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ABSTRACT

Human immunodeficiency virus 1 (HIV-1) protease is a homo-dimeric aspartic protease essential

for replication of HIV. The HIV-1 protease is a target protein in drug discovery for antiretroviral

therapy, and various inhibitor molecules of transition state analog were developed. However,

serious drug-resistant mutants have emerged. For understanding molecular mechanism of the

drug-resistance, accurate examination of the impacts of the mutations on ligand binding as well

as enzymatic activity is necessary. Here, we present a molecular simulation study on the ligand

binding of Indinavir, a potent transition state analog inhibitor, to the wild-type protein and a

V82T/184V drug-resistant mutant of HIV-1 protease. We employed a hybrid ab initio quantum

mechanical/molecular mechanical (QM/MM) free energy optimization technique which

combines highly accurate QM description of the ligand molecule and its interaction with

statistically ample conformational sampling of MM protein environment by long-time molecular

dynamics simulations. Through free energy calculations of protonation states of catalytic groups

at the binding pocket and of ligand binding affinity changes upon the mutations, we successfully

reproduced the experimentally observed significant reduction of the binding affinity upon the

drug-resistant mutations and elucidated the underlying molecular mechanism. The present study

opens the way for understanding the molecular mechanism of drug-resistance through direct

quantitative comparison of ligand binding and enzymatic reaction with the same accuracy.



INTRODUCTION

Human immunodeficiency virus 1 (HIV-1) protease functions in maturation of HIV particles. The

protease site-specifically cleavages peptide bonds of polyproteins of HIV through catalytic

hydrolysis reactions. Since the protease-mediated maturation is essential for virus infectivity,

HIV-1 protease is a target protein for drug discovery and various inhibitors that block its protease

activity have been developed [1,2]. HIV-1 protease forms a homo-dimer composed of monomers

denoted as A and B, respectively. Despite the C, symmetry of the protein complex, the monomers

A and B become distinguishable upon the binding of asymmetric peptide substrates and inhibitor

molecules. The catalytic site is located at the dimer interface (Figures 1 and S1). Two aspartic

acids at the positions of 25, Asp25(A) and Asp25(B), in the catalytic site act as the catalytic groups

for the hydrolysis reactions of the peptide bonds [3,4].

Inhibitors for HIV-1 protease mainly developed so far are characterized as transition state

analogs [1,5,6]. Because the transition state of an enzymatic reaction is energetically stabilized

for catalytic activity, the inhibitor molecule that mimics the transition state structure of the

enzyme’s wild-type substrate is expected to be bound to the enzyme more strongly than the

substrate in the reactant and product states. An inhibitor, Indinavir (Figures 1 and 2), is one of

such transition state analogs [7-15]. Indinavir possesses an sp’ secondary alcohol structure,

instead of an sp? carbonyl one in the wild-type peptide substrate, at the cleavage site in the vicinity



of the catalytic Asp25 groups. The secondary alcohol structure of Indinavir mimics a diol form in

the transition state of the wild-type substrate where a lytic water molecule is attacking. Together

with bulky groups analogous to hydrophobic residues at the cleavage sites of the HIV polyprotein

such as Pro-Phe, Met-Met, and Leu-Ala [4,14,16,17], Indinavir is tightly bound to the catalytic

site of HIV-1 protease and in turn potently inhibits its enzymatic activity.

However, serious antiviral drug-resistances to HIV-1 protease inhibitors including Indinavir

have emerged [1,2,13,14,18-28]. Among the drug-resistant mutations, the V82T/I84V mutation

greatly decreases the binding affinity of Indinavir (60- to 70-fold increase of the dissociation

constant), while no significant structural changes by the mutation from the wild-type one

(Co—RMSD ~ 0.2 A) were observed by an X-ray crystallographic experiment [12]. In addition,

reductions of the catalytic activities of the mutant for some of the cleavage sites of the polyprotein

remain much more modest [14], giving rise to the drug-resistance. Note that, if the transition state

analog inhibitor literally mimicked the wild-type substrate in the transition state, the mutation that

reduces the binding affinity of the inhibitor also depressed the enzymatic activity of the mutant to

a similar extent and thus abolished the drug-resistant behavior. Hence, the inhibitor that is

expected to be tolerantly effective against mutations is a compound that well captures the

chemical nature of the wild-type substrate in the transition state. For molecular design of such an

inhibitor tolerant to drug-resistance, therefore, simultaneous examinations of the inhibitor binding



and the enzymatic activity of the wild-type substrate are necessary.

For understanding and design of the inhibitor binding, determination of protonation state of the

key catalytic carboxyl groups, Asp25, is also necessary. Difference in the protonation state

strongly alters electrostatic environment at the interface between the protein and the inhibitor, and

thus significantly affects nature of their binding interaction. However, because hydrophobic

groups of Indinavir fill space around Asp25 in the binding form [12], electrostatic environment

around Asp25 in the inhibitor binding state is significantly different from that in the protein

without the inhibitor binding. Furthermore, as the asymmetric peptide substrate and the inhibitor

molecule breaks the C, symmetry of the homo-dimer HIV-1 protease upon their bindings as

described above, the protonation states of the two carboxylic acids of Asp25 in the homo-dimer

proteins can differ depending on the substrate and inhibitor molecules bound despite that the

proteins are sequentially symmetric.

Although the protonation states for the wild-type substrate and some inhibitors were measured

experimentally by biochemical, NMR, and neutron diffraction techniques [29-35], protonation

states for the proteins with various inhibitors are not sufficiently examined. Theoretical

determination of the protonation states is also a formidable task because the protonation changes

a charge of the group and thus evaluation of the free energy associated with the protonation

requires high accuracy of the electronic states of the chemical bond formation as well as large



electrostatic reorganization of the extensive protein environment. In fact, despite that many

theoretical investigations on the protonation states were performed until now [36-50], consensus

on the protonation state for the protein binding Indinavir is seemingly yet to be reached because

of their discrepancy (Table S1) [37,38,41,42,45].

Here, we present a hybrid molecular simulation study on Indinavir bound to HIV-1 protease

and its drug-resistant V82T/I84V mutant. As described above, although HIV-1 protease and its

drug resistant mutants are extensively studied experimentally [1-35] and computationally [36-56],

the microscopic molecular mechanism underlying the drug resistance is not well understood yet.

To develop a methodology to tackle the problem, a test system which has been well-characterized

experimentally is necessary. Since the biochemical and structural properties of HIV-1 protease

have extensively been examined experimentally, HIV-1 protease is one of the best systems for

the present purpose of elucidating the molecular mechanism underlying the drug resistance.

To theoretically examine the inhibitor binding process, we employed a hybrid quantum

mechanical/molecular mechanical (QM/MM) free energy method called the QM/MM

reweighting free energy-self-consistent field (RWFE-SCF) method [57,58]. The method

combines highly accurate ab initio QM calculations for a reaction center with long-time molecular

dynamics (MD) simulations using MM force fields for an extended protein system in fully

variational and computationally efficient manners, allowing one to properly describe mechanistic



coupling of a complex chemical event at the reaction center with global conformational changes

of the protein system. The method was thus utilized for ab initio evaluation of a free energy

activation energy of an enzymatic reaction [57,59] as well as structural modeling and design of

photo-receptor proteins [60-63]. Especially, the method successfully predicted functional

conformational changes of the proteins upon a photo-chemical reaction and mutations, which

were later experimentally confirmed by X-ray crystallographic measurements [60,64], showing a

high reliability of molecular modeling of a protein with a chemically complex ligand compound

and its mutants.

