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Abstract: The cleavage mechanism of HIV-1 protease is investigated with molecular dynamics simulation of substrate-,
inthibitor-, and gem-diol intermediate-bound protease. Initial structures are based on X-ray crystallographic coordinates
for the protease bound to the inhibitor JG-365.12 The conformation space explored by atoms near the active site on
the 100 ps time scale at 300 K is analyzed for structures likely to initiate reaction. Conformations suitable for
reaction initiation are generated for both general acid—general base and direct nucleophilic attack mechanisms. The
simulations suggest that (1) both types of mechanism are plausible; (2) the catalytic Asp of monomer B is protonated
when reaction begins; (3) if the mechanism is general acid-general base, the catalytic Asp of monomer A is protonated
when the second reaction step is initiated; (4) the carbonyl oxygen is more likely than the scissile nitrogen to be
protonated in the early stages of reaction; (5) water 301! stabilizes productive conformations of reactants and
intermediates, but it does not participate directly in reaction; and (6) a lytic water, if present, has very little mobility.

Introduction

In the course of reproduction of the human immune deficiency
virus type 1 (HIV-1), the viral protease (HIVPR) cleaves a
polyprotein encoded by the gag and pol genes at eight different
sites.>* This function is essential to the maturation of the virus.
Consequently, the protease is a promising target for AIDS
therapies and the subject of intense experimental and theoretical
scrutiny.>~7 This study reports molecular dynamics (MD)
simulations of a number of ligands (a model substrate, Ac-Ser-
GIn-Asn-Tyr-Pro-Ile-Val-OMe; a model gem-diol intermediate;
and the inhibitor JG-365'2) bound at the active site of HIVPR
to elucidate the catalytic mechanism.

HIVPR belongs to the class of aspartic proteases, which are
characterized by a highly conserved pair of catalytic triads Asp-
Thr(Ser)-Gly and facilitate the hydrolysis of peptide bonds.3®
The catalytic triads are located at the periphery of a substrate-
binding pocket and opposite a flap-like region believed to open
and close to promote entry and binding of a substrate. HIVPR
is a homodimer, and each monomer contributes one triad to
the active site. The viral protease is related to human aspartic
proteases such as pepsin, renin, and cathepsin D>%% which,
though monomeric and somewhat larger, are also characterized
by two domains and a flap region.

Aspartic proteases have been known and studied for more
than a century.®~'2 Numerous catalytic mechanisms have been
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proposed, and they fall into two general categories: general
acid—general base catalysis and catalysis via a covalently-bound
intermediate. Proteolysis was long thought most likely to

- proceed via direct nucleophilic attack by an aspartate,'? resulting

in a covalent intermediate subsequently hydrolyzed. More
recently, evidence has weighed strongly in favor of general
acid—general base catalysis with water acting as the nucleophile,
leading to an intermediate that is not covalently bonded to the
protease.'>~'6 Many related mechanisms of this type have been
proposed for aspartic proteases in general'®'>17=21 and for
HIVPR in particular.2223 Recently, Meek and co-workers!314.24
have suggested a general acid—general base mechanism for
HIVPR in which the scissile nitrogen is protonated at an
intermediate step, on the basis of a variety of experimental
studies.

Three representative mechanisms are shown in Figure 1:
general acid—general base catalysis with a neutral (a) or
zwitterion (b) intermediate and direct nucleophilic attack with
a covalent intermediate (c). In mechanism (a), the first step
consists of nucleophilic attack at the scissile carbon by a water
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molecule, with the unprotonated Asp acting as a general base
to abstract a proton from the water while the protonated Asp,
acting as a general acid, donates a proton to the carbonyl oxygen
(increasing the partial positive charge on the carbonyl carbon,
making it more attractive to the nucleophile). In the second
step, the gem-diol intermediate is cleaved. The catalytic Asps
reverse the roles of general acid and general base, the former
protonating the scissile nitrogen and the latter abstracting a
proton from the diol. Catalysis might also proceed via an
oxyanion intermediate, the carbonyl oxygen hydrogen bonding
with the protonated Asp but never abstracting a proton.
Mechanism (b) also begins with nucleophilic attack by a water
molecule, but the scissile nitrogen rather than the carbonyl
oxygen is protonated by the general acid. The intermediate in
this case is a zwitterion, which undergoes internal rearrangement
to form products. In mechanism (c), the nucleophile is an
aspartate rather than a water molecule. Nucleophilic attack at
the carbonyl carbon produces an anionic intermediate that
abstracts a proton from the protonated Asp, cleaving the peptide
bond. The resulting acyl—enzyme intermediate is then hydro-
lyzed, with the unprotonated Asp acting as general base.

