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Abstract

Computational analysis of protein-ligand interactions is of crucial importance for drug
discovery. Assessment of ligand binding energy allows us to have a glimpse on the potential
of a small organic molecule to be a ligand to the binding site of a protein target. Available
scoring functions such as in docking programs, we could say that they all rely on equations
that sum each type of protein-ligand interactions to model the binding affinity. Most of the
scoring functions consider electrostatic interactions involving the protein and the ligand.
Electrostatic interactions contribute one of the most important part of total interaction energies
between macromolecules, unlike dispersion forces they are highly directional and therefore
dominate the nature of molecular packing in crystals and in biological complexes and
contribute significantly to differences in inhibition strength among related enzyme inhibitors. In
this paper, complexes of HIV-1 protease with inhibitor molecules (JE-2147 and Darunavir)
have been analysed using charge densities from a transferable aspherical-atom data bank.
Moreover, we analyse the electrostatic interaction energy for an ensemble of structures using
molecular dynamic simulation to highlight the main features related to the importance of this

interaction for binding affinity.
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1. Background

The aim of structure based drug design is to predict which potential drug molecules will
bind with high affinity and specificity to the target molecule using structural data. Generally,
the target molecule is a protein or nucleic acid of known or predicted structure. The target
molecule can be a mutated or abnormally produced wild human molecule, an essential
component of an infectious agent like a virus, or a toxin. Ideally, the potential drug will be a
small, soluble compound. Several new drugs have been developed with designs guided by

the crystal structures of proteins, especially for compounds that inhibits the action of enzymes.

HIV protease is a well validated target for AIDS control. Crystal structures of HIV protease
with different inhibitors and molecular models were used to guide the design of antiviral drugs
for AIDS. However, the present challenge is to overcome the rapid development of drug
resistant strains of HIV.' Mutations have been observed in more than half of the protease
residues on exposure to drugs, and in general, multiple mutations are found with high level
resistance.2 Consequently, the newer drugs must be designed to target different combinations
of possible protease mutants. HIV protease is a aspartate protease existing as a homodimer
and each monomer contain 99 amino acid residues. The active site lies between the identical
subunits and has the characteristic Asp-Thr-Gly (Asp25, Thr26 and Gly27) sequence. The two
Asp25 residues (one from each chain) act as the catalytic residues. According to the
mechanism for HIV PR protein cleavage, water acts as a nucleophile, which acts in
simultaneous conjunction with a well-placed aspartic acid to hydrolyse the scissile peptide

bond.3



Currently nine HIV-protease inhibitors have been approved by the FDA (indinavir,
saquinavir, nelfinavir, ritonavir, amprenavir, lopinavir, atazanavir and tipranavir and darunavir).
All these inhibitors can lose their activity when confronted with mutants. Understanding the
cause for loss of potency can give new insight to drug designer to develop more improved
inhibitors of HIV-protease. There are at least 50 mutation positions identified within the HIV-1
protease.*8 From a structural point of view, these mutations have been classified as active
site and non-active site depending on whether they are located within or outside the active
site cavity.® In general, most major mutations occur within the active site and are very
conservative, that is, they preserve the charge and polarity and only alter the geometry of the
active site. These constraints are dictated by the requirement that the enzyme needs to
maintain a sufficient affinity for the substrate and a viable catalytic activity. Because non-active
site mutations do not directly affect inhibitor/protease interactions, their effects need to be
traced back to a chain of events throughout the protease structure. Originally their role was
assumed to be only of a compensatory nature but recent evidence indicates that some of them

might play a very important role in lowering the affinity of inhibitors.0.11

The estimation of the electrostatic component of the interaction between HIV-1 protease
and inhibitors, described in this paper, is based on the transferability of atomic densities,
expressed as a superposition of spherical harmonic functions, between atoms in chemically
identical environments. It eliminates many of the approximations that are inherent in the
commonly used point-charge model in classical force field method. Unfortunately, the point
charge model has several limitations. It is unable to take into account such phenomena such
as electron polarization, subtle details of electron density anisotropy, and charge penetration.