In the present study, we treated the whole molecule of Indinavir and the catalytic sidechains of

Asp25 quantum mechanically. The advantage of the QM/MM simulation approach over a

simulation only with MM force fields is three-fold. First, the quantum treatment avoids difficulty

in developing an accurate force field of ligand molecules. Although several efficient and accurate

schemes for parameterizing classical MM force fields for small ligand molecules have been

proposed [65,66], it is not obvious that classical force fields are accurate enough to describe

structures and energies of small ligand molecules in proteins. Especially, in the present system,

Indinavir hydrogen-bonds with a possibly anionic sidechain(s) of deprotonated Asp25, which, for

accurate evaluation of structure and energetics, requires description of electronic polarization and

charge transfer interactions absent in conventional MM force fields. Furthermore, Indinavir



exhibits several intramolecular interactions of hyperconjugation (intramolecular electronic

delocalization between adjacent ¢ and & orbitals) for which the QM treatment provides essentially

more accurate description.

An apparent shortcoming of a conventional QM/MM MD simulation, which is able to treat the

molecular interactions quantum mechanically, for a ligand binding problem is its considerably

demanding computational costs which preclude long-time MD simulations for sufficient

statistical sampling. However, the present approach of the QM/MM RWFE-SCF method enables

optimizations of electronic wavefunction and structure of the reaction center and the ligand

binding site described quantum chemically on an extensive free energy surface of the protein

environment obtained by long-time MD simulations with MM force fields, and thus partly

overcomes the difficulty of conventional QM/MM MD simulations in obtaining sufficient

statistical conformational samples.

Second, the protonation states of Asp25 can be determined to properly evaluate the binding

affinity of the inhibitor as described above. Since the protonation of the carboxyl group involves

chemical bond formation and dissociation, the QM/MM treatment is a straightforward and

accurate approach. It is again noteworthy that the QM/MM RWFE-SCF method employed in the

present study is capable of sufficiently sampling conformational changes of the protein

environment representing reorganization in response to significant change of electrostatic



potential upon the protonation change by the long-time MD simulations with MM force fields in

the QM/MM optimization procedure.

Finally, to understand the molecular mechanism of drug resistance, the method allows one to

treat both of the ligand binding process and the enzymatic reaction one. For the latter, one

inevitably needs to employ the QM/MM approach as the chemically active transition state

determines the enzymatic activity. It is therefore preferable to employ the same QM/MM

approach for the ligand binding process as well, which avoids introducing a possible error due to

use of computationally different methods.

In the present study, we first identified the protonation states of Asp25 for both the wild-type

protein and the V82T/I84V mutant binding Indinavir by QM/MM RWFE-SCF free energy

optimizations and free energy perturbation calculations. We found that water hydration to the

symmetric carboxyl groups of Asp25 in the homo-dimer is asymmetric, which determined the

protonation states of Asp25. We then calculated a difference in binding free energy of the inhibitor

between the wild-type protein and the mutant by alchemical free energy perturbation calculations

[54,67-74]. The QM/MM calculation successfully reproduced the significant reduction of the

binding free energy of the inhibitor upon the V82T/I84V mutation, which was not well described

by the simulation only with the MM force fields. The QM/MM approach which enables the

evaluation of the effect of drug-resistant mutations on the inhibitor binding opens the way for



understanding of the molecular mechanism of the drug-resistance.
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COMPUTATIONAL METHODS

To describe conformational and energetic couplings of the ligand binding with slow and extensive

thermal relaxation of the wild-type protein and its mutant, we employed the QM/MM RWFE-

SCF method by which the molecular geometry of the QM part is optimized at the ab initio level

of theory on an extensive mean-field free energy surface constructed from statistical samples of

the MM part generated by long-time MD simulations [57,58]. Free energy differences between

the optimized states on the free energy surface were then calculated by MD simulations with a

free energy perturbation (FEP) method [59]. Furthermore, free energy changes upon the drug-

resistant mutations were evaluated by alchemical MD simulations. The details of the QM/MM

RWFE-SCF calculations and the MD simulations were described below and in Supporting

Information. All the QM/MM calculations and the MD simulations were performed with

GAMESS2014 [75] with locally implemented QM/MM codes, and pmemd.cuda of AMBER16

[76,77] except for alchemical free energy calculations, which was performed that of AMBER18

[77,78], respectively.

QM/MM RWFE-SCF method. Figure 3 depicts calculation scheme of the QM/MM RWFE-

SCF free energy optimization. In the optimization procedure of the method, iterative calculations

of the long-time MD samplings of the MM part constructing the free energy surface and the ab

initio QM/MM geometry optimizations of the QM part on the free energy surface are carried out
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until simultaneous convergences of the QM geometry optimization and the MD statistical

sampling are achieved. The iterative procedure of the optimization is called the sequential

sampling [79].

After preparatory steps to obtain the initial structure and parameters of the simulation system,

the iterative cycles of the sequential sampling are started. Each iterative cycle consists of an MD

sampling calculation of the MM part for 10 ns and a QM/MM geometry optimization of the QM

part with the conformational samples of the MM part. In the former MD sampling calculation, a

trajectory calculation with fixed geometry and effective atomic charges of the QM part

determined in the previous cycle is performed and 50,000 MM conformations are obtained from

the last half of the trajectory for 5 ns. The latter QM/MM geometry optimization is then performed

on a mean-field free energy surface of those sampled MM conformations using mean energy

gradients, and the geometry and effective atomic charges of the QM part are updated for the next

cycle of the sequential sampling. The QM/MM geometry optimization procedure is designed to

be theoretically variational and computationally highly efficient by introducing a statistical

reweighting scheme and the restrained electrostatic potential (RESP) operator of the QM-MM

electrostatic interaction [57,58]. Finally, the overall convergence of the sequential sampling is

evaluated by the simultaneous convergences of the QM/MM geometry optimization and the

statistics of the MM ensemble, in the latter of which the most of the conformational samples well
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contribute to the average of the QM-MM interaction even in the statistical reweighting.

MD simulations. The initial structure of the protein binding Indinavir was constructed based

on an X-ray crystallographic structure (PDB ID: 1HSG, UniProt ID: P03367) [12]. We then

replaced several amino acids so that the amino acid sequence is identical to that of an X-ray

crystallographic structure of HIV-1 protease binding an inhibitor, JE-2147, (PDB ID: 1KZK,

UniProt ID: P03369) [80], which we employed in another ongoing study on the enzymatic

catalysis, allowing a direct comparison of the effects of the drug-resistant mutations on the

binding of Indinavir and the enzymatic catalysis. The amino acids replaced are located on surface

of the protein far from the binding pocket and C,-RMSD between those X-ray crystallographic

structures of two HIV-1 proteases is small (0.60 A) (Figure S2). Thus, the amino acids replaced

are considered functionally minor. We followed the definition of the chains A and B in the X-ray

crystallographic structure of HIV-1 protease binding Indinavir (PDB ID: 1HSG) [12].

We modeled two mono-protonated states, AH and BH, where either the catalytic aspartate

Asp25(A) or Asp25(B) is protonated, respectively, because those two aspartic acids are

experimentally known to be generally mono-protonated in the case of asymmetric type inhibitors

[31-35]. The protonation state of Indinavir is assumed to be neutral based on experimental

observation [81,82]. Although Indinavir includes a piperazine group of which pKj is higher than

7 in water, the piperazine part is surrounded by hydrophobic residues in the binding pocket of
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HIV-1 protease (Figure S3) [4,12], and thus its pKa, is expected to be largely reduced when it is

bound to HIV-1 protease. In fact, the amino acids in the native substrate of which position

corresponds to the piperazine group in Indinavir are neutral hydrophobic ones (Figure S3)

[4,14,16,17].

Each protein was immersed in a nearly cubic boxes (96.1 x 96.3 x 96.1 A®) in a periodic

boundary condition filled with TIP3P water molecules [83] and seven CI™ ions were added to

neutralize the system. The total number of atoms in the box was 76,041 (Figure 1b). The AMBER

ff14SB parameter set [84] and the parameter set reported in Ref. [85] were employed for the force

fields of the protein and the CI™ ions, respectively. The force field parameters of Indinavir were

taken from AMBER parameter database [42] and GAFF [65]. We also modeled the simulation

systems of the V82T/I84V mutant based on those of the wild-type. Details of the modeling are

given in Supporting Information.

