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Introduction 

Structure-assisted ligand design, a method used as an alternative to screening random 

compounds, is the process of identifying new drugs through rational design of molecules based on 

knowledge of the structure of their biological target (Madsen et al., 2002, Anderson et al., 2015, 

Macalino et al., 2015). Structural information is obtained through experimental methods such as 

X-ray crystallography and NMR spectroscopy, or through homology modeling.  

Enzymes involved in pathologies are good targets for rational design. Enzymes usually have 

a well-defined active site to bind substrates, and many have allosteric sites that bind regulators. 

These sites can be targeted by small molecules that mimic the structure of the substrate or 

regulator. Knowledge of the 3D structure of the enzyme, especially in complex with its natural 

ligand, is beneficial to lead the design. During the iterative process of rational design, the structure 

of the ligand is progressively altered to maximize the shape and charge complementarity to the 

enzyme binding site (Figure 1). Design also can be guided to ensure that the ligand has little to no 

affinity towards other off-target enzymes to prevent undesirable side effects.  

 

Figure 1: Schematic overview of structure-based drug design. The 3D structure of the enzyme-
inhibitor complex is determined by X-ray crystallography and structural information is used to 
modify the inhibitor structure. This process proceeds in multiple cycles until the lead compound is 
optimized.  
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This habilitation thesis discusses nine selected publications by Pavlína Maloy Řezáčová to 

document her contributions to structure-assisted design of enzyme inhibitors that potentially may 

be further developed for treatment of human diseases. Her specific contributions to the published 

studies were X-ray crystallography analyses of enzyme-inhibitor complexes and subsequent 

structural analyses used in structure-guided drug design efforts.   

Three papers (P1-P3) focus on design of human immunodeficiency virus protease (HIV PR) 

inhibitors, yielding potential novel drug candidates against drug-resistant HIV infections. Papers P4-

P6 document efforts in design of human carbonic anhydrase (CA) inhibitors, which may serve as 

potential anti-cancer drugs. Papers P7-P9 deal with design of inhibitors targeting human 

deoxynucleotidases in an effort to overcome resistance to clinically used virostatics.  
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Results 

Design of carborane inhibitors of HIV protease 

The aspartic protease of HIV is responsible for cleavage of viral polyprotein precursors into 

mature, functional viral structural proteins and enzymes. This process, called viral maturation, 

leads to the final morphological rearrangements and is indispensable for production of infectious 

viral particles (Kohl et al., 1988).  

 

Figure 2: Schematic of the role of HIV PR in the viral replication cycle (right) and crystal structure of 
HIV PR  (left, PDB code 4LL3, Kožíšek at al., 2014). 

 

Due to its essential role in the viral replication cycle, HIV PR is one of the primary targets 

for anti-HIV drug design. Since the first protease inhibitor (PI) was introduced in 1996, structure-

based rational drug design has led to the development of hundreds of inhibitory compounds, ten 

of which are currently approved for clinical treatment of HIV infection. Their effectiveness, 

however, has been hampered by the emergence of drug-resistant HIV variants (Pokorná et al., 

2009). Development of new PIs effective against these resistant viruses will therefore be essential 

for the successful treatment of many HIV-positive patients. 

During a search for unconventional chemical structures with inhibitory activity, we 

identified icosahedral metallacarboranes as selective inhibitors of HIV PR, as reported in P1 (Cigler 

et al., 2005). Screening identified these inorganic compounds, which inhibit HIV PR with Ki values 

in the nanomolar range (Table 1), as a novel class of non-peptidic PIs with an unknown inhibition 

mechanism.  
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Table 1: Inhibition of wild-type HIV PR and a PI-resistant variant. 

Compounda Ki (HIV PR) Ki (HIV PRRES)c 

GB-18 66 nMb 210 nMb 

GB-80 4.9 nMb 13 nMb 
a see Figure 3 for chemical structures, b reported in Kožíšek et al., 2008, 
c HIV PR selected under the pressure of clinically available PIs and isolated from an HIV-positive 

                 patient receiving highly active antiretroviral therapy. HIV PRRES contains  substitutions:  
                 L10I/L24I/L33F/M46L/I54V/L63P/A71V/V82A/I84V  

 

Carboranes, icosahedral clusters containing boron, carbon, and hydrogen, are bulky 

pharmacophores used to replace various hydrophobic structures in biologically active molecules 

(Grimes, 2011, Lesnikowski, 2007). They are an abiotic species that are very stable towards 

catabolism and degradation by enzymes and thus the use of boron clusters as components of new 

pharmacological agents has been increasing, recently. 

