
Preface
This is a theoretical study of a group of novel, potent, specific and very unusual 

inhibitors of HIV protease. The cooperation of computational and experimental chemistry 

has become a very powerful tool which allows us to understand the studied inhibition. A 

theoretical  approach  can  supply  data  that  are  not  accessible  from  experiments. 

Furthermore, computational chemistry allows us to get deep insight into interactions of 

experimentally studied systems and reveal their nature. Such insight is a necessary part of 

a productive research.  
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1 Introduction
1.1 Human Immunodeficiency Virus (HIV)

The world-wide epidemic of AIDS is caused by two species of the human 

immunodeficiency virus (HIV-1 and HIV-2). Its 9200-bases-long RNA genome contains 

three main genes:  gag, pol  and env.  The  gag gene codes for structural proteins matrix 

(MA), capsid (CA), nucleocapsid (NC), and p6 or transframe (TF) peptides, the pol gene 

encodes viral enzymes protease (PR), reverse transcriptase (RT), and integrase (IN), and 

env codes for surface (SU, gp120) and transmembrane (TM, gp41) glycoproteins.1 The 

enzymes located within the  pol gene (PR and RT) have become major targets for drug 

discovery, e.g. RT inhibitor Tenofovir disoproxil fumarate (DF) discovered by A. Holý at 

UOCHB in Prague and manufactured by Gilead Sciences;  2 PR inhibitors are discussed 

below. The replication cycle of HIV is depicted in Fig. 1

Figure 1 Steps in the replication cycle of HIV. Major targets of inhibition, reverse transcriptase 
(RT) and protease (PR), are marked with a red star. Adapted from HIV/AIDS Handbook; Total 
Learning Concepts; 3rd edition. Boston, USA: 
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1.2 HIV-1 Protease (PR) 

The HIV-1 PR was originally identified by sequence similarity with proteases of 

other retroviruses.  3 Subsequently,  the sequence homology of HIV-1 PR to pepsin-like 

enzymes  helped to classify it  as  an aspartic  protease of the retropepsin family.  4 The 

feature common to retroviral  and eukaryotic  aspartic proteases is the presence of two 

catalytic aspartate residues within the well-conserved motifs Asp-Thr/Ser-Gly. In contrast 

to cellular aspartic proteases, however, the retroviral proteases have to be in a dimeric 

form to function. 5

1.2.1 Structure of HIV-1 PR

HIV-1  PR  is  the  most  widely  studied  enzyme.  It  has  the  highest  number  of 

crystallographically determined structures, most of them PR-inhibitor complexes. 6 Initial 

cast of the backbone of the HIV-1 PR apoenzyme was superseded in the same year by 

two  detailed  crystallographic  structures.7,8 These  studies  affirmed  that  HIV-1  PR 

apoenzyme is a C2-symmetrical dimer which is stabilized by an extensive dimerization 

domain formed by the interdigitating N- and C-termini of both PR monomers (Fig. 2). 

The next source of stabilization  9 comes from a network of hydrogen bonds between 

residues of the triads Asp25-Thr26-Gly-27 called the “fireman’s grip” 10 Another function 

of the fireman’s grip is to hold the two catalytic aspartates, Asp25 and Asp25’, in nearly 

coplanar position, close to each other.10,11 They point into the active-site cavity which is 

covered by two flexible β-hairpins called the flaps.

Figure 2 Structure of the HIV-1 PR dimer apoenzyme. Two monomers (blue and yellow) interact 
at  the  dimerization  domain  and  via  the  fireman’s  grip.  Two catalytic  aspartates,  Asp25  and 
Asp25’, are colored red. Figure based on crystallographic structure, pdb code 3HVP.8 
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1.2.2 HIV-1 PR Inhibitors

The  major  class  of  compounds  blocking  HIV-1  PR  catalysis  are  reversible 

competitive inhibitors targeted into the active-site of the enzyme.12 The basic principle of 

the drug design lies in mimicking the tetrahedral intermediate of the cleavage reaction, by 

incorporating  uncleavable  isosteres  of  the  peptide  bond  –  hydroxyethylamine, 

hydroxyethylene,  statine,  etc.  –  into  a  peptide-like  (peptidomimetic)  compound.12 

Subsequently, the nonpeptidic character is enhanced in order to improve pharmacological 

properties of the inhibitors.12

Drug design efforts  lead to ten HIV-1 PR inhibitors  (PIs)  approved for use in the 

clinics:13 Saquinavir  (SQV,  Ro31-8959,  InviraseTM,  FortovaseTM,  Hoffmann-LaRoche), 

Ritonavir  (RTV,  ABT-538,  NorvirTM,  Abbott),  Indinavir  (IDV,  MK-639,  L-735,524, 

CrixivanTM,  Merck),  Nelfinavir  (NFV,  AG-1343,  ViraceptTM,  Agouron  -  now part  of 

Pfizer),  Amprenavir  (APV,  VX-478,  141W94,  AgeneraseTM,  GlaxoSmithKline), 

KaletraTM (Lopinavir,  LPV,  ABT-378  and  Ritonavir,  ABT-538,  Abbott),  Atazanavir 

(ATV, BMS-232632, ReyatazTM, Bristol-Myers-Squibb),  Fosamprenavir (FPV, VX-175, 

GW433908,  LexivaTM,  Vertex,  GlaxoSmithKline),  Tipranavir  (TPV,  PNU-140690, 

AptivusTM, Boehringer Ingelheim) and Darunavir (TMC-114, PrezistaTM , Tibotec).

Treatment  of  HIV-positive  patients  with  these  PIs  (or  in  combination  with  RT 

inhibitors) leads to marked reduction of viral RNA in plasma and thus to prolonged life 

expectancy of the patients.14 

The  evolution  of  drug  resistant  PR variants  represents  a  major  complication  of 

highly  active  anti-retroviral  therapy  15,16.  Due to  the  rapid  selection  of  resistant  viral 

strains,  the development  of  new,  effective  PIs  with high  genetic  barrier  to  resistance 

development  16,17 is  still  very  relevant.  Recently,  Petr  Cigler  with  coworkers  in  the 

laboratory of  Jan Konvalinka  have  discovered  a  group of  novel,  potent,  specific  and 

resistant  PIs;  the  polyhedral  metallacarborane  compounds  (MCB).  18 Ionic  metal 

bis(dicarbolides) consists of two dicarbolide subclusters sandwiching the central metal 

atom. The equal 11-vertex dicarbolide subclusters are, thus, covalently connected by a 

commo metal vertex, forming two 12-vertex metal dicarbolide subclusters. The skeletal 

structure of the parental compound of the metallacarborane PIs, [3,3’-Co(1,2-C2B9H11)2]-1 
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designated as COSAN in the following text, is shown in Figure 3a. Connecting of two 

parent cages with a linker results in compounds with significantly increased inhibitory 

potency toward HIV PR. 18 Such a compound (designed GB80) is shown in Figure 3b.

a)

b)

Figure 3 a)The skeletal structure and numbering scheme of [3,3’-Co (1,2-C2B9H11)2]-1, which 
is the parental compound of the HIV PR inhibitors. The second cage has equivalent numbering 
but primed. The H atoms are not shown for clarity, and have the same numbering as the atoms to 
which they are bound. b) The structure of GB80.
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1.3 Subject of the Thesis 
Metallacarboranes have been recently shown to act as potent and specific HIV-1 

protease inhibitors (PIs). 18 This finding evoked our interest in these unusual compounds. 

The aim of this work is to study the interactions of metallacarborane inhibitors with their 

biological partner. These unique  interactions can be described reliably only using high-

level  quantum  chemistry  methods,  so  we  start  with  the  simplest  model  of 

metallacarboranes  inhibitors:  1-carba-closo-dodecaborane  (CB11H12)-.  We  employ 

(CB11H12)- and  study its  interaction  with  building  blocks  of  biomolecules  in  order  to 

unveil the nature of carborane-biomolecule interactions.

 In  the  next  step,  we  study  the  effect  of  various  metal  vertices  and  exo-

substitutions on several series of metallacarboranes. We focus on their interactions with a 

tetrapeptide  which  models  their  biomolecular  partner.  We  compare  the  effect  of  the 

substitutions on the strength of stabilisation energies and on the height of desolvation 

penalties. 