Prior to the QM/MM RWFE-SCF simulations, equilibrium MD simulations with the fully MM

classical simulations at 300 K for 1 ps in NPT condition were carried out (see Supporting

Information).

QM/MM RWFE-SCF free energy optimizations. The QM regions consisted of Indinavir and

the sidechains of Asp25(A) and Asp25(B) (Figure 2). The dangling bonds at the boundaries of the

QM and MM regions were capped with dummy hydrogen atoms. The total number of the QM
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atoms were 105. The density functional theory (DFT) method with B3LYP-D3 functional [86,87]

and 6-31G** basis set was used, except for the two carboxyl groups of Asp25 where 6-31+G**

basis set was employed, and for the boundary atoms, the hydrogen atoms connecting to the

boundary ones, and the dummy hydrogen atoms where 6-31G basis set was used. The total

number of the basis functions were 1,059. The MD sampling calculations were performed in NVT

ensemble condition.

The free energy geometry optimizations for the protonation states AH and BH of the wild-type

required 110 and 159 cycles (i.e., the MD sampling simulations for 1.10 and 1.59 us in total),

respectively. In the case of the free energy optimization of the V82T/I184V mutant system initially

in the BH protonation state, the proton at Asp25(B) was spontaneously transferred to Asp25(A)

around at 5™ cycle of the sequential samplings and stayed in the AH protonation state after the

proton transfer (see below). The free energy geometry optimizations required 96 and 147 cycles

for the systems in the initial protonated states, AH and BH, respectively (MD simulations for 0.96

and 1.47 us in total). For the evaluation of the free energy difference between the AH and BH

protonation states of the V82T/V84V mutant, we also performed a QM/MM RWFE-SCF free

energy optimization of the mutant in the BH state by imposing constraint to fix bond distance

between Os, and Hs, atoms of Asp25(B) at 1.07 A in order to prevent the spontaneous proton

transfer to Asp25(A). The constraint free energy optimization in the BH state finished at 95 cycles
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(MD simulations for 0.95 us in total).

The QM/MM optimized structures and the energies of the AH state, which was shown to be
energetically more stable than the BH one (see below), were also determined by QM/MM RWFE-
SCF free energy optimizations with DFT M06-2X functional [88] from those obtained with DFT
B3LYP-D3 functional. The free energy geometry optimizations required 119 and 170 cycles of
the sequential samplings for the wild-type protein and the V82T/I84V mutant, respectively (MD
simulations for 1.19 and 1.70 ps in total).

Equilibrium MD simulations of the AH systems of which the geometry and the effective atomic
charges of the QM region were fixed at the QM/MM free energetically optimized ones for 1 us
each were then carried out for analysis of the protein conformations.

Evaluation of free energy differences between AH and BH protonation states. To
energetically characterize the AH and BH protonation states, free energy differences between
those protonation states were evaluated by FEP calculations as described previously [59]. The
free energy differences between the optimized states X and Y are given as

Ayx QUMM — AY—XEQM +Ayx QU-MMMM (1)
where Ay yEq, is the difference between the expectation values of the QM Hamiltonian and

AY_XFQM_W,W is the free energy difference originating from QM-MM interactions and MM

interactions in the MM region. The former was directly obtained by the QM/MM RWFE-SCF
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free energy optimization, while the latter was evaluated with the FEP method with Bennett

acceptance ratio (BAR) [89-91].

For the FEP calculation, the geometry and the effective atomic charges of the QM region were

changed with linearly divided discrete 20 points. The MD simulation at each point was started

from the last snapshot of the MD trajectory calculation at the previous point. Both of the forward

calculation where AH was changed to BH (denoted AH - BH) and the backward one where BH

was changed to AH (denoted BH - AH) were performed to assess the statistical convergence.

The total length of the MD trajectory calculation is 1 us each.

MD Simulation for inhibitor unbound states. For evaluation of ligand binding energies

described below, MD simulations of the inhibitor unbound states (IUSs) were needed. Simulation

systems of IUSs of the wild-type proteins and the V82T/I84V mutant were obtained by removing

the inhibitor molecule from the structures of the inhibitor bound states (IBSs), respectively. The

two carboxyl groups of Asp25 in the dimer were set to be both deprotonated based on

experimental evidences [3,31]. For comparison, MD simulations for IUSs with the mono-

protonated carboxyl groups of Asp25 and the deprotonated ones were also carried out. The

procedure of the MD simulations of [USs are the same as that of IBSs, and equilibrium MD

simulations for 1 us each for the three protonation states were performed.

Change in binding affinity of Indinavir upon the V82T/I84V mutation. Change in free
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energy difference between IBS and IUS upon the mutation, A, o A F, was evaluated through

a thermodynamic cycle (Figure 4),

AyiDF=AF, ~AF, =A,  F. ~A, F )

M-WT b M-wT' Bs ~ “M-wr! 1Us

where A Fy, and A, F,. are free energy differences between IBS and IUS, i.e., binding
affinities, of the mutant and the wild-type protein, respectively. However, the direct simulations
of the ligand binding processes involving large conformational changes of the proteins and the
ligand molecules require considerably long MD calculations, and thus are computationally too

demanding. The evaluation of A, . A F is therefore converted into the calculations of free

energy differences between the mutant and the wild-type protein in IBS and IUS, A, o F.

and A, . Fus > respectively, which were computed with alchemical FEP techniques [54,67-74].

In the case of A, . Fl,s for the QM/MM systems, QM/MM contributions are also included

as
AM-WTF;BS = AM-WT(QM)E QM + AM-WT(QM)F QM-MM,MM + AM-WTF;lchemy 3)
AvwrowBon a4 Ay o Fouamy  are contributions of the QM energy, and the QM-MM

interaction energy and the MM one, respectively, upon change of the QM region from the wild-

type protein to the mutant while the mutation groups were unchanged. Those terms were first

computed by the FEP procedures described above where the geometry and the effective atomic

charges of the QM region were gradually altered from those of the wild-type protein to the mutant.
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The geometry and the effective atomic charges of the QM parts were divided into 10 discrete

points. The total length of the MD trajectory calculation was therefore 100 ns.

TANIN O chemy  WAS then computed by the alchemical FEP calculation for the system including

the fixed QM region of the mutant where the mutation groups were gradually changed with the

dual-topology mode implemented in AMBER18 program package [77,78]. The parameters of

atoms in the mutated residues were divided into 20 discrete states. The total length of the MD

trajectory calculation is 200 ns. For comparison, the alchemical FEP calculations for IBS were

performed by MD simulations where the QM region was treated with the MM force field. The

free energy change upon the mutation for [US, A F ., was also evaluated by the alchemical

M-WT™ IUS ?

FEP calculations with the same procedure.

The direction of the changes from the wild-type protein to the mutant is defined as the forward

direction. The calculation in the backward direction from the mutant to the wild-type protein was

also carried out to assess the statistical convergence. Note that the thermodynamic path in the

backward direction does not coincide with that in the forward one. The FEP change in the forward

direction is wild-type QM/wild-type MM — mutant QM/wild-type MM — mutant QM/mutant

MM, and that in the backward one is mutant QM/mutant MM — wild-type QM/mutant MM —

wild-type QM/wild-type MM. Thus, the intermediate states (mutant QM/wild-type MM vs. wild-

type QM/mutant MM) in the thermodynamic paths are different.
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RESULTS

We first compared structures of the Indinavir binding site of the wild-type protein and the

V82T/184V mutant obtained by MD simulations with classical MM force fields and the QM/MM

RWFE-SCF free energy optimizations. Next, the protonation states of the two catalytic aspartic

acids, Asp25(A) and Asp25(B), were determined by free energy calculations for the free

energetically optimized structures obtained by the QM/MM RWFE-SCF method. Finally, change

in the binding free energy of Indinavir upon the V82T/I84V mutation was evaluated with

alchemical free energy perturbation calculations.