To decipher the mechanism of inhibition, we determined the three-dimensional crystal 

structure of HIV PR in complex with the lead metallacarborane compound (GB-18, PDB code 1ZTZ). 

The crystal structure revealed a unique binding mode that differs from that of all other HIV PIs.  

Two bis(dicarbollide) clusters bind in the HIV PR active site, but do not interact with the catalytic 

residues. Rather, the clusters interact with hydrophobic pockets in the flap-proximal region of the 

HIV PR active site (Figure 3A). This crystal structure was indispensable for understanding the mode 

of action of this class of compounds, and the structural information was used in modeling studies 

and subsequent structure-based design of other metallacarborane inhibitors. 

 
Figure 3: Crystal structures of HIV PR in complex with metallacarborane inhibitors. 
A. The complex with GB-18 (PDB code 1ZTZ) shows binding of two inhibitor molecules to the flap-
proximal region of each HIV PR monomer. B. The complex with GB-80 (PDB code 3I8W) shows 
binding of one inhibitor molecule to the flap-proximal region of each HIV PR monomer.  The linker 
connecting the two cages was disordered and could not be modelled into electron density maps. 
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We next confirmed the activity of metallacarborane compounds against drug-resistant HIV 

PR variants and used the crystal structure for molecular modeling experiments to explain the 

inhibition profile of metallacarborane compounds, as reported in P2 (Kožíšek et al., 2008). We 

found that metallacarboranes bind HIV PR pockets via unconventional proton-hydride hydrogen 

bonds (dihydrogen bonds) and that they are able to adjust the position of the metallacarborane 

cluster within the HIV PR substrate-binding cleft. Thanks to these features, metallacarborane 

compounds are able to inhibit PI-resistant HIV PR variants containing mutations in the inhibitor-

binding pockets (Table 1). 

Using the structural information from the GB-18 complex, we designed a second series of 

compounds in which two cobalt bis(dicarbollide) clusters were connected via linkers of various 

lengths and properties. As discussed in P3 (Rezacova et al., 2009), we explored the inhibitory 

properties of these compounds, determined the crystal structure of HIV PR with one compound 

(GB-80), and computationally explored the conformational space of the linker. The crystal structure 

of GB-80 in complex with HIV PR (PDB code 3I8W) revealed a slightly different positioning of the 

cluster in the HIV PR binding pocket compared to that of GB-18 (Figure 3B). This finding was 

consistent with results from modeling studies with resistant HIV PR variants reported in P2 (Kožíšek 

et al., 2008), which predicted the flexibility of cluster positioning within the active site.   

Overall, our results established linker-substituted, dual-cage cobalt bis(dicarbollides) as 

lead compounds for the design of more potent inhibitors of HIV PR, including resistant variants. 
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Design of carborane inhibitors of human carbonic anhydrases 

Human CAs are metalloenzymes with important roles in various physiological and 

pathological processes (e.g., tumorigenicity, obesity, and epilepsy). There are 14 CA isoforms in 

humans, several of which are established diagnostic and therapeutic targets (Supuran, 2008). In 

particular, there is significant interest in the development of selective inhibitors targeting CA 

isoform IX (CAIX). CAIX is a tumor-associated transmembrane isoenzyme, the overexpression of 

which is induced by hypoxia. CAIX serves as a tumor marker and as a prognostic factor for several 

human cancers and thus represents a valuable target for antitumor therapy (Swietach et al., 2009).  

Design of a novel generation of selective inhibitors is the current challenge in the 

development of new therapeutic agents able to inhibit specific CA isoenzymes. Currently used CA 

inhibitors lack selectivity and cause numerous unwanted side effects. Conventional CA inhibitors 

contain a sulfonamide, sulfamate or sulfamide group connected to an organic moiety usually 

composed of an aromatic ring or conjugated ring system. In our structure-assisted design of CA 

inhibitors, we focused on designing inhibitors containing substituted boron clusters instead of the 

organic ring system. 

The idea to use boron clusters and the first compound design were conceived from the 

analysis of X-ray structures of CAII in complex with isoquinoline-based inhibitors that we reported 

in P4 (PDB codes 3IGP and 3PO6, Mader et al., 2011). Two related isoquinoline-based inhibitors 

inhibited CAIX with Ki values in the nanomolar range (Table 2, 1 and 2). Crystal structures of the 

enzyme-inhibitor complexes revealed two different binding modes within the active site of CAII 

and engagement of two opposite sides of the active site cavity (Figure 4A). Following this analysis, 

we hypothesized that the binding space within the enzyme active site cavity could be effectively 

filled by an inhibitor bearing a three-dimensional, hydrophobic scaffold.   

