatic cavity, which is an important struc-
tural motif for reading of methylation marks.

INTRODUCTION

Arginine methylation is a frequent post-translational
modification of proteins that regulates a variety of cellular
processes, including transcriptional regulation, RNA pro-
cessing, trafficking, signal transduction and DNA repair
(1-3). There are three major forms of methylated arginine
identified in mammals, monomethylarginine (MMA),
asymmetric dimethylarginine (aDMA) and symmetric
dimethylarginine (sSDMA). These methylation marks are
introduced by the protein arginine methyltransferases’
(PRMTs) family, in which, type I PRMTs (PRMTI, 2,
3,4, 6 and 8) generate MMA and aDMA modifications,
whereas type II PRMTs (PRMTS and 7) produce MMA
and sDMA modifications. The MMA modifications
introduced by both type I and type II PRMTs are
likely generated as ‘intermediates’ on the way to

dimethylarginines. PRMTs methylate a large number of
protein targets, involved in various aspects of regulation
of gene expression (2).

The co-activator-associated arginine methyltransferase
1 (CARMI1/PRMT4) deposits an asymmetric dimethy-
lation at the R2 and R17 sites of histone H3 (H3R17
and H3R?2) and at the R3 site of histone H4 (H4R3) (4).
It also introduces the aDMA mark at R1810 of the mam-
malian carboxy-terminal domain (CTD) of RNA
Polymerase II (RNAP II) (5). The CTD is an important
region of RNAP II that undergoes structural remodeling
throughout the transcriptional cycle, which allows the as-
sociation and dissociation of a multitude of effector mol-
ecules (6-11). These temporal and spatial interactions
couple transcription with most, if not all, pre-mRNA pro-
cessing steps (12-24). The CTD methylation at R1810 is
present on the hyperphosphorylated CTD in vivo, and it
facilitates the expression of small nuclear and nucleolar
RNAs (snRNAs and snoRNAs) (5).

Pull-down experiments showed that Tudor domain-
containing protein 3 (TDRD?3) displays a specific inter-
action with the asymmetrically dimethylated R1810-
containing CTD peptide (aDMA-CTD) and histones H3
and H4, but not with unmodified and monomethylated or
symmetrically dimethylated peptides (4,5). Consistently,
using fluorescence polarization, it was reported that
TDRD3 preferentially binds the aDMA marks compared
with other methylarginine species (25). Other members of
the Tudor family, such as the Survival of Motor Neuron
(SMN), survival of motor neuron-related splicing factor
30 (SPF30), staphylococcal nuclease domain-containing
protein 1 (SND1) and Turll do not discriminate between
the aDMA- and sDMA-containing peptides (26-28). They
are capable of binding to both dimethylarginine isoforms,
with slightly higher affinity to sDMA, which also repre-
sents their physiological ligand (29,30). The structures of
the Tudor domains of SMN, SPF30, SNDI1 and Turll
bound to their ligands have been reported (26-28).

In order to reveal the structural basis of selective recog-
nition of the aDMA marks by TDRD?3 that has recently
been implicated in transcription activation and RNA pro-
cessing (4,5), we have determined the solution structure of
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the Tudor domain of TDRD?3 in complex with asymmet-
rically dimethylated CTD.

MATERIALS AND METHODS

Cloning, expression and purification of Tudor domain of
TDRD3 (residues 554-608)

The Tudor domain of TDRD3 (residues 554-608) was
cloned into pET22b expression vector to generate
C-terminal 6x His-tagged protein. The protein was over-
expressed in Escherichia coli BL21-Codon Plus (DE3)-
RIPL (Stratagene) overnight at 16°C after induction by
I mM IPTG and purified by affinity chromatography on
Ni-NTA resin  (Qiagen) and further purified on
Superdex75 gel filtration column. For nuclear magnetic
resonance (NMR) experiments, the protein was
concentrated into a buffer containing 50 mM Na,HPO,,
pH 8.0, 150mM NaCl and 10mM B-mercaptoethanol.
Mutant constructs were prepared by QuikChange™
Site-directed Mutagenesis Kit with complementary sense
(S) and antisense (AS) oligonucleotide primers as follows:

Y566F  (S), Y-cctggagatgaatgttttgcacttttttgggaagacaaca-3’
(AS), 5-tgttgtcttcccaaaaaagtgcaaaacattcatcte
cagg-3';

(S), 5-gaaacctggagatgaatgttttgcactttggtgggaag
acaacaag-3’

(AS), 5-cttgttgtctteccaccaaagtgecaaaacattcatcte
caggtttc-3';

(S), 5-cctggagatgaatgttttgcactttattcggaagacaac
aagtt-3’

(AS), 5-aacttgttgtcttccgaataaagtgcaaaacattcat
ctecagg-3/;

(S), 5'-gcactttattgggaagegaacaagttttaccggge-3’
(AS) 5'-gcecggtaaaacttgttcgettcecaataaagtge-3'.

Y566W

W567S

D569A

The mutant proteins were over-expressed in the same
E. coli line and purified using the same procedure as
described above. Peptides for NMR measurements were
purchased from Clonestar peptide service (Brno, CZ).

Nuclear magnetic resonance

All spectra for the backbone and side-chain assignments
of ~1.8mM uniformly '°N,"*C-labeled TDRD3 Tudor in
50 mM sodium phosphate buffer (pH 8.0), 150 mM NaCl,
10mM B-mercaptoethanol (90% H->O/10% D,O) were
recorded on Bruker AVANCE 600 MHz spectrometer
equipped with a cryoprobe at a sample temperature of
293.15K. The spectra were processed using NMRPipe
package (31) and the protein resonances were assigned
manually, using Sparky software (Goddard T.G. and
Kellner D.G., University of California, San Francisco,
USA). The 'H, "*C and >N chemical shifts of TDRD3~
aDMA-CTD complex were assigned using standard triple
resonance experiments (32). All distance constraints were
derived from the 3D '°N- and '*C-separated nuclear
Overhauser effect spectroscopy (NOESYs) (with mixing
time of 110ms) collected on a 600 MHz spectrometer.
Intermolecular distance constraints were obtained from
the 3D F,;-"*C/"N-filtered NOESY-['*C,'H]-HSQC
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experiment (33,34), with mixing time of 150ms on a
600 MHz spectrometer. In the 3D NOESY spectra, inter-
molecular constraints were semi-quantitatively classified,
based on their peak volumes divided by the number of 'H
spins involved in nuclear Overhauser effect (NOE)
cross-relaxation.

Structure calculation

Structure determination of the TDRD3 Tudor-aDMA-
CTD complex was performed with the NOE assignment
algorithm implemented in the CYANA program (35).
This automated NOE assignment procedure is a
re-implementation of the former CANDID algorithm
(36) on the basis of a probabilistic treatment of the
NOE assignment. CYANA carries out automated assign-
ments, distance calibration of NOE intensities, removal of
erroneous restraints, structure calculations with torsion
angle dynamics. The resultant NOE cross-peak assign-
ments were subsequently confirmed by visual inspection
of the spectra. In the next step, CYANA-generated
restraints along with manually assigned TDRD3-
aDMA-CTD intermolecular restraints were used for
further refinement of 20 preliminary structures with
AMBER 11 software (37,38). These calculations
employed a modified version (AMBER ff99SB) of the
force field described by Cornell et al. (39) and an explicit
water solvent. The non-standard aDMA residue was
parameterized with Gaussian 09 using restrained electro-
static potential charge approach at HF/6-31G(d) level of
theory (40). The compound name for aDMA is DA2.
Structural quality was assessed using PROCHECK (41)
and WHAT IF (42).

Fluorescence anisotropy

The equilibrium binding of Tudor domain of TDRD3 to
the CTD peptides was analyzed by fluorescence anisot-
ropy. The CTD peptides were N-terminally labeled with
5,6-carboxyfluorescein (FAM). The measurements were
conducted on a FluoroMax-4 spectrofluorometer
(Horiba Jobin-Yvon Edison, NJ, USA). Samples were
excited with vertically polarized light at 495nm, and
both vertical and horizontal emissions were recorded at
535nm. All measurements were conducted at 293.15K
in 50mM phosphate buffer (pH 8.0) containing 150 mM
NaCl. A fixed delay of 30s was set between each aliquot
addition and start of the measurement to allow the
reaction to reach equilibrium. This delay was sufficient,
as no further change in anisotropy was observed. Each
data point is an average of three measurements. The
data were analyzed using Gnuplot. The experimental iso-
therms were fit to a single-site binding model using
non-linear least squares regression according to Heyduk
and Lee (43).

NMR binding experiments

"H-'SN Heteronuclear single quantum coherence (HSQC)
spectra were recorded at same conditions as NOESY ex-
periments. To determine the affinity of different TDRD3
mutants with aDMA- and sDMA-containing peptides, a
series of "H-'""N HSQC spectra were recorded. Increasing
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amounts of the unlabeled dimethylarginine-containing
peptides were added to '"N-labeled proteins. Combined
chemical shift (CCS) is defined as the normalized length
of a vector E;, whose components are chemical shift dif-
ferences §;; between observed chemical shift and reference
experiment (free form). Index j represents the atom type
within the primary sequence of the protein

’Ej| = Z w,-8jzi.
i=H,N

Weight factors for each atom type wy = 1 and wy = 0.15
were used. CCS values of three best resolved residues for
each titration were used to construct a binding isotherm of
1:1 stoichiometry. Parameters for binding isotherms were
found by non-linear least-square regression with Gnuplot.
The errors for fitted parameters were calculated within a
95% confidence interval (95% CI).

Quantum chemical calculations

The geometry of aromatic cavity was taken from the de-
posited NMR structure. The truncated model was made of
aDMA and four residues forming the aromatic cavity. The
C, atoms were substituted with methyl groups that were
kept frozen during the optimization to account for
backbone covalent interactions. The geometry of aDMA
and four aromatic cage amino acids was then optimized
in vacuo using TPSS-D3/def2-TZVP level of theory with
Turbomole 6.3 (44,45). For interaction energy calcula-
tions, we used a Hartree-Fock wave function of the
monomers as a reference from which, we obtained inter-
action energy terms in first two orders at symmetry-
adapted perturbation theory (SAPTO) approximation
using PSI4 suite of codes. Density fitting of 4-index inte-
grals and Laplace transformations of energy denomin-
ators were used as described in the following article (46).
Reference wavefunction in SAPT analysis was calculated
using aug-cc-pVDZ basis set.

RESULTS

Solution structure of TDRD3 in complex with aDMA-
CTD peptide

Initial NMR titration experiments suggested that two
regions of the Tudor domain of TDRD?3 (residues 566—
573 and 589-598) were significantly perturbed upon bind-
ing to the aDMA-CTD peptide (Figure 1). Analysis of
NMR titration data under fast exchange regime allowed
to evaluate the binding affinity of the TDRD3 Tudor with
the sDMA- and aDMA-containing CTD peptides.
TDRD3 binds aDMA-CTD with a Kp of 770 + 30 uM,
more than one order of magnitude stronger, compared
with the symmetrically methylated isoform (Figure 1D).
Similar binding affinity of TDRD3 to fluorescently labeled
aDMA-CTD peptide was determined in a quantitative
binding assay using fluorescence anisotropy (Kp =
900 + 200 uM; Supplementary Figures S1 and S2).

To understand the structural basis for molecular
recognition of aDMA-containing CTD by TDRD3, we

determined the solution structure of a reconstituted
complex consisting of the Tudor domain of TDRD3
(residues 555-610) and a 13-mer peptide aDMA-CTD
[YSPSSP(aDMA)YTPQSP; Figure 1A] (Figure 2A and
B; Supplementary Figure S2B and C; Supplementary
Table S1). The Tudor domain of TDRD3 forms a
four-stranded [B-barrel fold and is similar to the
structure of TDRD?3 in free form (Supplementary Figure
S2B) (25).

The B1-B2 and P3—P4 loops of the Tudor domain
contain aromatic residues (Y566, Y573, F591 and
Y594). These residues form a partially exposed aromatic
cavity of rectangular cuboid shape that is side-walled by
N596 (Figure 2C). Upon binding of TDRD3 to the CTD
peptide, the aromatic cavity accommodates aDMA that is
placed parallel between two tyrosines (Y566 and Y594).
This binding results from cation—n and stacking inter-
actions between positively charged guanidinium group of
aDMA and aromatic rings of the two parallel tyrosine
residues. Furthermore, CH-n interactions between the
methyl groups of aDMA and two remaining aromatic
residues (Y573 and F591) stabilize the interaction. One
guanidinomethyl group faces Y573, whereas the second
guanidinomethyl group faces F591 at the back wall of
the cavity (Figure 2C). Interestingly, conserved N596
does not form a H-bond to aDMA-CTD, akin to the
structures of s/aDMA bound to the canonical Tudor
domains of SPF30 and SMN (26). This conserved aspara-
gine in the structures of extended Tudor domains forms
an H-bond to sDMA, altering its role in this Tudor sub-
family (27,28).

Our NMR data show no intermolecular contacts
between the aromatic cavity and neighboring residues of
aDMA (Supplementary Figure S2C). This suggests that
those residues are flexible and do not interact with the
TDRD3 Tudor domain, and that the CTD peptide with
the aDMA mark is recognized in a sequence-independent
manner. Furthermore, phosphorylations of aDMA-CTD
(at Ser2 and Ser5) showed no effect on the binding affinity
to TDRD3.

TDRD3 Y566 mutants loose specificity to
aDMA-CTD peptides

It was shown that substitution of any of the four aromatic
residues of the cavity with a non-aromatic amino acid,
abrogates dimethylarginine binding (26). In the present
study, we have investigated the effect of aromatic substi-
tutions of the least conserved residue within the aromatic
cavity (Figures 2C and 3A). In TDRD3, Y566 is a unique
residue, whereas SMN, SPF30, SND1 and Turll contain
tryptophan or phenylalanine in this position. Y566F sub-
stitution diminishes binding to aDMA-CTD and it does
not increase binding affinity to sSDMA-CTD (Figure 3B
and Supplementary Figure S5). On the other hand,
Y566W substitution promotes complex formation with
sDMA-CTD, vyet it has similar binding affinity to
aDMA-CTD as the wild-type protein. This indicates
that both phenylalanine and tryptophan substitutions at
position Y566 abrogate TDRD3 selectivity for aDMA-
against SDMA-CTD peptides. Residue Y566 is thus the
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Figure 1. Interaction of the TDRD3 Tudor with aDMA-CTD. (A) Sequence of a 13 amino acid peptide with aDMA, used as a mimic of methylated
CTD; and domain organization of TDRD3. (B) Scheme of aDMA and sDMA. (C) A 2D 'H-">N HSQC spectra showing four representative steps of
NMR titration of 1.8mM TDRD3 with aDMA-CTD peptide. Trajectories for the three best resolved signals that were used for construction of
binding isotherm are highlighted. (D) Estimation of the TDRD3 Tudor-aDMA-CTD (in blue) and TDRD3 Tudor—-sDMA-CTD (in red) dissociation
constants from NMR titration experiments. CCS values derived from "H-'>N HSQCs are plotted against the CTD peptide concentration. Errors are
denoted as 95% CI. (E) Quantification of chemical shift perturbations of the TDRD3 Tudor upon addition of aDMA-CTD. The combined chemical
shift perturbations are plotted versus the amino-acid residue number with B-sheets regions shown as blue arrows. Large changes occur in the regions
involved in binding of the aDMA-CTD peptide. Green lines represent the residues forming hydrophobic cavity.

key element, which determines the specificity of TDRD3
toward aDMA-containing peptides.

Comparison of the TDRD3-aDMA-CTD complex
with previously determined structures of SPF30/SMN-a/
sDMA complexes show variations in accommodation of
the substrates in the aromatic cavities (Supplementary
Figure S3A). The sDMA substrates are inserted at a
different angle than aDMA, so that they maximize
stacking interactions with the tryptophan aromatic
residue in the position 566 (TDRD3 numbering). This
underlines the importance of the aromatic residue type
(Y/W/F; Figure 3A) in this position for dimethylarginine
recognition.