MD simulations of the wild-type protein and the V82T/I84V mutant. We performed MD

simulations with classical MM force fields for 1 us for the wild-type protein and the V82T/I84V

mutant in the two mono-protonated states, AH and BH, where one of the catalytic aspartic acids,

Asp25(A) and Asp25(B), is protonated, respectively (sse COMPUTATIONAL METHODS). The

two aspartic acids of Asp25 were experimentally suggested to be mono-protonated for asymmetric

inhibitors [31-35]. Conformations of the sidechains of the protonated Asp25(A) and Asp25(B) of

the wild-type protein observed in the MD simulations are distinctly different (Figures S4a-d) and

not in C; symmetry because of the asymmetric binding of Indinavir despite the C, symmetry of

the protein. The sidechain of the protonated Asp25(A) is also somewhat flexible, as suggested by

a previous MD study [49], compared to that of the protonated Asp25(B) (Figure S4a,b). During
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the MD simulations for 1 us, water molecules move in and out of the binding site (Figures S5 and

S6). No significant structural differences of Asp25 and the water occupation between the wild-

type protein and the V82T/184V mutant were found (Figures S4, S5, and S6). Details of the results

are described in Supporting Information.

QM/MM RWFE-SCF geometry optimizations. Structures of the bound Indinavir and the

catalytic Asp25 in the wild-type protein were refined by QM/MM RWFE-SCF geometry

optimizations starting from snapshots of the main conformations in the MD trajectories described

above (see COMPUTATIONAL METHODS for details). The free energetically optimized

structures of the wild-type protein (Figure 5a,b) showed that large conformational changes of

Asp25 are associated with occupations of more water molecules in the binding sites.

Prominent conformational changes appear at the deprotonated aspartic acids of Asp25. In the

initial conformations of the AH protonation state taken from the MD simulations, one of the two

Os atoms of the carboxyl group of Asp25(B) was hydrogen-bonded with two N-H groups of the

main chain amides of Gly27 of the protein dimer (Figure 6a). During the optimization, the

hydrogen-bond of the Os atom with one of the two N-H groups of Gly27 was dissociated, while

that with the other N-H group was maintained (Figure 6a). Orientation of the carboxyl group of

Asp25(B) was also significantly changed (Figures S7a,c,e and S8, and Table S2). The

conformational change of the deprotonated Asp25(B) was accompanied by hydration with water
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molecules coming into cavities newly created by the conformational change, and consequently

four water molecules occupied the cavities in the binding pocket (Figures Sa and 7a). The water

hydration in the binding pocket was not observed in the X-ray crystallographic structure [12]. The

discrepancy may arise from the environment around the protein; the X-ray crystallographic

structure was determined in a crystal packing at high concentration of the protein, i.e., in much

fewer water molecules, while the protein is fully solvated in a water box in the present simulation

system. Given that no apparent counter ion group of the deprotonated Asp25 is found and the

hydration in the binding pocket is closely related to the protease function, i.e., hydrolysis of a

peptide bond, the hydration in the binding pocket observed in the present study seems physically

and biochemically reasonable.

Similar conformational changes of the deprotonated Asp25(A) and hydration with water

molecules during the QM/MM RWFE-SCF geometry optimization were also observed for the BH

protonation state (Figures 5b, 6b, 7b, and S7b,d,f). However, because of the asymmetric binding

of Indinavir, the conformational changes of the deprotonated Asp25(A) were less pronounced

(Figures 6b and S7b,d,f). Furthermore, although water molecules hydrating the catalytic aspartic

acids increased during the free energy optimization, cavities were not fully created around

Asp25(A) because of tight hydrophobic packing among the tertiary butyl and phenyl groups of

Indinavir and Val82 and Ile84 of the protein, and thus the deprotonated Asp25(A) was less
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hydrated (Figure 7b). In addition, Asp25(B) was also less hydrated because Asp25(B) is

protonated. Consequently, the number of water molecules occupying the cavities in the binding

pocket in the BH state in the optimized structure was three (Figure 5b and 7b), which is less than

that in the AH state, four, as described above (Figure 5a and 7a).

In addition to the conformational changes of the catalytic Asp25, molecular structures of

Indinavir were also altered by the QM/MM free energy optimizations. Because of strong

hydrogen-bonds of the hydroxy group of Indinavir with the carboxyl groups of Asp25, the

conformational changes of Asp25 described above were correlated with a deeper binding of the

hydroxy group of Indinavir inside the binding cleft (Figure 5e.f). The deeper binding of the

hydroxy moiety of Indinavir was also achieved by rotations of dihedral angles of Indinavir’s

backbone bonds adjacent to the hydroxyl group (Table S3). The dihedral angles of N3-Co-C11-Ci2

and C,o-C11-Ci2-C3 of the optimized structure in the AH state deviated remarkably from those in

the X-ray crystallographic structure by 17.1 and -22.4 degrees, respectively, and in the MD

simulation with the MM force fields by 26.5 and -11.1 degrees, respectively. Several dihedral

angles around N3-Cio, C11-Ci2, and C;3-C;; determined by the QM/MM RWFE-SCF optimizations

were also found to deviate by more than 10 degrees from those of the MD simulations with the

MM force field. Those dihedral angles are influenced by the deeper binding of Indinavir described

above, as they are located in the vicinity of the hydroxy group hydrogen-bonded with Asp25.
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Internal molecular structures of other moieties of Indinavir were also changed by the QM/MM

free energy optimizations (Table S3). The dihedral angles around C;;-Cs; in the QM/MM

optimized structure changed largely from those in the MD simulation with the MM force field by

~20 degrees. The dihedral angles represent rotation of the pyridyl group which involves complex

change of hyperconjugation (c-7 interaction) between the o orbital of N;-C3; and the = orbitals

of the pyridyl ring and thus is difficult to describe with the MM force field. The high accuracy of

the QM description improved the interaction and thus successfully refined the molecular structure.

The difference in the conformation of the pyridyl group of Indinavir may also be correlated with

hydrophobic interaction of the group with Pro81(B) and Val82(B) of the protein (Figure 8). The

hydrophobic sidechains of Pro81(B) and Val82(B) formed a more compact conformation with the

aromatic pyridyl group (Figure 8b) in the QM/MM samples, while a looser conformation of those

sidechains (Figure 8c) was frequently found in the MM samples, implying that a stronger

hydrophobic interaction of the pyridyl group of Indinavir is established in the QM/MM optimized

structure.

The dihedral angles around Cs;-Cs; in the QM/MM optimized structure also largely deviated

by ~37 degrees from that in the X-ray crystallographic structure (Figure Se,f and Table S3). The

deviation is attributed to difference in environment around the pyridyl group between the X-ray

crystallographic structure and the simulation system. The pyridyl group is exposed to bulk water
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environment in the simulation system and thus its environment is expected to be very different

from the environment of the X-ray crystallographic structure influenced by crystal packing. The

dihedral angles of C2-Cy; and Cy3-Ca4 optimized by the QM/MM RWFE-SCF calculations also

deviated from those obtained by the MD simulations with the MM force field, indicating that the

ab initio description improved the conformation around those dihedral angles.

The structures of Indinavir and its binding site in the V82T/I84V mutant were also refined by

equilibrium MD simulations for 500 ns each and the following QM/MM RWFE-SCF geometry

optimizations from starting structures obtained based on the QM/MM optimized structures of the

wild-type proteins described above (see COMPUTATIONAL METHODS). In the case of the AH

state, the conformations of Asp25, the water hydration around them, and the internal structure of

Indinavir for the V82T/I84V mutant were almost the same as those for the wild-type protein

(Figures 5a,c, 7¢, S9a, and S10a).

In the case of the BH state, because a cavity around Asp25(B) is enlarged by the 184V mutation

where the size of the sidechain at the position of 84 decreases, one water molecule around

Asp25(B), which was excluded from the binding site upon formation of the BH state from the AH

one for the wild-type protein as described above (Figure 5a,b), partially occupied the cavity in the

BH state in an equilibrium MD simulation for 500 ns before the QM/MM optimization (Figure

S9b). The occupation of the additional one water molecule may also be reinforced by increase of
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polarity by the V82T mutation. Consequently, the number of the hydrating water molecule in the

binding pocket in the BH state of the V82T/I84V mutant fluctuates between three and four and

increased from that of the wild-type protein (Figures 7d and S9b).