 

Table 2: Inhibition of selected carbonic anhydrase isozymes. 

Compounda Ki (CAII) Ki (CAIX) 

1 94.5 nMb 9.5 nMb 

2 87.3 nMb 6.4 nMb 

3 0.7 µMc 0.38 µMc 
a see Figure 4 for chemical structures, b reported in Mader et al., 2011, 
c reported in Brynda et al., 2013. 
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Figure 4: Structure-inspired design of carborane inhibitors of human CAII.  
A. Structural formulas of two isoquinoline-based compounds that inspired design of carborane 
sulfonamide inhibitors are shown along with a detailed overview of their binding to CAII (PDB codes 
3IGP and 3PO6). The active site of CAII is shown in surface representation; residues interacting with 
1 and 2 are colored yellow and blue, respectively. Residues interacting with both compounds are 
highlighted in orange. B. Structural formula of the lead carborane sulfonamide compound is shown 
along with its interactions with the CAII active site (PDB code 3MDG). C. Superposition of 1-3 as 
they bind to the CAII active site.  

 

 

Using molecular docking, we designed a molecule containing a sulfamide group connected 

to a carborane cluster, as reported in P5 (Brynda et al., 2013). This molecule, 1-

methylenesulfamide-1,2-dicarba-closo-dodecaborane  (3, Figure 4B), inhibited CA activity with Ki 

values in the submicromolar range and showed nearly 2-times higher potency toward the tumor-

associated isoform CAIX over the widespread CAII isoform. The crystal structure of CAII in complex 

with 3 determined at 1.3 Å resolution (PDB code 3MDG) confirmed binding to the enzyme active 

site in the predicted pose and revealed key interactions responsible for inhibitor binding and 

enzyme inhibition (Figure 4B). Subsequently, we designed and investigated a series of compounds 

containing closo and nido carborane clusters and further established that selectivity towards 

cancer-specific CAIX can be achieved.  

In P6 (Mader et al., 2014), we presented the structure of CAII in complex with 3 refined to 

1 Å atomic resolution (PDB code 4Q78) and described its use in molecular modeling experiments.  



11 | P a g e  
 

A virtual glycine scan revealed the contributions of individual residues to the energy of binding of 

3 to CAII and CAIX.  

These modeling results were further used to develop a series of more than 70 sulfamides 

incorporating carborane clusters. The lead compounds from this series inhibited CAIX with Ki values 

in the low nanomolar or subnanomolar range, with some inhibitors being more than 1000-fold 

more selective for tumor-specific CAIX than CAII present in normal tissue. The compounds 

demonstrated favorable in vitro toxicology and pharmacokinetics profiles and reduced tumor size 

in mice (unpublished results). This series of compounds became the subject of successful patent 

applications.  

In summary, our contribution to the development of specific CAIX inhibitors was the design 

of novel and original inhibitors containing a sulfamide group connected to a carborane cluster that 

optimally fills the CA active site cavity.  
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Design of inhibitors of human 5’(3’)-deoxynucleotidases 

 
Human 5’(3’)-deoxynucleotidases catalyze the dephosphorylation of deoxyribonucleoside 

monophosphates to the corresponding deoxyribonucleosides and thus help maintain the balance 

between pools of nucleosides and nucleotides (Hunsucker et al., 2005; Bianchi et al., 1986). In 

addition to their physiological role, these enzymes also participate in deactivation of nucleoside 

analogues used as antiviral and anticancer agents, resulting in drug resistance. Human 5’(3’)-

deoxynucleotidases are thus targets for development of inhibitors that would protect nucleoside-

based drugs in their active form as nucleotides (Mazzon et al., 2003). Humans have two 5’(3’)-

deoxynucleotidases that share 61% sequence identity and differ in cellular localization: cytosolic 

cdN and mitochondrial mdN. The obvious challenge lies in designing inhibitors that can discriminate 

between the two highly similar enzymes. 

As an initial approach described in P7 (Šimák et al., 2014), we used (S)-1-[2-deoxy-3,5-O-

(phosphonobenzylidene)-β-D-threo-pentofuranosyl]thymine (1, see Table 3) as a lead compound 

to design a series of compounds bearing various substituents in the para position of the 

benzylidene. A detailed kinetic study revealed that the presence of certain substituents increases 

inhibitory potency, and some substitutions induce a shift in selectivity toward cdN (Table 3).  