In the third part of the thesis, we examine the X-ray structure of the HIV PR-

COSAN complex by using hybrid Quantum Mechanics/Molecular Mechanics (QM/MM) 

approach and aim at  refining  atomistic  details  of  the structure,  which are  crucial  for 

understanding of energetic of the inhibition of HIV PR by MCBs. We begin by deciding 

on the identity of the residues Wat50 and Wat128, whether these are water molecules or 

Na+ counterions. Na+ could serve as a counterion to the negatively charged molecules of 

COSAN  in  a  similar  way  as  it  does  in  metallacarborane  aggregates  in  solution.19,20 

Subsequently, the energy profiles for the rotation of Cb1 and Cb2 molecules in the PR 

cavity  are  calculated.  The  combination  of  these  two  energy  profiles  along  with  the 

evaluation  of  their  inter-dependence  yields  energetically  favorable  and  unfavorable 

positions for carbon atoms in COSAN complexed to PR. It should be mentioned here that 

the positions  of boron and carbon atoms of COSAN bound in the PR active-site  are 

indistinguishable by X-ray crystallography as well as Na+ ions and water molecules.

In the  fourth part of the thesis, the effect of active-site mutations Val82Thr and 

Ile84Val of HIV-1 PR on the binding of COSAN was studied. We explain the small 6- 

and 2-fold decrease in binding strength of COSAN for HIV PR mutants. 
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In the fifth part of this thesis, we study crystal structure of wild-type HIV-1 PR 

inhibited by compound GB-80.  No continuous map for the linker connecting the two 

cobaltacarborane  cages  of  GB-80 that occupy  HIV  PR  dimer  was  experimentally 

observed. Possible and energetically favorable linker conformations in the enzyme cavity 

are thus calculated.

1.4 Boron Clusters
Boron atoms possess a remarkable ability to build molecules of unlimited size by 

covalently bonding to itself and to many other elements. The polyhedral boron clusters 

exhibit  an astonishing variety  of stable  structures.  They were discovered in  the early 

1900s  by  Alfred  Stock  and  coworkers.21 A  century  later,  the  chemistry  of  boron 

polyhedral  clusters  is  still  unfolding  and these  clusters  are  gaining  in  importance  as 

hydrophobic  pharmacores.22,23 Several  prominent  examples  include  their  use in  boron 

neutron  capture  therapy  (BNCT)  of  cancer  24,25,  as  estrogen  receptor  agonists  and 

antagonists 26 or HIV-1 protease inhibitors18. The properties which make carboranes such 

suitable entities for drug design are their hydrophobicity, geometry, stability, resistance to 

catabolism and negative charge delocalized over their surface.22 

  A broad spectrum of these boron compounds can be divided into a number of 

groups.  The  first  one  comprises  closo-BnHn
2- (n=5-12)  dianions  (the  prefix  closo 

designates  polyhedra  having  only  triangular  faces).  In  analogous  groups  of  neutral 

C2Bn-2Hn and  anionic  CBn-1Hn
- closo-carboranes  one  or  more  BH  units  are  formally 

replaced  by  isoelectronic  CH+ units.  In  addition,  the  groups  of  nido-  and  arachno-  

boranes and carboranes are formally formed by addition of one or two electron pairs, 

which is reflected in the elimination of skeletal  edges (one or two edges to be taken 

away).  These smaller  skeletons can represent building blocks of bigger heteroboranes 

including polyhedral metallacarborane compounds (MCB). The synthesis  of the MCB 

was reported in 1960s for the first time,  27 and the chemistry of COSAN is one of the 

most elaborated in the metallacarborane chemistry now.28

The group of MCBs includes COSAN, which is the parental compound of PIs. 

The COSAN molecule  occurs in three rotational  isomers differing in the positions of 

carbon atoms in the two dicarbollide cages. These rotamers are called  transoid, gauche 

7



and cisoid and are characterized by a dihedral angle θ (between the atoms 1-10-3-2', see 

Fig. 3) of 180, 108 and 36º, respectively. 29 Quantum chemical calculations have revealed 

that  i) the  transoid and  gauche rotamers are by approximately 3 kcal/mol more stable 

than the cisoid arrangement in vacuo and ii) the rotamers are separated by small energy 

barriers of about 2–3 kcal/mol, which makes a facile rotation along the 10-Co-30 axis 

possible.29

1.5 Dihydrogen Bonds
The  hydrogen  bonding  is  one  of  the  most  important  terms  of  noncovalent 

interactions. A hydrogen bond (X-H…Y) occurs when the hydrogen atom is covalently 

bonded to an electronegative atom (X) and simultaneously to a second electronegative 

atom (Y),  which  is  possessing  surplus  of  electron  (proton  acceptor).  Surprisingly,  a 

number of metal-hydrogen bonds, M-H, are able to act as acceptors 30 and to form A-H…

H-M hydrogen bonds with strengths comparable to those of classical lone pair hydrogen 

bonds.  These  dihydrogen  bonds,  also  called  proton-hydride  bonds,  generally  occur 

between a positively charged hydrogen of a proton donor A-H (A=N,O,S,C, halogen) and 

a negatively charged hydrogen of M-H proton acceptor (M=electropositive atom, such as 

B, alkali or transition metal)31,32. In case of borane interactions, N-H...H-B,33 C-H...H-B34 

as well as S-H...H-B  35dihydrogen bonds were found. They are characterized by short 

hydrogen-hydrogen contacts in the range of 1.7-2.2 Å and surprisingly large stabilization 

energies  of  6.1-7.6  kcal/mol  per  interaction.33 The  main  stabilization  of  dihydrogen 

bonding originates in the electrostatic interaction between oppositely charged hydrogens. 
31 Other energy terms, like dispersion and induction, are, however, important as well.36 
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2 System Studied
2.1 Complexes of (CB11H12)- with Amino Acids

In the first part of the work, we study the interaction of (CB11H12)- with building 

blocks of biomolecules in vacuo using molecular dynamics with an empirical (molecular 

mechanics) potential, and also with more accurate correlated ab initio quantum chemical 

methods. The biomolecules are represented by selected amino acids belonging to main 

classes: small (glycine, GLY), polar (serine, SER), aromatic (phenylalanine, PHE), acidic 

(glutamic acid, GLU) and basic (lysine, LYS and arginine, ARG). All the amino acids are 

considered in unionized form, i.e. they are terminated by NH2 and COOH groups, and the 

side chains are set neutral. Moreover, interactions with the peptide bond of the GLY-SER 

dipeptide and a nucleic acids building block (guanine) are investigated. 

2.2 Metallacarborane Complexes with the A-G-A-A Tetrapeptide
In  the  second  part,  we  consider  several  series  of  substituted  metal 

bis(dicarbollides) (Fig. 3). We study in detail carborane-peptide interactions in a single 

binding motif and analyse the effect of substitutions on the interactions. We make use of 

the  Ala-Gly-Ala-Ala  tetrapeptide  which  was  found in  the  HIV PR active  site  in  the 

crystallographic structure of HIV PR-COSAN complex. The peptide contains both C-H 

and N-H functional groups suitable for interactions with metallacarboranes and is also 

long enough to interact with all parts of the studied metallacarboranes.

We  start  with  cobalt  bis(dicarbollide)  anion  [3,3’-Co  (1,2-C2B9H11)2]- (cobalt 

sandwich, COSAN) (Fig. 3), which is the parental compound of HIV PR inhibitors. Next, 

we explore its isomorphous derivatives with the Co3+ cation replaced by Fe3+ (FESAN) 

and Ni3+ (NISAN) to deal with metallacarboranes of the same total charge. However, in 

order to see influence of different  total  charges of sandwiches of the same molecular 

shape as COSAN exhibits, we exchange the metal ion on a single vertex (common for 

two condensed icosahedra) by Fe2+ and Ni4+ cations.

In order to see influence of exo-substitutions  we considered fluoro (F),  amino 

(NH2) and hydroxo (OH) derivatives of [3,3’-M (1,2-C2B9H11)2]n (M/n = Fe/2-, Co/1-, Ni/
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0)  metallacarboranes.  We  consider  positions  that  are  the  most  easily  available  for 

synthetic substitutions, i.e. positions 8, 9, 12.