Considerable efforts have been devoted to provide a more realistic description of



intermolecular interactions by including the aforementioned aspects with recent emphasis on
penetration energy (Epen).12-22 The analysis is based on a data bank of transferable atomic
densities?3-25, from which the charge density of the protease-inhibitor complexes is
reconstructed. Electrostatic interaction energies are then evaluated using an exact algorithm
for the short-range interactions and the Buckingham approximation for non-overlapping
densities for atoms at large distances?6. Although electrostatic interaction it is the largest
component of the interaction energy, it makes a dominant contribution to the relative
orientation of the enzyme and substrate and therefore to molecular recognition and substrate

specificity.27-31

In this research paper, we report a molecular dynamics (MD) simulation study followed by
of a comprehensive electrostatic interactions evaluation for binding of inhibitors to wild type
HIV 1 proteases and simultaneously for monomer-monomer interactions in these homodimeric
proteins. In addition, we have traced the crucial role of penetration energy in ligand and
monomer-monomer binding. We included dynamic component of the complex by computing
interaction energies for 100 snapshots from MD and analysing averaged values of energies
and their deviations from the average. Aa a result we provide deeper understanding of
electrostatic interactions in HIV-1 protein complexes, and propose that introducing the
electrostatic component analysis in drug design may allow to construct protocols to find drug

molecules effective against the HIV protease resistant variants, too.



2. Theory and computation details
2.1 Molecular Dynamics (MD) Simulation

Molecular dynamics (MD) simulations were performed to simulate the dynamic
behaviour of protein in order to reconstruct snapshots of simulated protein electron density
and compute pairwise electrostatic energy calculation at atom level which can be further
aggregated at residue and chain level. For MD simulation, the crystal structure of the HIV-1
protein (1KZK 1.09 A and 4DQB 1.5 A)3233 were obtained from the RCSB database. H++
server was used to add hydrogen atoms according to the specified pH of the environment for
the protein structure.3* The HF/6-31G* ab initio level calculations were performed to optimize
ligand geometry (JE-2147 and Darunavir respectively) and obtain the electrostatic potential
of the ligand using GUASSIAN16 program.3® To derive the equivalent partial atomic
charges for the ligand, RESP3¢ fitting was applied on the electrostatic potentials. To
assign the atom types, bond, angle, dihedral and van der Waals parameters for the ligand,
GAFF force field3” was used. The Leap module of Amber18 suite® was used to prepare the
complex for simulation. FF14SB,3° all atom force fields, was used to parametrize protein
atoms. ASP25 was kept protonated.40-43 Both complexes were neutralized with CI-/Na+ ion
followed by solvating 10 A buffer of TIP3P44 water molecules around the system in each

direction, forming a truncated octahedral shaped ice cube.

The solvent was first minimized for 1000 steps followed by full system minimization with
4000 steps. Then the system was heated to 298.15 Kover 60 pswitha 2 fs step running
a further 100 ps MD run for equilibrium. Once an initial equilibrium has been
reached, with the temperature- and density-stable, the final stage of the simulation was

performed. This consists of running a production simulation at 298.15 K for 2 fs. The system



was then run for 10 ns and stability of trajectory was closely monitored. During simulation,
the long-range electrostatic interactions were treated by partial-mesh Ewald method.*5 For
short-range non-bonded interactions, 10 A cut-off was employed. The temperature and
pressure were kept constant in the simulation by coupling to the system with Berendsen's
thermostat and barostat, respectively.“6 Bond lengths between hydrogens and heavy atoms
were constrained using SHAKE.4” All production-phase simulations were run using GPU
accelerated particle-mesh Ewald molecular dynamics (PMEMD) as implemented in Amber18.
For the analysis 100 snapshots were extracted from the 10 ns MD trajectory for the system

(after stripping all waters and ions).

2.2 Electrostatic interaction energy

To compute the pairwise electrostatic interaction energy (Ees) using UBDB approach,
the molecular electron density was represented by Hansen atom model (eq.1) and parameters
of the model specific for each atom type were reproduced from the UBDB. The LSDB program
was used to transfer the multipole populations from the UBDB to all snapshot structures. This
transfer was based on the atomic connectivity and local symmetry recognition. The XDPROP
module of the XD2016 package was used to calculate interaction energies from the derived
charge density using the Exact Potential Multipole Method (EPMM). The EPMM evaluates the
exact Coulomb integral in the inner region (<4.5 A) and combines it with a Buckingham-type

multipole approximation for long-range interatomic interactions.

Pk(”") = Pcpc(rk) + -PUKSPU(KJ Tk) + Zilﬂ[{ HBR,{(H!T;;) Zin:() Hmiylmi (9? 90)
Poore h V ” (eq. 1)
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3. Results and discussion

3.1 HIV-1 Protease interactions with ligand

The trajectory obtained from MD simulation show stable protease complex with 1.815 A
and 1.49 A average RMS deviations for 1KZK and 4DQB structures, respectively. The low

RSMD values suggest good stability of the complexes.