Pyramidalization of aDMA amino group promotes
hydrogen bond formation with TDRD3

Force field approximations along with limited resolution
of experimental data often imperfectly describe molecular
interactions. In our structure of the TDRD3-aDMA-
CTD complex, we identified a possibility of H-bond
between the aDMA amino group and the hydroxyl

group of Y566. Such H-bond would require a distortion
of the aDMA amino group planarity. Studies of high-
resolution x-ray structures have shown amino group
pyramidalization allowing hydrogen bond formation in
nucleic acids (47). However, empirical force fields used
for the structural calculations enforce the planarity of
the amino group; therefore, we had to resort to other
methods. To probe the existence of this H-bond, we per-
formed a dispersion-corrected density functional theory
(DFT-D) study of aDMA bound to the aromatic cavity
of TDRD3 (for details, see ‘Materials and Methods’
section). Geometry of the DFT-D optimized model is
very close to the NMR structure with heavy atom
RMSD of 0.9A (Supplementary Figure S3B). Most im-
portantly, the planarity of aDMA amino group was
slightly distorted (due to partial sp® hybridization),
allowing the H-bond formation with the hydroxyl group
of Y566 (Figure 3D). As the cavity is formed by hydro-
phobic residues and its interior is not accessible to
solvents, it is likely that this H-bond has significant
energy. YS66F substitution in TDRD3 or the lack of
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W567

Figure 2. NMR structure of the TDRD3 Tudor-aDMA-CTD complex. (A) Overlay of the 20 lowest energy structures of the TDRD3 Tudor—
aDMA-CTD complex shown in stereo view. Backbone and side-chains of the aromatic cavity (Y566, Y573, F591 and Y594) are shown in wire
representation. For clarity, only aDMA residue of the bound peptide is shown in wire representation. The TDRD3 Tudor domain and aDMA are
shown in black and red, respectively. (B) Structure of the human TDRD3 Tudor domain bound to the aDMA-CTD peptide. The aDMA-CTD
peptide is represented as a magenta ribbon with the aDMA residue in sticks (only methyl protons are shown) and the protein is shown as a blue
ribbon model. Residues forming the aromatic cavity (Y566, Y573, F591 and Y594) are shown in green sticks and the cube-shaped cavity is
highlighted by a square. (C) aDMA recognition by the TDRD3 Tudor domains. The hydrogen bond and aDMA interactions with the aromatic
cavity are shown with yellow dotted lines. Only aDMA and the side-chain of amino acids that form, or interact with the aromatic cavity are shown

(starting from C, atoms).

amino group in SDMA prevents formation of this H-bond
(Figures 1D and 3B). This hydrogen bond explains why,
during titration experiments, YS566F substitution
abrogated TDRD3 binding with aDMA and why sDMA
did not bind to wild-type TDRD3.

Dispersion interactions play a major role
in complex formation

To understand the forces contributing to the complex for-
mation, we calculated the interaction energy of previously
optimized DFT-D model of TDRD3-aDMA complex
using SAPT calculations (48). In this perturbation
approach, the interaction energy is expressed as a sum
of physically well defined parts. Electrostatic and
exchange-repulsion terms represent the first order contri-
butions, whereas the second order terms are represented
by induction and dispersion energy. Calculated interaction
energy terms are summarized in Figure 3C.

The ‘electrostatic’ term is stabilizing. This is consistent
with our picture that N —H.--O hydrogen bond and
cation—r interactions contribute to complex formation.
However, the ‘exchange-repulsion’ over-compensates the
electrostatic attraction, as many electron pairs come close
when aDMA and aromatic residues form the complex.
Therefore, the first order contributions are repulsive.
The second order contributions showed that ‘induction’
term plays a minor role for the overall binding energy.
In general, cation—m interactions are dominated by

electrostatic forces and cation-induced polarization of «
systems (49). This suggests that induction mainly repre-
sents an interaction between a positive guanidinium group
of aDMA and & orbitals of parallel tyrosines. The ‘disper-
sion’ interaction is the most significant stabilizing term. It
should be noted that all non-covalent interactions contain
some degree of a dispersion-type component (49).
However, the role of dispersion in cation—t and
hydrogen bonds is modest (50). As the dispersion energy
is almost as large as the total interaction energy, we
conclude that the dispersion originates predominantly
from stacking interactions between aDMA and two
parallel tyrosines (Y566 and Y594).

Surrounding amino acids stabilize the aromatic cavity

The structure of the TDRD3-aDMA-CTD complex
reveals that D569 of the B1-p2 loop forms the H-bond
with the hydroxyl group of Y573 and thus, stabilizes the
geometry of the aromatic cavity (Figure 2C). If the
H-bond formation is impaired by D569A substitution,
the ['H,'NJ-HSQC spectrum is significantly altered
when compared with that of the wild-type (Supplementary
Figure S4A). The residues of the aromatic cavity and their
nearest neighbors display large chemical shift perturb-
ations, suggesting that the geometry of the cavity is
disturbed (Supplementary Figure S4B). Furthermore,
D569A substitution abrogates binding to the aDMA-
CTD peptide, indicating the importance of D569 for
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Figure 3. Recognition of aDMA by the TDRD3 Tudor. (A) Sequence alignment of the human TDRD3 Tudor domain with other dimethylarginine
binding Tudor domains of SMN (Homo sapiens), SPF30 (H. sapiens), SND1 (H. sapiens), and the 11th Tudor domain of Tud (Drosophila
melanogaster;, Tudll). Residues forming an aromatic cavity are highlighted in green squares, variable residues are shown in red. The B-sheet
regions (B1, B2, B3 and P4) of human TDRD3 Tudor are shown with blue arrows. (B) Bar plot of the NMR-derived association constants (K,)
of various TDRD3 mutants with the aDMA-CTD peptide (blue) and SDMA-CTD peptide (red) in a logarithmic scale. Asterisk indicates that the
binding constant could not be determined. (C) Bar plot showing decomposed interactions’ energies between the aromatic cavity and aDMA
calculated by SAPT. The exchange-repulsion (blue bar) accounts for an interaction caused by tunneling of the electrons between interacting
systems and electron—electron repulsion due to the Pauli exclusion principle. The induction interaction (yellow bar) is a second-order energy
contribution, which originates from mutual distortion of electron density distribution of interacting molecules. The dispersion interaction (green)
arises from the correlated electron fluctuations in the interacting molecules (48). (D) Pyramidalization of the aDMA amino group as predicted by
DFT-D theory. The hydrogen bond (2.7 A) that is responsible for aDMA recognition is shown with yellow dotted line. Only heavy atoms and
non-polar hydrogens are shown.

aDMA-CTD, define structural determinants for the rec-
ognition of SDMA- and aDMA-containing peptides. The

Conserved W567 residue stacks with Y566, stabilizing extended Tudor domains (SND1 and Turll) contain an
the geometry of aromatic cavity (Figure 2C and Supple- additional ao-helix and two [B-strands at aminoterminal
mentary Figure S2A). W567S substitution of TDRD3 and several o-helices and fB-strands at the
Tudor yields lower affinity to aDMA-CTD (Figure 3B). carboxy-terminal to the canonical Tudor core. They pref-
These results demonstrate the importance of residues sur- erably interact with sSDMA-containing peptides, because
rounding the cavity for the recognition of aDMA by of hydrogen bond formation between SDMA and aspara-

the stabilization of the aromatic cavity (Supplementary
Figure S4B).

TDRD3. gine residue (Supplementary Figure S6). In contrast, the
structures of the canonical Tudor domains bound to
DISCUSSION dimethylarginine ligands lack this hydrogen bond

(Supplementary Figure S7). They utilize a different

Available structures of the SMN, SPF30, SND1 and
Tudl1l Tudor domains in complex with their correspond-
ing dimethylarginine ligands (26-28), together with the
structure of the TDRD3 Tudor domain bound to

strategy for the dimethylarginine recognition. The SMN
and SPF30 canonical Tudor domains contain tryptophan
at position 566 (Figure 3A). The presence of the fused-ring
heterocyclic amino acid alters the stacking interactions
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between aromatic cavity and ligand. As a result, both
SMN and SPF30 preferably bind to sDMA but also
possess a comparable affinity to aDMA.

The presence of tyrosine at position 566 in the canonical
Tudor domain of TDRD3, creates unique binding
properties of the cavity as it selectively binds the aDMA
mark but not the sDMA mark. The TDRD3-aDMA
complex formation is driven by a combination of
cation-nt, CH-m and stacking interactions between
aromatic cavity of Tudor domain and aDMA ligand.
The complex is further stabilized by the N—H---O
hydrogen bond between the aDMA amino group and
the hydroxyl group of Y566. Y566F variant of TDRD3,
which causes the loss of this hydrogen bond, abrogates the
interaction between TDRD3 and aDMA. Interestingly,
Y566W variant allows TDRD3 to form a complex with
sDMA-CTD and also has a similar affinity to
aDMA-CTD (Figure 3B). The presence of tryptophan in
this position provides an additional dispersion interaction
that is non-specific to the dimethylarginine motifs. Y566 W
mutant of the TDRD3 Tudor domain is therefore, able to
bind both sDMA and aDMA peptides even though the
N — H--- O hydrogen bond is broken by this substitution.
We conclude that the tyrosine residue at position 566 of
the TDRD3 Tudor domain works as a selectivity filter for
the aDMA-containing peptides.

The results presented in this study extend our under-
standing of how the methylarginine binding Tudor
domains coordinate their ligands. A comparison of the
ligand-bound TDRD3 structure with other Tudor
domains, supported by the mutational analysis and
quantum chemical calculations provide a framework to
understand dimethylarginine recognition at a molecular
level.
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5.6 Molecular Basis for Coordinating Transcription Ter-
mination with Noncoding RINA Degradation

In this work, structural and functional evidence is provided demonstrating that
the same domain of Nrdlp interacts with RNA polymerase II and Trfdp in
a mutually exclusive manner, thus defining two alternative forms of the NNS
complex, one involved in termination and the other in degradation.
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SUMMARY

The Nrd1-Nab3-Sen1 (NNS) complex is essential for
controlling pervasive transcription and generating
sn/snoRNAs in S. cerevisiae. The NNS complex ter-
minates transcription of noncoding RNA genes and
promotes exosome-dependent processing/degra-
dation of the released transcripts. The Trf4-Air2-
Mtr4 (TRAMP) complex polyadenylates NNS target
RNAs and favors their degradation. NNS-dependent
termination and degradation are coupled, but the
mechanism underlying this coupling remains enig-
matic. Here we provide structural and functional evi-
dence demonstrating that the same domain of Nrd1p
interacts with RNA polymerase Il and Trf4p in a mutu-
ally exclusive manner, thus defining two alternative
forms of the NNS complex, one involved in termina-
tion and the other in degradation. We show that the
Nrd1-Trf4 interaction is required for optimal exo-
some activity in vivo and for the stimulation of polya-
denylation of NNS targets by TRAMP in vitro. We
propose that transcription termination and RNA
degradation are coordinated by switching between
two alternative partners of the NNS complex.

INTRODUCTION

The ubiquitous presence of transcribing polymerases in the
genome is a potential risk to the cell, as it can hamper the appro-
priate expression of canonical genes by interfering with their
transcription (Jensen et al., 2013). Pervasive transcription is
controlled at the level of transcription termination and RNA
degradation, which can be coupled in S. cerevisiae. The main
actors of this quality control pathway are the Nrd1-Nab3-Sen1
(NNS) transcription termination complex, the nuclear exosome,
and the TRAMP complex (for recent reviews, see Porrua and
Libri, 2013a; Jensen et al., 2013). The NNS complex is required

L
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for transcription termination of a large fraction of noncoding
RNAs (ncRNAs) transcribed by RNA polymerase Il (RNAPII),
essentially CUTs (cryptic unstable transcripts), snRNAs, and
snoRNAs (Steinmetz et al., 2001; Arigo et al., 2006; Thiebaut
et al., 2006). CUTs are short lived in wild-type yeast and are
largely nonfunctional, although in a few cases their transcription
has been shown to regulate gene expression (Kuehner and
Brow, 2008; Thiebaut et al., 2008). Transcripts terminated by
the NNS pathway are polyadenylated by the TRAMP complex
and targeted by the nuclear exosome for degradation (in the
case of CUTs) or 3 end trimming (in the case of snRNAs and
snoRNAs).

The exosome is composed of a ring-shaped core to which two
catalytic subunits, Dis3p and Rrp6p, associate. The two en-
zymes are 3'-5' exonucleases, and Dis3p is also endowed with
endonuclease activity (Chlebowski et al., 2013). Because the
central channel of the ring that drives the substrate toward the
catalytic subunit Dis3p is only wide enough to accommodate
single-stranded RNA, it has been proposed that the presence
of an unstructured region of at least 30 residues is required for
degradation (Chlebowski et al., 2013). Rrp6p only associates
with the nuclear form of the exosome and has overlapping and
complementary roles to Dis3p in RNA degradation (Gudipati
et al., 2012).

The TRAMP complex is an important cofactor of the exosome
that is required for the efficient processing and degradation of a
variety of RNAs produced by the three yeast RNA polymerases
(Wyers et al., 2005; San Paolo et al., 2009; WIotzka et al.,
2011; Kadaba et al., 2004). TRAMP is composed of a poly(A)
polymerase (Trf4p or Trf5p), a zinc knuckle RNA-binding protein
(Air1p or Air2p), and the DExH-box RNA helicase Mtr4p (LaCava
et al., 2005; Vanacova et al., 2005; Wyers et al., 2005). Polyade-
nylation of exosome substrates by TRAMP favors their degrada-
tion (Callahan and Butler, 2010; Kadaba et al., 2004; LaCava
et al., 2005; Rougemaille et al., 2007; Vanacova et al., 2005;
Wyers et al., 2005), and it has been proposed that poly(A) tails
added by TRAMP provide the unstructured extensions that allow
threading of structured substrates through the central channel of
the exosome ring. It has also been shown that TRAMP stimulates
exosome and Rrp6p activity independently of polyadenylation
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(Wyers et al., 2005; Callahan and Butler, 2010; Rougemaille et al.,
2007), although the mechanistic details of this stimulation are still
unclear.

The NNS complex is composed of the RNA-binding proteins
Nrd1p and Nab3p and the superfamily | helicase Sen1p. Binding
of the Nrd1-Nab3 complex to specific motifs on the nascent
RNA constitutes the essential readout of transcription termina-
tion signals (Creamer et al., 2011; Porrua et al., 2012; Wlotzka
et al., 2011). The actual termination step is most likely operated
by Senip that interacts with the Nrd1-Nab3 complex (Hazel-
baker et al., 2013; Porrua and Libri, 2013b). The NNS complex
has been shown to associate with TRAMP and the exosome,
which is thought to favor degradation (Vasiljeva and Buratowski,
2006), although the molecular and mechanistic details of the
interaction between the NNS complex, the exosome, and the
TRAMP are not well understood.

Nrd1p interacts with the C-terminal domain (CTD) of the
largest subunit of RNAPII via a CTD interacting domain (CID).
The CID recognizes heptapeptide (YSPTSPS) repeats in the
CTD that are phosphorylated on the serine at position five
(Ser5P) (Kubicek et al., 2012; Mayer et al., 2012; Vasiljeva
et al., 2008). Because this modification mark predominates early
in transcription, when NNS-dependent termination preferentially
occurs (Buratowski, 2009; Gudipati et al., 2008; Jenks et al.,
2008; Steinmetz et al., 2006a), the CID-CTD interaction is
believed to determine the regional specificity of termination
(Gudipati et al., 2008; Vasiljeva et al., 2008). However, previous
studies did not detect significant termination defects in a
nrd14CID background (Vasilieva et al., 2008). Surprisingly,
RNAs produced by NNS termination were found to be stabilized
in nrd14CID cells, suggesting that the CID domain might favor
degradation/processing by the exosome (Kubicek et al., 2012;
Vasiljeva et al., 2008).

Here we analyze the role of the Nrd1p CID in transcription
termination and in promoting RNA degradation/processing by
the nuclear exosome. We detected widespread termination de-
fects at NNS targets and defective recruitment of Nrd1p to elon-
gation complexes upon deletion of the CID. Surprisingly, we
discovered that the CID also mediates the interaction between
the NNS complex and TRAMP by recognizing in Trf4p a CTD
mimic that we dubbed NIM (for Nrd1 interaction motif). We
solved the solution structure of the interaction surface, and we
show that the interactions of Nrd1p with TRAMP and RNAPII
are mutually exclusive. Importantly, we demonstrate that the
Nrd1p-Trf4p interaction stimulates the polyadenylation activity
of TRAMP in vitro, suggesting that the CID contributes to efficient

degradation of exosome substrates by facilitating TRAMP
recruitment and function. Our results demonstrate the existence
of two alternative forms of the NNS complex: one associated
with RNAPII and functioning in termination and the other associ-
ated with TRAMP and promoting RNA degradation.

RESULTS

The Nrd1p CID Domain Plays a Role in NNS-Dependent
Transcription Termination

To assess the role of the Nrd1p CID in the function of the NNS
complex, we reexamined whether this domain is required for
efficient transcription termination by the NNS pathway. We
compared the RNAPII distribution by chromatin immunoprecip-
itation (ChIP) and tiling arrays in wild-type and nrd14CID cells.
Upon deletion of the CID, we observed persistent presence
of RNAPII downstream of many genes, such as the CUT
NEL025C, SNR13, SNR47, and CUTO065 (Figures 1A-1C), indi-
cating transcriptional readthrough. These findings were con-
firmed by northern blot analyses (Figures 1D and S2A, available
online) and showed that in some cases (e.g., NEL025c) poor
detection of the readthrough transcripts is due to the combined
nuclear and cytoplasmic degradation of these species. Indeed,
readthrough transcripts become prominent in cells in which
both the nuclear exosome and the cytoplasmic nonsense-medi-
ated decay (NMD) degradation pathways are defective (i.e, in a
Rrp6p-depleted, dupf1 mutant; Figure 1D).