2.3 Crystal Structure of HIV-1 Protease-COSAN Complex 
In the  third part of this work, we study the X-ray structure of HIV PR-COSAN 

complex  (pdb  code:1ZTZ).  This  X-ray  structure  showed  a  novel,  nonsymmetrical, 

binding mode of two molecules of COSAN (labelled Cb1 and Cb2) into two hydrophobic 

pockets  of  the  PR active-site  cavity  (Fig.  4).  The  binding  sites  were  formed  by  the 

“lower” part of the flaps (residues 47 to 54) and the 80s loop (residues 80 to 84) of the 

PR. Such a binding mode prevented the obligatory closure of the flaps as is usual with 

conventional PIs11 and locked instead the flaps of PR in the semi-open conformation, 

typical for unliganded PR. 37 Another interesting feature of the crystal structure was the 

appearance of electron density maps in the “lower“ part of the active site cavity, “below“ 

the two molecules of COSAN. A tetrapeptide representing a product of an autocatalytic 

cleavage of PR was modelled into these maps in accord with previous observations (pdb 

code 1SP5). 

A unique feature of the X-ray structure of COSAN bound to HIV PR is that it 

crystallized as a PR tetramer complexed with four molecules of COSAN (Fig. 4).  We 

made use of PR tetramer in our calculations due to the numerous contacts between the 

two PR dimers as well as the four COSAN molecules.

The quantum part for the QM/MM calculations of rotation profiles of COSAN in 

PR comprised: i) for rotation of Cb1 it included Cb2, Cb2' (from the symmetrical PR 

dimer), Na50, Na128, Wat142, Ile47, Gly48, Ile54, Pro81, Ile84, Ile50' and Pro180', i.e.  

232 atoms  altogether  and ii)  for  rotation  of  Cb2 it  included  Cb2',  Cb1,  Cb1',  Na50, 

Na128, Gly147, Pro180, Gly49',  Gly149' and Ile150',  i.e.  243 atoms altogether. These 

QM regions are quite large and are at the limit of current computational power.

The MM part was formed by the rest of the HIV PR tetramer and was further 

divided into the inner moving part (residues within 5 Å of the COSAN molecules,  i.e. 

altogether 1100 moveable atoms.

For better  comparison and faster  convergence,  we restrained the B10 and B30 

atoms of COSAN molecules (i.e. the axes) as well as the counterions Na+50 and Na+128. 
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To evaluate  the rotational  profile  of COSAN molecules  in the complex  with PR, the 

dicarbollides of COSAN molecules are rotated along the 10-Co-30 axis. The 1-4-24-28 

(carbon atom numbers)  transoid rotamer of Cb1 and the 1-2-27-28 transoid rotamer of 

Cb2  were  chosen  as  starting  rotamers  for  the  nomenclature  of  rotamers  of  COSAN 

molecules (Fig. 4C), and they are designated as 0/0 (degrees) in the following text. The 

rotamer of Cb1 designated +X/+Y corresponds to such a rotamer of Cb1, whose 1-10 

dicarbollide is rotated about X degrees and 21-30 dicarbollide is rotated about Y degrees 

(the  direction  of  the  rotation  is  shown  in  Fig.  4c).  Similarly,  the  rotamer  of  Cb2 

designated  +X/+Y  corresponds  to  such  a  rotamer  of  Cb2,  whose  1-10  and  21-30 

dicarbollides are rotated about X and Y degrees, respectively.
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Figure 4 The first ever X-ray structure of HIV-1 protease–metallacarborane complex. A) 
The  overall  view  of  two  symmetrical  head-to-head  PR  dimers  (1:  blue-and-cyan 
monomers complexed to black COSAN molecules, 2: orange-and-pale-orange monomers 
complexed to gray COSAN molecules). 
 
A)
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B) The cavity  of  the  PR tetramer  with  the  four  molecules  of  COSAN bound.  Color 
coding: purple – boron, black – carbon, cyan – cobalt,  blue spheres – Na+50/128 (the 
latter  is  eclipsed  by  the  former),  red  spheres  –  Wat143/143’,  gray  sticks  –  peptidic 
product. Hydrogen atoms are not shown.
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C) QM parts for the calculations of QM/MM rotational profiles. The metallacarborane 
atom  numbering  corresponds  to  the  PR-COSAN  crystal  structure  (pdb  code  1ZTZ). 
Starting 0/0 transoid rotamers of Cb1 and Cb2 are shown. Hydrogen atoms of COSAN 
are omitted for the sake of clarity.  Color coding for COSAN: purple – boron, black – 
carbon,  cyan – cobalt,  blue spheres – Na+-50/128.  Color coding for the amino acids: 
green – carbon, blue – nitrogen, red – oxygen, white – hydrogen. 
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2.4 Metallacarborane Inhibitors of Drug-Resistant HIV Protease
In the fourth part of the thesis, we study the X-ray structure of HIV PR-COSAN 

complex  as  well.  In  contrast  to  the  previous  part,  in  which  whole  HIV  PR  was 

considered,  only parts of active-site PR residues defined by a cutoff distance of 5.5 Å 

from the B30 atom of  the  Cb2 molecule  of  COSAN were considered.  This  criterion 

included parts  of PR amino acids  residues Val32,  Ile47,  Gly48,  Gly49,  Ile54,  Thr80, 

Pro81, Val82,  Ile84,  Ile47’,  Gly48’,  Thr80’,  Pro81’,  Ile84’,  together  with the peptide 

found in the active site, and three structural water molecules. The model for the resistant 

variant was created by replacing the Cγ2 atoms of Val82/Val82‘ by Oγ1, followed by 

deleting  Cδ methyls  from residues  Ile84/Ile84‘  and subsequent  protonation.  Quantum 

chemical optimizations of the active-site models were performed for the whole model 

except anchoring atoms of the resistant PR variant-COSAN complex

2.5 Crystal Structure of HIV-1 Protease-GB80 Complex 
In the fifth part of this thesis, we study crystal structure of wild-type HIV-1 PR 

inhibited  by  compound  GB-80.   We  have  searched  for  possible  and  energetically 

favorable conformations of the linker connecting two cobaltacarborane cages of GB-80 in 

the enzyme cavity, since no continuous map for model linker occupying HIV PR dimer 

was observed. 

Comparison of HIV PR-GB80 complex with previously determined structure of 

the  HIV  PR-COSAN  complex  reveals  the  overall  similar  binding  mode  but  also 

uncovered numerous differences in protein-inhibitor interactions. In the both structures, 

the metallacarborane cages occupy hydrophobic pocket which is formed by the “lower” 

part of the flaps (residues 47 to 54) and the 80s loop (residues 80 to 84) of the PR. While 

in HIVPR-COSAN complex structure shows asymmetric binding of two cages into two 

symmetrical binding sites in enzyme dimer, in HIV PR-GB80 complex the two cages of 

GB80 occupies the binding sites symmetrically (Figure 5). The symmetry in binding of 

two cages of GB80 into symmetric protease dimer is also reflected in higher symmetry of 

HIV PR-GB80 crystals (C2 vs. C222).

Our model, based on the PR/GB-80 crystal structure, comprises two symmetry-

related PR dimers each with two metallacarborane cages bound. This choice is based on 
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similarities with the PR/COSAN complex and thus similar reasons for choosing a suitable 

computational model (Appendex D). Following also the reasoning of appendex D, two or 

four sodium counterions (Na1/1' or Wat1/1' and Na121/121') were included in the model. 

Separate sets of calculations were performed for: i) Na1/1' and ii) Wat1/1'. The linker was 

modeled in order to connect two metal bis(dicarbollide) cages in their crystallographic 

positions within (figure 5).

