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Among non-covalent interactions, B—H- - -t and C—H- - -t hydrogen bonding is rather weak and less studied.
Nevertheless, since both can affect the energetics of protein—ligand binding, their understanding is an
important prerequisite for reliable predictions of affinities. Through a combination of high-resolution X-ray
crystallography and quantum-chemical calculations on carbonic anhydrase |l/carborane-based inhibitor
systems, this paper provides the first example of B—H--.n hydrogen bonding in a protein—ligand complex. It
shows that the B—H---n interaction is stabilized by dispersion, followed by electrostatics. Furthermore, it
demonstrates that the similar C—H---n interaction is twice as strong, with a slightly smaller contribution of
dispersion and a slightly higher contribution of electrostatics. Such a detailed insight will facilitate the rational
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Introduction

C-H---m is a weak hydrogen bond between a non-classical
donor (typically aliphatic or aromatic groups) and a non-
classical acceptor (e.g. electron density of phenyl rings) that
can stabilize crystals of small organic molecules or proteins.”
This interaction may also involve inorganic compounds, e.g.
C-H groups of carbon-substituted three-dimensional boron
hydrides (carboranes).” In contrast, the B-H groups of carboranes
act as hydrogen-bond acceptors due to the low electronegativity of
boron. The hydridic nature of boron-attached hydrogens thus
results in dihydrogen-bond formation.*” Nevertheless, B-H
groups can also form a weak dispersion-driven non-covalent
contact with weak acceptors, referred to as B-H:--m,*° which
has recently been observed by means of X-ray crystallography in
the boron-hydride organometallic complex.'® Comparing the
C-H- - -mand B-H- - -7 interactions of neutral carboranes, the latter
has been calculated to be two times weaker in model systems.’ In
this work, we study these interactions in protein-ligand complexes
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design of future protein ligands, controlling these types of non-covalent interactions.

by means of Xray crystallography and quantum-mechanical
computations. The protein studied is carbonic anhydrase II (CA
II), and the ligands are sulfonamide inhibitors terminated with
three isomers of carborane cages (ortho — compound 1, meta —
compound 2 and para - compound 3; Fig. 1(A)).

Carbonic anhydrases (CAs) are metalloenzymes catalyzing
the interconversion between CO, and bicarbonate. These
enzymes participate in many physiological processes and some
of their isoforms are involved in human pathologies, such as
cancer development (isoform CA IX).'"'> CAs have thus been
targets for inhibitor development; dozens of diverse families of
CA inhibitors (CAls) have been prepared.’® Due to this wealth of
gathered information, these systems are an attractive model for
biophysical studies of protein-ligand binding."* Human CAs
can be efficiently and selectively inhibited by carboranes linked
to a sulfamide or sulfonamide moiety."*® More than 30 X-ray
crystal structures of carborane-containing inhibitors with CA II or
CA IX have been determined at high or even atomic resolution,
which has provided insight into the structural basis of the
interactions of carborane with enzyme active sites.'> Here, we
focus on a series of carborane propyl-sulfonamides that differ in
the geometric positions of carbon atoms within the carborane
cage and on their affinities toward CA II (Fig. 1(A)). Some
compounds have exhibited selective inhibitory activity toward
CA IX over CA IL'° and the structural basis of this selectivity
has been explained by a detailed crystallographic study of com-
pound 1 in these complexes.'” Interestingly, the crystal structure
of 1 in complex with CA II (PDB code 6YZT) has revealed that
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Fig. 1 (A) The structural formulae of the carborane propyl-sulfonamide
compounds 1, 2 and 3 and the values of the inhibition constant K; for the
inhibition of CA Il. (B) Details of the crystal structure of compound 1 bound
in the active site of CA Il (PDB code 6YZT). Interacting residues are marked
with sticks. The inhibitor and the residue Phel31 occupy two alternative
conformations: the major conformation (an occupancy of 0.8) is depicted
in stick representation, whereas the minor conformation (an occupancy of
0.2) is in line representation. Polar interactions are represented by blue
dashed lines, while the black dashed line marks the potential B-H-- -1
interaction between the carborane cage and Phel31.

compound 1 has acquired two alternative binding orientations in
the CA II active site and the minor conformation (with an
occupancy factor of 0.2) is accompanied by a rearrangement of
the Phe131 side chain (Fig. 1(B)). The mutual position and
distance between the carborane cage and the side chain of
Phe131 indicate a potential B-H- - -7 interaction (the dashed black
line in Fig. 1(B)).