Metagene analyses suggested that readthrough occurs at the
majority of NNS targets, such as CUTs and snoRNAs (Figures 1E
and 1F; see also Supplemental Experimental Procedures). Read-
through also occurs at small open reading frames (ORFs;
<500 bp; Figure S1A) that have been shown to be partially
NNS dependent (Steinmetz et al., 2006b) and possibly at a
subset of larger ORFs (Figure S1B), although in both cases it is
not possible to clearly distinguish bona fide readthrough events
from failure to terminate antisense transcription that is frequently
observed at the 3’ end of ORFs (Neil et al., 2009; Xu et al., 2009).
Consistent with this notion, genes with no detected antisense
transcripts like RMD6, DLD3, TRS31, UGO1, and PRP3 display
no significant readthrough (Figures 1A and 1B).

We compared the genome-wide chromatin distribution of
Nrd1p in the presence and the absence of the CID by ChIP-
chip analysis, normalizing to transcription levels as defined by
RNAPII occupancy in both strains (Figure 1G; for the non-
normalized Nrd1p occupancy, see Figure S1C). Metagene
analyses for the four distinct classes of features showed that

Figure 1. Effect of CID Deletion on RNAPII and Nrd1p Occupancy Determined by ChIP-Chip at NNS Targets

(A-C) Rpb3p-TAP occupancy is plotted at the NEL025c (A), SNR13 (B), and SNR47 (C) loci in a wild-type (black) or an nrd14CID (blue) strain as indicated. The
difference between the two signals (ACID-WT) is also plotted in red. The position of the relevant features on the W or C strand is indicated by blue and violet
arrows, respectively. The signal (log2 ratio) is normalized to its genome-wide median level.

(D) Northern blot analysis of NEL025c transcripts in the presence and absence of the Nrd1p CID and in NMD 4upf1 mutant cells. In this experiment, Rrp6p was
metabolically depleted using the glucose-repressible GALT promoter as indicated.

(E and F) Metagene analysis of RNAPII distribution for NRD1 and nrd14CID strains at snoRNAs (E) and CUTs (F). All features have been scaled and aligned either
to the coordinates of the mature transcript (snoRNAs) or to the annotation based on tiling array analyses (CUTs; Xu et al., 2009). Alignment borders are indicated
by gray dotted lines. The approximate range of termination for CUTs is indicated by a double arrow.

(G) Metagene distribution of Nrd1p occupancy for the different classes of features as indicated, in the presence (plain lines) or absence (dotted lines) of the CID. All
signals are normalized to Rpb3p occupancy to limit biases due to differences in transcription levels. Raw Nrd1p signals for all classes are shown in Figure S1.

Features have been scaled and aligned as in (E) and (F) and in Figure S1.
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Figure 2. Direct Interaction between Trf4p and Nrd1p Is Mediated by the CID

(A) Western blot analysis of Nrd1p-TAP and Nrd1ACIDp-TAP immunopurified complexes (IP). Samples were eluted by cleavage with the TEV protease. The
indicated proteins were detected with specific antibodies, except for Nrd1p, which was detected with an anti-CBP antibody. The Trf4 signal in the input (indicated
by an arrowhead) is partially overlapping with the Nrd1-TAP signal (denoted by an asterisk). The fraction of extract and immunoprecipitated material that is loaded
on the gel is indicated.

(B) Immunoblot analysis of pull-down experiments performed with recombinant Trf4-FLAG as bait and E. coli extracts expressing recombinant His-tagged Air2,
Mtr4, or Nrd1 as indicated. Immunoprecipitations were performed in the presence of RNase. An asterisk indicates a degradation fragment of Mtr4-Hise.

(C) Immunoblot analysis as in (B) using recombinant Trf4-FLAG and recombinant CID-Hisg or CID mutant derivatives (rCID-S25D-Hisg and CID-R28D-Hisg),
defective for the interaction with the CTD. Proteins were detected with an antibody anti-His tag or anti-FLAG.

(D) Scheme of Trf4p indicating the position and sequence of the NIM, compared to a CTD pattern containing the amino acids that mediate major contacts with
the CID, including Ser5P (equivalent CTD and NIM regions are shaded; identical amino acids are underlined). Note the presence of a Ser5 phosphomimic (E)
in the NIM.

(E) Western blot analysis of Nrd1-TAP immunopurified complexes from a TRF4 or trf4 ANIM strain as in (A).

(legend continued on next page)

470 Molecular Cell 55, 467-481, August 7, 2014 ©2014 Elsevier Inc.



Molecular Cell
Alternative Binding of Nrd1 to RNAPII CTD and Trf4

wild-type Nrdip is recruited to higher levels at CUTs and
snoRNAs genes, but also at the 5’ end of ORFs as previously re-
ported (Kim et al., 2010; Mayer et al., 2010), although the 5’ end
recruitment peak was attenuated by RNAPII normalization (Fig-
ures 1G and S1D). Importantly, ablation of the CID domain
affected recruitment in all instances, although higher Nrd1p oc-
cupancy persisted at CUTs relative to other features in nrd14CID
cells, presumably because of RNA-mediated recruitment. As ex-
pected, no effects of CID deletion were observed at tRNA genes
(Figure S1E). Altogether, these results demonstrate that the CID
is required for efficient termination at NNS-dependent targets.

Nrd1p CID Recognizes the Trf4p Component of the
TRAMP Complex

Consistent with previous reports (Kubicek et al., 2012; Vasiljeva
et al., 2008), we observed that the levels of the NEL025C CUT,
pre-snR13, and pre-snR47 were increased upon deletion of
Nrd1 CID (Figure S2A). Stabilization was stronger when the nu-
clear degradation machinery was compromised in rrp6 catalytic
mutants (Figure S2A), presumably because of partial redun-
dancy in the degradation pathways. Interestingly, we also de-
tected stabilization of some degradation intermediates derived
from the U4 and U5 snRNAs (Figure S2B), suggesting a more
general CID requirement for optimal activity of Rrp6-exosome.

Because the NNS complex has previously been shown to cop-
urify with the exosome and TRAMP complexes (Vasiljeva and
Buratowski, 2006), we considered that the CID could be involved
in mediating such interactions. To address this question, we
first performed coimmunoprecipitation assays with wild-type
or ACID TAP-tagged Nrd1p. We consistently observed strong
signals for the TRAMP components Trf4p and Air2p in Nrd1p
immunoprecipitates. Strikingly, however, TRAMP signals could
not be detected in the absence of the CID in ribonuclease
(RNase)-treated extracts (Figure 2A), which was also reported
by Heo et al. (2013) while this work was in progress. As expected,
deletion of the CID did not affect the interaction between Nrd1p
and Nab3p (Figure 2A).

In contrast to the strong TRAMP signals, we only detected
weak signals for Rrp6p and Dis3p in Nrd1-TAP immunoprecipi-
tates upon RNase treatment (Figure S3A). This suggests that
the TRAMP complex is a major partner of the NNS complex rela-
tive to the exosome. In order to assess whether the interaction
between Nrd1p and the TRAMP is direct, we performed pull-
down experiments using E. coli extracts containing recombinant
TRAMP components and Nrd1 (Figure 2B). We observed a
robust, RNA-independent interaction between rNrd1 and rTrf4,
even in the absence of rAir2 and rMtr4. Importantly, rNrd1ACID
failed to interact with rTRAMP (Figure S3B), and recombinant
isolated CID (rCID-Hise) alone was efficiently pulled down by
rTrf4 (Figure 2C). Taken together, these results demonstrate
that Nrd1p recognizes the TRAMP complex via a direct interac-

tion with Trf4p, the CID domain being necessary and sufficient
for this interaction.

The Nrd1p Interaction Motif Is a Short CTD-like Domain
in Trf4p

Since the CID interacts with the RNAPII CTD and Trf4p, we
considered that the same surface might be involved in the recog-
nition of both targets. Consistent with this notion, two CID vari-
ants mutated at positions that are critical for binding to the
Ser5P CTD (S25D and R28D; Kubicek et al., 2012) also failed
to interact with rTrf4 (Figure 2C). Therefore, we surmised that
the Nrd1p CID might recognize a CTD mimic in Trf4p. Because
the CTD is intrinsically disordered, we restricted our search
to the unstructured N- and C-terminal regions of Trf4p. We found
a 9 aa motif at the very C-terminal end of Trf4p, which contains
several residues that are critical in the CTD for the interaction
with the CID, including a glutamate that could mimic the Ser5P
in CTD repeats (Figures 2D and S3C).

To assess the role of this motif, we immunoprecipitated Nrd1-
TAP from strains expressing a mutant variant of Trf4p lacking the
last nine C-terminal amino acids and the two adjacent aspartic
acid residues, which we surmised to be important for binding
based on the CID structure (Kubicek et al., 2012). Despite iden-
tical steady-state levels of the wild-type and mutant Trf4p, the
interaction with Nrd1p was abolished in the mutant, indicating
that the C-terminal region is necessary (Figure 2E). Therefore,
we dubbed this motif NIM, for Nrd1p interaction motif.

We set out to test whether the lack of interaction between
Nrd1p and Trf4p contributes to the degradation/processing
defects observed in the nrd7-ACID mutant (Figure S2). To this
end, we analyzed by northern blot the effect of the NIM deletion
on the levels of the NEL025¢c CUT and the SNR13 precursor. As
shown in Figure 2F, in trf4 ANIM cells these NNS targets were
stabilized, although to levels slightly lower than those in an
nrd14CID mutant. As for deletion of the CID, deletion of the
NIM exacerbates the degradation/processing phenotype of exo-
some defective cells (dis3-exo-; Figure 2F). We did not observe
any significant effect of the NIM deletion on termination based
on the detection of readthrough transcripts or RNAPII ChIP (Fig-
ures 2F and S3E and data not shown), suggesting that the
Nrd1p-Trf4p interaction is not required for transcription termina-
tion. Taken together, these results demonstrate that Nrd1p rec-
ognizes a CTD-like motif, NIM, in the Trf4p C-terminal region
via its CID domain and that this interaction contributes to the
role of the NNS complex in promoting RNA degradation by the
Rrp6-exosome.

The CID-CTD and CID-NIM Interactions Are Mutually
Exclusive

Previous studies have demonstrated that the CID of Nrd1p binds
to a fragment consisting of two canonical CTD repeats with the

(F) Stabilization of NNS targets in trf4ANIM cells. Analysis of NEL0O25C and pre-snR13 RNAs by northern blot in the presence or absence of the NIM, in an
exosome-defective (Dis3p catalytic mutant, dis3-exo; left panels) or an otherwise wild-type background (right panels). Note that the rightmost panels were more
exposed than the other panels to visualize the poorly detectable NEL025C and pre-snR13 transcripts in a strain wild-type for the nuclear exosome. Stabilization
values in dis3-exo /trf4 ANIM relative to dis3-exo™~ are 1.9 + 0.37 and 2.5 + 0.56 for pre-snR13 and NEL025c, respectively (average and SD from three inde-
pendent samples). Stabilization of pre-snR13 and NEL025c was consistently observed in trf4 ANIM cells but could not be reliably quantified due to the low levels

of these RNAs in a wild-type background.
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Figure 3. Fluorescence Anisotropy Analyses of Nrd1p CID Binding to Trf4 NIM and the CTD
(A and B) Equilibrium binding of Nrd1p CID with Ser5P CTD (A) and Trf4p NIM (B) fluorescently labeled peptides monitored by fluorescence anisotropy (FA).

Binding isotherms and dissociation constant (Kp) are shown.

(C) FA competition assays between Ser5P CTD and Trf4p NIM for binding to Nrd1p CID. Samples containing 10 nM FAM-labeled Trf4p NIM peptide and 0 uM
(blue), 1 uM (red), 40 uM (green), or 200 uM (gray) of unlabeled Ser5P CTD were titrated with Nrd1p CID. Displacement of the binding isotherm with increasing

concentration of Ser5P CTD indicates competition for binding to Nrd1p CID.

(D) FA competition assays between pSer5 CTD and Trf4p NIM for binding to Nrd1p CID with a different experimental setup compared to (C). Preformed complex
of 10nM FAM-labeled Ser5P CTD and Nrd1p CID (120 uM final protein concentration) was titrated with different amounts of Trf4p NIM peptide (blue) or buffer (red)
as a control. The decrease of fluorescence anisotropy reflects the disassembly of the Ser5P CTD-Nrd1p CID complex.

Ser5P mark located in the upstream repeat (Kubicek et al., 2012).
This phospho-CTD fragment binds Nrdip CID with a Kp of
~130 puM (Figure 3A). To assess the binding affinity of Nrd1p
CID to the NIM, we performed a quantitative solution-binding
assay using fluorescence anisotropy (FA) measurements. We
found that Nrd1p CID binds NIM with an affinity roughly 100-
fold stronger compared to the phospho-CTD peptide (a Kp of
~1 uM; Figure 3B). To assess whether the interactions of the
CID with CTD and Trf4p are mutually exclusive, we first per-
formed titration of fluorescently labeled NIM peptides with
Nrd1p CID in the absence or presence of unlabeled CTD (Fig-
ure 3C). The displacement of the binding isotherm in the pres-
ence of increasing CTD concentrations demonstrates that the
CTD can outcompete Nrdip CID from binding to the NIM,
although the competition was only partially effective, as ex-
pected from the stronger affinity of the NIM for the CID.
Importantly, increasing concentrations of unlabeled NIM could
effectively disassemble a preformed Nrd1p CID-CTD complex

472 Molecular Cell 55, 467-481, August 7, 2014 ©2014 Elsevier Inc.

in which the CTD was fluorescently labeled (Figure 3D). The latter
competition assay was used to calculate a Kp of ~120 pM for
Nrdip CID-Ser5P CTD complex (using a Kp of 1.08 uM for
Nrd1p CID-Trf4p NIM interaction), which is similar to the
noncompetitive binding assay (Figure 3B). In both titration exper-
iments we observed no additional increase of anisotropy, indi-
cating that the Nrd1p CID-CTD-NIM ternary complex is not
formed. Altogether, the FA data showed that the interactions of
Nrd1p CID with the CTD and the NIM are mutually exclusive.

Solution Structure of Nrd1p CID Bound to Trf4p NIM

To understand how Trf4p is recognized by Nrd1p, we deter-
mined the solution structure of a reconstituted complex
consisting of the CID (residues 1-153) of Nrdi1p and a 12
aa NIM peptide (Asp573-Asp574-Asp575-Glus76-Asp577-
Gly578-Tyr579-Asn580-Pro581-Tyr582-Thr583-Leu584)  (Fig-
ures 4 and S4; Table 1). The structure of Nrd1p CID consists
of eight o helices in a right-handed superhelical arrangement
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Figure 4. Recognition of the NIM Peptide by Nrd1p CID

(A) Solution structure of Nrd1p CID bound to the NIM peptide. The NIM peptide is represented in yellow sticks (only nonhydrogen atoms are shown), and the
protein is shown as a gray ribbon model. Protein residues that form hydrophobic contacts and putative hydrogen bonds to the NIM peptide are shown in
magenta sticks.

(B) Electrostatic surface representation of Nrd1p CID (electropositive in blue, electronegative in red, neutral in white) with the NIM peptide (represented in yellow
sticks; only nonhydrogen atoms are shown). The upstream electronegative stretch of NIM interacts with the electropositive pocket of Nrd1p CID, while the B turn
conformation formed by Asn580-Pro581-Tyr582-Thr583 docks in a hydrophobic pocket of Nrd1p CID.

(C) Superposition of Nrd1p CID-Ser5P CTD (blue), Nrd1p CID-Trf4p NIM (yellow), and Pcf11p CID-Ser2P CTD (magenta) complexes, displaying only peptide
ribbons on the surface of Nrd1p CID. The comparison highlights the B turn conformation recognition of CTDs and NIM by the CIDs.

(D) Solution structure of Nrd1p CID bound to the Ser5P CTD peptide. The phospho-CTD peptide is represented in yellow sticks (only nonhydrogen atoms are
shown), and the protein is shown as a gray ribbon model. Protein residues that form hydrophobic contacts and putative hydrogen bonds to the phospho-CTD
peptide are shown in gray sticks.

(E) Scheme showing contacts and energetics between the NIM peptide and Nrd1 CID. Equilibrium binding experiments with both the protein and peptide mutants
(in red and blue, respectively) were monitored by FA (for the binding isotherms, see Figure S5). Other residues involved in the canonical CTD-CID interface were
mutated previously (Kubicek et al., 2012; Vasiljeva et al., 2008). L20D mutant disrupts the hydrophobic contact with Phe17 and impairs the overall geometry of
the a1-a2 loop that contributes to the interaction with the upstream electronegative stretch of NIM.