Because of the increased hydration of Asp25(B) for the V82T/184V mutant, the proton attached

to Asp25(B) spontaneously transferred to Asp25(A) through the hydroxy group of Indinavir in an

early cycle of the following QM/MM RWFE-SCF geometry optimization around 50 ns, leading

to formation of the AH state. The spontaneous proton translocation forming the AH state clearly

indicates that a free-energetically quasi-stable state does not exist for the V82T/I84V mutant in

the BH state, and thus the protonation state of the V82T/I184V mutant is the AH one.

For the free energy calculations of the protonation states described later, a model of the

V82T/I84V mutant in the BH state was obtained by the QM/MM RWFE-SCF geometry

optimization with a fixed distance of the O-H group of Asp25(B) which prevents the spontaneous

proton transfer forming the AH state (see COMPUTATIONAL METHODS). The conformation

of Asp25 and the internal structure of Indinavir were again almost the same as those of the wild-

type protein in the BH state (Figures 5b,d and S10b). The number of the water molecules

hydrating Asp25 in the binding sites in the BH state increased to nearly four as described above,

which is the same as that in the AH state (Figures 5¢,d and 7¢,d)

The protein structure of the binding site with Indinavir does not exhibit significant change upon
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the V82T/I84V mutations (Figure 9). RMFSs of the amino acids in the binding sites, their
differences between the wildtype and the V82T/I84V mutant, and the averaged C,-distances
between them were small in IBS in the AH state. Nevertheless, the largest RMSFs and C,-
distances appear in the region from Pro81(B) to Ile84Val(B), indicating that the hydrophobic
packing of this region of the protein with Indinavir seen above (Figure 8) was somewhat perturbed
by the mutations. Unlike in IBS, RMSFs of the binding site in IUS are relatively large because
the amino acids in the binding site is exposed to bulk water in IUS.

Finally, one water molecule tetrahedrally bridging two amide oxygen atoms of Indinavir (O
and O; atoms) and two amide nitrogen atoms of [1le50(A) and I[1le50(B) through hydrogen-bonds
was found for all of the optimized structures, respectively (Figure S11). The bridging structural
water molecule was observed by various experiments including the X-ray crystallographic
structure (1HSG) employed in the present study [1,4,5,12], and is considered to strengthen the
binding of Indinavir.

Protonation states of the catalytic aspartic acids of Asp25. Free energy differences between
the AH state and the BH one, optimized by the QM/MM RWFE-SCF methods described above
were evaluated by MD simulations of FEP calculations with BAR method (see
COMPUTATIONAL METHODS). The free energy difference, Ay, anF v » Was computed to

be 2.8 kcal/mol (Table 1), indicating that the AH state is energetically more stable than the BH
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one. Ample sampling of the long MD simulations in the forward and backward directions for 1

us each provided a sufficient statistical convergence represented by small difference between

Agianke

pranl ouamy  Obtained in those directions by 0.4 kcal/mol, while shorter MD simulations led to
larger deviations of Ay, AHFQ]\,VMM by several kcal/mol (Tables 1 and S4). Dependency of density
functional used in the QM/MM calculation on the free energy difference was also assessed by
computing ABH_AHEQM in Eq. (1) with various density functionals at the same optimized QM
geometry and the same mean field of electrostatic potential from the MM region. Deviations from
the value with B3LYP-D3 functional employed in the present study were less than 1.5 kcal/mol
(Tables S5), and thus the conclusion that the AH state is energetically more stable holds.

The free energy difference originates from two contributions of the QM energy, Ay, AHEQM,
and the QM-MM interaction energy and the MM energy, ABH_AH117'(:)1\,[_M]\,LMM , respectively, as
shown in Eq. (1). ABH_AHEQM gave a largely negative contribution of -18.1 kcal/mol, indicating
that the QM energy in the BH state is considerably lower than that in the AH state. Given that the
QM region includes Indinavir and the catalytic carboxylic acids of Asp25, and the internal
conformations of Indinavir in the AH and BH states are not significantly different, the large energy
QM contribution is attributed to the difference in the interaction of Indinavir with Asp25 due to

the asymmetric binding. The hydroxy group of Indinavir therefore energetically favors interaction

with the deprotonated Asp25(A) in the BH state over the deprotonated Asp25(B) in the AH state,
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as the hydroxy group interacts more strongly with the anionic deprotonated carboxylic acid than
the neutral protonated one.

In contrast, the other contribution of Apgy \yFovmu» 20-9 keal/mol, was largely positive,
and overcompensated that of Agy \;Eqy, leading to the small positive overall contribution of
Agpan Founn » 2.8 keal/mol. The large positive contribution of  Agy i Fovan  comes from the
asymmetric hydration of the catalytic carboxylic acids, Asp25, as described above (Figure 5a,b).
As Asp25(B) is more hydrated than Asp25(A), the AH state where Asp25(B) is deprotonated and
negatively charged, is more stabilized than the BH one.

The protonation state of the V82T/I84V mutant was determined to be the AH state by the
QM/MM RWFE-SCF optimization where the proton at Asp25(B) in the BH state was
spontaneously transferred to Asp25(A) as described above. The protonation state of the mutant
was also verified in terms of energetics by the FEP calculations. The BH state was modeled by
the QM/MM RWFE-SCF optimization with a fixed O-H bond length of the protonated Asp25(B)
as described above. The free energy difference, Ay \yFop» Was evaluated to be 4.6 kcal/mol
(Table 1), and thus the AH state is energetically more stable than the BH state, which agrees with
the observation of the QM/MM RWFE-SCF optimization described above. Furthermore, the free
energy difference of the mutant is larger by 1.6 kcal/mol than that of the wild-type protein, which

is in line with the spontaneous proton transfer during the QM/MM RWFE-SCF optimization.
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As in the case of the wild-type protein, Apy,yEq, of the mutant, -13.2 keal/mol, was largely
negative and the largely positive contribution of AgyuFovanu » 178 keal/mol,
overcompensated ABH_AHEQM , resulting in the positive overall free energy difference,
AgianFowmy (Table 1). However, Agy,Eqy of the mutant is significantly larger by 4.9
kcal/mol than that of the wild-type protein, which leads to the larger ABH_AHFQMW of the mutant.
Given that the conformations of the binding site of the wild-type protein and the mutant in the
AH state are similar, and thus the AH states are not likely responsible for the change, the increase
of Ay, AHEQM of the mutant is attributed to the stronger hydration of the protonated Asp25(B) in
the BH state (Figure 5b,d). As described above, the number of the water molecules hydrating the
protonated Asp25(B) in the mutant is larger than that in the wild-type protein. The stronger
hydration of the protonated Asp25(B) which decreases its pKa elevates more largely the QM
energy of the BH state.

Effect of the V82T/I84V drug-resistant mutation on binding affinity of Indinavir. We first
refined the QM/MM structures and the energies by QM/MM RWFE-SCF free energy
optimizations with DFT M06-2X functional [88] from those obtained with DFT B3LYP-D3
functional (see COMPUTATIONAL METHODS). In an ongoing computational study on
enzymatic catalysis of HIV-1 protease in our group, we found that a free energy of an active

reaction intermediate is strongly dependent on density functionals employed, and that obtained
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with M06-2X functional is in better agreement with that at a higher level of theory, which will be
reported elsewhere. As the binding free energies of the inhibitor molecule evaluated in the present
study will be compared with those of the transition states of the enzymatic reactions to elucidate
molecular mechanism of the drug resistance as described above, we obtained the formers with the
same M06-2X functional as well. The optimized structures of the wild-type proteins and the
V82T/184V mutant with M06-2X functional were found to undergo very minor changes from
those obtained with B3LYP-D3 functional (Figure S12). The RMSDs of the heavy atoms of the
QM regions optimized with M06-2X functional with respect to those with B3LYP-D3 one are
0.10 A and 0.14 A for the wild-type protein and the V82T/I84V mutant, respectively. The compact
packing of the pyridyl group of Indinavir and Pro81(B) and Val82(B) of the protein observed in
the optimized structure with B3LYP-D3 functional was maintained as well in the M06-2X
structure (Figure S13).