Methods

Crystallization, structure determination and refinement

Complexes of CA II with compounds were prepared by the
addition of a one- to twofold molar excess of the compounds
(dissolved in 100% DMSO) to a 20-25 mg ml ™" protein solution
in 50 mM Tris-H,SO,, pH 7.8. The final concentration of DMSO
in crystallization drops did not exceed 10%. Crystals were
prepared by the hanging-drop vapor-diffusion method at
18 °C using EasyXtal®™ 15-well plates (Qiagen). Drops containing
2 ul of the complex solution were mixed with 1 pl of precipitant
solution. Subsequently, these mixtures were equilibrated over a
reservoir containing 1 ml of the precipitant solution. The pre-
cipitation solution consisted of 1.6 M sodium citrate and 50 mM
tris-H,SO,, pH 7.8. Crystals formed within one to three weeks.
Prior to data collection, the crystals were soaked for 10s in the
reservoir solution supplemented with 20% (v/v) sucrose and
stored in liquid nitrogen. X-ray diffraction data at 100K were
collected on BL14.1 and BL14.2, operated by the Helmholtz-
Zentrum Berlin (HZB) at the BESSY II electron storage ring
(Berlin-Adlershof, Germany).*® Diffraction data were processed
using the XDS suite of programs.>"** Crystal parameters and
data-collection statistics are summarized in the ESIT (Table S1).

The crystal structures of the CA II complexes with compounds
2 and 3 were determined by the difference Fourier technique.
Coordinates from the 4Z1N entry in the PDB** were used as
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models for the CA II complexes. Atomic coordinates of inhibitor
molecules were generated by quantum-mechanical (QM) optimi-
zations in the Turbomole package** by means of the density
functional theory (DFT) method augmented with empirical dis-
persion correction®® using the B-LYP functional and the SVP
basis set. The geometric library for the compounds was generated
using the Libcheck program.®® The Coot program®” was used
for inhibitor fitting, model rebuilding, and the addition of
water molecules. Refinement was carried out with the Refmac5
program®® with 5% of the reflections reserved for cross-
validation. The structures were first refined with isotropic
atomic-displacement parameters (ADPs). After the addition of
solvent atoms and zinc ions, building inhibitor molecules
in the active site, and several alternate conformations for a
number of residues, anisotropic ADPs were refined for nearly
all atoms. The refinement of ADPs was not carried out for
spatially overlapping atoms in segments with alternate confor-
mations or for oxygen atoms of water molecules with an
unrealistic ratio of ellipsoid axes. The quality of the crystal-
lographic model was assessed with MolProbity.>® The final
refinement statistics are summarized in the ESIt (Table S1).
All the figures representing structures were created using
PyMOL.?° Contacts were analyzed using the Contact program
included in the CCP4 suite.* Structure factors and coordinates
were deposited in the PDB under the accession codes 8AA6 and
8AAE for the CAII complex with 2 and 3, respectively.