(Figure 4) and is similar to the structure of Nrd1p CID in the apo  quantum coherence (HSQC) titration experiments of Nrd1p CID
form (Vasiljeva et al., 2008) or bound to the phosphorylated CTD  revealed that the protein amide resonances are in fast or slow
(Kubicek et al., 2012). The subtle differences originate from the  exchange regimes between their free and bound forms relative
extended interaction surface with Trf4p NIM, which involves to NMR timescale, when titrated with the phosphorylated CTD
loop a1-a2 and helices a2, a4, and a7 of Nrd1p CID (Figures or NIM, respectively (Figures S4C-S4E). This observation is in
4A and S4A-S4G). Interestingly, ['H,'®N] heteronuclear single agreement with the fact that the two substrates differ in their
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Table 1. NMR and Refinement Statistics for the Nrd1p CID-Trf4p
NIM Complex

Nrd1p CID-Trf4p NIM Complex
NMR Distance and Dihedral Constraints

Distance restraints

Total NOEs 2,440
Intraresidue |i-j| = 0 602
Sequential |i-j| = 1 661
Medium range 1 < |i-j| <5 700
Long range |i-j| > 5 477
Hydrogen bonds

Intermolecular distance restraints 54
Total dihedral angle restraints® 222
Structure Statistics®

Violations (mean and SD)

Number of distance restraint violations >0.5 A 0

Number of dihedral angle restraint violations >15° 0

Maximum dihedral angle restraint violation (°) 6.67 + 1.89
Maximum distance constraint violation (A) 0.34 +0.12
Deviations from idealized geometry®

Bond lengths (A) 0.0035 + 0.0001
Bond angles (°) 1.6 £ 0.02
Average pairwise r.m.s.d ()3\)b

Complex

Heavy atoms 1.17 £ 0.08
Backbone atoms 0.72 + 0.10
Ramachandran plot statistics®

Residues in most-favored regions (%) 72.6
Residues in additionally allowed regions (%) 26.2
Residues in generously allowed regions (%) 0.6
Residues in disallowed regions (%) 0.6

8x-helical dihedral angle restraints imposed for the backbone based on
the CSI.

PCalculated for an ensemble of the 20 lowest-energy structures.
°Based on PROCHECK analysis (Laskowski et al., 1996).

binding affinities to the CID by two orders of magnitude as evi-
denced by the FA data.

The structure of the Nrd1p CID-Trf4p NIM complex shows that
the specific recognition of the NIM is facilitated by a hydrophobic
B turn in the C-terminal region and negatively charged residues in
the N-terminal region of the peptide (Figure 4B). These two ele-
ments are conserved in budding yeast. Akin to the CTD, the
NIM peptide adopts the B turn conformation at Asn580-
Pro581-Tyr582-Thr583 (Figure 4C). Pro581 and Tyr582 of the
NIM B turn, along with the preceding Tyr579, dock into a hydro-
phobic pocket of the Nrd1p CID that is formed by lle29, Tyr67,
Met126, Leu127, and lle130 (Figures 4A and S4G). Tyr579 of
the NIM also forms intramolecular stacking with Pro581, and
the hydroxyl group of Tyr579 forms a hydrogen bond with a
conserved Asp70 of Nrd1p CID (Figure 4A). Alanine substitution
at position Tyr579 of the NIM strongly diminished the binding
affinity for Nrd1p CID (Figures 4E and S5B), confirming the
importance of the intricate interaction network of this residue.
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Consistently, the Asp70Ala variant of CID displayed a significant
drop in binding affinity for the NIM peptide (Figures 4E and S5A).
Tyr582 of the NIM B turn stacks with the methyl groups of lle130
of the CID, and the perturbation of this interaction yields a 20-fold
decrease in binding affinity (Ile130Lys variant).

The N-terminal region of NIM contains a stretch of negatively
charged residues (Asp573-Asp574-Asp575-Glu576-Asp577),
which contains the putative Ser5P mimic (Glu576) and interacts
with a positively charged pocket formed by Lys21, Ser25, and
Arg28 in the a1-a2 loop of CID (Figure 4B). In particular, the
carboxyl groups of Asp577 and Asp575 of NIM form a hydrogen
bond with Ser25 and Arg28 of the CID, respectively (these
hydrogen bonds are inferred from the final ensemble of struc-
tures, and they are indirectly defined by neighboring proton-
proton Nuclear Overhauser Effect [NOE]). Similarly, Asp573 of
the NIM contacts Lys21 of the CID via a hydrogen bond between
the carboxyl group and the side-chain amino group of Lys21. The
importance of these contacts was further tested in a quantitative
in vitro binding assay using FA. Aspartate (charge swapping) or
arginine substitutions at positions Leu20, Lys21, Ser25, and
Arg28 significantly decreased the binding affinity for the NIM
peptide (Figures 4A, 4E, and S5A). The equivalent mutations in
the NIM also showed a decrease in the binding affinity for
Nrd1p CID, albeit with a lower magnitude. Notably, mutation of
Glu576 to alanine or to arginine partially affected binding, indi-
cating that the putative phosphomimic is important, but not
essential, for the interaction (Figures 4A, 4E, and S5B). This sug-
gests that the flanking aspartates of the Asp-rich stretch may
substitute one another in the single-point mutants. Altogether,
the structural and binding data show that Trf4p NIM is recog-
nized by Nrd1p CID through two elements, hydrophobic  turn
and Asp-rich stretch, which is a recognition mechanism similar
to that used for the recognition of phosphorylated CTD.

The Architecture of Interactions between the NNS
Complex, the TRAMP, and the Nuclear Exosome

Having established that Nrd1p interacts directly with Trf4p via
the CID-NIM interaction, we undertook the characterization of
the interactions linking the NNS complex and TRAMP with the
nuclear exosome and Rrp6p. The strong and stable binding
of TRAMP to the NNS complex (Figure 2A) contrasts with
the weak, mostly RNA-dependent signal that we observed for
Rrp6p and the core exosome in Nrd1p immunoprecipitates (Fig-
ure S3A). We considered the possibility that Rrp6p and the core
exosome might be recruited to the NNS complex via the Nrd1p-
TRAMP interaction. However, the molecular details of the inter-
action between TRAMP and the nuclear exosome/Rrp6p have
not been elucidated. Therefore, we first performed pull-down
assays using E. coli extracts expressing recombinant TRAMP
components and halo-tagged Rrp6. RNase treatment was
included to prevent detection of RNA-dependent interactions.
These experiments revealed a clear and direct interaction be-
tween rTrf4 and rRrp6 irrespective of the presence of rMtr4 or
rAir2 (Figure 5A). To assess whether TRAMP also interacts with
the nuclear exosome independently of Rrp6p, we immunopre-
cipitated the core exosome using TAP-tagged Rrp41p from
wild-type or 4rrp6 cells. As shown in Figure 5B, we detected sig-
nificant signals for Trf4p in purified core exosome from wild-type,
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Figure 5. Analysis of the Interactions between the Exosome, the TRAMP, and Nrd1p
(A) Pull-down experiments as in Figure 3B, using Trf4-FLAG as a bait and recombinant Rrp6-Halo, or His-tagged Air2 and Mtr4. The fraction of extract and

immunoprecipitated material that is loaded on the gel is indicated.

(B) Western blot analysis of factors associated with the core exosome. Rrp41p-TAP eluates purified from wild-type, trf4 4, or Arrp6 cells (IPs) were probed with

anti-Rrp6 (1:1,000 dilution) and anti-Trf4 antibodies, respectively.

(C) Pull-down experiment using recombinant Rrp6-Halo as bait and His-tagged Nrd1 variants as indicated. An asterisk indicates a proteolytic fragment of rNrd1

that lacks most of the CID domain.

(D) Schematic summarizing the protein-protein interactions identified in this work. A thinner arrow is used to indicate that the interaction between Rrp6p and

Nrd1p cannot be detected in vivo.

but not from 4rrp6 cells, strongly suggesting that Rrp6p bridges
TRAMP and the core exosome.

The interaction we detected in vivo between Rrp6p and Nrd1p
is strongly dependent on the presence of RNA (Figure S3A). How-
ever, we cannot completely exclude the existence of direct but
weak or transient contacts in vivo that are not easily detected

under our assay conditions. Therefore, we decided to assess
whether adirect interaction could be detected between recombi-
nant Rrp6 and Nrd1. To address the RNA dependency of the
interaction, we either treated our extracts with RNase A or used
a variant of rNrd1 lacking the RNA binding domain (rNrd1-
ARRM). As shown in Figure 5C, we observed an interaction
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between rRrp6 and rNrd1 or rNrd1-ARRM. Importantly, this inter-
action was not mediated by the CID since it was also detected
with rNrd1ACID. From these experiments, we conclude that
Rrp6p interacts directly with Nrd1 in a CID-independent manner
and with Trf4p. The latter interaction allows the association of
TRAMP with the nuclear exosome (Figure 5D).

Nrd1p Interaction with Trf4p Stimulates RNA
Polyadenylation by TRAMP

The Trf4-Air2 heterodimer possesses a distributive poly(A) poly-
merase activity in vitro (LaCava et al., 2005; Vanacova et al.,
2005; Wyers et al., 2005). Considering the high affinity of
Nrd1p and Nab3p for their RNA targets (Carroll et al., 2007;
Hobor et al., 2011; Porrua et al., 2012), and the strong interaction
of Nrd1p with Trf4p, we surmised that the Nrd1-Nab3 hetero-
dimer might stimulate polyadenylation of NNS substrates by
Trf4p-Air2p, for instance by improving recruitment or by stabiliz-
ing the Trf4-Air2 complex on the RNA. Therefore, we assessed
the effect of adding rNrd1 and rNab3 to in vitro polyadenylation
assays with recombinant Trf4p-Air2p (Figures 6 and S6A). We
first used a 40-mer RNA substrate containing Nrd1p and
Nab3p binding sites that we have previously shown to efficiently
bind the Nrd1-Nab3 heterodimer in vitro and elicit efficient NNS-
dependent transcription termination in vivo (Porrua et al., 2012).
As shown in Figure 6A, using limiting concentrations of rTrf4-
rAir2 relative to the substrate, polyadenylation was markedly
stimulated by the addition of purified recombinant Nrd1p-
Nab3p, resulting in a longer length of the added poly(A) tails.
We did not observe any substantial increase in the fraction of
RNA that is polyadenylated in response to the addition of
rNrd1-Nab3 (compare the levels of nonadenylated substrate in
Figures 6A and 6B), suggesting that, at least in vitro, stimulation
preferentially occurs on molecules that have already undergone
a polyadenylation cycle.

Stimulation was dependent on the interaction between rNrd1
and rTrf4 because it was abolished by the use of rNrd1ACID
instead of wild-type rNrd1 (Figure 6B). However, the addition
of recombinant CID alone did not enhance the polyadenylation
activity of rTrf4-rAir2, ruling out that stimulation could result
from an allosteric activation of Trf4p by the CID. The whole
rNrd1-rNab3 heterodimer was required because neither subunit
alone could enhance polyadenylation; rather, we observed a
mild inhibition of rTrf4p-rAir2 activity when adding only rNab3
to the reaction (Figure 6B). Finally, high-affinity binding of
rNrd1-Nab3 to the RNA was required because no significant
stimulation could be obtained when using a mutant substrate
that binds the heterodimer with an affinity =20-fold lower than
that of the wild-type version (Figures S6B and S6C). Taken
together, our results strongly suggest that the simultaneous
interaction of Nrd1p-Nab3p with Trf4p-Air2p and the RNA en-
hances polyadenylation, most likely by favoring or stabilizing
the association of Trf4p-Air2p with its substrate.

DISCUSSION
The Nrd1-Nab3-Sen1 complex is of major biological relevance

because of its central role in the biogenesis of snRNAs and
snoRNAs and in the control of pervasive transcription in
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connection with the exosome and TRAMP complexes (Schulz
et al., 2013). The CID domain of Nrd1p has retained special
attention because of its ability to bind the CTD of RNAPIL.
However, despite a number of biochemical and structural
studies (Vasiljeva et al., 2008; Kubicek et al., 2012), its actual
function in vivo has remained mysterious. In this work, we
reexamine the role of the CID and demonstrate that it plays
important roles in the efficiency of transcription termination
and in RNA degradation.

The Role of Nrd1p CID in Transcription Termination

The genome-wide occupancy of RNAPII upon deletion of the CID
reported here clearly reveals a widespread role for this domain
in transcription termination of CUTs, snoRNAs, and to some
extent, small ORFs (Figures 1 and S1), which is consistent with
the known landscape of NNS targets (Steinmetz et al., 2006b).
While this work was in progress, Heo et al. (2013) reported similar
findings using CID-swapped chimeric constructs. However,
because deletion of the CID does not prevent NNS termination,
the interaction between Nrd1p and the RNAPII CTD only impacts
the efficiency of the process.

Deletion of the CID has a strong impact on Nrd1p recruitment,
even in the presence (as in CUTs) of clusters of Nrd1 and Nab3
sites on the nascent RNA, which have been shown to be required
for recruitment (Gudipati et al., 2008). This can be best explained
if recruitment depends synergistically (and not redundantly) on
the interaction of the Nrd1-Nab3 complex with both the CTD
and the nascent RNA.

Termination of mMRNA coding genes depends on the cleavage
and polyadenylation factor/cleavage factor (CPF/CF) that also
interacts with the nascent RNA and the CTD. We have previously
shown that the CPF and the NNS complex have partially overlap-
ping sequence requirements and that the same RNA sequence
can be used as a terminator by either complex depending only
on the distance from the transcriptional start (Gudipati et al.,
2008; Porrua et al., 2012). It is likely that early recruitment of
the NNS complex via the Nrd1p CID-CTD interaction kinetically
favors the appropriate recognition of RNA binding sites that
could otherwise be bound by the CPF complex, impairing termi-
nation by the NNS pathway.

The CID Mediates the Connection between the NNS
Complex and TRAMP

Our results strongly suggest that the function of the CID in RNA
degradation relies on the interaction with a CTD-like motif in
Trf4p. The strong association between the termination complex
and the corresponding poly(A) polymerase mirrors the associa-
tion of Pap1p with the CPF complex, suggesting that in both
cases the appropriate poly(A) polymerase is brought in the prox-
imity of the 3'-OH of the newly released (or cleaved) RNA, thus
preventing or limiting spurious cross-processing events.

The two alternative forms of TRAMP containing either Trf4p or
Trf5p have partially redundant functions, but the former predom-
inates in the degradation of CUTs and the processing of snRNAs
and snoRNAs (San Paolo et al., 2009). Because Trf5p does not
contain a NIM (Figure S3D), this different target specificity can
now also be explained by the interaction of the NNS complex
with Trf4p.
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Figure 6. Analysis of the Effect of rNrd1-Nab3 on the Polyadenylation Activity of rTrf4-rAir2 In Vitro

(A) Polyadenylation assays with recombinant Trf4-Air2 in the absence or in the presence of recombinant Nrd1-Nab3. Left: PAGE analysis of polyadenylated
species at 10, 20, and 30 min reaction time. The position of the substrate and the number of added As is indicated. Right: lane scans of the gel shown on
the left.

(B) Polyadenylation assays as in (A) to individually assess the role of rNrd1, rNab3, and the Nrd1 CID domain in stimulating polyadenylation by rTrf4-rAir2.
Reactions were performed with rTrf4-rAir2 in the presence of the indicated proteins or protein complex.

In contrast to the robust interaction of the NNS complex with  ure S3A), which is in apparent discrepancy with a previous report
TRAMP, we found the interaction of Rrp6p and the exosome (Vasiljeva and Buratowski, 2006). Nevertheless, we could show a
with the NNS complex in vivo to be strongly RNA dependent (Fig-  direct interaction between Rrp6p and Nrdip in vitro that is

Molecular Cell 55, 467-481, August 7, 2014 ©2014 Elsevier Inc. 477

Cell’ress




Cell’ress

independent from the CID, suggesting that this interaction is too
weak to withstand our immunoprecipitation conditions or that it
forms only transiently in vivo.

Functional Significance of the NNS-TRAMP Interaction
in Degradation

It is known that the RNA quality control factors target a vast
repertoire of defective molecules that are sorted because of ki-
netic competition between RNA degradation and processing
(Bousquet-Antonelli et al., 2000; Gudipati et al., 2012). However,
when alternative routes to discarding are not desired, it is crucial
to enforce degradation by the use of specific adaptors.

The NNS complex fulfils such a function by recruiting the
TRAMP to its targets after transcription termination via the
CID-NIM interaction. This could stimulate degradation because
of enhanced polyadenylation of the substrates, but it is also
possible that degradation is stimulated by a poly(A)-independent
mechanism (Callahan and Butler, 2010; LaCava et al., 2005;
Wyers et al., 2005), maybe by recruiting the exosome by virtue
of the direct Trf4p-Rrp6p interaction (Figure 5).