Free energy calculations of the difference in the binding free energy between the wild-type
protein and the mutant, A, . A F', based on Egs. (2) and (3) showed that the binding free
energy of Indinavir increased by 3.8 kcal/mol upon the mutation of V82T/I84V (Table 2),
indicating that the mutation significantly reduces the binding affinity of Indinavir. Deviation of

the free energy differences obtained by the FEP calculations in the forward direction and the

backward one was small (0.2 kcal/mol) despite that their thermodynamic paths did not coincide
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as described above, showing a sufficient statistical convergence. The computed increase of the
binding free energy is in line with the experimental observations, i.e. increase of the binding free
energy by 2.5-3.0 kcal/mol [13,14], although the computed value is slightly overestimated.

As shown in Eq. (2), A, A, F is given by a difference between free energy changes of the

inhibitor binding state (IBS) and the inhibitor unbinding state (IUS) upon the mutation,

Aywrlss and Ay o Fe, respectively. Furthermore, the former is composed of contributions

of the QM energy, AM_WT(QM)EQM , the QM-MM interaction energy and the MM energy,

AM_WT(QM)FQM_MM’MM , and the alchemical mutation, A, . F Khemy » @S shown in Eq. (3).

AM_WT(QM)EQM and AM_WT(QM)FQM_MM’MM represent the contributions of conformational

changes of the QM region. The contribution of AM_WT(QM)EQM gave an increase of 1.7 kcal/mol,

and was almost compensated by that of AM_WT(QM)FQM_MM wv » -1-6 kcal/mol. The contribution of

the alchemical mutation between IBS and IUS, A\ F o —Ay o F o, then added an

increase of 3.7 kcal/mol, and consequently the V82T/I84V mutation increased the overall free

energy difference, A A, F', by 3.8 kcal/mol.

M-WT b

The increase of A, A F is considered to originate from reduction of hydrophobic

interaction of Indinavir with the V82T/I84V mutant. It is noteworthy that A, . A, F' evaluated

with the MD simulations with the MM force field of Indinavir was small, 0.3 kcal/mol (Table 2).

As described above (Figures 8 and S13), the pyridyl group of Indinavir established a strong
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hydrophobic interaction with Val82(B) in the QM/MM samples, while the hydrophobic structure
was looser in the MM samples. The observation is therefore consistent with the increase of
A wrA F by the QM/MM calculation as the hydrophobic interaction becomes weaker in the
V82T/184V mutant where a polar hydroxyl group is introduced at the position 82 and the bulky
hydrophobic group at the position 84 is replaced with the smaller one.

Equilibrium MD simulations of IUS for 1 us showed large conformational fluctuation of the
flap region (Figure S14), although no distinct conformational transitions to the open or semi-open
conformations observed by an X-ray crystallographic measurement and previous MD simulations
[56,92-94] were found during the simulation time, which may be a source of the slight
overestimation of the increase of A, A F . We also performed the alchemical FEP
calculations for [US with different protonation states of the carboxylic acids of Asp25, i.e., the
mono-protonated state and the di-protonated state, for comparison, and found that the difference

in the protonation state moderately altered the free energy change upon the mutation by ~1

kcal/mol (Table S6).
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DISCUSSION AND CONCLUDING REMARKS

The present molecular simulations with the QM/MM free energy optimization and alchemical

free energy calculation techniques successfully reproduced the significant reduction of binding

affinity of an inhibitor, Indinavir, due to a drug resistant mutation, V82T/I84V, and elucidated the

molecular mechanism underlying the affinity change. The complex molecular structures of

Indinavir bound in the protein were accurately determined at the density functional level of

electronic structure theory on extensive free energy surfaces of the protein represented by the

long-time MD simulations on microseconds timescale. The accurate description of the molecular

structures of Indinavir successfully identified the molecular origin of the reduction of the binding

affinity upon the mutation.

The reduction of the binding affinity upon the mutation was, however, not well reproduced by

the calculations only with MM force fields for the Indinavir binding. In fact, significant

differences in the internal molecular geometry of Indinavir and its interaction with the protein

between the QM/MM free energetically optimized structure and the MM force field one were

observed. Especially, the position of Indinavir where the significant geometric difference

appeared due to complex electronic interaction of hyperconjugation close to the protein residues

related to the V82T/I84V mutation. It is therefore suggested that the accurate description of the

present approach is necessary for properly capturing the impact of the subtle structural changes
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due to the drug-resistant mutation. As the present approach allows one to avoid difficulties in

accurately developing MM energy functions of complex ligand molecules, the approach is

capable of accurately and consistently evaluating relative binding affinities of various inhibitor

molecules and drug-resistant mutants required for in silico drug design.

The QM/MM approach always needs to set the QM and MM regions properly to diminish

errors originating from lack of electronic interactions between the QM and MM regions and

within the MM one such as electronic polarization and charge transfer [95-99]. In the present

study, Indinavir and the sidechains of the catalytic Asp25 were included in the QM region. As

described above, the QM treatment of the former succeeded in accurately describe its

conformation, and the strong electronic interaction between Indinavir and the charged aspartate

was taken into account by including the catalytic Asp25 in the QM region.

Other than Asp25, however, the amino acids of the binding site contacting Indinavir are mainly

hydrophobic. The interaction of the Indinavir with those hydrophobic amino acids are thus

considered to be reasonably described by the MM interaction which was utilized for the

interaction at the QM-MM boundary in the present calculation as hydrophobic interaction does

not involve large change of the electronic wavefunction. Furthermore, because thermally driven

conformational changes are essential for proper description of hydrophobic interaction, the long-

time MD sampling of the hydrophobic group of the binding site in the MM region in the present
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QM/MM RWFE-SCF calculations successfully captured significant changes in the hydrophobic

interaction of Pro81(B) and Val82Thr(B) upon the V82T/I84V mutations likely leading to the

binding free energy reduction as described above. It is therefore considered that the QM/MM

partition of the present study provided a well-balanced description of the ligand binding

interaction in terms of accuracy and computational costs.

X-ray crystallographic studies reported conformational changes of the protein upon mutations

[13,15,20,23]. X-ray crystallographic structures of HIV-1 protease binding Indinavir exhibit large

conformational changes of 80s loop comprised of amino acids 79-83 and the pyridyl group of

Indinavir upon nine mutations including V82T [20] and two mutations including V82A [23],

while significant conformational changes upon four mutations including V82T/I84V were absent

in an X-ray crystallographic structure [13]. The experimental observations that the mutations at

the position of 82 induce conformational changes of 80s loop are therefore in line with the present

calculations showing that the hydrophobic interaction of the pyridyl group of Indinavir with the

amino acids at the positions of 81 and 82 in 80s loop are responsible for changing the binding free

energy upon the V82T/I84V mutation. However, the different behavior of the conformational

changes of 80s loop upon the mutations in the X-ray crystallographic structure described above

may imply that the conformational changes are affected by crystal packing as the loop is flexible

and is located on the protein surface. The significant role of the pyridyl group of Indinavir in the
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binding is also consistent with an experimental evidence that modification of the pyridyl group

of Indinavir to more hydrophobic methylenedioxyphenyl group increased binding affinity of triple

a mutant including V82T/I84V [15], and a previous MD simulation for 1 ns showing disorder of

the pyridyl group in the V82A mutant [52].

Although the present calculations semi-quantitatively reproduced the reduction of the binding

affinity upon the drug-resistant mutation, however, the increase of the free energy difference was

slightly overestimated by ~1 kcal/mol. Two possible sources of the error are considered. First, the

protein conformation in the inhibitor unbound state might not be well modeled as described above.