Molecular modeling

The alignment of the three crystal structures of 1, 2 and 3
bound to CA II showed high similarity between the structures.
The only larger difference concerned the Phe131 residue. To
minimize the effects of the minor differences in the structures,
we selected a single protein structure (the 1/CA II complex, PDB
code 6YZT"), into which the other two inhibitors and Phe113
were seeded based on the alignment. All the rotamers of the
carborane cages of 1 and 2 (including the two orientations of 1)
were modeled because B-H and C-H groups are difficult to
distinguish by X-ray crystallography.®” The most stable confor-
mations obtained from QM/MM optimization (see below) were
further used for scoring. Both alternative orientations were
considered for compounds 1 and 3. The hydrogen atoms of
the protein were added by the Reduce and Leap programs in
AMBER 14,*® with individual protonation of all the histidines
assigned on the basis of the visual inspection of their surroundings.
The H atoms of the inhibitors were added manually. The sulfona-
mide moiety binds to the Zn** of CA Il and is thus considered in a
deprotonated NH ™~ form.>* The ff14SB force field*® was used for the
protein. A general AMBER force field (GAFF)*® for the organic parts
of the inhibitor was combined with the tested boron parameters
from the universal force field (UFF) for the ligand.® Hydrogen
atoms were relaxed by annealing from 900 K to 0 K at the molecular
mechanics (MM) level in AMBER 14. The cooling runs using
a Berendsen thermostat were 4 ps long with a 1 fs step. The
complexes were optimized employing the hybrid QM/MM metho-
dology and mechanical embedding. The QM part comprised His94,
His96, His119, Phe131, Thr198, Zn*', and the inhibitor. The QM
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part was treated at the DFT-D3 level using B3LYP/TZVPP.>® The rest
of the system was treated at the MM level by AMBER. The
environment was described by the generalized Born (IGB7) implicit
solvent model.>* The coupling between QM and MM was done by
Cuby4®” which uses Turbomole 7.0** for QM and AMBER 14%* for
MM. Residues farther than 5 A from the inhibitor were frozen
during the optimization.

The score was computed as the sum of the gas-phase
interaction energy (AEi,), the interaction solvation free energy
(AAGsoy), and the change of the conformational “free” energy of
the ligand and protein (AG.,;).*® AE;,. was computed using the
QM/MM methodology described above. For solvation free-energy

calculations, the implicit solvent IGB7 model was utilized. AG.
was computed as the “free”-energy change between the mono-
mer taken from the optimized protein-ligand complex and the
monomer structure optimized in solution by the same method.
The “free” energy (G') was defined as the sum of the gas-phase
energy (E) and the solvation free energy (G).

The AE values of the selected motif were decomposed using
the symmetry-adapted perturbation-theory (SAPT) methodology.*®
The simplest truncation of SAPT (SAPT0) decomposition was
performed with the recommended jun-cc-pVDZ basis set using
the PSI4 program.”’

Synthesis

For a synthesis using two different methods and detailed
characterization of compounds 1, 2 and 3 see previous
articles.'®'®
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Results and discussion
X-ray crystal structures

To obtain structural information on the interaction of the other
studied compounds with the CA II active site, the crystal
structures of CA II in complex with 2 and 3 were determined
in this work at a high resolution of 1.09 A and 1.15 A,
respectively (Table S1, ESIT). Unlike compound 1 (Fig. 2(A)),
compound 2 was modeled as a single conformation with full
occupancy (Fig. 2(B)). Compound 3 was modeled in two alter-
native orientations within the CA II active site: conformations A
and B with the occupancy of 0.7 and 0.3, respectively (Fig. 2(C)).

A comparison of the crystal structures of all the three
isomers (Fig. 2(A)-(C)) shows that the interaction of the sulfo-
namide head moiety with the catalytic zinc ion and residues at
the bottom of the active-site cavity is conserved, with differences
being located in the position of the carborane cage. For ligands 1
and 3, we can identify two possible ligand orientations: orienta-
tions I and II (Fig. 2(D) and (E)). Orientation I is characterized by
the staggered position of the S-C and S=O bonds in the -CH,-
CH,-SO,-NH™~ moiety, which enables the binding of the carbor-
ane cage to a preformed hydrophobic pocket formed by residues
Val121 and Phe131. This orientation is more prevalent in our
crystal structures and can be found in all three structures as: (a)
the major conformation A of compound 1, (b) a single confor-
mation of 2, and (c) the minor conformation B of compound 3.
Orientation II has an extended propyl linker (eclipsed position of
the S-C and S=—O bonds in the -CH,-CH,-SO,-NH  moiety)
and is only possible when the Phe131 side chain changes its
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Fig. 2 The active site of CA Il with the bound compounds 1 (panel A), 2