This article reports MD simulations that explore the confor-
mations of the active site accessible just prior to the first step
of reaction or, in the case of mechanism (a), just prior to the
second step. The conformations sampled are analyzed to
determine which ones would be likely to initiate reaction. These
we call “productive conformations”. A large number of
simulations were performed in order to explore the many
different initial conditions compatible with the mechanisms
outlined above.

The simulations incorporate either a hydrolyzable model
substrate, a model gem-diol intermediate, or the peptido-mimetic
inhibitor JG-365 at the active site. The model substrate and
gem-diol intermediate are closely related to JG-365, for which
a high-resolution crystal structure is available.! The HIVPR/
JG-365 system was studied to verify that MD simulation
maintains the active-site interactions reasonably well. The
HIVPR/substrate and HIVPR/gem-diol intermediate systems
were probed under a variety of conditions to determine which
conditions favor a productive conformation and which reaction
mechanisms are consistent with the productive conformations
observed. The criteria for a productive conformation are that
interatomic distances be appropriately small for the hydrogen
bonding, proton transfer, and nucleophilic attack processes of
one of the proposed mechanisms. These criteria are defined
more precisely in the Methods section. The variables in the
simulation conditions are which of the catalytic Asps is
protonated, whether a lytic water is included (simulations of
general acid—general base mechanisms incorporate a lytic water,
while those probing direct nucleophilic attack by an aspartate
do not), and the type of atomic charge parameters used for the
catalytic aspartate (see below). Simulations in a like spirit have
been reported, for example, for Streptomyces R61 DD-pepti-
dase,?’ acyl-chymotrypsins,2®?7 and carboxypeptidase A.28
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Consideration of the protonation state of the catalytic Asps
was critical to these studies. Aspartic proteases in their active
forms have one of the two catalytic Asps protonated. %4171
All of the mechanisms shown in Figure 1 require that one Asp
be protonated and one be unprotonated in the first reaction step.
Because of their proximity and ability to share a hydrogen, it
is likely that proton transfer between the two Asp side chains
in facile.?? However, productive conformations may be favored
by protonation of a particular Asp, and the protonated Asp has
not been identified by experiment. For these reasons, we
considered the four monoprotonated states in the simulations
of HIVPR/substrate and HIVPR/gem-diol intermediate com-
plexes. We distinguished between the side-chain oxygens of
each Asp because the Cs—C, bond did not generally rotate by
180° to exchange the side-chain oxygens during the simulations
and because these classical MD simulations require that the
hydrogen remain bonded to a particular oxygen even when in
reality it may be transferred between the side-chain oxygens.

There is even greater uncertainty about the catalytic Asp
protonation states in HIVPR/inhibitor complexes. Simulations
of HIVPR complexed with U-85548¢ and MVT-101 have
suggested that the former is diprotonated and the latter is
unprotonated,”® although this has not been confirmed by
experiment. In our simulations of HIVPR/JG-365, we consid-
ered all possible monoprotonated states, the unprotonated state,
and one diprotonated state.

On the basis of the simulations, the following questions are
addressed: Which mechanisms are consistent with simulation?
Which of the catalytic Asps is protonated when reaction begins?
Is the substrate’s carbonyl oxygen or scissile nitrogen, if either,
more likely to be protonated by the acidic Asp in the early stages
of reaction? What is the role of water 301 (a crystallographic
water located near the active site in many HIVPR/inhibitor
complexes') in catalysis? Is a gem-diol a likely intermediate,
and, if so, which protonation state of the catalytic Asps is most
likely to initiate cleavage of the intermediate?

Theoretical techniques have been used previously to study
several aspects of HIVPR structure and function. The structure
and large-scale motions of both the monomeric® and dimeric3'~3
forms of HIVPR in solution have been studied with MD
simulation. Inhibitor binding to HIVPR has been studied with
free energy perturbation techniques.3>~3 Modeling of sub-
strate?>*8 and intermediate'>*° complexes, based on protease/
inhibitor crystal structures, has been used to support proposals
concerning the reaction mechanism, but these studies have been
primarily restricted to energy-minimization techniques and to
a static view of the system. The protonation state of HIVPR
complexed with various inhibitors has been studied with MD?
and minimization3® techniques. (Previous studies of the pro-
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Figure 1. Three possible reaction mechanisms for proteolytic cleavage by HIVPR: (a) general acid—general base with neutral intermediate, (b)
general acid—general base with zwitterion intermediate, and (c) direct nucleophilic attack with covalent intermediate. The Asp labels 25 and 25

are arbitrary.

tonation state of JG-365 complexed with HIVPR were restricted
to energy rninimization and only considered monoprotonation
of the catalytic Asps.®®) The work reported here is the first to
study the reaction mechanism in a systematic way on the basis
of multiple MD simulations.