We note that stimulation preferentially occurs on a fraction of
already polyadenylated RNAs rather than on the nonadenylated
substrate. It is possible that Nrd1p-Nab3p and Trf4p-Air2p
compete for binding to the short RNA substrates we used in
our assays, which is also suggested by the inhibition of the poly-
adenylation reaction when rNab3 alone or rNrd1ACID-Nab3 are
used (Figure 6B). The emergence of a poly(A) tail likely provides a
binding platform in the vicinity of the substrate 3’'-OH that would
be preferentially bound by Trf4p-Air2p.

It has previously been suggested that the RNA helicase Mtr4p
modulates the activity of Trf4p-Air2p, restricting the addition of
poly(A) tails after 3—4 nt in vitro (Jia et al., 2011). Although very
short poly(A) tails (=4 nt) have also been observed in vivo (Jia
et al., 2011; Wlotzka et al., 2011), it must be noticed that these
represent average steady-state lengths, resulting from an equi-
librium between synthesis and degradation. When degradation
is impaired, Trf4p-dependent poly(A) tails in vivo are longer
(Wyers et al., 2005; D.L., unpublished data), most likely within
the range required to allow threading of substrates through the
exosome channel (i.e., roughly 30 nt). The antagonistic impact
of the Nrd1-Nab3 complex and Mtrdp on Trf4p activity might
imply a temporal regulation of polyadenylation, restricted by
Mtrdp early after transcription to prevent the binding of Pab1p
(Jiaetal., 2011) and stimulated later on by Nrd1p-Nab3p to favor
degradation. Alternatively, Mtrdp and Nrd1p-Nab3p might
modulate Trf4p activity at different substrates.

Recognition of Hydrophobic  Turn Hairpin and
Electronegative Stretch by the CID

The CTD and NIM share a sequence element that can form a
turn (Figure 4). The binding mode of the NIM peptide at the B
turn conformation resembles other previously determined struc-
tures of CTD bound to CIDs of Pcfi1p, SCAF8, Rtt103p, and
Nrd1p (Figures 4C and S7) (Meinhart and Cramer, 2004; Becker
etal., 2008; Lunde et al., 2010; Kubicek et al., 2012). However, in
contrast to these CID-CTD complexes, the  turn of the NIM pep-
tide has more extensive hydrophobic contacts with Nrd1p due to
the presence of Tyr582, the third residue of the § turn not present
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in any of the CTD repeats (Jasnovidova and Stefl, 2013). The
stacking of Tyr582 with lle130 of Nrd1p significantly contributes
to the overall increase of binding affinity of NIM to Nrd1p in com-
parison to the phosphorylated CTD. The other region of the NIM
peptide that contributes to the overall affinity is the aspartate-
rich region located at the N terminus that intimately interacts
with the electronegative pocket of Nrd1p (Figure 4B). To some
extent, this mimics the recognition of phosphorylated CTD, but
it involves more contacts, strengthening the overall binding
affinity (Figure 4C). It is also likely that other proteins contain
these two elements with the same arrangement and therefore
could interact with CID-containing proteins in a similar manner.

A Role for the CID in Coordinating Transcription
Termination and RNA Degradation

Our structural data together with our competition assays demon-
strate that the interactions of the CID with the CTD and the NIM
are mutually exclusive (Figures 4 and 5). This implies the exis-
tence of at least two distinct forms of the NNS complex, one
associated with the polymerase and the other associated with
the TRAMP, which could represent pre- and posttermination
forms of the NNS complex. Although we show that the affinity
of the CID for the NIM is 100-fold higher than that for the CTD,
the real balance between the two alternative complexes also de-
pends on the number of RNAPII and Trf4p molecules available
for interaction and, importantly, on the number of interaction tar-
gets, which is presumably higher for RNAPII (25 possible dihep-
tapeptides in the CTD).

We propose that by virtue of its alternative interactions, the
CID controls the handover of the NNS complex from RNAPII to
the TRAMP, which would temporally coordinate the two func-
tions of the complex. Regulation of NNS and TRAMP function
might be reciprocal because interaction with the TRAMP might
control the release of Nrd1p from RNAPII (Figure 7). This could
be important for the downstream function of the NNS complex
in processing/degradation, but also for making the complex
available for the interaction with new elongating RNAPIIs.

Our results open up the interesting possibility that the dy-
namics of factors interacting with the CTD throughout the tran-
scription cycle is regulated not only by the enzymes responsible
for CTD modifications and proline isomerizations, but also
by competitive interactions with proteins containing CTD-like
motifs.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, and Standard Analyses

ChIP and ChlIP-chip experiments were performed as previously described
(Mayer et al., 2010; Rougemaille et al., 2008). More complete details for these
experimental procedures as well as construction of plasmids, yeast strains,
RNA analyses, and standard biochemical analyses can be found in the Supple-
mental Experimental Procedures.

ChIP-Chip Occupancy Profiling

ChlIP-chip data analysis was performed essentially as described (Mayer et al.,
2010). Briefly, we first performed quantile normalization between replicate
measurements and averaged the signal for each probe over the replicate in-
tensities. ChIP enrichments were obtained by dividing ChIP intensities by
the corresponding input intensities. The normalized ChlP signal at each nucle-
otide was calculated as the median signal for all probes overlapping this
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Figure 7. Model for the Coordination of Transcription Termination with RNA Degradation at NNS Targets

(A) The NNS complex interacts with the Ser5P form of the CTD via the CID of Nrd1p and with the nascent RNA (boxes indicate recognition motifs for the Nrd1-
Nab3 heterodimer), which defines a termination form of the complex (orange shaded).

(B) Concomitantly with or subsequently to dissociation of the elongation complex by Sen1p, Trf4p interacts with the CID of Nrd1p, replacing the CID-CTD

interaction and allowing the release of Nrd1p-Nab3p from RNAPII.

(C) Polyadenylation of the transcript by TRAMP (in the presence or absence of Mtrdp) is stimulated by the simultaneous interaction of Nrd1p-Nab3p with the
RNA and with Trf4p. Trf4p also might recruit the exosome via the interaction with Rrp6p, possibly favoring subsequent degradation of the transcript in a
polyadenylation- independent manner. The alternative interaction of Nrd1p with Trf4p (instead of the CTD) defines a degradation form of the NNS complex (yellow

shaded) that might or might not contain Sen1p.

position. Profiles were smoothed using running median smoothing with a
window half size of 75 bp. To average profiles over feature classes, features
were aligned at their transcription start sites (TSSs) and transcription termina-
tion sites (TTSs) or poly(A) addition sites for protein-coding genes, scaled to
the same length (i.e., the median length of all transcripts in the class), and
averaged by calculating the 5% trimmed mean at each genomic position.
For better comparison of CUTs and small-sized protein-coding genes, fea-
tures of both classes with a length between 350 and 550 bp were selected
and scaled to a length of 450 bp. Note that annotation of CUTs does not
generally take into account the 3’ end heterogeneity that is characteristic of
these transcripts. Medium-sized protein-coding genes were selected by
taking the 50% most highly expressed genes (Dengl et al., 2009) that were
at least 200 bp away from neighboring genes, with an ORF length of
1,238 + 300 bp.

Note that because the size of CUTs and snoRNAs is generally similar to or
lower than the resolution of the ChIP technique (200-300 nt), the increased

downstream RNAPII signal also bleeds over the body of the metagene. The
apparent RNAPII increase within CUTs is also due to the fact that these genes
have multiple termination sites (Neil et al., 2009; Wyers et al., 2005) that fall
within the coordinates of each annotation (and therefore of the metagene).
The possibility that deletion of the CID generally affects transcription initiation
at CUTs and snoRNAs is very unlikely because (i) the RNAPII increase in
nrd14CID relative to the WT is always minimal at the 5’ end and progressively
increases toward the termination region (Figures 1A-1C and 1E-F) and (i) we
did not detect a significant increase in the levels of mature snRNAs (data not
shown).

NMR Spectroscopy

All NMR spectra for the backbone and side-chain assignments of 0.5-2.0 mM
uniformly 'N,'®C-labeled Nrd1p CID in 50 mM sodium phosphate buffer
(pH 8.0), 100 mM NaCl (90% H,0/10% D,0) were recorded on Bruker
AVANCE 700 and 950 MHz spectrometers equipped with a cryoprobe at a
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sample temperature of 20°C. The spectra were processed using NMRPipe
package (Delaglio et al., 1995), and the protein resonances were assigned
manually using Sparky software (T.G. Goddard and D.G. Kellner, University
of California, San Francisco). The 'H, '°C, and '®N chemical shifts of the bound
form of Nrd1p CID were assigned as described previously (Kubicek et al.,
2011; Kubicek et al., 2012). All distance constraints were derived from the
3D 'N- and '®C-separated NOESYs and 2D 'H-"H NOESY (with mixing time
of 80 ms) collected on a 950 MHz spectrometer. Intermolecular distance con-
straints were obtained from the 3D F4-'3C/'°N-filtered NOESY-['3C, H]-HSQC
experiment (Peterson et al., 2004; Zwahlen et al., 1997), with a mixing time of
150 ms on a 950 MHz spectrometer. Intramolecular distance constraints of the
bound Trf4p NIM peptide (unlabeled) were derived from a 2D F4, F,-'3C/'°N-
filtered ['H,"H]-NOESY (t,, = 150 ms) (Peterson et al., 2004; Zwahlen et al.,
1997). The NOEs were semiquantitatively classified based on their intensities
in the 2D and 3D NOESY spectra. The structure determination was performed
as described previously (Kubicek et al., 2012).

Polyadenylation Assays

Polyadenylation reactions were performed at 30°C in a final volume of 20 pl
containing 2 nM 5’ end-labeled RNA substrate and 1 nM recombinant Trf4-
Air2 in 20 mM Tris-HCI (pH 7.5), 100 mM NaCl, 0.5 mM MgCl,, 10% glycerol,
0.01% nonidet P-40, and 1 mM dithiothreitol in the presence of RNase inhib-
itors. Reactions were started upon addition of 2 pl of an ATP-MgCl, mixture
(20 mM each) and stopped at different time points by collecting 4 pl aliquots
and mixing them with an equal volume of loading buffer (80% formamide,
0.05% w/v bromophenol blue, and 0.05% w/v xylen cyanol). RNAs were dena-
tured for 5 min at 75°C and separated by 10% (w/v) denaturing PAGE. After
electrophoresis, gels were dried and analyzed using a Phosphorimager
scanner (GE Healthcare). To assess the effect of rNrd1 and rNab3 on the
polyadenylation activity of rTrf4-Air2, individual proteins or the heterodimeric
complex were added to the reaction at a 3 nM final concentration and incu-
bated for 10 min at 30°C before starting the reaction.
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5.7 Structural insight into recognition of phosphorylated
threonine-4 of RN A polymerase II C-terminal domain
by Rtt103p

In this publication, the solution structure of the Rtt103p CTD-interacting do-
main (CID) bound to Thr4 phosphorylated CTD, a poorly understood letter
of the CTD code, is presented. The structure reveals a direct recognition of
the phospho-Thr4 mark by Rtt103p CID and extensive interactions involving
residues from three repeats of the CTD heptad. Intriguingly, Rtt103p’s CID
binds equally well Thr4 and Ser2 phosphorylated CTD, while double phosphory-
lation of CTD at Ser2 and Thr4 diminishes its binding affinity towards RTT103
due to electrostatic repulsion. The structural data suggest that the recruitment
of a CID-containing CTD-binding factor may be coded by more than one letter
of the CTD code.
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phosphorylated threonine-4 of RNA polymerase Il
C-terminal domain by Rtt103p
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Abstract

Phosphorylation patterns of the C-terminal domain (CTD) of largest
subunit of RNA polymerase Il (called the CTD code) orchestrate the
recruitment of RNA processing and transcription factors. Recent
studies showed that not only serines and tyrosines but also thre-
onines of the CTD can be phosphorylated with a number of
functional consequences, including the interaction with yeast tran-
scription termination factor, Rtt103p. Here, we report the solution
structure of the Rtt103p CTD-interacting domain (CID) bound to
Thr4 phosphorylated CTD, a poorly understood letter of the CTD
code. The structure reveals a direct recognition of the phospho-
Thr4 mark by Rtt103p CID and extensive interactions involving resi-
dues from three repeats of the CTD heptad. Intriguingly, Rtt103p’s
CID binds equally well Thr4 and Ser2 phosphorylated CTD. A doubly
phosphorylated CTD at Ser2 and Thr4 diminishes its binding affinity
due to electrostatic repulsion. Our structural data suggest that the
recruitment of a CID-containing CTD-binding factor may be coded
by more than one letter of the CTD code.

Keywords NMR; RNA processing; RNAPII CTD code; structural biology
Subject Categories Post-translational Modifications, Proteolysis &
Proteomics; Structural Biology; Transcription
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Introduction

RNA polymerase II (RNAPII) utilizes a long and flexible carboxyl-
terminal domain (CTD) of its largest subunit to specifically recruit
protein/RNA-binding factors during transcription [1-5]. The CTD
consists of tandem repeats with conserved consensus Tyrl-Ser2-
Pro3-Thr4-Ser5-Pro6-Ser? that is repeated 26 times in yeast and 52
times in humans [6]. The CTD sequence is post-translationally phos-
phorylated at serines (Ser2, Ser5 and Ser7) and Tyrl in a dynamic
manner, yielding specific patterns that are recognized by appropriate
factors in coordination with the transcription cycle events [3-5,7].

Additionally another highly conserved position, Thr4, was
reported to be phosphorylated both in yeast and humans [8-12].
However, the levels of pThr4 in cells remain controversial based on
two recent mass-spectrometry studies [10,11]. Substitution of Thr4 to
Ala (T4A) or Val (T4V) is lethal for chicken and human cells [12-14];
however, the same mutants are viable in yeast [9,15,16]. In humans,
genomewide studies revealed increasing levels of pThr4 throughout
the gene body with the peak after the poly-A site [12]. In agreement
with this, the T4A mutant showed defect in transcription elongation
[12]. In yeast, the pThr4-mark is enriched along the whole gene body,
similarly to the pTyrl-mark [17]. Both marks go down prior recruit-
ment of transcription termination factors [17]. Therefore, it was
suggested that the pThr4 mark along with the pTyrl-mark prevent
binding of transcription termination factors during transcription
elongation [17]. However, recent high resolution ChiP-nexus data
suggested a different role for the pThr4 mark involved in transcrip-
tion termination and post-transcriptional splicing [18].

It has been unclear for a long time what protein factors are
recruited through the pThr4 signal. Interestingly, yeast transcription
termination factor, Rtt103p, well known to be associated with the
pSer2-mark [17,19,20], was identified as a part of the interactome of
RNAPII phosphorylated at Thr4 [18]. Based on the overlay of NET-
seq and ChIP-nexus profiles, Rtt103p coincides with the pThr4 mark
after poly-A site. Both, deletion of the entire Rtt103p protein or
expression of Rpb1l T4V CTD mutant, cause similar RNAPII pausing
defect after poly-A site. The authors suggested a model, in which
both pSer2 and pThr4 marks can contribute to the recruitment of
Rtt103p to the poly-A site [18]. This concept is also supported by
recent mass-spectrometry analyses of RNAPII CTD population
pulled down by Rtt103p, which revealed simultaneous presence of
pThr4 and pSer2 marks [11].

To understand the puzzling roles of the pSer2 and pThr4 marks in
recruitment of transcription termination factor Rtt103p, we solved
NMR structure of the pThr4 CTD peptide in complex with Rtt103p
CTD-interacting domain (CID). Our structure reveals for the first
time a direct readout of the pThr4 mark within the CTD. We also
reveal significantly larger interaction area of Rtt103p with the CTD
peptide than previously reported [20]. Next, we show that two adja-
cently positioned phosphorylations, pSer2 followed by pThr4, inhibit

CEITEC — Central European Institute of Technology, Masaryk University, Brno, Czech Republic

*Corresponding author. E-mail: olga.jasnovidova@ceitec.muni.cz
**Corresponding author. Tel: +420 549492436; E-mail: richard.stefl@ceitec.muni.cz

EMBO reports Vol 18 | No 6 | 2017

© 2017 The Authors. Published under the terms of the CC BY 4.0 license



Published online: May 2, 2017

Olga Jasnovidouva et al Rtt103 recognizes phospho-threonine CTD

the binding of Rtt103p CID due to a charge-charge repulsion of the
two closely positioned phosphate moieties. Finally, we propose that
the CTD code is degenerated, as Rtt103p reads the pThr4 and pSer2
marks equally well using the same molecular mechanism.