From the MD analysis it was found that two hydrogen bonds stable over the entire
simulation were formed between JE-2147 ligand and protein (Fig. 1 top).These are bonds with
Asp25A (021-H13...0D2) and ASP25B (OD2-HD2...023) residues. There are also hydrogen
bonds which alternate with each other. Bonds with Asp30A O, Asp25A OD1 and Asp30A OD1
exists only in the first half of the simulation, and in the remaining half bonds with 1le50A N-H
exists in the second half. This is related with alternations of hydrogen bonding between two
catalytic residues: Asp25B OD2-HD?2 interacts either with OD1 (first half) or OD2 of Asp25A.
Hydrogen bonds, and other contacts contributed to total energy of ligand interaction with the
protein. The average value of electrostatic interaction energy, computed on the basis of 100
snapshots from MD simulations, amounts to -328(68) kJ/mol for interactions with entire

protein, and to -210(42) and -118(46) kJ/mol for interactions with chain A and B, respectively.

Analogously, for darunavir interacting with the protein, 3 hydrogen bonds stable over entire
simulation were identified (Fig. 1 bottom). These are bonds with Asp25A OD2, Asp30A O and
Asp29B. The remaining identified bonds occur less frequently. There is no alternation in
hydrogen bonds present, and only one possible hydrogen bonding between catalytic residues
is observed: OD2-HD2 of Asp25B interacting with only OD2 of Asp25A. Entire darunavir

molecule interacts with entire protein with electrostatic energy of -283(52) kdJ/mol, and with



particular monomers with Ees of -184(44) and -99(35) kJ/mol for monomer A and B,

respectively.

Donor Acceptor D...A D-H...A Freq.
ASP25B OD2-HD2 ASP25A OD2

JE-2147 0O2-H6 ASP30A OD1 270 161.0 0.16
ILESOA  N-H JE-2147 010 2.85 160.1 0.26
ASP25B OD2-HD2 ASP25A OD1

ASP25B OD2-HD2 JE-2147 021 278 145.0 0.03
JE-2147 021-H13 ASP25A OD2 2.66 161.1 0.79
JE-2147 021-H13 ASP25A OD1 2.68 1554 0.32
JE-2147 0O2-H6 ASP30A O 2.81 1446 0.11
ASP25B OD2-HD2 JE-2147 023 271 163.8 0.42
Donor Acceptor D...A D-H...A Freq.
ASP30A N-H DRV N1 296 157.6 0.02
ASP29B N-H DRV 026 291 1422 0.04
DRV 0O18-H18 ASP25B OD1 2.68 156.8 0.02
ASP30B N-H DRV 026 294 1625 0.05
ASP25B OD2-HD2 DRV 018 2.73 167.8 0.21
ASP25B OD2-HD2 ASP25A OD2

DRV 018-H18 ASP25A OD2 266 166.4 0.96
DRV N1-H ASP30A O 285 159.3 0.74
ASP29B N-H DRV 028 287 161.9 0.45
ASP25B OD2-HD2 ASP25A  OD1

ILE50 N-H DRV 010 291 1559 0.16

Figure 1. Hydrogen bonds identified in 100 snapshots of MD simulations for 1KZK (top)

and 1DQB (bottom) structures including average values of donor...acceptor distances (A)

and hydrogen bond angles (°), along with the graphical representation of their occurrence

(coloured bars) in particular snapshot.



3.2 Monomer-monomer interactions in HIV-1 Protease

The strength of ligand protein interactions can be further contrasted with the strength
of interactions between monomer A and monomer B of protein. Again the analysis is based
on averaged values of energies computed for 100 snapshots from MD simulations. It appears
that the strongest electrostatic attractive or repulsive interactions between a residue from one
monomer and all residues of the other monomer are of similar magnitude as interactions of a
ligand with a monomer, Fig. 2. Moreover, it is remarkable how interaction profiles are similar
for 1KZK and 1DQB structures, despite the facts that the MD simulations started from different
crystallographic structures, structures contains different ligands, and sequences of proteins
are not exactly the same. The proteins come from different subtypes of HIV-1 virus (group
M), from subtype B or D for 1KZK and 1DQB structures, respectively, which differ as following:

Leu33->lle, Pro63->lle, Val64->lle ,Cys67->Ala, Cys95->Ala.