It is, however, noteworthy that when the binding free energy change upon mutations for the

inhibitor molecule is compared to that for the wild-type substrate in the catalytic process, through

which the ability of the mutations for drug-resistance is evaluated as described above, the ligand

unbound state does not appear in the thermodynamic cycle for the free energy comparison. Second,

the present QM/MM free energy optimization technique neglects conformational fluctuation of

the QM region, which may overestimate stability of the hydrophobic packing. The error is

considered to be relatively minor in the present case of the Indinavir binding as tight binding of

the inhibitor molecule in the protein was observed. However, for an inhibitor molecule with

flexible groups, the lack of conformational fluctuation of the QM region may cause a problem in

accurately evaluating the free energies. A correction scheme to take conformational fluctuation of
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the QM region into account needs to be developed in the future study.

The protonation state of the sequentially symmetric catalytic carboxyl groups, Asp25(A) and

Asp25(B), was also determined by direct calculations of free energy differences between the

protonation states. The consistent combination of the high accuracy of the density functional

theories for the QM description and the ample conformational samples obtained by the long-time

MD simulations for microseconds for the MM protein environments thoroughly determined the

protonation states, and the underlying mechanism based on the highly accurate and statistically

well-converged free energy differences was clarified. Especially, the small overall free energy

differences between the protonation states (3-5 kcal/mol) were given by sums of large positive

and negative contributions of the electronic energies and the interactions with the protein and

hydrating water molecules, respectively (Table 1), created by the asymmetrically bound ligand.

The high accuracies of both the electronic state of the titratable groups and their interaction with

the statistically reorganizing surroundings responding to large changes of electrostatic

environment due to the protonation change were therefore important for the determination of the

protonation state.

The protonation state of the catalytic Asp25 were widely investigated by theoretical studies

through various approaches such as potential energy calculations with MM force field,

semiempirical and ab initio QM calculations, and free energy calculations with an MM Poisson-
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Boltzmann Surface Area method with MD simulations for several nanoseconds [37,38,41,42,45].

The present calculation which combined highly accurate methods of the ab initio QM description

and the long-time microscopic MD simulation on sub-micro to micro second time scale showed

that the hydration of water molecules to the aspartates and the (de)protonation electronic energy

of them are correlated in a complex manner, and both significantly contribute to the energetics of

the protonation state. Because descriptions of the former and latter processes require a long-time

MD simulation and an accurate ab initio QM description, respectively, a careful treatment is

necessary to determine the protonation state theoretically.

To understand molecular mechanism of the drug-resistance, the impacts of the mutations on

both of the enzymatic activity and the inhibitor binding need to be examined as described above.

The enzymatic catalytic activity, kea/Km, is measured by the free energy difference between the

substrate unbound state and the transition state of the enzymatic reaction. Thus, in the case of

examining effect of a mutation on the catalytic activity, the free energy difference between the

transition states in the wild-type protein and the mutant is calculated, and explicit evaluation of

the binding free energies of the substrate can be omitted similar to the present study (Figure 4).

The theoretical investigation on the enzymatic chemical reaction inevitably requires accurate

quantum chemical treatment. The present study demonstrated that the inhibitor binding process

can be examined quantitatively by the accurate QM/MM free energy optimization approach that
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is directly applicable to the catalytic reaction process as well [57-59], and therefore opens the way

for understanding the molecular mechanism of drug-resistance through direct quantitative

comparison of those processes with the same accuracy, which is now ongoing in our group and

will be reported elsewhere.
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DATA AND SOFTWARE AVAILABILITY

Coordinate data of the free energetically optimized structures of the QM region for all the states

obtained in the present study are included in Supporting Information. See COMPUTATIONAL

METHODS and Supporting Information for detailed descriptions of softwares along with

workflows and parameter setting of the simulations. The locally developed codes for the QM/MM

RWFE-SCEF calculation used in the present study are available upon request.
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ASSOCIATED CONTENT
The Supporting Information is available.

Supplemental computational methods, supplemental results of classical MD simulations, an
amino acid sequence of the HIV-1 protease used in this study (Figure S1), summary of predicted
protonation state of Asp25 in previous studies (Table S1), comparison of amino acid sequences
between two HIV-1 proteases (Figure S2), protein environments around Indinavir and a natural
substrate (Figure S3), results of MD simulations with classical MD simulations (Figures S4-S6,
S14), analysis of hydrogen bonding network of Indinavir binding region (Figures S7-S8, Table
S2), analysis of internal dihedral angles of Indinavir (Table S3), number of water molecules
around Indinavir binding region during MD simulations before free energy optimizations of
V82T/184V mutant (Figures S9), results of QM/MM free energy optimizations (Figures S10-S13),
evaluation of Agy \yFovam by BAR method of FEP for various lengths of MD trajectories
(Table S4), evaluation of Ay, Eq, for various DFT functionals (Table S5), alchemical free
energy evaluation of IUS for difference protonation states of Asp25 (Table S6), and description
for coordinate data in zip archive file (PDF).

One zip archive file of coordinate data of the free-energetically optimized geometries of the

QM region by the QM/MM RWFE-SCF calculations for all the states obtained in this study (ZIP).
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Figure 1. Structure of HIV-1 protease binding Indinavir and its molecular simulation system. a
Structure of the wild-type HIV-1 protease binding Indinavir. The protein backbone is drawn in a
ribbon representation. Heavy atoms of Indinavir and the sidechains of Asp25(A) and Asp25(B) in
the monomers A and B, respectively, are depicted in a stick representation. Heavy atoms of the
sidechains of Val82 and I1e84 are depicted in a ball and stick representation. b A QM/MM simulation
system for the wild-type HIV-1 protease binding Indinavir in a water box in a periodic boundary
condition. A quantum mechanically treated molecules are depicted in a van der Waals representation

colored in yellow.
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Figure 2. QM regions in the QM/MM RWFE-SCF calculations consisting of Indinavir and the
sidechains of Asp25(A) and Asp25(B). Dummy hydrogen atoms to cap the QM regions, Hqum, are

also shown.
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Preparatory steps
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Equilibrium MD simulation
Cooling MD simulation

QM/MM optimization at 0 K for obtaining initial g and R
Heating MD simulation with fixed q and R

Iterative cycles of MD and QM/MM (sequential sampling)
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Figure 3. Calculation scheme of QM/MM RWFE-SCF free energy geometry optimization method.

After preparatory steps where simulation systems are equilibrated and initial atomic coordinates R

and effective atomic charges q of the QM region are obtained, iterative cycles of an MD sampling

simulation and a QM/MM free energy geometry optimization shown in a green frame are

performed. At each cycle shown in a purple frame, MD simulation with fixed R and q is firstly

performed to statistically sample MM conformations X. Then, using the ensemble of the MM

conformations X, a QM/MM free energy geometry optimization with a mean field approximation

and reweighting is performed. By the QM/MM geometry optimization, R and q are updated for

the MD sampling simulation of the next cycle. Finally, convergence of the overall free energy

optimization is checked with a free energy gradient with respect to R and statistics of the ensemble

of the MM conformations. The iterative cycles continue until the simultaneous convergences are

achieved.
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Figure 4. Alchemical free energy calculation scheme of a relative binding free energy between

the wild-type enzyme (Ewr) binding with an inhibitor (I) and the mutant one (Em). A,y Frys 1S

a free energy difference between the mutant enzyme and the wild-type one in the inhibitor

unbound state (IUS), A, . Fiss is that in the inhibitor bound state (IBS), A, F, is a free