Results and Discussion
Rtt103p CID binds equally well Thr4 and Ser2 phosphomarks

To test the binding affinity of Rtt103p CID towards pThr4-CTD
in vitro, we performed an equilibrium-binding assay using

A a b

EMBO reports

fluorescence anisotropy (FA) (Fig 1B). The experiment revealed that
Rtt103p binds pThr4-CTD with a Kp of 15 + 1 uM, which is 2.5
times weaker binding than to the CTD with the pSer2 mark
(Kp = 6.0 & 0.2 uM). This finding is in a good agreement with
previous co-immunoprecipitation studies, where Rtt103p was pulled
down by RNAPII with the pThr4 mark and successfully competed
out by pSer2-CTD or pThr4-CTD antisera [18]. Doubly phosphory-
lated pThr4-CTD at both Thr4 displayed increased binding affinity
due to avidity effects (Kp = 6 + 0.2 uM). Remarkably, if the pSer2
and pThr4 marks are positioned adjacently, binding affinity
(Kp = 43 + 2 uM) is lowered almost to the level of non-phosphory-
lated CTD (Kp = 64 4+ 2 uM). The pSer5 phosphorylation mark was
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Figure 1. How CTD phosphorylations modulate binding to Rtt103p CID.
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A Numbering of residues and order of heptad repeats of the CTD peptide used throughout the study.
B Equilibrium binding of Rtt103p CID with fluorescently labelled CTD peptides monitored by fluorescence anisotropy (FA). Rtt103p CID titrated into 10 nM FAM-labelled
CTD peptides. Peptide sequences, corresponding binding isotherms and dissociation constant (Kp, & standard deviation of the fit) are shown. FAM, 5,6-

carboxyfluorescein. N.D., not determined.
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also previously shown to abolish and lower the binding with NMR structure of Rtt103p CID bound to CTD with

Rtt103p or its close human homologue [20,21]. Next, we introduced phospho-threonine mark

the pTyrl mark to the central heptad of the CTD peptide, which

completely abolished the binding with Rtt103p (Fig 1B). This To reveal the structural basis of pThr4 recognition, we solved solu-
suggests that Y;, is accommodated in the hydrophobic pocket tion structure of a reconstituted complex that harbours Rtt103p CID
following the previously established binding model for CIDs [17]. (3-131) and a 16-amino acid peptide, pThr4-CTD (PS YSP(pT)SPS
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Figure 2. Solution structure of Rtt103p CID in complex with pThr4-CTD.

A Overlay of the 20 lowest energy structures of Rtt103p CID (black ribbon) complexed with pThr4-CTD (red ribbon) shown in stereo. N- and C-termini of the protein
and peptide are indicated.

B Solution structure of Rtt103p CID (grey helices) bound to the pThr4-CTD peptide (magenta sticks). Highlighted Rtt103p CID residues (grey sticks, blue labels) form
hydrophobic contacts and putative hydrogen bonds (dashed black lines) with pThr4-CTD peptide.

C Schematic diagram of Rtt103p CID (blue) and pThr4-CTD (black) interactions (hydrophobic contacts, spoked arcs; hydrogen bonds, dashed lines).

D Equilibrium binding of Rtt103p CID mutants with pThr4-CTD peptide monitored by fluorescence anisotropy (FA). Rtt103p CID mutants titrated into 10 nM FAM-
labelled CTD peptides. Corresponding binding isotherms and Kps (& standard deviation of the fit) are shown. FAM, 5,6-carboxyfluorescein. N.D., not determined.
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YSPTSPS; Fig 2A-C; Table 1). We used this peptide with a single
phosphorylation to avoid binding in multiple registers that would
complicate NMR data analyses. The resulted structure of Rtt103p
CID is formed by eight o-helices in a right-handed superhelical

Table 1. NMR and refinement statistics for the Rtt103p CID-pThr4
CTD complex.

Rtt103p
CID-pThra
CTD complex
NMR distance & dihedral constraints
Distance restraints
Total NOEs 3,639
Intra-residue 843
Inter-residue 2,796
Short 1,691
Medium 1,104
Long 844
Hydrogen bonds 99
Intermolecular distance restraints 47
Total dihedral angle restraints® 198
Structure statistics®
Violations (mean and s.d.)
Number of distance restraint violations > 0.5 A 010 + 031
Number of dihedral angle restraint violations > 15° 138 + 233
Maximum dihedral angle restraint violation (°) 39.57 + 9.55
Maximum distance constraint violation (A) 030 + 012

Deviations from idealized geometry®

Bond lengths (A) 0.00355 + 0.00008

Bond angles (°) 1.702 + 0.012
Average pairwise r.m.s.d. (8)®
Rtt103p CID (7-12; 19-31; 36-48; 54-73; 77-94;
100-116; 121-133)
Heavy atoms 091 + 013
Backbone atoms 0.25 + 0.05
CTD (143-152)
Heavy atoms 2.06 + 0.42
Backbone atoms 142 +£ 034
Complex
All complex heavy atoms 112 + 016
All complex backbone atoms 061 + 014
Ramachandran plot statistics®
Residues in most favoured regions (%) 88.5
Residues in additionally allowed regions (%) 101
Residues in generously allowed regions (%) 09
Residues in disallowed regions (%) 0.5

“a-helical dihedral angle restraints imposed for the backbone based on the
CSl.

bCalculated for an ensemble of the 20 lowest energy structures.

“Based on PROCHECK analysis [42].

© 2017 The Authors
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arrangement (Fig 2A and B), out of which helices a2, a4 and o7
contact the pThr4-CTD peptide at residues Pgsa, S7a, Y1ib> P3p, PTap,
S7p and Y. (Figs 2B and C, and EV1). This minimal CTD-binding
moiety binds Rtt103p CID with a Kp of 18 4+ 1 uM (assayed by FA),
which is almost identical as pThr4-CTD used for structural
determination. The structure is similar to the one of Rtt103p CID-
pSer2-CTD complex [20] in terms of the overall CID fold and the
conformation of the N-terminal part of the CTD peptide, but entirely
different for the C-terminal part of the CTD peptide (Figs 3, EV1,
and EV2).

Recognition of the phospho-threonine CTD by Rtt103p

The upstream part of the pThr4-CTD peptide adopts a B-turn confor-
mation at S;,P3,pT4pSsp and docks into a hydrophobic pocket of the
Rtt103p CID that is formed by Ile22, Tyr62, His66, Vall09 and
Ile112, using Y, and Pjp, residues (Fig 2B and C). The peptide
conformation in the hydrophobic pocket is further stabilized by a
hydrogen bond between hydroxyl of Y;, and the side-chain amide
of Asn65. This hydrophobic pocket of Rtt103p is highly conserved,
and mutations of residues Tyr62 and His66 (not affecting the struc-
tural integrity; Fig EV3) completely abolish the binding with pThr4-
CTD (Figs 2D and EV4). P3}, is inserted into the hydrophobic pocket
next to Vall09 and has a trans conformation of the S,,P3;, peptidyl-
prolyl bond. As a result of this arrangement, both the S, and pTyp
side chains are positioned closely to each other in the solvent
exposed area and form intramolecular hydrogen bond between the
hydroxyl group of S,, and phospho-group of Tg4,. The phospho-
group of pTy, forms a hydrogen bond with the guanidinium group
of Argl08. This is a critical interaction with the pThr4 mark, as con-
firmed by the affinity data for the Argl08Asn mutant (Fig 2D). Akin
to Rtt103p, also other CID-containing proteins such as SCAF4/8
[22], RPRD1A/1B/2 [21] and CHERP [21] contain the equivalent
arginine in the CID pocket. It will be interesting to see whether these
human proteins really recognize pThr4-CTD as well and whether
the pThr4 mark is relevant to their functions. Other CID-containing
proteins in yeast, such as Nrdlp and Pcfllp, do not contain the
equivalent arginine and these proteins were absent in the pThr4-
CTD interactome [18].

Remarkably, we observed multiple strong intermolecular NOEs
among the aromatics of Y;. in the downstream region of the CTD
peptide and the C-terminal parts of helices o4 and a7 (Figs 2C, EV1,
and EV5). The interaction of Y;. at the tip of helices a4 and o7
creates a second turn in the peptide at residues pT4,SspPebS7b, bring-
ing two backbone carbonyl groups in close proximity and allows for
their interaction with the guanidinium group of Argl16 (Figs 2B and
C, and EV1). The side chain of Y;. forms numerous hydrophobic
contacts with Lys72, Gly73, Ile118. Argl16Glu and Lys72Glu charge
swapping mutants cause affinity drop of Kp = 107 4+ 23 uM and
Kp = 54 + 3 uM, respectively (Fig 2D). The similar arrangement of
the downstream region of the CTD was observed in the crystal struc-
ture of close human homologue of Rtt103p CID, RPRD1A, where the
arginine forms a hydrogen bond with carbonyl of Ty, and Pg, [21].
The Argll6 position is conserved in RPRD1A/1B (Argll4) and
RPRD2 (Argl30) (Fig EV4) [21]. Interestingly, the coordination of
tyrosine from the third heptad repeat Y;. was not observed previ-
ously in the structure of Rtt103p CID bound to the CTD with Ser2
phosphorylation [20]. The previous study used a CTD peptide
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lacking the complete binding moiety (PS YSPTSPS Y) that possibly
precluded the accommodation of the downstream part of CTD
peptide including the second tyrosine (Y;.; Fig EV1). The compar-
ison of chemical shift perturbations of Rtt103p upon binding to the
singly phosphorylated pSer2-CTD and pThr4-CTD peptides with
complete binding moiety suggests similar accommodation of down-
stream region of both peptides (Fig EV2).

Cis-trans equilibrium of the Ser-Pro prolyl-peptidyl bond

We also tested as to whether two proximal phosphorylation marks
(pSer2/pThr4d) on the CTD peptide can alter the cis-trans equilib-
rium of the neighbouring prolyl-peptidyl bond (Fig EV6A). It has
been shown that the cis-trans equilibrium of the CTD is critical for
its recognition by cognate proteins [23-25] and the trans confor-
mation of the Ser-Pro prolyl-peptidyl bond is required for the -
turn formation [20,23,26,27]. To exclude the possibility that a
highly populated cis conformer would attenuate the binding of the
CTD peptide with two phospho-marks, we assayed the conforma-
tional population of mono- and diphosphorylated peptides using
the ['H,'3C]-HSQC spectra of PS Y(pS)"*“P(pT)SPS YS and PS
YSCP(pT)SPS YS peptides, where all Py, carbons were '*C-isoto-
pically labelled (Fig EV6B). In case of pThr4-CTD, we observed
6.6% of the cis conformer. We obtained virtually identical number
for the pSer2pThr4-CTD peptide, where the cis conformation was
populated at 7.8%. Our data suggest that the double phosphoryla-
tion at pSer2/pThr4 of the CTD does not influence the ratio of cis-
trans conformers. Next, we titrated the PS YS'*P(pT)SPS YS
peptide with Rtt103p CID and monitored the titration by ['H,'*C]-
HSQC experiment (Fig EV6C). The spectra show the disappearance
of peaks that correspond to the cis conformation during titration,
indicating a shift in the cis-trans equilibrium towards the trans
conformation of the S,,—P3, prolyl-peptidyl bond that is required
for the B-turn formation. The peaks corresponding to the trans
conformation of P3, moved upon titration with protein, reflecting
the accommodation of the proline in the hydrophobic pocket of
Rtt103p CID.

a4

Figure 3. Degeneracy of the CTD code.

pT, recognition
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CTD code degeneration

The complex of Rtt103p CID-pThr4-CTD reported here represents
the first structure capturing the recognition of the CTD phosphory-
lated at threonine and explains the structural basis of why Rtt103p
can be a part of the pSer2- and pThr4-CTD interactomes. Previous
reports suggested that Thr4 phosphorylations could interfere with
CTD binding by destabilizing the p-turn conformation that is
required for CTD binding [17,26]. However, our structure shows
that the pThr4 mark is directly recognized by Rtt103p and also that
the phosphate group of pThr4 forms intramolecular hydrogen bond
stabilizing the bound CTD conformation. This conformation
involves the B-turn at S,,P3,pT4pSsy that is a prerequisite for an
effective docking into the hydrophobic pocket of Rtt103p CID
(Figs 2B and C, and 3). Interestingly, the intramolecular hydrogen
bond that stabilizes the B-turn mirrors the one of the Ser2 phospho-
rylated CTD bound to Rtt103p (Fig 3B). The Rtt103p Argl08Asn
mutant has also a similar drop in affinity for pThr4-CTD and pSer2-
CTD, Kp =38 £ 2 uM and Kp =44 + 2 uM, respectively. These
observations suggest that CTD modifications preventing intramolec-
ular stabilization of the B-turn should negatively affect CTD binding.
Indeed, we observed that doubly phosphorylated CTD at Ser2 and
Thr4 binds to Rtt103p as weak as unmodified CTD (Fig 1). Electro-
static repulsion between closely arranged phosphates of pSer2 and
pThr4 interfere with the formation of the bound CTD conformation
and the peptide with pSer2/pThr4 marks cannot be accommodated
in the binding pocket of Rtt103p (Fig 3). In support of this, the coex-
istence of the pSer2/pThr4 marks in the same repeat has not been
detected by recent mass-spectrometry analysis of RNAPII CTD popu-
lation pulled down by Rtt103p [11]. Our structure also explains
lethality of the Thr4Glu CTD mutant in yeast [18]. Permanent
substitution for glutamate mimics Thr4 phosphorylation that inter-
feres with Ser2 phosphorylation, which consequently prevents bind-
ing of the CTD to cognate proteins as described above.

The individual letters of the CTD code have so far been
associated with unique information translated to stimulation or
inhibition of recruitment of CTD readers. Comparison of Rtt103p

pS, recognition

Arg108

A Superposition of pThr4-CTD (magenta; PDB ID: 5LVF) and pSer2-CTD (yellow; PDB ID: 2LOI) peptides on the Rtt103p CID surface (grey). N- and C-termini of the

peptides are indicated.

B Close view on the phospho-recognition site of Rtt103p CID. Interaction of pThr4- (magenta sticks, left) and pSer2-CTD (yellow sticks, right) peptides with Arg108
(grey). Hydrogen bonds of the phospho-groups are indicated with black dashed lines.

EMBO reports Vol 18 | No 6 | 2017

© 2017 The Authors



Published online: May 2, 2017

Olga Jasnovidouva et al Rtt103 recognizes phospho-threonine CTD

CID-pThr4-CTD structure with the Rtt103p CID-pSer2-CTD complex
shows fascinating feature that the same interaction pocket of
Rtt103p can read two different phosphorylation patterns of the CTD
(pSer2 and pThr4) using the same mechanism and involves the
same residues (mainly Argl08; Fig 3). Based on our structural find-
ings, we suggest that the CTD code can be degenerated when read
by CID-containing proteins. In other words, the recruitment of a
single CTD-binding factor may be coded by more than one letter of
the CTD code. As a consequence of this redundancy, CID-containing
CTD-binding factors can be recruited to the poorly conserved heptad
repeats of the CTD (e.g. the CTD of fruit fly) or they can tolerate
some errors or imperfections in phosphorylation of the CTD
[1,3,28].

Materials and Methods

Cloning and protein purification

pET28b-Rtt103p CID was a gift from B. Lunde [20]. Rtt103p CID
point mutants were obtained by QuikChange site-directed mutagen-
esis kit (Stratagene). Resulting constructs were verified by DNA
sequencing and then transformed into E. coli BL21-Codon Plus
(DE3)-RIPL cells (Stratagene). Rttl03p CID (3-131-6xHIS) was
expressed and purified as previously described [20].

NMR measurements and structure determination

All NMR spectra for the backbone and side-chain assignments were
recorded on Bruker AVANCE III HD 950, 850 and 700 MHz spec-
trometers equipped with cryoprobes at a sample temperature of
20°C using 1 mM uniformly *°N,'*C-labelled Rtt103p CID in 35 mM
KH,PO,4, 100 mM KCl, pH 6.8 (20°C) (90% H,0/10% D,O). Initial
backbone resonance frequency assignment was transferred from
BMRB entries 17044 and 16411 and confirmed by HNCA spectrum.
The spectra were processed using TOPSPIN 3.2 (Bruker Biospin),
and the protein resonances were assigned manually using Sparky
software (Goddard T.G. and Kneller D.G., University of California,
San Francisco). For the assignment of the side-chain proton and
carbon resonances, 4D version of HCCH TOCSY [29] was measured
with a non-uniform sampling. Acquired data were processed and
analysed analogously as described previously [30,31].