The strongest attractive interactions with entire second monomer are observed for
residue Asp25 from monomer A, and for Asp29, Asp30 and Phe99 residues from both
monomers. These are residues which contribute to the constitution of the active site of the
protease (Asp25, Asp29, Asp30), including one of the catalytic residues (Asp25 A), or belongs
to the most interpenetrating fragment of a dimer interface, where two 3-strands from one

monomer and two B-strands from the other one form antiparallel terminal B-sheet.

Closer look into electrostatic interactions between particular residues (not a residue
and entire monomer) reveals that Asp29 residues forms the strongest residue-residue
interactions, Fig 3a. Asp29 from monomer B interacts with Arg8 from monomer A with the

most negative Ees, -186(30) kd/mol for 1KZK and -220(23) kJ/mol for 1DQB, and the pair is



followed by its symmetrical counterpart, Asp29A...Arg8B, Ees = -160(70) and -202(34) kJ/mol.
Residues Arg8 (B and A) are also the ones which exhibit the largest repulsive interactions with
a residue from the other monomer, they interact with Arg87 (A and B) with Ees equal to 64(1)
and 55(4) kJ/mol, and to 65(3) and 64(5) kJ/mol for 1KZK and 1DQB, respectively.
Interestingly, Asp25 from monomer A (deprotonated) is not interacting particularly strongly
with one individual residue, but rather its interactions with many residues are somewhat similar
and sum-up to large total negative value of Ees. Ees energies for Asp25 from monomer B
(protonated), on the other hand, is not summing up to such large value, most probably because
it is not charged anymore, and its long range electrostatic interactions are weaker. Like Asp25
A, Asp30 residues interact similarly strongly with many residues from the second monomer.
Phe99 residues, on the other hand, interact particularly strongly with Pro1 residues, with Ees
in the range of =116 to -170 kJ/mol. The last strongly interacting pairs of residues are Asp98

interacting with Thr96, with Ees in the range of -64 to -100 kJ/mol.
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Figure 2: Averaged electrostatic interaction energies (Ees) and penetration contributions to them (Epen) for interactions of a residue from one
monomer with all residues of the other monomer. Ees: dark blue — monomer A, dark red — monomer B; Epen: light blue — monomer A, light red —

monomer B. In green regions of Epen > 0.0 kJ/mol are highlighted.



(a) (b)
Figure 3: Heat plot for averaged electrostatic interaction energies (a) and penetration
contributions to them (b) for interactions of a residue from monomer A (rows) with a residue
of the monomer B (columns) for 1KZK. Scale for (a): from green to red, dark green — the most
negative values, dark red — the most positive values, yellow — close to zero values. Scale for

(b): from blue to white, dark blue — the most positive values, white — zero values.

Figure 4: 1KZK structure with residues exhibiting non-zero penetration energies showed in

light blue (monomer A) and light red (monomer B).



All the above mentioned residues, but Asp30, besides showing large negative or
positive values of Ees are characterized by significant values of penetration contributions,
Epen, to electrostatics interactions. It means their interactions should be considered as short-
range, because at least one atom from one residue interpenetrate electron density of the other
atom(s) from the second residue. Epen is particularly helpful in identifying pairs of interacting
molecular fragments which are interacting with each other directly (Fig. 3b, Fig. 4). It is much
better than any other simplified method of distance characterisation like the one showed on
Fig. S1(c). Non-zero Epen, in addition, indicate that other contributions to total interaction
energies like exchange-repulsion, dispersion and induction, will be most probably not

negligible for that interaction.

Here Epen allows easily to identify not only regions of active site (residues 23-29) built
by mutual interactions of both monomers and regions of N- and C-termini interacting to lock
the dimer (residues 1-9 and 90-99), as mentioned above, but also other well-known region of
HIV-1 protease, namely two flaps covering the active site. Residues from 47 to 54 of each
monomer directly interact with each other, but their electrostatic interactions are not as strong
as in the other mentioned regions. It correspond very well with the loops ability to open
spontaneously, what plays a crucial role in the mechanism of substrate binding. Also Epen
shows that there are direct interactions between the active site and terminal 3-sheet fragments
of dimer interface through residues Thr26, Gly27 and Asp29 from one monomer interacting

with residues Thr4, Lys7 and Pro9 from the other monomer.

The remaining interacting residues exhibiting larger than zero Epen are the following:

Val11, Val32, lle66, Cys67, His69, Pro79-Thr80-Pro81-Val82, lle84, Arg87. Residues Arg87



was already mentioned in the contexts of strong repulsive interactions with Arg8 from the
terminal B-sheet dimer interface. The rest do not interact strongly electrostically, but

nevertheless they complete constitution of dimer interface.