 

Table 3: Inhibition of 5’(3’)-deoxynucleotidase isoenzymes. 

 

# base R Ki  (cdN) a Ki (mdN) a 

1 T -H 610 µM 11.6 µM 

2 T -I 416 µM  2.71 µM 

3 U -I 115 µM 19.7 µM 

4 T -IO2   6.6 µM  5.9 µM 

5 U -IO2  12.1 µM 43 µM 

6 T -COOH  11.6 µM  7.9  µM 

7 U -COOH  10.9 µM 16.9 µM 

a reported in Šimák et al., 2014 
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X-ray structures of mdN in complex with inhibitors 2 and 6 provided evidence for the 

existence of two different binding orientations in the enzyme active site (Figure 5). Binding modes 

for cdN were investigated using NMR spectroscopy. We proposed that inhibitors selective for mdN 

preferentially bind to both the mitochondrial and cytosolic enzymes in the orientation represented 

by 2 (Figure 5B), while cdN-selective inhibitors favor an opposite orientation similar to that of 6 

(Figure 5A).  

 

 

Figure 5: Structure-inspired design of 5’(3’)-deoxynucleotidase inhibitors.  
A. Crystal structure of 2 bound to mdN (PDB code 4L6C). Compound 2 is shown as sticks with green 
carbon atoms, and the active site magnesium ion is shown as a pink sphere along with coordinating 
catalytic aspartates. A phosphate ion originating from the crystallization solution is also bound in 
the active site.  B. Crystal structure of 6 bound to mdN (PDB code 4MWO). Compound 6 is shown 
as sticks with green carbon atoms; the active site magnesium ion is shown as a pink sphere along 
with coordinating catalytic aspartates. 
 

As a second approach to design specific mdN and cdN inhibitors, we modified the base 

moiety of lead compound 1 with a second phosphonate group. The results are described in P8 and 

P9 (Pachl et al., 2015, Pachl at el., 2018). Addition of the phosphonate group was intended to mimic 

the position of the phosphate ion found in crystal structures of mdN in complex with 1 and 2. This 

phosphate ion, originating from the crystallization solution, interacts with the catalytic residues 

and magnesium ion and mimics the position of the substrate 3'-phosphate in the active site (Figure 

6A). The distance between the methyl carbon at the C5 position of the thymine base in 1 and the 

oxygen atom of the phosphate is 3.0 Å (Figure 6A). Thus, we proposed attaching the phosphonate 

group to C5 of the thymine base via various linkers, giving rise to a series of bisphosphonate 

compounds (Figure 6B). 
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Figure 6: Structure-inspired design of bisphosphonate human 5’(3’)-deoxynucleotidase inhibitors.  
A. Structure of mdN (green) in complex with 1 (yellow sticks, PDB code 1Q91) superimposed with 
the position of dTMP from its complex with an inactive mdN mutant (solid black lines, PDB code 
1Z4L). The dashed blue line indicates the distance (3 Å) between the base methyl and the 
phosphate oxygen, which was used to design attachment of a second phosphonate group to the 
base. B. Bisphosphonate compounds designed to explore the optimal linker connecting the 
phosphonate to the base.  

 

 

 

Table 4: Inhibition of 5’(3’)-deoxynucleotidase isoenzymes. 

# a base substituent Ki  (cdN)  Ki (mdN) 

1 T  610  µM 11.6 µM 

8 U -(CH)2PO3  21.7 µM   128  nM  

9 U -(CH2)2PO3   2.3 µM    27.7 nM 

10 U -CH=CClPO3  34.6 µM   310   nM 

11 U -CH2-S-CH2PO3   2.1 µM    68  nM 

12 U -(CH)2-CH2PO3     72  nM    15.1 nM 

a see Figure 6 for compound structures  
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The addition of a second phosphonate group substantially improved the inhibitory 

properties and also increased selectivity towards cdN (Table 4). The strongest compound inhibited 

both enzymes at concentrations in the nanomolar range, making it the most potent inhibitor of 

these enzymes reported to date. In addition, some compounds showed selectivity for the cdN 

variant. Crystal structures solved for several inhibitors in complex with mdN or cdN (PDB codes 

6G22, 6G2L, 6G2M, and 6G2N; Pachl at el., 2018) provided a structural basis for understanding the 

inhibition profile of bisphosphonate compounds. 