All distance constraints were derived from the three-dimensional
I5N- and 3C-edited NOESYs collected on a 950 MHz spectrometer.
Additionally, intermolecular distance constraints were obtained
from the three-dimensional F;-'C/'°N-filtered NOESY-['3C,'H]-
HSQC experiment [32,33], with a mixing time of 150 ms on a
950 MHz spectrometer. The NOEs were semi-quantitatively classi-
fied based on their intensities in the 3D NOESY spectra. The initial
structure determinations of the Rtt103p-CTD complex were
performed with the automated NOE assignment module imple-
mented in the CYANA 3.97 program [34]. Then, the CYANA-gener-
ated along with manually assigned protein-CTD
intermolecular restraints were used for further refinement of the
preliminary structures with AMBER16 software [35]. These calcula-
tions employed a modified version (AMBER ff14SB) of the force
field [36], using a protocol described previously [37,38]. The 20
lowest energy conformers were selected (out of 50 calculated) to

restraints
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form the final ensemble of structures. The atomic coordinates for
the NMR ensemble of the Rtt103p CID-pThr4-CTD complex have
been deposited in the Protein Data Bank under ID code 5LVF and in
Biological Magnetic Resonance Bank under ID code 34041. Molecu-
lar graphics were generated using PyMOL (The PyMOL Molecular
Graphics System, Version 1.8 Schrédinger, LLC).

Fluorescence anisotropy

The equilibrium binding of Rtt103p CID constructs to differently
phosphorylated CTD was analysed by fluorescence anisotropy. The
CTD peptides were N-terminally labelled with the 5,6-carboxyfluor-
escein (FAM). The measurements were conducted on a FluoroLog-3
spectrofluorometer (Horiba Jobin-Yvon Edison, NJ). The instrument
was equipped with a thermostatted cell holder with a Neslab RTE?
water bath (Thermo Scientific). Samples were excited with vertically
polarized light at 467 nm, and both vertical and horizontal emis-
sions were recorded at 516 nm. All measurements were conducted
at 10°C in 35 mM KH,PO,, 100 mM KCI (pH 6.8). Each data point is
an average of three measurements. The experimental binding
isotherms were analysed by DynaFit using 1:1 model with non-
specific binding [39].

Cis-trans population estimation

For the estimation of the cis-trans population of conformers around
the Ser-Pro peptide bond, aliphatic [*C,'H]-HSQC was collected
using 1 mM sample of peptide PSYS'3“P(pT)SPSYS or PSY(pS)'*°P
(pT)SPSYS in 35 mM KH,PO,, 100 mM KCI (pH 6.8) in 90% H,0/
10% D,O0 at 20°C on Bruker AVANCE III HD 700 MHz spectrometer.
For the ['*C,'H]-HSQC titration experiment, 0.2 mM PSYS”CP(pT)
SPSYS peptide was used and 1.2 mM Rtt103p CID stock was added.
'H-°C, and 'H-'’Cy peaks were integrated using Sparky routine
(Goddard T.G. and Kneller D.G., University of California, San Fran-
cisco). Population was estimated as a ratio of the peak volume of a
given conformation to the sum of volumes of all conformations.

Determination of chemical shift perturbation (CSP) value

Chemical shift perturbation (CSP) value is defined as the normalized
length of a vector Ej, whose components are differences J;; between
observed chemical shifts (bound form) and chemical shifts from a
reference experiment (free form). Index j represents the amino acid
type within the primary sequence of the protein. Weight factors for
each atom type wy = 1 and wy = 0.15 were used.

> wi

i=HN

|Ei| =

Peptides used in the study

The following peptides were synthesized by JPT (Berlin, DE)
and Clonestar (Brno, CZ): FAM-PSY(pS)PTSPSYSPTSPS; FAM-
PSYSP(pT)SPSYSPTSPS;  FAM-PSY (pS)P(pT)SPSYSPTSPS; FAM-
PSYSPTSPSYSPTSPS; FAM-PSYSP(pT)SPSYSP(pT)SPS; FAM-PSYSP
(pT)SPSYS; FAM-PS(pY)SPTSPSYSPTSPS; PSYSP(pT)SPSYSPTSPS;
PSYS'3CP(pT)SPSYS; PS Y(pS)'*“P(pT)SPSYS.
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5.8 Structure and dynamics of the RNAPII CTDsome
with Rtt103

In this work, a hybrid/integrative approach was used to visualize the architec-
ture of the full-length CTD in complex with the transcription termination factor
Rtt103. Specifically, first solved the structures of the isolated subcomplexes at
high resolution and then these structures were arranged into the overall en-
velopes determined at low resolution by small-angle X-ray scattering (SAXS).
The reconstructed overall architecture of the Rtt103—CTD complex reveals how
Rtt103 decorates the CTD platform.
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RNA polymerase Il contains a long C-terminal domain (CTD) that
regulates interactions at the site of transcription. The CTD
architecture remains poorly understood due to its low sequence
complexity, dynamic phosphorylation patterns, and structural
variability. We used integrative structural biology to visualize
the architecture of the CTD in complex with Rtt103, a 3’-end RNA-
processing and transcription termination factor. Rtt103 forms
homodimers via its long coiled-coil domain and associates densely
on the repetitive sequence of the phosphorylated CTD via its
N-terminal CTD-interacting domain. The CTD-Rtt103 association
opens the compact random coil structure of the CTD, leading
to a beads-on-a-string topology in which the long rod-shaped
Rtt103 dimers define the topological and mobility restraints of
the entire assembly. These findings underpin the importance of
the structural plasticity of the CTD, which is templated by a par-
ticular set of CTD-binding proteins.

RNA polymerase Il | CTD | structural biology | transcription | Rtt103

he C-terminal domain (CTD) of the largest subunit of RNA

polymerase II (RNAPII) consists of multiple tandem repeats
(26 in yeast, 52 in humans) of the heptapeptide consensus Tyr1-
Ser2-Pro3-Thr4-Ser5-Pro6-Ser7, which is highly conserved
from yeast to human (1-3). The CTD serves as a binding
platform for many RNA/protein-binding factors involved in the
regulation of the transcription cycle (1, 3). Yeast are inviable if
the CTD is trimmed to less than 11 repeats of the heptapeptide
consensus (4) or if the periodicity of two repeats is perturbed
(5), suggesting the importance of both the CTD length and its
repetitiveness.

The CTD interaction network is regulated by posttranslational
modifications of the CTD, which yield specific phosphorylation
and subsequent factor-binding patterns in coordination with the
transcription cycle (the “CTD code”) (1, 6-11). Phosphorylations
at Yq, Sy, T4, Ss, and S; are the most common and well-studied
posttranslational modifications of the CTD (12). Mass spec-
trometry studies of the CTD showed that the CTD heptads are
homogeneously phosphorylated along the entire length of the
domain in proliferating yeast and human cells (13, 14). Major
phosphorylation sites are S, and Ss, whereas Yy, Ty, and S; are
minor phosphorylation sites (13, 14), but all sites are important
for transcription regulation and proper functioning of the cell.
On average, each CTD heptad is phosphorylated once and the
occurrence of two phosphorylations per repeat is a rare event
(13, 14). The coimmunoprecipitation of specific CTD phos-
phoisoforms revealed distinct functional sets of factors (CTD-
interactome) related to each CTD phosphoisoform (15).

The CTD has no well-defined 3D structure and, therefore, is
not observed in the crystal structures of RNAPII (16-19) and
forms fuzzy densities on electron microscopy images (20, 21).
Nevertheless, the first structural information of the unbound
CTD has recently been reported in the fruit fly (22, 23), where it
was shown that the CTD forms a compact random coil and that
its phosphorylation induces a modest extension and stiffening of
the CTD (22, 23).

Current structural knowledge of interactions between the
CTD and its recognition factors is based on short peptides

www.pnas.org/cgi/doi/10.1073/pnas.1712450114

mimicking the CTD bound to given CTD binding factors (1, 19,
24). However, the atomic-level structural architecture of the full-
length CTD modulated by associated factors remains unknown.
Several studies attempted to propose a structural model for the
full-length CTD. For example, in the complex of the CTD peptide
with the CTD-interacting domain (CID) of Pcfll, a subunit of
cleavage factor IA (25), the CTD heptad was found to adopt a
B-turn conformation (26). Therefore, a compact, left-handed,
p-spiral model of the CTD was proposed (26). A f-spiral confor-
mation would allow the CTD chain with a length of 100 A to
fold into a compact structure, which corresponds to the ob-
served densities in low-resolution electron microscopy images of
RNAPII (20). The heterodimer composed of the human proteins
RPRDI1A and RPRDI1B was found to bind the CTD, thereby
stimulating the recruitment and phosphatase activity of RPAP2
(pS5-CTD-phosphatase) (27). These findings led to the proposal of
a model in which the CTD and accessory molecules form a
high-order arrangement dubbed the “CTDsome” (27).

To probe the CTDsome architecture experimentally, we set
out to apply integrative structural biology methods and investi-
gate how the termination factor Rtt103 decorates the sequence
of the CTD. First, we independently solved high-resolution
structures of stable subunits by solution NMR spectroscopy
(NMR) and X-ray crystallography. Then, we corroborated the
obtained structural information with small-angle X-ray scattering
(SAXS) data to reconstruct the overall architecture of the
Rtt103—CTD complex. We show that Rtt103 contains a coiled-
coil domain that mediates Rtt103 dimerization and uses its

Significance

RNA polymerase Il (RNAPII) not only transcribes protein coding
genes and many noncoding RNA, but also coordinates tran-
scription and RNA processing. This coordination is mediated by
a long C-terminal domain (CTD) of the largest RNAPII subunit,
which serves as a binding platform for many RNA/protein-
binding factors involved in transcription regulation. In this
work, we used a hybrid approach to visualize the architecture
of the full-length CTD in complex with the transcription ter-
mination factor Rtt103. Specifically, we first solved the struc-
tures of the isolated subcomplexes at high resolution and then
arranged them into the overall envelopes determined at low
resolution by small-angle X-ray scattering. The reconstructed
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Rtt103 decorates the CTD platform.
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N-terminal CID to read adjacent repetitive phosphorylation
marks on the CTD independently of one other. Our reconstruction
demonstrates how Rtt103 explores the repetitiveness and length
of the CTD sequence while keeping the entire arrangement
partially flexible.

Results

Limited Proteolysis of Rtt103 Reveals a Coiled-Coil Domain That
Mediates Dimerization. In our divide-and-conquer approach, we
first identified the overall domain organization of Rtt103. Trypsin
digestion of the full-length Rtt103 coupled with mass spectrometry
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Rtt103 1-131 CID

revealed that the protein fragment harboring amino acid residues
1-246 (Rtt103;_46) is protected from proteolytic cleavage (Fig. 14
and Fig. S1). The remaining C-terminal part of Rtt103 (amino acid
residues 247-409) was efficiently digested by trypsin, suggesting the
absence of additional structured domains (Fig. 14 and Fig. S1).
Subsequent biochemical characterization of the identified stable
constructs revealed that Rtt1034;_24¢ and Rtt103;_,45 form homo-
dimers (Fig. S2 4 and B). Subsequent crystallization screens of the
Rtt10341_24¢ and Rtt103; 546 constructs showed that only
the Rtt10341 246 construct formed well-diffracting crystals. The
structure of Rtt1034;_54¢ Was determined to a resolution of 2.6 A

B
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Fig. 1. Dimerization and RNAPII CTD recognition by Rtt103. (A) Scheme of Rtt103 domain organization (Upper). The numbers below the scheme represent

borders of the amino acid segments. Structured and flexible regions were determined based on the limited proteolysis study (Fig. S1). The recombinant
protein constructs used in the study, along with their respective molecular masses, are shown (Lower). CID, CTD-interacting domain; polyD, polyaspartate
stretch. (B) Crystal structure of the Rtt103141_246 coiled-coil domain shown superimposed with an ab initio model (gray mesh) derived using DAMMIN (40) from
SAXS scattering data. The two different polypeptide chains of the coiled-coil dimer are shown in red and blue; their respective N- and C-termini, as well as
a-helices, are indicated. (C) Electrostatic surface representation of the Rtt103 CID (electropositive in blue, electronegative in red, neutral in white) in complex
with the pS,pS;-CTD peptide (yellow sticks; PDB ID code: 5M9D). The N- and C-termini of the peptide are indicated. Dashed black circles indicate electro-
positive areas that accommodate pS; residues. (D) Detailed view of the Rtt103 CID (gray cartoons) bound to the pS,pS;-CTD peptide (yellow sticks). High-
lighted Rtt103 CID residues (gray sticks, blue labels) form hydrophobic contacts and putative hydrogen bonds with the pS,pS;-CTD peptide (yellow sticks,
black labels). The sequence of the peptide used for structure determination is indicated above; residues that showed interaction with the Rtt103 CID are
shown in black and red.
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(Tables S1 and S2). We found that each Rtt103;41 246 Subunit
consists of two a-helices, namely the al-helix (GIn146-Glu177)
with a small bend in the middle and a long o2-helix of ~105 A in
length (Vall84-Asp246) (Fig. 1B). In the crystal, two protein
chains form a dimer where the o2-helices are arranged in an
antiparallel fashion (Fig. 1B). This architecture of the dimer is in
agreement with findings from gel filtration experiments (Fig.
S24) and SAXS data (Fig. S2B). Importantly, the central region
of the a2-helix (Lys200-I1e238) contains a coiled-coil signature,
which is arranged in trans in the antiparallel dimer assembly of
the two Rtt103 molecules. The coiled-coil domain contains a
characteristic knobs-into-holes packing with mixed “a” and “d”
layers (Fig. S2C), with an average pitch of 172 A (defined by
CCCEP; ref. 28). The dimer structure is also stabilized by multiple
intermolecular (Asp149-Lys152, Asp153-Lys216, Lys168-Asp172,
Asp223-Arg226) and intramolecular (Lys200-Glu239, Glu231-
Arg210-Glu224) salt bridges. Altogether, the key findings re-
garding Rtt103 architecture are as follows: (i) Rtt103 contains a
coiled-coil domain that follows the CID and (ii) the C-terminal
half of the Rtt103 is disordered.

The Rtt103 CID Binds the Extended pS,-pS;-CTD Peptide. The struc-
ture of Rtt103;_y3; (or CTD-interacting domain; CID) bound to
a short Ser2-phosphorylated CTD moiety has previously been
reported (29). Here, we used NMR to determine the structure of
Rtt103;_43; bound to a longer CTD substrate (Ser2/7-phosphorylated;
Tables S3 and S4), which revealed that the recognition interface
of the CID is, in fact, larger than previously reported (29). Our
NMR structure of Rtt103;_y3; bound to the extended TSPpS,
YpS,PTSPpS; YpS,PTS peptide (termed pS,pS;-CTD) con-
firmed the previously reported observation regarding the recog-
nition of the upstream region of pS,;pS;-CTD, and further revealed
information regarding the recognition of the downstream region of
pSpS7-CTD (Fig. 1 C and D). The structure of Rtt103 CID is
formed by eight a-helices in a right-handed superhelical arrange-
ment. The NMR data show that the pS,pS;-CTD peptide binds at
the conserved surface formed by helices a2, a4, and o7 of the
Rtt103 CID (Fig. 1D and Fig. S3). NMR revealed intermolecular
contacts between Rtt103;_13; and the residues Pg,, pS7a, Yib, PSans
P3p, Tap, Ssp, and Yy of the pS;pS;-CTD peptide. Specifically, P,
lies in the proximity of the hydrophobic area formed by the
N-terminal tip of the o2-helix, being involved in multiple intermo-
lecular contacts with Ser18, GIn19, and Glu20. Residue Yy, is also
docked into a hydrophobic pocket (Ile22, Tyr62) and stabilized by
a hydrogen bond between its hydroxyl group and the side-chain
amide group of Asn65. Residue P, forms hydrophobic interac-
tions with Vall09 and Ile112. Residues pS;,P3pT4,5s, form a
fB-turn stabilized by hydrogen bonds between the pS,;, carbonyl and
the S5, amide, between the pSy, y-oxygen and Ty, amide, and
between the pS;, phosphate and Ty, hydroxyl. Perturbation of the
above-described hydrophobic pocket (not affecting the structural
integrity; Fig. S4C and refs. 27 and 30) caused a drop of 30- to 50-
fold in the affinity between pS,pS;-CTD and Rtt103;_13; (Kp =
33 + 1.2 uM for Ile112Ala, Kp = 80 = 11 uM for Ile112Gly) (Fig.
S4). In agreement with previous structural observations (29), we
noted that the phosphorylation of Sy, is recognized by the side
chain of Argl08. Interestingly, we observed multiple close contacts
between Y. and the C-terminal parts of helices a4 and «7. The
positioning of Y;. near the tip of helices a4 and o7 induces a
second sharp turn in the pS;pS;-CTD peptide. The side chain of
Y. forms a broad range of hydrophobic contacts with Lys72,
Gly73, and Ilel18, whereas the guanidinium group of Argll6
coordinates the backbone of pS,pS;-CTD. We found that charge-
swapping mutations at the interacting sites of Rtt103 (not affect-
ing the structural integrity; Fig. S4C) resulted in pronounced af-
finity decrease between Rtt103 and pS,pS;-CTD (Kp = 9.7 + 0.7,
51 + 2.2, and 65 + 8.9 puM for Lys72Glu, Argl16Glu, and
Lys72Glu/Argl16Glu, respectively), highlighting the importance

Jasnovidova et al.

of the CTD backbone interactions with Argl16. A large area of
the Rtt103 CID surface is positively charged and enriched in
residues that could stabilize interaction with negatively charged
sites of the phosphorylated CTD peptide (Fig. 1C). Although our
data did not indicate the presence of intermolecular contacts for
the pS; residues, the positions of these residues are indirectly
defined by the nuclear Overhauser effects from the neighboring
residues. Therefore, residues pS; are likely involved in charge—
charge interactions with Lys27 and Lys105 (which is part of the
poly-Lys tract Lys103-Lys104-Lys105) (Fig. 1C). We found that
the Lys27Glu mutant (perturbation of one of the pS; binding
pockets; Fig. 1C) showed lower binding only for the pS; con-
taining peptide (Kp of 13.2 = 0.3 uM and 28.5 + 1 pM for wild
type and Lys27Glu, respectively) but not for the pS,-containing
peptide (Kp of 1.6 + 0.07 uM and 2 + 0.8 pM for wild type and
Lys27Glu, respectively). Altogether, the key finding is that the
Rtt103 CID interacts with pS,pS;-CTD via a larger area than
previously reported (29), specifically recognizing the down-
stream region of the CTD peptide. Our structure reveals that
P6apS7aY16PS26P36 T4nS56PebpS7b Y1 is the minimal CTD-binding
moiety recognized by Rtt103.