In MD simulations, we restrained the whole PR (force constant of 500 kcal/mol), 

all counterions and oxygen atoms of explicit water molecules (force constant of 75 kcal/

mol), and also boron atoms on the axes of metal bis(dicarbollides) – eight boron atoms 

were restrained altogether (force constant of 500 kcal/mol).  Since the complex is open to 

solvent (unlike COSAN-PR complex) we employed generalized Born solvent model.38 

All the structures obtained by the MD/MM procedure were further investigated by use of 

QM/MM. In the studied system, the QM part consists of one GB80 molecule and sodium 

counterions in positions 121 and 121', i.e. 119 atoms altogether. Consequently, there is no 

covalent bond crossing the boundary of the QM region (unlike COSAN-PR complex). To 

be  able  to  compare  energies  of  single  conformers  of  the  inhibitor  in  the  QM/MM 

calculations, we restrained not only the PR, counterions, oxygen of water molecules and 

boron atoms on the axes of the cages, but also the GB80 molecule of the other PR dimer. 
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Figure 5  a)The overall view of the HIV PR-GB80 dimer complex. Two cobaltacarborane cages 
of GB80 are symmetrically bound to HIV PR. The linker connecting cobaltcarborane cages is not 
shown. b) and c): The bonding of cobalt bis(dicarbollides) of GB80 with the linker.   
a)

b)     c)
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3 Methods
3.1 Molecular Dynamics/Quenching (MD/Q) 

Due to the complexity of the potential energy surfaces of molecular complexes, 

we have used the molecular dynamics (MD) simulations combined with the quenching 

(Q) technique to explore PESs of given complexes.39 MD/Q is, in fact, a combination of 

molecular dynamics and energy minimization. MD/Q simulations were carried out using 

two  different  empirical  potentials.  First,  we  employed  Universal  Force  Field  (UFF) 

potential 40 within the TINK program41 to explore the PES of the complexes of (CB11H12)- 

with building block of biomolecules (i.e. no water was considered). UFF is a simple force 

field, on the other hand it has the advantage of having parameters for the full periodic 

table.   These  MD simulations  were  performed  at  temperature  of  800  K  with  1.3  fs 

integration step. Structures were collected every 0.33 ps, and the total simulation time 

was 10 ns. Partial atomic charges were obtained by using restrained fit to the electrostatic 

potential (RESP) 42 at the B3LYP/cc-pVTZ level.

Second, we used AMBER8 package to obtain possible conformers of GB80 in the 

GB80-PR complex (continuous water model was considered).  43 Force-field parameters 

used for PR were from ff99 force field,44 while those for GB80 were calculated by use of 

QM. Partial charges for atoms of GB80 were obtained by using RESP at the B3LYP/cc-

pVTZ level. The ff99 force field is known to provide good results for proteins and for 

“general” organic and bioorganic systems. Structures were collected every 100 ps, and 

the total simulation time was 2 ns. We applied 0.5 fs integration step and a generalized 

Born solvent model of Hawkins, Cramer and Truhlar 38 at a temperature of 500 K. All the 

obtained structures were optimized using MM by the conjugate gradient method in both 

cases. 

3.2  Comparison  of  Hydration  Gibbs  Free  Energies  Determined  by 

Gibbs Energy Perturbation, Continuous and Hybrid Approach
Contemporary computational chemistry is a very powerful tool in investigating 

the  properties  of  molecules  in  the  gas  phase.  The  study of  chemical  systems  in  the 

condensed phase, which is more biologically relevant, is, however, far more difficult. We 

compared  several  theoretical  procedures  for  determining  of  hydration  Gibbs  energies 
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(ΔGHYD) ,i.e. molecular dynamics (MD) – thermodynamical integration (TI), continuous 

and hybrid approaches. The aim of the comparison is to investigate the reliability of bare/

hybrid methods for biosystems. This comparative study was performed on nucleic acid 

(NA)  bases  –  adenine,  cytosine,  guanine,  thymine,  uracil,  isoguanine.  We  take  into 

account both accuracy and time dependence of the methods.  

First  and  the  “most  standard”  method  of  this  comparison  –  thermodynamical 

integration (TI) is based on molecular dynamics (MD), and deals with a large number of 

explicit water molecules. However, averaging a large number of configurations (sampling 

of the phase space) is very time-demanding. Moreover, only the empirical potential (force 

field) is reliable at the moment.

The second method of this comparative study – COSMO (C-PCM)  describes the 

effect of an infinite number of hydration shells easily by permitivity, but only under the 

assumption  that  the  system  does  not  exhibit  specific  hydration  (i.e.,  one  or  a  small 

number of water molecules tightly bind to the system and affect its properties).  

The  last  tested  method  –  the  hybrid/discrete  model  combines  both  previous 

approaches by incorporating explicit hydration into continuous methods. Combining both 

approaches  might  put  together  advantages  of  both  previous  approaches,  i.e. it  could 

account for important QM effects such as electron and charge transfers or polarization, 

and  simultaneously  consider  the  specific  electrostatic  effects  of  most  strongly  bound 

water molecules.

Thermodynamic intergation  (TI).  We used our own implementation of the TI 

method into the GROMACS molecular modeling package.45 Soft core potential scaling 

was used systematically. All other details of the simulations have been presented in the 

previous studies of our group.46-48

Self-consistent reaction field – continuum and hybrid approaches. Bulk water was 

modeled  with  a  continuum  model  based  on  the  C-PCM  (COSMO)  methodology 

implemented in GAUSSIAN 03. The cavity was described by UAHF radii (United Atoms 

radii optimized for HF/6-31G* level of theory).  In the case of the hybrid method, the 

solvation-first-shell effect was approximated by considering one explicit water molecule. 

The MD/quenching technique was utilized for determination of hydration positions. We 

chose  gas-phase  Gibbs  energies  of  the  cluster  formation  (∆GFORM)  of  the  base-water 
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complex as a criterion for specific  hydration.  ∆GFORM  were calculated  at  the MP2/cc-

pVDZ level using the rigid rotor harmonic oscillator ideal gas approximation, and we 

considered only the structure with the largest gas-phase ∆GFORM (the most populated one). 

The  hydration  of  a  base  is  considered  to  be  specific  if  the  value  of  ∆GFORM  of  the 

complex is by 1 kcal/mol (or more) smaller than that of the water dimer (∆GFORM(base-

H2O) +1 ≤ ∆GFORM (H2O-H2O)); i.e. formation Gibbs energy of the base-water cluster is 

more favourable than that of the water dimer. When this criterion is fulfilled, the value of 

∆GHYD is obtained as a sum of ∆GHYD
COSMO (the base-H2O complex) and ∆E (the base-H2O 

complex, at the RI-MP2/TZVPP level with the inclusion of a basis set superposition error 

and deformation energy).  Finally,  the COSMO hydration Gibbs energy of an isolated 

water  molecule  ∆GHYD
COSMO (H2O)  is  subtracted;  if  the  criterion  is  not  fulfilled,  the 

hydration is not considered and ∆GHYD is equal to  ∆GHYD
COSMO of a bare base. All other 

detail of the continuous and hybrid approach are presented in the appendix X. 

Graph  1  shows  relative hydration  Gibbs  energies  for  various  tautomers  of 

adenine,  cytosine,  guanine,  thymine,  uracil  and  isoguanine.  Different  tautomers  of 

nucleic acid bases are obtained when considering different positions of hydrogen around 

the base. Figures 6 and 7 present the most stable structures for various monohydrated 

tautomers. 

Adenine.  The continuum model gives similar relative results as the TI method. 

Only for the a79l tautomer is the COSMO value considerably smaller (by 6.6 kcal/mol). 

When the hybrid model is adopted, the gap between TI and COSMO hybrid results for 

the a79l tautomer becomes smaller (2.7 kcal/mol). Even so, the absolute average error 

(AAE) decreases only slightly (from 1.8 to 1.7 kcal/mol; cf  Graph 2).

Cytosine. A continuum model gave similar relative results and the only difference 

concerned the c2a tautomer, which was the second most hydrated one in the TI series and 

the least hydrated one in the COSMO series.  However, the difference between the TI and 

COSMO results for this tautomer was only 2.8 kcal/mol. Application of the hybrid model 

decreases the difference between the COSMO and TI results for this tautomer slightly (a 

difference of  2.5 kcal/mol) and also decreases the AAE(1.1 vs 1.3 kcal/mol; cf. Graph 2). 
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Guanine.  Although the absolute values obtained by the TI and COSMO methods 

differ considerably (as much as 20 kcal/mol, and AAE of 9.1 kcal/mol), qualitative values 

are similar. Use of the hybrid model does not lower the AAE significantly (an AAE of 

8.2 kcal/mol; cf. Graph 2)

Thymine.  The continuum model  and TI  give  slightly  different  results  for  the 

t3o2l,  t2lo4r  and  to2lo4r  tautomers  (a  difference  of  3.2,  2.9  and  2.6  kcal/mol, 

respectively). When using the hybrid model the differences are even bigger (5.0, 2.9 and 

3.5 kcal/mol, respectively). 