(B) and 3 (C). The inhibitor residue Phel3l occupies two alternative

conformations. Major populations are depicted in stick representation, whereas minor conformations are shown in line representation. The 2Fo-Fc map
is contoured on 1.2 sigma in blue (for OMIT difference maps see Fig. S1, ESIf). On this level, electron density is shown for the major conformation of the
ligand and the side chain of Phel31. Panels D and E depict two inhibitor orientations in CA Il active sites: orientations | and Il exemplified by compound 3.
Interacting residues are highlighted as sticks and labeled. The dashed lines have the same meaning as in Fig. 1.
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Table 1 The inhibition constant (Kj), experimental binding free energy (AG;) and scores. The total score was computed as the sum of the following

terms: the interaction energy (AE;n), the interaction solvation free energy (AAGgo), and the change of the conformational ‘free’ energy (AG’

) of the

conf

ligand (L) and protein (P). The more favorable scores of the two orientations of 1 and 3 are in bold. All energies are in kcal mol™ and K in nM

Complex Orientation Occupancy in crystal K AGe? Score AEin AAGgo1 AGL ¢ (L) AG. . (P)
1:CAII I 0.8 622 + 87 —8.47 —-8.7 —190.1 168.0 5.6 7.8

II 0.2 —-10.6 —194.5 163.3 7.4 13.4
2:CAII I 1.0 254 £ 23 -9.01 —12.0 —197.7 171.5 6.7 7.5
3:CA Il I 0.3 171 + 17 —9.24 —10.1 —196.6 171.8 6.9 7.8

I 0.7 —-13.3 —203.6 169.8 7.2 13.3

@ As determined in ref. 15. ? AGy is derived from K; values using AG; = RT In K;.

rotamer position such that the phenyl ring is more exposed to
the solvent (Fig. 2). This orientation occurs as: (a) the minor
conformation B of compound 1 and (b) the major conformation
A of compound 3.

Molecular modeling

The binding of the studied inhibitors to CA Il has been examined
by quantum mechanics-based scoring function,*®*** which was
shown previously to describe reliably the CA II metalloenzyme-
carborane system.>* Ranking was performed using the most
stable (see Tables S2 and S3, ESIt) of the five possible rotamers
for each orientation I or II of inhibitors 1 and 2 bound to CA II.
Considering the more favorable scores of the two orientations
of 1 and 3 (Table 1 in bold), the obtained ranking of the
compounds (the scores of —10.6 > —12.0 > —13.3 kcal mol "
for compounds 1, 2 and 3, respectively) matched the order of
experimental binding free energies (the AG} of —8.5, —9.0 and
—9.2 keal mol ™", respectively, Table 1). It should be noted here
that entropic effects, coming for example from two possible
conformations of the propyl linker of bound 1 and 3, which are
not treated in the present version of the scoring function, could
add a higher penalty to the score of 2 with respect to those of 1
and 3. Compound 1, the weakest-binding inhibitor, had the least
favorable score because of the least favorable interactions with
the CA II active site as reflected in the least negative AE;,, value
of —194.5 kcal mol™" (Table 1). The score of 3 was the most
favorable due to the strongest interactions with the protein
(the most negative AE;,; of —203.6 kcal mol ). Considering the
conserved positions of the sulfonamide head moiety, the catalytic
zinc ion and the residues of the active-site cavity in the modeled
structures, the only difference was in the position of the C-H
vertex of the carborane cage. The C-H vertex of 3 was oriented
toward Phe131, thus replacing the B-H:--m interaction of the 1:CA
II complex with the C-H- - - interaction, which implies that the
latter is stronger. The stronger interaction (AEj,) is only partly
offset (163.3 vs. 169.8 kcal mol ') by solvation (AAGs.y,; Table 1).

Compound 2 only had a single conformation in orientation I
in the crystal structure. In such an arrangement, the C-H vertex
of 2 still interacted with the n ring of Phe131, albeit in a less
favourable tilted arrangement (as opposed to an ideal perpendicular
arrangement). In contrast to other inhibitors, orientation I of
compound 2 enabled the formation of C-H®"- - .°"H-B dihydro-
gen bonds (Fig. 3), a typical non-covalent interaction of hetero-
boranes with proteins.®

This journal is © the Owner Societies 2023

The applied scoring function did not rank correctly the
orientations of 1. The orientation II with a minor occupancy
of 0.2 had erroneously a more favorable score by 1.9 kecal mol %,
which was due to more favorable interaction (AE;,) and
desolvation (AAGs,,) terms. This may be caused by inherent
limitations of the methodology used, such as the lack of explicit
solvation or dynamical treatment and entropy effects.