Two CIDs Tethered by a Coiled-Coil Domain Tumble Independently.
As aresult of the antiparallel arrangement of the coiled coils, the
Rtt103 CIDs are attached by a linker of 15 amino acids to the
middle region of the coiled-coil domain. NMR investigations of
the Rtt1031_546 and CID constructs showed that the CID struc-
ture is not influenced by the presence of the coiled-coil domain
and that the CIDs are likely to tumble independently (Fig. S5).
To visualize the arrangement of the Rtt103 CIDs relative to the
coiled-coil domains, we analyzed SAXS scattering data of puri-
fied Rttl103; 546 using available atomic structures (PDB ID
codes: 2KM4, 5M48) by ensemble-optimization method (EOM
2.0) (31). This approach enables deconvolving the conforma-
tional averaging into the contribution of individual conformers.
The obtained models suggest that the coiled-coil domain de-
fines the length of the protein (~105 A) (Fig. 2), and the linker
allows the CIDs to reach all across the 105-A-long coiled-coil
domain. Thus, the CIDs could be positioned relatively close to
each other but are also able to sample a large surrounding space
to recognize the substrate (Movie S1). Next, we tested whether the
coiled-coil-mediated dimerization of Rtt103 affects the binding
to the CTD using fluorescence anisotropy (FA). We measured
the binding affinity for the minimal CTD-binding moiety (SPS
YpSPTSPpS YS) and a long CTD substrate (harboring two min-
imal CTD-binding moieties connected with a spacer; SPS
YpSPTSPpS YSPTSPS YpSPTSPpS YS) with Rtt103; 546 and
with the CID. We found that Rtt103,_,4¢ binds to the minimal
CTD-binding moiety with a Kp of 3.3 + 0.06 pM, and to the
long CTD substrate with a Kp of 0.3 + 0.01 uM. The isolated
CID binds to the minimal CTD-binding moiety with a K, of 1.65 +
0.13 pM, and to the long CTD substrate with a K, of 0.5 + 0.01 pM.
This suggests that the dimerization increases the local concentration
of CIDs that are available for the CTD binding. Altogether, the key
finding is that dimerization of the Rtt103 coiled-coil domains does
not promote formation of a rigid structure between the Rtt103
CIDs, but in fact helps the CIDs sample multiple conformations
restricted only by their tethering to the flexible linker.

The Rtt103 Coiled-Coil Domain Restricts the Variability of the CTD-
CIDs Assembly. Next, we asked whether the coiled-coil-mediated
dimerization of Rtt103 affects the overall fashion in which the
repetitive CTD sequence is decorated with Rtt103 CIDs. The
complex between Rtt103; 46 and pS,E-CTD {pSer,-CTD mimic
[SPEFTCEPTSPS-(YEPTSPS)3-YEPAAADYKDDDDK]; Fig.
S6} was prepared by mixing individual proteins with molar excess
of Rtt103; 546, followed by size-exclusion chromatography and
SAXS data collection. The estimation of the molecular mass
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Fig. 2. The two Rtt103 CIDs are tethered by a coiled-coil domain but tumble independently. (A) Overlay of individual conformations from the ensemble of
free Rtt1034_,46 structures derived using the ensemble-optimization method (EOM 2.0) (31) (XZ =1.001); front and side views are provided. Conformations are
superimposed based on structure of the coiled-coil domain. Conformations 2-5 are shown with 60% opacity. The two different polypeptide chains are shown
in red and blue. (B) Individual conformations from the Rtt103;_,45 ensemble derived by EOM 2.0; the fraction (%), radius of gyration (Rg), and maximum

intraparticle distance (Dpax) are indicated for each conformation.

(MM) of the complex was done using DAMMIF (32), which
yielded a MM of 200 + 5 kDa, that is close to the theoretical MM
of the Rtt103;_545:CTD complex with a ratio of 6:1 (190 kDa). In
terms of molecular architecture, it suggests that three Rtt103
dimers bind to a 13-repeat-long CTD upon saturation. The in-
terpretation of the scattering data was performed using the
CORAL software (33). The structures of the Rtt103 CID (PDB
ID code: 5SM9D) and coiled-coil domain (PDB ID code: 5M48)
were combined together with the distance constraints between
the CTD and Rtt103 CID and fitted against the experimental
SAXS data. The calculation was repeated 10 times for each in-
teraction scenario with a ratio of 6:1 for Rtt103;_545:CTD, which
provided the best fit to the experimental data (Fig. 3 and Fig.
S7). All reconstituted complexes displayed a similar elongated
architecture characterized by a D, value of 180-250 A (Fig.
S7B). One Rtt103 dimer is accommodated on four CTD repeats
(PS YEPTSPS YEPTSPS YEPTSPS YEPTS; CID recognition
sites are shown in bold). In this architecture, the coiled-coil
domains surround the individual Rtt103 CIDs accommodated on
the CTD (Fig. 3). The shielding provided by the coiled coils
restricts the flexibility of CIDs on the CTD to some extent, but
promotes the stretching of the compact random coil structure of
the CTD (22, 23). Interestingly, we obtained a similar quality fit
to the experimental data without including the constraint that
two CIDs of the dimer must bind neighboring CTD epitopes
(Fig. S7). The obtained models contain CIDs accommodated in
different areas of the CTD, supporting the hypothesis of residual
flexibility in the core of the CTDsome shielded from the outside
by coiled coils. Altogether, the key finding is that the CTDsome
architecture is dynamic and allows for optimal recognition of
available phosphorylation signals in the CTD. This variability is
essential as the CTD contains some poorly conserved heptads (2)
whose recognition is promoted by dimerization in which the

11136 | www.pnas.org/cgi/doi/10.1073/pnas.1712450114

coiled-coil domains prime the sampling of the CTD epitopes
(Fig. 3 and Fig. S7).

Discussion

Assembly and reassembly of the CTDsome during transcription
by RNAPII is important for regulation of transcription and RNA
processing. However, due to the structural complexity and dy-
namics of the CTDsome, the mechanistic aspects of this process
remain poorly understood. Here, we report an experimentally
based structural model of the CTDsome, which has been derived
using a combination of X-ray, NMR, and SAXS data (Fig. 3).

First, we determined that Rtt103 is capable of dimerizing in
free form via a coiled-coil domain. Several CID-containing
proteins are known to have multimerization regions such as the
Nrd1-Nab3 heterodimerization region (34), coiled-coil region in
Pcf11 (35), and coiled-coil regions in RPRD1A, RPRD1B, and
RPRD?2 (27, 36). The RPRD1A-RPRD1B heterodimer binds to
multiple pS,-CTD repeats and exposes the pSs sites on the CTD,
which stimulates the activity of RPAP2 pSs-CTD phosphatase. It
is likely that the Rtt103 scaffold is used to recruit other factors or
enzymes (e.g., Ratl-Rail) that act on the CTD. In contrast to
RPRDI1A and RPRDI1B, which include only the CID and di-
merization domain, Rtt103 has a long unstructured C-terminal
part that occupies half of the protein and, therefore, could greatly
impact multisubunit architectures and interactions with other
RNA/protein-binding factors.

Here, we determined that the Rtt103 CID binds across three
CTD heptads and that the minimal CTD binding moiety consists
of the P6apS7aY1bpSZbP3bT4bSSbP6bpS7bch sequence. These
findings indicate that the Rtt103 CID binds a longer CTD stretch
than previously reported (29). Accommodation of the core
P6.S7.Y 16520P36 T4pSsp stretch of the CTD in the CID binding
pocket is highly conserved among CID-CTD peptide complexes
(26, 27, 37, 38). In contrast, the conformation of the upstream

Jasnovidova et al.
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and especially downstream region of the CTD peptide on the
CID surface varies among CID-CTD peptide complexes (26, 27,
37, 38). In our solution NMR structure, the pS,pS;-CTD peptide
makes multiple contacts with a conserved Argll16 residue and
exits the binding pocket between helices a4 and o7, thereby
occupying almost the whole conserved surface of the CID.
Similarly, the solution structure of pT4-CTD-Rtt103-CID and
crystal structure of RPRD1B/RPRDIA also exhibit an elongated
conformation of the CTD (27, 30). In these structures, the
binding of additional residues at the C-terminal of the f-turn
stretch of the CTD significantly changes the conformation of
bound CTD, which could be important for the higher order ar-
rangement of CIDs and exposure of the nonbound CTD residues
to other factors (27). Additionally, the extended interaction surface
of the CIDs in Rtt103 and RPRD1B/RPRDI1A may partially
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Fig. 3. Multisubunit arrangement of Rtt103;_46 across half the length of
the CTD. (A) Comparison of the theoretical scattering (black) derived using
CORAL based on the Rtt1031_,46-CTD model against the experimental scat-
tering data (gray). (B) Scheme showing the arrangement of the individual
Rtt103_246 molecules across half the length of the CTD (13 heptad repeats),
which is the CTD construct employed during modeling using CORAL (con-
secutive interaction, “scenario 0,” see Fig. S7). (C) Representative model
obtained from the CORAL calculation for the consecutive interaction sce-
nario. Color coding is according to the scheme in B.
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Fig. 4. Model of the Rtt103-CTDsome assembly involving the full-length
RNAPII CTD. The model of the RNAPII with the full-length CTD is decorated
with six dimers of Rtt1031_,46 (Movie S2). The structure of RNAPII (PDB ID
code: 5F12) is combined with two CORAL models of the Rtt1034_546-CTD
complex, where C-interacting domains (CIDs) are arranged in a consecu-
tive manner.

explain their higher affinity toward the CTD compared with the
affinity of the CIDs in Nrdl and Pcf11 (38, 39).

The regulation of transcription requires a complex interplay
involving fast and dynamic exchange of multiple RNA/protein-
binding factors. This network is largely maintained and balanced
by means of a structurally adaptable CTD which increases the
local concentration of factors and allosterically regulates their
activity of transcription and RNA processing factors near the
emerging nascent transcript. Our reconstruction of the CTD in
complex with Rtt103 shows that Rtt103 can fully explore the
repetitiveness and length of the CTD sequence by occupying
CTD in a repetitive manner (“beads-on-a-string”) while keeping
the entire arrangement flexible and dynamic. Rtt103 dimerization
creates topological and mobility restraints, which, in turn, tune the
protein’s affinity toward the CTD by increasing the local con-
centration of CIDs, and further governs the exposure of the CTD
sequence to other protein-binding factors. We suggest that CTD
code readers, such as Rtt103, and other CTD effector molecules
form a high-order structure that is essential for the conception and
interpretation of the CTD code (Fig. 4 and Movie S2). The tail-
like architecture allows for quick exchange of binding factors and
coordinates the regulatory networks necessary for efficient gene
regulation. Interestingly, the structure of the CTD tail decorated
with Rtt103 dimers appears to be fully extended and protrudes
away from the invariant core of the RNAPII (Fig. 4 and Movie
S2). The structural model of the Rtt103-CTDsome demonstrates
how the CTD allows forming diverse and tuneable protein as-
semblies around the invariant core of the RNAPII, supporting the
complex networks necessary for efficient gene regulation.

Methods

A full description of the methods for protein expression, purification, and
fluorescence anisotropy measurements as well as NMR, X-ray, and SAXS data
collection and analysis is provided in S/ Methods and Tables S5 and S6. SAXS
data are deposited in Small Angle Scattering Biological Data Bank (SASBDB ID:
SASDCZ2). The model and the diffraction data containing phase information
was deposited to Protein Data Bank, PDB ID code: 5M48. The atomic coordi-
nates and restraints for the NMR ensemble of the Rtt103-CID—pS,pS;-CTD
complex have been deposited in the Protein Data Bank, PDB ID code: 5M9D.
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7 Summary

Progress in structural biology would never be possible without development in
all fields of science that are necessary for structure determination. Structural
biology is multidisciplinary technique and the first step of research is obtaining
the sample. Homogeneous, high purity, large amounts, longevity stability etc.
The biological technologies of biomolecular sample preparation made enormous
progress so we are not limited to small colourful proteins like cytochromes which
can be detected on chromatographic columns with naked eyes but we are study-
ing huge biomolecules called “molecular machines” [541] (e.g. RNA Polymerase
I, II, and IIT ) and if these are unstable, we stabilize them with crosslinking and
still obtain biologically relevant structural information.

Through my research projects and here included scientific papers I was wit-
nessing also the progress of hardware development which would not be possible
without technological and engineering advancement. At the beginning of my
carrier, 700-800 MHz (17.6-18.8 T) NMR spectrometers were the cutting edge
models, while recently 1.2 GHz (25.9 T) spectrometers were presented and are
opening new methodological possibilities.

In electron microscopy, we can see 300 kV microscopes with the capability
to acquire data for structures with resolution below 2 Angstr. And Volta phase
plate (VPP) allows to scan molecules as small as 40 kDa [55].

Improvement in resolution, scanning rates and possibilities to measure more
complex samples requires larger and faster data storage devices and faster com-
puters. And here again, development in software was needed so the computers
can handle such large datasets.

To sum up the above paragraphs once again — development in each and every
part of the process of structure determination was needed to arrive to the point
where the structural biology field is nowadays. And still there are three facts to
be pointed out: 1) In electron microscopy — 85-952) There is about 151 thou-
sands of structures deposited on the Protein DataBank (http://www.rcsb.org;
as of 30.4.2019) with yearly increase about 12 thousands structures plateauing
within last 4 years. Nevertheless, among these structures there is no new fold
discovered since 2012 (PIC). Major part of the protein folds has been discovered
between 1993 and 2008. Since than we can be rather sure that the newly deter-
mined structures will contain some of the previously known structural motif. 3)
Looking at the statistics, one can also see, that NMR, was never major contrib-
utor to the resolved structures and it has been always outcompeted by X-ray
crystallography. Since approximately 2014-5, X-ray’s position as a main source
of high resolution structures starts to be challenged by electron microscopy.

What does this is message I want to emphasize? Structural biologist are in
very comfort situation where they are not limited by methods or availability
of measurement time but rather by their scientific goals and capabilities of
preparing samples good for measurement in any of these methods.

While listing here the impressive high number of all known protein structures
available and the fact that since last 7 years there was no new protein fold
discovered, the logical question would be — how many more structures and how
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much more computational power do we need to tell the three dimensional protein
structure from its amino-acid sequence (or in other words: resolve all the aspects
of Anfinsen dogma)? I have a very good argument about this with my dear
colleague — prof. Robert Vicha. We both agree at the point that computers
(and artificial intelligence, AI) are still far from determine protein structure
(rather unique fold) which has not been discovered so far. Presuming there are
all protein folds known, this is not the limiting step anymore. We have a large
spectrum of techniques that I have mentioned within this thesis (NMR, cryoEM,
SAXS, X-ray, MS) that can provide experimental data with various quality and
resolution content so there has to be a way how to quickly predict 3D protein
structure from its amino-acid sequence. Prof. Vacha says — if you’d have a
library with 150 thousands of books would that be sufficient to predict, what
will be the next one about despite you know all the words? I am saying that
there has to be a way and we will find the way sooner or later and programs
like AlphaFold [56] are giving us some hint how this may be achieved.
However, I think, that the goal of structural biology is not to solve maxi-
mum structures in minimum time with highest resolution of the structures but,
as I have shown in my works — help to explain biological processes through
understanding structural features of the biological partners of a given process.
The development and the ultimate goal of structural biology is to study
the processes in a real-time and in situ. Therefore we can see much effort in
structure determination in cells either by NMR or by cryoEM on FIB milled
lamellas . This is the direction which will enable us understand and suggest
efficient cures for diseases and unravel the fundamental principles of life in cells.
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