Uracil.    The COSMO values are in a good agreement with the TI ones, and the 

AAE of the COSMO method was only 1.1 kcal/mol. The only difference concerns the 

u3o2l  tautomer  (a  difference  of  2.2  kcal/mol).  The  hybrid  model  does  not  shift  the 

COSMO results closer to the TI results and the AAE increases slightly (an AAE of 1.5 

kcal/mol).

Isoguanine. The  COSMO  values  are  close  to  the  TI  ones  and  the  biggest 

difference concerns the c37 tautomer (a difference of 4.4 kcal/mol). Use of hybrid models 

does not bring the COSMO results closer to the TI ones.
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Graph 1. Relative hydration Gibbs energies of the tautomer studied. A) adenine, b) cytosine, c) 
guanine, d) thymine, e) uracil, g) isoguanine . The most stable structures of the monohydrated 
tautomers are shown in Figures 6 and 7. 
a)

b)
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Graph 2. The absolute average error (AAE) of the hydration Gibbs free energies obtained by 
COSMO and the hybrid model compared with the MD-TI (kcal/mol)
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Figure 6  The most populated structures of each monohydrated adenine, cytosine and 
guanine tautomers optimized at the MP2/cc-pVDZ level of theory.
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Figure 7  The most populated structure of monohydrated thymine, uracil and isoguanine 
tautomers optimized at the MP2/cc-pVDZ level of theory.
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To sum up,  the  hybrid  model  gives  better  results  than  the  bare  COSMO for 

adenine, cytosine and guanine, while for thymine, uracil and isoguanine the opposite is 

true. It can, thus, be concluded that introduction of specific hydration, which is physically 

fully adequate, does not bring any significant improvement over bare COSMO. Both the 

continuous methods are in a good agreement with the MD-TI method. Differences are 

small and the use of both models can be recommended.    

3.3 Quantum Chemical Calculations
 For  the  gradient  optimisation,  we  used  the  DFT  method  augmented  by 

empirically  parameterised  dispersion correction  (D).  We applied  the resolution  of  the 

identity (RI) approximation to the DFT method combined with the TPSS functional and 

SVP (3s2p1d/2s1p)  basis  set.  Interaction  energies  of  all  the  studied  complexes  were 

determined using the RI-DFT-D methodology at  the TPSS/TZVP level.  The basis  set 

extension effect was neglected, because the basis set superposition error is negligible in 

the present method.  Corrections  for the deformation energy,  i.e. the relaxation  of the 

interacting peptides (carboranes are rigid), were included. The RI-DFT-D method yields 

accurate  interaction  energies  and  geometries,  which  is  due  to  the  procedure  of 

parameterization. RI-DFT-D interaction energies were parameterized using the data set 

(set S22)  49 from our laboratory based on 22 different complexes, of which interaction 

energies  were  determined  at  the  CCSD(T)/complete  basis  set  (CBS)  limit  level.  The 

method can also be used for other  molecules  than those of the original  set,  with the 

results  being  well  comparable  with  CCSD(T)/CBS  values.  These  calculations  were 

performed using Turbomole 5.8.50

Hydration  free energies  were calculating  using the COSMO (C-PCM) implicit 

solvent model  implemented in the Gaussian03 code.  51 The recommended HF/6-31G* 

level combined with the united atom radii (UAHF) model was used.

3.4 QM/MM
 We performed the QM/MM calculation by the QM/MM code developed in our 

laboratory. It acts as an interface between Turbomole package 50 that is called to do the 

QM  calculations  as  well  as  geometry  optimizations,  our  code  used  to  calculate  the 
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dispersion correction and AMBER package 43 used for MM calculations. Sander module 

of AMBER 7 package was modified to write out gradients.

The QM/MM coupling is based on the ONIOM model developed by Morokuma 
52,53.  It  is  subtractive  scheme,  where  the  total  property  of  the  system, i.e. energy,  is 

expressed as

EQM/MM(system) = EMM(system) – EMM(QM region) + EQM(QM region)

where EMM denotes energy calculated at the MM level and EQM denotes energy 

from QM calculation, corrected for dispersion.

Electrostatic interaction across the boundary of the QM region is treated within 

the QM calculation, which is polarized by point charges at the positions of MM atoms. 

The charges are taken from the force field. 

The QM region was treated with DFT-D. We applied the resolution of the identity 

(RI)  approximation  54 to  the  DFT  method  with  the  TPSS  functional  and  SVP 

(3s2p1d/2s1p) basis set.    

Covalent bonds crossing boundary of the QM regions are capped by hydrogen 

link atoms at positions fixed along the original bond, as described in the original paper 52. 

Scaling factor which determines length of the new C-H bond was derived from bond 

lengths in used MM forcefield and is in perfect agreement with the length from DFT-D 

calculation.

To improve efficiency of geometry optimization, we implemented microiteration 

algorithm (see, for example 55) to reduce required number of QM calculations. The outer 

MM layer is fully optimized prior to each step of optimization of the QM region, which is 

then optimized in the field created by the MM region. Dimensionality of the geometry 

optimization  of  QM region is  thus  reduced and convergence can be achieved in  less 

cycles.  MM  region  is  optimized  using  conjugated  gradients  algorithm,  use  of  more 

sophisticated algorithm would be more time-consuming than the MM calculation itself. 

On the contrary, QM region is optimized using high-level BFGS algorithm implemented 

in RELAX module of Turbomole package. 50
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4 Results and Discussion
4.1 Complexes of (CB11H12)-

First, we investigated potential energy surfaces (PES) of complexes in question by 

the MD/Q technique. All the structures obtained by the MD/Q procedure were further 

investigated by DFT-D and, subsequently, the most stable structures were reoptimized by 

using  RI-DFT-D  method  (for  more  details  see  part  Methods  3.3).  The  most  stable 

structures of carborane-biomolecule complexes obtained are shown in Fig. 8. Dihydrogen 

bonds  with  an  H...H  distance  shorter  than  2.3  Å are  marked  in  Fig  8.  Obviously, 

carborane interacts with biomolecules via formation of dihydrogen bonds, and no other 

binding  motif  is  present.  Formation  of  dihydrogen  bonds  is  enabled  by  the  negative 

charge located on the boron-bond hydrogens (see Table 1). Figure 8 also shows that the 

(CB11H12)-   cage  forms  dihydrogen  bonds  preferably  with  B-H  groups  of  its  lower 

hemisphere  (B7-B12).  This  is  possible  due  to  the  fact  that  the  most  negative  partial 

charges are located on the hydrogen atoms of the lower hemisphere (Tab 1). A detailed 

analysis  of  geometry of  the complexes  is  presented in  Appendix A. Another  type  of 

interaction was found only in cases of C-H(carborane)…Y hydrogen bonded complexes. 

These complexes are, however, considerably less stable.   
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Figure 8. The most stable structures of carborane interacting with (a) ARG, (b) GLY-SER, (c) 
PHE, (d) LYS, (e) guanine, (f) GLY, (g) SER and (h) GLU. 

a)                                                                  b)

c) d)
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e)                                f)

g) h)
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molecule a atom q(RESP)
B3LYP/cc-pVTZ

(CB11H12)
- C (1) 0.00

B (2-6) 0.03
B (7-11) 0.05
B (12) 0.04
H (1) 0.08

H (2-6) -0.13
H (7-11) -0.15
H (12) -0.15

Table 1 Partial atomic charges q (in e-) of the (CB11H12)-  molecule.

Graph 3 shows the interaction energies of (CB11H12)- with amino acids and with 

guanine. The total stabilization energies of the complexes are rather large (between 16 

and 24 kcal/mol). The carborane complex wit ARG has three dihydrogen bonds (Fig 8), 

and average bond strength is 7.96 kcal/mol. Dihydrogen bonds in complexes of carborane 

with GLY-SER, LYS, guanine and GLY have similar strength per interaction (8.15, 6.84, 

6.13, 8.13 kcal/mol). Smaller values per dihydrogen bond for carborane bound to SER 

and GLU (5.47 and 3.93 kcal/mol) were caused by large penalties due to deformation 

energies. It seems that a suitable geometric arrangement of the interacting amino acids 

plays an important role in the strength of dihydrogen bonds.