In conclusion, we succeeded in rational design of conformationally constrained nucleoside 

phosphonic acid inhibitors of mitochondrial and cytosolic 5‘(3‘)-nucleotidases. We obtained high-

resolution structural information about the interactions of inhibitors with cdN and mdN and 

uncovered two possible binding modes. Structural information about interactions with the mdN 

and cdN active sites can be applied to future inhibitor design efforts. 
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Summary and future perspective 

This thesis describes the application of structure-based design principles to develop 

specific inhibitors of several enzymes involved in human pathologies, namely HIV PR, human CA 

and human deoxynucleotidases. X-ray structures, determined at high or even atomic resolution, 

were indispensable for this process. In all three projects included in this thesis, structural 

information led chemical design efforts to yield inhibitors with high affinity and high selectivity for 

certain enzyme isoforms.  

Unconventional HIV PR inhibitors containing metallacarborane clusters were discovered to 

inhibit the wild-type enzyme as well as enzymes from patients with HIV resistant to clinically used 

drugs. This inhibitor class was first identified through random screening, and there was no 

information available about its inhibition mode. Our first crystal structure (PDB code 1ZTZ), 

reported in P1 (Cigler et al, 2005), revealed the binding of two hydrophobic clusters into a 

hydrophobic pocket in the enzyme active site. This structure was used in the molecular modeling 

experiments described in P2 (Kožíšek et al, 2008). Modeling showed that that mechanism of 

inhibition of resistant enzymes relies on adjustment of the cluster position in response to mutations 

in the PR binding pocket. Structural information was further used to design a second generation of 

compounds with two metallacarborane cages connected via a flexible linker, as discussed in P3 

(Rezacova et al., 2009). A crystal structure (PDB code 3I8W) confirmed the predicted binding mode 

and provided structural information that could be used for subsequent design. Clinical 

development of metallacarborane HIV PR inhibitors, however, is hindered by their unfavorable 

pharmacokinetic properties. Although metallacarboranes can inhibit viral infectivity in tissue 

culture, these compounds are prone to aggregation and precipitation.  

Carborane-containing molecules were also used in the design of inhibitors of human CAs, 

especially the cancer-specific isoform CAIX. Unlike the HIV PR inhibitors, in which the lead 

compound was identified through screening, our first CA inhibitor was the result of rational 

structure-assisted design. The design process was guided by the structural information reported in 

P4 (Mader et al., 2011). We observed that two related isoquinoline-based inhibitors bound within 

the active site of CAII in two different modes and engaged opposite sides of the active site cavity. 

This information was used to design compounds with a three-dimensional, space-filling cluster 

replacing the organic ring structure of the isoquinoline-based inhibitors. A compound containing a 

carborane cluster connected to a sulfonamide inhibited CAIX with Ki values in the submicromolar 

range and served as a lead molecule for design of the first carborane series described in P5 (Brynda 
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et al., 2013). Crystal structures of several carborane compounds bound to CAII were determined 

and used in molecular modeling studies (P6, Mader et al., 2014) to uncover interactions important 

for binding to CAII and CAIX. Next, we designed a second-generation series of approximately 70 

compounds. Preclinical tests showed favorable in vitro pharmacokinetics and pharmacodynamics 

and reduced tumor size in a mouse model. These compounds and their activity toward the cancer-

specific CAIX isoform have been patented, and extensive preclinical trials are now in progress in 

collaboration with the Institute of Molecular and Translational Medicine in Olomouc.     

 The third project included in this habilitation thesis focused on design of inhibitors 

targeting human deoxynucleotidases to overcome resistance to clinically used virostatics. The 

compounds are derivatives of nucleoside phosphonic acids. Two approaches were applied to 

design specific inhibitors of the mitochondrial and cytosolic variants of the enzyme. The first 

inhibitor series, described in P7 (Simak et al., 2014), comprises compounds with various 

substituents on the benzalydine ring that have inhibition constants in the low micromolar range. 

Crystal structures led design in a new direction: attachment of a secondary phosphonic group that 

mimics the position of a phosphate ion repeatedly found in crystal structures to bind the active site 

along with inhibitory compounds. This second series of compounds (described in P8 and P9, Pachl 

et al., 2015, Pachl et al., 2018) had Ki values in the low nanomolar range and showed selectivity for 

cdN or mdN. Crystal structures revealed that the specificity is determined by two alternative 

binding modes. However, compounds with phosphonic acid moieties generally have unfavorable 

pharmacokinetic properties. Prodrug compounds must be prepared to penetrate the cell 

membrane. We are currently working in this direction, with the aim of testing the effect of 

deoxynucleotidase inhibitors in cell culture experiments.   
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