Interestingly, there are many residues with zero charge penetrations, meaning
interacting true long-range electrostatic interactions only, showing quite large values of
positive or negative energy, ca. +/- 80 kdJ/mol. Residues acting towards monomer-monomer
repulsion are all positively charged: Arg14, Lys20, Lys41, Lys43, Lys45, Lys55, Arg57, Lys70.
Residues strengthening monomer-monomer interactions through long-range electrostatic

attractions are those negatively charged: Glu21. Glu34, Glu35, Asp60, Glu65.

All the above analyses were done on the basis of energies averaged for 100 snapshots
from MD. We believe they give more accurate view on interaction energies, as they are not
bias by single realizations of one state from many equally possible, if existing. Such analysis
also shows that that there are residues, which exhibit large fluctuations in Ees, but small in
overall atom-atom distances: Asp25, Asp29, 1le50 and Arg87, and slightly less visible Thr26
and Asp30. Here rotation of single functional group must influence a lot electrostatic
interactions, like -COO- from Asp29 interacting with guanidine group from Arg8, for which co-
planar orientation is the most optimal, or —-COOH group from Asp25B forming O-H..O

hydrogen bond with Asp25A instead with the ligand.



3.3 Mutants disrupting monomer-monomer interactions in HIV-1 Protease

Among many mutants observed in HIV-1 protease, there three often mentioned in the
context of weakening of monomer-monomer interactions: Thr26->Ala, Asp29->Asn and
Arg87->Lys. Interestingly, all these mutants are among the residues which exhibit large Ees
fluctuations but relatively small movements of most of the atoms. The mutation of the
remaining Asp30 residue is also observed but mention (Asp30->Asn) in the context of ligand
binding. Asp29 and Arg87 are also among the ones most strongly interacting electrostatically.

Electrostatic intereaction between protein-protein and protein-ligand using apshreical
atom databank (UBDB) over snapshots from trajectory obtained from molecular dynamic
simulation. The electrostatic interaction is a non-negligible component of the interaction
energy driving the strength of HIV-1 protease inhibitors and must be embraced when
designing new inhibitors. The model applied in our work takes into account the asphericity of
the atoms as atom types in the UBDB. Unlike point-charge models, it takes into account for
the directionality of the atom-atom interactions. The model is applicable to microscopic
analysis of structure—function activity in biological molecules. Moreover, the electrostatic
interaction is much stronger than vdW interaction, it can provide sufficient binding strength
without the necessity of increasing the bulkiness of the designed molecules and itself can be
used a sole scoring function. Therefore the new designed molecules will be not only effective

against wild type protease but also against its drug resistant mutant variants. In the next step

of the research work, we would like to give more emphasis on role of electrostatic interaction
in various kind of protease mutants in order to understand the drug specificity against
mutants.



4. Conclusion and outlook

Electrostatic interactions between protein monomer-monomer and protein-ligand were
analysed using aspherical atom databank (UBDB) over snapshots from trajectory obtained
from molecular dynamic simulation. The electrostatic interaction is a non-negligible
component of the interaction energy driving the strength of HIV-1 protease inhibition and must
be embraced when designing new inhibitors. The model applied in our work takes into account
the asphericity of atoms by using aspherical electron density fragments specific for particular
atom types stored in the UBDB. Unlike point-charge models, the UBDB approach takes into
account the directionality of the atom-atom interactions and charge penetration. The model is
applicable to microscopic analysis of structure—function activity in biological molecules.
Moreover, the electrostatic interaction is much stronger than vdW interaction, it can provide
sufficient binding strength without the necessity of increasing the bulkiness of the designed
molecules and itself can be used a sole scoring function. Expansion of protein-ligand
interaction analyses by analysis of monomer-monomer interactions in multimeric proteins
gives wider contexts for protein ligand interactions. And together with inclusion of dynamic
aspects of protein-ligand complex helps to understand where are the hot spots important for
dimerization of possible mutations. Therefore the new designed molecules will be not only

effective against wild type protease but also against its drug resistant mutant variants. In the

next step of the research work, we would like to give more emphasis on role of electrostatic
interaction in various kind of protease mutants in order to understand the drug specificity

against mutants.
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Figure S1: Heat plots and 1D profiles for averaged electrostatic interaction energies (a),
standard deviations of electrostatic interaction energies (b), averaged atom-atom distances
summed per residue pair (c); standard deviations of atom-atom distances summed per residue
pair (d), and penetration contributions to electrostatic energies (e). For detailed descriptions

see Figures 2 and 3.

11