The carborane…PHE complex exhibits rather large stabilization energy (18.39 kcal/mol) 

despite the existence of only one dihydrogen bond. This is due to the fact that only one 

dihydrogen  bond  meets  the  above  mentioned  distance  criteria  (dHH <  2.3  Å);  four 

additional dihydrogen bonds are, however, only 0.1 Å farther apart. Taking into account 

all five dihydrogen contacts in the carborane…PHE complex, we get an average of 3.78 

kcal/mol per interaction, which is within the obtained range of dihydrogen bond energies. 

An average strength in the range of 4-8 kcal/mol is in agreement with previously found 

interactions strengths. 33
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Graph  3 Interaction energies of the carborane cage (CB11H12)- with building blocks of 

biomolecules.
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Structure ΔE [kcal/mol]
FESAN -2…A-G-A-A -30.9
FESAN -1…A-G-A-A -23.0
COSAN -1…A-G-A-A -24.8
NISAN -1…A-G-A-A -25.4
NISAN 0 …A-G-A-A -15.0

4.2 Metallacarborane Complexes with the A-G-A-A Tetrapeptide
Vacuum interaction  energies  of  the metallacarborane  complexes  with the Ala-

Gly-Ala-Ala  tetrapeptide  are  shown  in  Table  2.  Interaction  energies  of  the 

metallacarboranes with the same total charge and various central metal ions (Co3+, Fe3+ 

and Ni3+) [COSAN, FESAN and NISAN]- are comparable (within a 2.5 kcal/mol range). 

An increase of the negative total charge (from -1 to -2) leads to more negative partial 

atomic charges on hydrogen atoms (Table 3) and results in an increase in stabilisation 

energy by about 5 kcal/mol, whereas a decrease of the negative charge (from -1 to 0) 

leads to less negative partial atomic charges and is accompanied by a stabilisation-energy 

decrease by about 9 kcal/mol. This result is consistent with our previous findings of the 

preferred (i.e. the strongest) interactions between the most negative hydrogen atom of 1-

carba-closo-dodecarborane and amino acids (see part 4.1, above)

  

Table 2 Vacuum interaction energies (ΔE) of matallacarboranes with the dipeptide.
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Atom M
Fe2+ Co3+ Fe3+ Ni3+ Ni4+

M (3) 0.08 0.06 0.03 0.07 0.06
C(1,2) 0.04 0.02 0.02 0.01 -0.03
B(4,7) 0.03 0.02 0.01 0.02 0.02
B(8) 0.02 0.01 0.01 0.00 -0.05
B(5,11) 0.05 0.04 0.04 0.05 0.02
B(6) 0.05 0.00 0.01 0.00 0.01
B(9,12) 0.05 0.03 0.03 0.00 0.01
B(10) 0.05 0.07 0.06 0.07 0.08
H(1,2) 0.05 0.10 0.10 0.10 0.12
H(4,7) -0.16 -0.10 -0.10 -0.10 -0.05
H(8) -0.20 -0.14 -0.12 -0.13 -0.06
H(5,11) -0.17 -0.11 -0.10 -0.10 -0.05
H(6) -0.15 -0.09 -0.09 -0.09 -0.04
H(9,12) -0.19 -0.13 -0.13 -0.12 -0.07
H(10) -0.18 -0.12 -0.12 -0.12 -0.07

Table  3  Partial  atomic  charges  (in  e-)  of  metallacarboranes  obtained  using  the  RESP 
methodology. The atom numbering corresponds to Fig. 3.

Vacuum  interaction  energies  between  the  tetrapeptide  and  the  hexa-exo-

substituted metallacarboranes are shown in Graph 4. The substitution of 6 hydrogens by 6 

fluorines does not change the geometry of the complex. Stabilisation energy differences 

of NISAN, COSAN and FESAN complexes amount to 8.2, 2.7 and 7.0 kcal/mol, and the 

difference  in  the  values  is  caused  by  the  changes  in  the  electron  distributions  in 

carboranes.  The  exo-substitutions  by  OH  or  NH2 groups  cause  a  larger  increase  in 

interaction energies and a change of the geometry of the complex, which is due to greater 

geometrical requirements of the hydroxo and amino groups as well as their ability to form 

classical hydrogen bonds (cf. Appendix B). 
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Graph 4. Interaction energies of exo-substituted (X= F, OH and NH2) metallacerboranes with the 
Ala-Gly-Ala-Ala tetrapeptide. Substitutions take place at positions 8, 9 and 12.

Hydration free energies

The hydration free energies of the heteroboranes in question differ considerably 

(Table 4). Obviously, hydration free energies depend on the total charge, and thus equally 

charged heteroboranes have similar hydration free energies. The anionic FESAN-2 and 

hexa-exo-substituted FESAN-2 molecules exhibit high hydration free energy (-115.7 and 

-148.1  kcal/mol,  respectively),  whereas  the  neutral  heteroboranes  have  positive 
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Structure ΔGsolv (kcal/mol)

[FESAN-(OH)3]2- -148.14

FESAN -2 -115.7
[COSAN-(OH)3]- -55.77

FESAN -1 -19.4
COSAN -1 -17.9
NISAN -1 -17.9

[NISAN-(OH)3]0 -5.63

(unfavourable)  hydration  free  energies.  Comparing  components  of  the  hydration  free 

energies,  we  see  that  the  difference  is  of  electrostatic  origin,  while  the  total  non-

electrostatic energy (i.e. cavitation, dispersion and repulsion energies) is almost constant. 

The changes in the values of hydration free energies counteract the trends found for the 

interaction energies with the tetrapeptide, and therefore a delicate balance between these 

two energy components will contribute to overall binding energies of heteroboranes to 

biomolecules.

Table 4 Hydration free energies (ΔGsolv) in kcal/mol
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4.3 Crystal Structure of HIV-1 PR-COSAN 
In this part,  we aim at delineating the favorable positions for carbon atoms in 

metallacarborane cages complexed to HIV-1 PR and thus creating the basis for future 

calculations of interaction energies. First, it is necessary to decide whether Wat50/128 are 

water molecules or rather Na+ counterions. QM calculations of the interaction energies 

between the pairs of metallacarborane cages in positions similar to crystal show rather 

large repulsion of 13–27 kcal/mol (for a dielectric constant of 4). This is caused by the 

closely positioned negatively charged surfaces of the COSAN molecules. The calculated 

repulsion is as high as the estimated stabilization energy between the COSAN molecules 

and HIV-1 PR (estimation based on simple model systems, Appendix A). By combining 

these results  with the specific properties of the crystal  positions 50 and 128 (twofold 

crystallographic  axis  and  thus  half  occupancy),  the  positions  can  be  assumed  to  be 

occupied mostly by Na+ counterions and thus counterbalance the repulsion of COSAN 

molecules.

Positions of carbon atoms in metallacarborane cages 
The binding pockets for the individual COSAN molecules (Cb1 and Cb2) are not 

contiguous and form ~ 500 atoms in total. The rotational profiles of Cb1 and Cb2 are 

therefore  treated  separately.  The energy profiles  for  the  rotation  of  a  single  COSAN 

molecule (Cb1 or Cb2) in its PR surroundings are calculated, whereas the other three 

COSAN molecules  are  set  in  a  specified  rotamer  combination.  As it  is  unfeasible  to 

evaluate  all  the  possible  rotamer  combinations  (~  4  ×  105 for  four  metallacarborane 

molecules), a possible dependence of individual rotational profiles is analyzed instead. 

The  most  stable  rotamer  combinations  are  obtained  by  considering  both  rotational 

profiles and their dependence.