To gain an even deeper insight into the nature of the
B-H---mand C-H- - -w interactions evidenced in CA II complexes
with 1 and 3, we further dissected the gas-phase interaction
energy AE into individual terms using the SAPT methodology

Fig. 3 The models of the active site of CA Il with the bound compounds 1
(A), 2 (B) and 3 (C) in orientation | (crystal structures of orientations Il
are shown in Fig. 2). B-H---n and C-H--t are shown as dot-dashed
lines. Hydrogen contacts are shown as dashed lines. Hydrogen separations
are in A.

Phys. Chem. Chem. Phys., 2023, 25,1728-1733 | 1731
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Table 2 The results of interaction-energy decomposition by the SAPTO/
jun-cc-pVDZ methodology. SAPTO captures the classical electrostatic
interaction of two charge densities (Eeiec), €Xchange (Pauli repulsion, Eexcn),
electrostatic induction (the polarization of the molecular orbitals in the
electric field of the interacting molecule, Ej,g) and dispersion (Egisp). All
energies are in kcal mol™. The relative values in parentheses show the
contribution to the sum of all the attractive energy terms of SAPTO. Color
coding: green — carbon, pink — boron, and white — hydrogen

Model

Interaction C-H--m B-H -1
Edisp —3.1 (66%) —3.5 (74%)
Eelec —1.2 (26%) —0.8 (17%)
Eind —0.4 (8%) —0.4 (9%)
Eexeh 1.7 3.1

Total -3.0 —1.6

on small models derived from the crystal structures.’* The
results showed favorable interactions of the carborane cages
of both inhibitors with the side chain of Phe131 but more so for
C-H-- -1 (-3 keal mol™") than for B-H---n (—1.6 kcal mol ")
(Table 2). The leading term was dispersion (Eqisp) as expected
for weak hydrogen bonding.** It was more pronounced for
B-H-- -t than for C-H---n (74 and 66% of the sum of all
attractive terms, respectively). The second largest attractive term
was electrostatics (Eelec), which was more important for C-H- - -1t
than for B-H- - -t (26 and 17% of the sum of all attractive terms,
respectively). It is worth mentioning that the Eeje. for B-H- - -1t is
attractive, which has confirmed the amphiphilic noncovalent
bonding character of the B-H group.”* In both cases, the
induction term (Ej,q) was of little importance (below 10% of
the sum of all attractive terms). The exchange-repulsive term
(Eexcn) was more repulsive for B-H- - -t (3.1 kecal mol ') than for
C-H- - -1t (1.7 keal mol ™). The larger repulsion of B-H- - -m might
be due to the smaller spatial requirement of the acidic H*" atom
of the C-H group in comparison with the hydridic H’~ atom of
the B-H group. Moreover, the C atom is also smaller than the B
atom (van der Waals radius of C being smaller by 0.22 A** than
that of B), which overall reduces the spatial requirement of the
entire C-H vertex.

Conclusions

B-H---n and C-H---m non-covalent interactions have been
examined in a series of carborane propyl-sulfonamide inhibitors
binding to CA II using a combination of X-ray crystallography and
quantum-chemical calculations. Based on the X-ray structures, the
interactions of the sulfonamide moiety were conserved, while the
carborane cages had different orientations and interactions. In
the case of the ortho-carborane moiety (compound 1), the B-H- - i
interaction with Phe131 was minor and the affinity was the lowest
in the series. In contrast, for para-carborane (compound 3), the
C-H---m interaction with Phe131 was the major conformation,
with the highest affinity attained. The difference in the affinities

1732 | Phys. Chem. Chem. Phys., 2023, 25, 1728-1733
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was a result of the difference in the strength of these two
interactions as determined by quantum-mechanical calculations.
A detailed understanding of B-H: - -n and C-H:--n non-covalent
interactions will be used for the future rational control over
protein-ligand binding.
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