M-WT™ IBS

energy difference between the IBS and the IUS of the wild-type protein, and A, F,, is that of the

mutant. Simulations of the inhibitor in their unbound states of the wild-type and the mutant are
not necessary because the free energies of the inhibitor in those unbound states where the inhibitor
is released in bulk water are the same, and thus are canceled out when the free energy difference

between the wild-type and the mutant is considered.
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Figure 5. The free-energetically optimized structures obtained by the QM/MM RWFE-SCF
calculations. a The wild-type structure in AH. b The wild-type one in BH. ¢ The V82T/184V
mutant one in AH. d The V82T/I84V mutant one in BH with a fixed O-H distance of protonated
Asp25(B). Heavy atoms of Indinavir and the sidechains of Asp25 are depicted in a stick
representation. Water molecules within 3 A of Asp25 and heavy atoms of the sidechains of
Val82/Val82Thr and Ile84/Ile84Val are shown in a ball and stick representation. € Comparison
between the optimized wild-type structure in AH (blue) and an X-ray crystallographic structure
binding Indinavir (PDB ID: 1HSG) (gray). f Comparison between the optimized wild-type
structure in BH (green) and the X-ray crystallographic one (gray). The heavy atoms of the
optimized structures were RMSD-fitted to those of the X-ray crystallographic one.
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Figure 6. Temporal changes of distances between Asp25(A)/Asp25(B) and Gly27(A)/Gly27(B)
during free energy optimizations. a The wild-type protein in AH. A distance between Os atom of
the sidechain of Asp25(B) and N atom of the mainchain of Gly27(B) (purple), and those between
Os atom of the sidechain of Asp25(B) and N atom of the mainchain of Gly27(A) (red and blue) are
depicted. b The wild-type protein in BH. A distance between Os atom of the sidechain of Asp25(A)
and N atom of the mainchain of Gly27(A) (purple), and those between O; atom of the sidechain of
Asp25(A) and N atom of the mainchain of Gly27(B) (red and blue) are depicted. The distance and
the angle including one of two O3 atoms of Asp25 are colored in red, and those including the other
are colored in blue in @ and b. The distances of the Os atoms located farther from N atom of the
mainchain of Gly27(A) are drawn in light colors. Bottom-left panels in @ and b represent starting
structures of free energy optimizations, respectively, and bottom-right ones represent the optimized
ones. Heavy atoms of Indinavir and the sidechains of Asp25 are depicted in a stick representation.

Gly27 are shown in a ball and stick representation.
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Figure 7. Temporal changes of the number of water molecules around Asp25 during the free energy
optimizations. @ The wild-type protein in AH. b The wild-type one in BH. ¢ The V82T/I84V
mutant in AH. d The V82T/I84V mutant in BH with a fixed O-H distance of protonated Asp25(B).
Water molecules within 3 A of Asp25(A) and Asp25(B) were counted. Window-averaged temporal
changes are drawn with thick lines in red. Width of the averaging window is 20 ns. Snapshot
structures of free energy optimizations are also shown in a and b. Heavy atoms of Indinavir and
the sidechains of Asp25 are depicted in a stick representation. Water molecules within 3 A of

Asp25(A) and Asp25(B) and heavy atoms of sidechains of Val82 and I1e84 are shown in a ball and

stick representation.
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Figure 8. Hydrophobic interactions of the pyridyl group of Indinavir with the sidechains of
Pro81(B) and Val82(B). a Distributions of distances between C, atom of Pro81(B) and Cg atom of
Val82(B) in the QM/MM samples (red) and the MM ones (blue). The QM/MM samples were
taken from a trajectory for 1 ps obtained by an MD simulation with the QM region of which the
geometry and the effective atomic charges were fixed at the QM/MM free-energetically optimized
ones with B3LYP-D3 functional. The MM samples were taken from the equilibrium MD
simulation for 1 ps (see COMPUTATIONAL METHODS). A bin width of 0.1 A was employed
for the distributions. b A snapshot of the QM/MM samples where the distance in a is ~5 A.

Indinavir is depicted in green. ¢ A snapshot of the MM samples where the distance in @ is ~6 A.

70



IBS IUS

Q
(o3

wild-type wild-type
254 V82T/I84V — | 25¢ V82T/I84V —— |
g 2+ g 2+
& 15] L 15
= = W
® 4 ® 4
0.5f { 0.5+
00 20 40 60 80 0 20 40 60 80 90 20 40 60 80 0 20 40 60 80
<+— monomerA —» <— monomerB —» <+— monomer A —»<+— monomerB —»
Residue number d Residue number
co.s ' w'ild-tvpe'-mu'tant‘ 0.6- \ wuld-type - mutant
@ 04+F < 04+
7] &
g J I (M'\Aﬁk
“6 0 \/MNJ\N\'\'\\VR\V ‘ﬁ-“‘u"\/’/vv'\ ’.O- 0 u "
. /' W ‘
T 021 1 T -0.2" i 1
04+ 1 04+
0 20 40 60 80 O 20 40 60 80 020406080020406080
<+— monomerA —» <— monomerB —» <+— monomer A —»<—— monomerB —»
Residue number Residue number
16—+ 11— f16
e 14 b/w wild-type and V82T/I84V ——— 14 b/w wild-type and V82T/I84V ——
12} | 12 \
< <
3, | Tal 4 IEAI
2 08f j‘ S 08 (. | N ‘|\\
g | g b AL Ting it
? 0.6 \ 1 2 06| 1 ‘J\}\‘ ‘\ M \‘r“‘w‘
a \ \ | a AR BT W \
MH Mo ¢ ot ) | f o4l R T AT [
'1 h"~ A VAW b A AR WA IV VN | v
oz gy *N AN v A 02} \
o0 20 40 60 80 0 20 40 60 80 o0 20 40 60 80 0 20 40 60 80
<— monomer A —>» <— monomerB —» <4— monomer A —»<4— monomerB —»
Residue number Residue number

Figure 9. Structural comparison between the wild-type protein and the V82T/I84V mutant for IBS
in the AH state and IUS. Conformational samples of IBS were taken from trajectories for 1 us
obtained by MD simulations with the QM region of which the geometry and the effective atomic
charges were fixed at the QM/MM free-energetically optimized ones with B3LYP-D3 functional
(see COMPUTATIONAL METHODS), and those of IUS were taken from equilibrium MD
simulations for 1 us. a,b Co-RMSFs of IBS (a) and IUS (b) for wild-type protein (blue) and
V82T/184V mutant (red). Residues of which any heavy atoms are located within 4 A of Indinavir
(Arg8, Leu23, Asp25, Gly27, Ala28, Asp29, Asp30, Val32, Ile47, Gly48, Gly49, 11e50, Pro81) are
marked by filled circles, and Val82(Thr82) and Ile84(Val84) are marked by filled squares. ¢,d
Differences of the RMSFs of IBS (¢) and IUS (d) between the wild-type protein and the
V82T/184V mutant. e,f C,-distances of IBS (e) and TUS (f) between averaged structures of the
wild-type protein and the V82T/I84V mutant of which positions of C, atoms were averaged.
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Table 1. Free Energy Differences between Two Mono-protonated States AH and BH,

AgianFovma » and Their Energy Components, Agy yy By and - Agyy iy Fovaniy » in keal/mol.

AgyanE JAN X AganF

BH-AH~QM BH-AH' QM-MM,MM BH-AHY QM/MM
Wild type
Forward " -18.1 20.7 2.6
Backward” -18.1 21.1 3.0
Average” -18.1 20.9 2.8
V82T/184V mutant
Forward " -13.2 18.1 4.9
Backward” -13.2 17.5 43
Average” -13.2 17.8 4.6

¢ Energy differences evaluated by forward samplings.
b Energy differences evaluated by backward samplings.

¢ Averages of energy differences evaluated by forward and backward samplings, respectively.
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Table 2. Relative Binding Free Energies between the Wild-type Protein and the V82T/I84V

Mutant, A, A,

F', and Their Free Energy Components in kcal/mol.

OM/MM Aypwvrow Eou

M-WT(QM)" QM-MM,MM

Ao F A, o F

AN Ot A A F

M-WT™ IUS M-WT™b

Forward
b

Backward

Average ‘

MM A

-15.1 39
-15.1 3.7
-15.1 3.8

Forward
b
Backward

¢
Average

wewtFachemy  Anewr Flis
-12.1 -11.2
-10.7 -11.4
-11.4 -11.3
Ay F
0.7
-0.1
0.3

¢ Energy differences evaluated by forward samplings.

b Energy differences evaluated by backward samplings.

¢ Averages of energy differences evaluated by forward and backward samplings, respectively.
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