Rotation profile of Cb1
Table 6 shows a full rotation profile of Cb1 calculated with the  gauche 0/+288 

rotamer in the Cb2 and Cb2’ positions and with the  gauche +72/0 rotamer in the Cb1’ 

position. The most stable rotamers of Cb1 are gauche +216°/+144° and transoid +144°/
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(1-10)/(21-30)-dicarbollide  0°  72°  144°  216°  288°
 0° 4.0 11.9 23.5 30.8 20.8
 72° 20.7 13.6 13.5 3.2 9.9

 144° 23.5 13.0 0.9 2.5 8.2
 216° 7.1 14.9 0.0 3.6 7.8
 288° 18.5 13.2 12.6 17.9 5.9

+144° (Table 5). The latter one is only 0.9 kcal/mol less stable and, thus, both rotamers 

are expected to be populated in the PR complex.

Additionaly, a group of rotamers of Cb1 has similar energy (gauche +144°/+216°, 

transoid +216°/+216° and cisoid +72/+216 rotamers with relative energies of 2.5, 3.6 and 

3.2 kcal/mol, respectively). These three rotamers can also occur in the studied complex 

but with lower occupancy. Except for the starting rotamer transoid 0/0 (a relative energy 

of  4.0  kcal/mol),  all  the  other  Cb1  rotamers  are  considerably  less  stable  and, 

consequently, are not predicted to be populated in the PR- COSAN complex studied. 

Table 5 A rotation profile of Cb1 (relative energies in kcal/mol) calculated with the gauche 
0/+288 rotamer in the Cb2 and Cb2’ positions and with the gauche +72/0 rotamer in the Cb1’ 
position. The nomenclature of rotamers corresponds to Fig 4c. 

Rotation profile of Cb2 
Table 7 shows the rotation profile of Cb2 calculated with the gauche +216/+144 

rotamer in the Cb1 and Cb1’ positions and with the gauche 0/+288 in the Cb2’ position. 

The most  stable  rotamer of Cb2 is  gauche +72/0.  Two Cb2 rotamers  of very similar 

energy are obtained by rotating the 21-30 dicarbollide (the  cisoid +72/+216 and  cisoid 

+72/+288 rotamers, a relative energy of 0.4 and 0.3 kcal/mol). A group of Cb2 rotamers 

with relative energies of 1.6–4.7 kcal/mol is obtained by rotating the 1-10 dicarbollide of 

the three most stable Cb2 rotamers by +/- 72 degrees (a group of  transoid 0/0,  cisoid 

0/+216,  cisoid 0/+288,  gauche +144/0,  gauche +144/+216  and  cisoid +144/+288 

rotamers). All the other Cb2 rotamers are considerably less stable and, as a result, are not 

expected to be populated in the PR- COSAN complex studied. 
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(1-10)/(21-30)-dicarbollide  0°  72°  144°  216°  288°
 0° 4.7 12.5 14.1 4.3 3.6
 72° 0.0 15.3 8.2 0.4 0.3

 144° 3.7 9.1 20.2 1.6 3.3
 216° 10.0 16.4 16.1 16.9 7.3
 288° 13.8 22.4 23.3 12.3 16.9

Table 6 A rotation profile of Cb2 (relative energies in kcal/mol) calculated with the gauche 
+216/+144 rotamers in the Cb1 and Cb1’ positions and with the gauche 0/+288 rotamer in the 
Cb2’ position. The nomenclature of rotamers corresponds to Fig 4c. 

Inter-dependence of the COSAN rotamers in the HIV PR-COSAN complex   
In  order  to  examine  the  reliability  of  the  calculated  rotational  profiles, the 

previously treated transoid rotamers of Cb2 and Cb1 were recalculated in the presence of 

different  rotamers  of  the  other  COSAN molecules  in  the  studied  complex  (for  more 

details  see Appendix D).  Several  series  of such rotamers  of COSAN molecules  were 

selected which greatly differ in energy (by as much as 20 kcal/mol) and whose carbon 

atoms are located on opposite sides of the cages. 

We  found  out  that  the  stability  of  Cb2  rotamers  is  predetermined  by  the 

surrounding PR and present counterions. Consequently, the most stable rotamers of Cb2 

that  were  determined  in  a  single  rotamer  combination  of  the  other  three  COSAN 

molecules (Table 6) are all the energetically allowed rotamers of Cb2.

Interestingly, Cb1 rotamers depend more on the rotamer combination of the other 

COSAN  molecules  and  are  less  predetermined  by  the  surrounding  PR  and  present 

counterions than Cb2 rotamers. Not to omit any possible rotamers of Cb1, the rotational 

profile of Cb1 was recalculated in the presence of the most stable rotamers of Cb2 and 

Cb2’ (the gauche +72/0 rotamer) (Table 7). Two noticeable differences were found when 

the results were compared to the earlier ones. The range of the relative energies of Cb1 

rotamers was reduced (14 kcal/mol  vs. 31 kcal/mol), and the Cb1 rotamers with upper 

dicarbollide in Position +72 (Tab.7, Second Column) became more stable. The transoid 

0/+72 Cb1 rotamer became the most stable rotamer of Cb1 and is hence expected to be 

populated in the complex studied. Because the presence of the other possible rotamers of 
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(1-10)/(21-30)-dicarbollide  0°  72°  144°  216°  288°
 0° 6.1 0.0 11.4 14.0 6.2
 72° 10.4 3.5 1.0 4.7 9.2

 144° 13.8 4.3 1.0 6.4 12.8
 216° 7.9 4.7 0.7 8.0 5.9
 288° 5.5 2.6 3.0 5.6 9.8

Cb2 might  cause  similar  changes  in  the  rotational  profile  of  Cb1,  none  of  the  Cb1 

rotamers of a relative energy up to 15 kcal/mol of Table 6 should be excluded as they 

could also be present in the studied PR-COSAN complex.

Table 7. A rotation profile of Cb1 (relative energies in kcal/mol)  calculated with the 
gauche +72/0 rotamer in the Cb2 and Cb2’ positions and with the gauche +72/0 rotamer in the 
Cb1’ position. The nomenclature of rotamers corresponds to Fig 4c. The most stable rotamer of 
Cb1 of this table is 12.4 kcal/mol more stable than the most stable rotamer of Table 5. 

Allowed and disfavored carbon atom position
By  combining  the  results  of  rotation-profile  calculations  and  their  inter-

dependence,  we analyzed the favorable and unfavorable positions for carbon atoms in 

COSAN molecules  in  the complex  with PR. Figure 9 shows the most  stable  rotamer 

combination ( gauche +72/0 Cb1/Cb1’ and gauche 0/+72 Cb2/Cb2’) of COSAN in PR as 

well  as  other  energetically  possible  arrangements.  A  considerable  effect  of  Na+ 

counterions  on  the  rotational  profiles  of  both  Cb1  and  Cb2 has  been  observed.  The 

structural consequence is that Positions 28 of Cb1 and 24 of Cb2 (the closest to the Na+ 

ions, Fig.9) are energetically forbidden to be occupied by carbon atoms in order to avoid 

a close positioning of two positive partial charges. 
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Figure 9 Energetically favorable and unfavorable positions for the carbon atoms of COSAN in 
complex with HIV-1 PR. The positions of carbon atoms for the most  stable rotamers  gauche 
+72/0 Cb1 and gauche 0/+72 Cb2 rotamers are in black, the other energetically allowed positions 
for carbon atoms are colored gray. Boron…Na+ distances in Ǻ (in parentheses toward the boron-
bound hydrogen). Hydrogen atoms of COSAN are omitted for the sake of clarity. Color coding: 
purple – boron, black or gray – carbon, cyan – cobalt, blue spheres – Na+50/128.
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4.4 Metallacarborane Inhibitors of Drug-Resistant HIV Protease
We searched for the difference in dihydrogen bonding between the wild-type and 

resistant PR variant COSAN complexes using the optimized active-site models.  Upon 

Val82Thr  and  Ile84Val  mutations,  the  dihydrogen  bond  between  Cb1  molecule  of 

COSAN and Thr82 is weakened (dHH is longer by 0.1 Å), while the interacting Cδ of 

Ile84 is lost due to Ile84Val mutation (Fig 10 a,b). Residues 82‘ and 84‘ are too far to 

interact with the Cb2 molecule of COSAN in both wild-type and resistant PR variant 

(Figure  10).  The mutations  results  in  loss  of  one  dihydrogen bond according  to  our 

model, which  falls into the range of 2.1-5.8 kcal/mol. Experimentally, there were found 

2-  and  6-fold  decrease  of  binding  affinity  of  COSAN  toward  two  variants  of  PR 

containing  Val82Thr  and  Ile84Val  substitutions  as  compared  to  the  wild-type  PR 

(Appendix 6). The changes in Gibbs free energy can be estimated as 0.4 and 1 kcal/mol. 

These values are smaller than our estimate of the difference in 2.1-5.8 kcal/mol range 

corresponding to the loss of one dihydrogen bond found in our models. We suppose that 

repositioning  of  COSAN  in  mutated  PR  binding  site  might  explain  the  preserved 

inhibitory capacity  of metallacarboranes.  Indeed,  two different  modes  of binding into 

identical  binding  site  were  observed  in  crystal  structure,  implicating  that 

metallacarborane cage has a certain degree of freedom in its binding position and that this 

position can possibly be adjusted in response to binding pocket alterations. 
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Figure 10 Interaction of the COSAN metallacarborane inhibitor with HIV-1 PR active-site 
residues 82/82‘ and 84/84‘, implicated in the development of resistance. Two molecules of 
COSAN - Cb1 and Cb2 – bind nonsymmetrically into the active site. Color coding of atoms: 
green - carbon, magenta - boron, red – oxygen, blue – nitrogen, cyan – cobalt. Distances are in Å. 

a) Interaction  of  COSAN  with  wild-type  PR  residues  Val82/82‘  and  Ile84/84‘.  Two  strong 
dihydrogen  bonds  between  Cb1  and  Val82  and  Ile84  with  dHH distances  of  2.3  and  2.2  Å, 
respectively, are found. Note that hydrogen-hydrogen distances between Val82‘ and Cb2 exceed 
4.5 Å and thus preclude specific interactions and that dHH between Ile84‘ and Cb2 is larger by 0.3 
Å than the dihydrogen bond cutoff, meaning that strong dihydrogen bond will not be formed.

 

b) Interaction  of  COSAN  with  resistant  PR  variant,  residues  Thr82/82‘  and  Val84/84‘. 
Dihydrogen  bond between Cb1 and Thr82 is  weakened (dHH is  longer  by 0.1  Å),  while  the 
interacting Cδ of Ile84 is lost due to Ile84Val mutation. Primed residues do not interact with Cb2.
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4.5 Crystal Structure of HIV-1 Protease-GB80 Complex  

We  have  modeled  possible  and  energetically  favorable  conformations  of  the 

linker connecting two cobaltacarborane cages of GB80 in the enzyme cavity. The model 

for our calculations comprises a PR tetramer, two molecules of GB80 and two or four 

sodium counterions in positions of structural water molecules 1, 1’, 121, and 121’. Since 

it is not possible in the X-ray structure to distinguish between sodium counterions and 

water molecules in positions 1 and 1’, we performed two sets of calculations with:  i) 

sodium counterions and ii) water molecules in this position. The linker was modeled in 

order to connect the metal bis(dicarbollides) cages in their crystallographic positions. As 

a result of the modeling calculations, we obtained a series of conformations of GB80 in 

PR with a wide range of energies (40 kcal/mol  for simulation  i) and 20 kcal/mol for 

simulation ii)). Three conformers of the GB80 linker are in a chosen range of 3kcal/mol 

in  the simulation  i) and two of  them in simulation  ii) (Figure 11).  These five GB80 

structures  differ  in  the  conformations  of  the  linker,  while  the  position  of  the  central 

nitrogen atom is conserved. This position corresponds to the electron density into which 

water molecule number 110 is fitted in the X-ray structure.  The distance between the 

center of the electron densities and the nitrogen atom varies from 1.5 to 3.4 Å. Twelve 

selected  conformers  of  whole  range  of  energies  were  reoptimized  using  QM/MM, 

restraining the nitrogen atom into the position 110. The cage axes were unfrozen, keeping 

fixed only the cobalt atoms. Energy span of the reoptimized structures has decreased to 

31 and 17 kcal/mol for simulation i) and ii), respectively. 

It is not possible to decide whether a sodium counterion or water in the position 

1/1' neither based on distances to oxygens nor by B-factors. We therefore studied two 

cases (with Na+ or water in the active site). In reality, Na+ and water in position 1/1' may 

interchange and so may the two sets of GB80 conformations. We can not compare these 

two sets in terms of energy without knowledge of the dynamics and energetics of the 

exchange at position 1/1'. Such an examination would require simulating dynamics and 

equilibria  and is beyond the scope of this study. 
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Figure 11 The most stable conformations of GB-80 within a range of 3 kcal/mol obtained from 
calculations A) simulation i) and B) simulation ii). The most stable conformers of A) and B) are 
colored by atoms;  cyan – carbon, red – oxygen,  blue – nitrogen,  magenta  – boron, yellow – 
cobalt: the 2nd most stable is green (A) 2.7 and B) 2.9 kcal/mol); the 3rd most stable orange (A) 3.0 
kcal/mol). Hydrogen atoms are not shown.

A)

B)
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5 Conclusions
i)  We  have  found  that 1-carba-closo-dodecaborane (CB11H12)-, a  model  for 

metallacarborane  inhibitors  of  HIV  protease, interacts  with  building  blocks  of 

biomolecules  via  formation  of  dihydrogen  bonds  and  no  other  binding  motif  was 

observed.  Dihydrogen bonds are  mainly electrostatic  interactions  between negatively-

charged  boron-bound  hydrogen  atoms  and  positively-charged  hydrogen  atoms  of 

biomolecules.  We  find  that  carboranes  form  dihydrogen  bonds  with  biomolecules 

preferably with atoms of its lower hemisphere,  i.e. the part of the cage opposite to the 

carbon atom.

ii)  We have  shown that  the  total  negative  charge  of  heteroboranes  is  located 

mainly on boron-bound hydrogens. An increase of negative total charge (from 0 to -1 or 

-2) of heteroboranes yields an increase in stabilisation energies of heteroborane…peptide 

complexes and also a huge increase in hydration free energies of heteroboranes. Since 

these two energy terms compensate, both must be taken into account when studying the 

interactions  of  carboranes  with  biomolecules.  When  the  exo-substitutions  of 

metallacarboranes are compared to the substitutions of metal vertices, they cause a higher 

increase in stabilisation energies and a lower increase in desolvation penalties. 

 iii) Using QM/MM calculations, the binding of COSAN to HIV-1 protease was 

interpreted  in  atomistic  and  energy  details.  The  rotation  profiles  of  the  individual 

COSAN  molecules  in  PR  surroundings  were  evaluated. A  large  effect  of  sodium 

counterions was detected through its being energetically disfavored for the closest boron 

atom positions to be occupied by carbon atoms. Subsequently, the interdependence of the 

rotational profiles was assessed. Based on these results, the favorable positions for carbon 

atoms in the dicarbollide cages of  COSAN bound to HIV-1 PR were extrapolated and 

delineated. Specifically, in the independent Cb2 molecule, three rotamers are supposed to 

be well populated (within 1 kcal/mol) and another six, less stable rotamers could also be 

present (within 5 kcal/mol). The Cb1 molecule is dependent on the rotation of Cb2, thus 

making it impossible for all the combinations (in the order of hundreds) to be determined 

and allowing for  an  exclusion  of  seven rotamers  of  Cb1 out  of  twenty-five  only by 

estimation.
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iv) The effect of active-site mutations Val82Thr and Ile84Val of HIV-1 PR on the 

binding of COSAN was studied. The small 6- and 2-fold decrease in binding strength of 

COSAN  for  HIV  PR  mutants  is  caused  by  the  loss  of  only  one  dihydrogen  bond 

according to our model.

v)  We modeled possible and energetically favorable conformations of the linker 

connecting two cobaltacarborane cages of GB-80 in the enzyme cavity. As a result, we 

obtained  a  series  of  conformations  of  GB-80  in  PR with  a  wide  range  of  energies. 

Altogether, five conformers of the GB-80 linker were in a chosen range of 3 kcal/mol 

after QM/MM optimization. These five GB-80 structures differ in the conformations of 

the linker, while the position of the central nitrogen atom is conserved and corresponds to 

the  electron  density  into  which  water  molecule  number  110  is  fitted  in  the  X-ray 

structure.
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