In the discussion to follow, atom types are consistent with
Brookhaven notation.*>*! Protease atoms are designated by the
amino acid abbreviation, residue number, and atom type. The
residues of protease monomers A and B are numbered 1-99
and 101199, respectively. Ligand residues are designated with
an L preceding the residue number and waters with a W. The
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labeling of selected active-site atoms is shown in Figure 2.
Atoms L 4 C,L 5 N, and L 4 O are also referred to as the
scissile carbon, scissile nitrogen, and carbonyl oxygen, respec-
tively. The crystallographic water labeled water 301 in the JG-
365 crystal structure is W 1 in our labeling scheme and will be
referred to either way in this article; the lytic water, if present,
is W 2. In the discussion of ligand backbone hydrogen bonding,
ligand residues are labeled P, (N-terminal side) and P, (C-
terminal side) according to their sequential distance from the
scissile bond to facilitate comparison with other studies.

In the HIVPR/JG-365 crystal structure, the carboxylate groups
of the catalytic Asps are coplanar, and the outer and inner side-
chain oxygens are labeled OD1 and OD2, respectively. The
same labeling scheme is used here whenever the Asps are
approximately coplanar. When they are not, OD1 and OD2
indicate which atoms were outer and inner in the initial (i.e.,
crystal) structure.
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Figure 2. Labeling scheme for atoms near active site.

Methods

Definition of Ligands. The seven-residue model substrate
chosen for study, Ac-Ser-Gln-Asn-Tyr-Pro-Ile-Val-OMe, in-
corporates the Tyr-Pro cleavage site corresponding to the p17-
p24 junction of the gag fusion protein of HIV-1. This is one
of three similar sites cleaved by the protease, the other two
substituting Phe for Tyr.> Seven residues is the minimum length
for a readily hydrolyzable substrate of HIVPR, and it has been
shown that the model substrate above undergoes facile cleavage
in the presence of HIVPR.?

The model substrate differs from JG-365 in only two residues.
Initial substrate coordinates were generated from the JG-365
crystal structure by replacing Leu with Gln and the phenyl-
alanine analog Phs with Tyr (Figure 3). The Leu side-chain
d-carbons were deleted, and the remainder of the Gln side chain
was built from standard PARM20*? parameters. To form Tyr,
the extra CH; in the Phs backbone was deleted, and the phenolic
hydroxy group was built from standard parameters. The Phs
hydroxy group was converted to the lytic water, if present, or
to the Tyr carbonyl oxygen otherwise. In the former case, the
carbonyl oxygen initially replaced the deleted carbon. Unre-
alistic conformations near the scissile carbon were corrected
quickly upon simulation. The lytic water, when present,
generally moved quickly to a location between the catalytic Asps
and the scissile carbon. A water molecule in such a position
has been observed in crystal structures of unliganded HIVPR*?
and of other aspartic proteases.** In simulations of JG-365, the
proline nitrogen was protonated because it is not part of a peptide
bond and is in the environment of a negatively charged Asp.

It was necessary to define parameters for three nonstandard
residues. Atomic charges for the Phs residue of JG-365 were
identical to those for Phe except for the backbone CHOHCH,
unit. The CHOHCHj charges were chosen by analogy to similar
structures in standard residues.** Charges and bond and angle
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Table 1. Catalytic Aspartic Acid Side-Chain Atomic Charges (au)

atom Asp® AspH?
CB —0.36 —0.40
HB1 0.10 0.165
HB2 0.10 0.165
CG 0.36 0.54
OD1 -0.60 -041
OoD2 —0.60 —0.51
HD2 0.45

2 Unprotonated Asp charges from PARM20.*2 # Protonated Asp
charges of Bellido and Rullmann,*’ modified to be consistent with other
PARM?20 charges as described in text. The modified charges for the
unprotonated Asp were identical to these, except for the omission of
HD2.
parameters for the gem-diol functionality of the intermediate
were chosen by comparison with those for hydroxy-group-
containing amino acids (Ser and Thr) in the PARM20 parameter
set.*6 The scissile nitrogen was pyramidal but not protonated.
For the protonated catalytic Asp, charges developed by Bellido
and Rullmann*’ (obtained by a dipole-conserving population
analysis of Hartree—Fock SCF LCAO-MO wave functions)
were modified to be consistent with PARM20 charges. The
modifications were made so as to reproduce the differences
between PARM20 charges and charges obtained by Bellido and
Rullmann for an unprotonated Asp. PARM20 charges for the
unprotonated Asp and the charges used for the protonated Asp
are given in Table 1.

Simulations. The MD simulations were carried out with
CHARMM,# using the all-atom parameter set PARM20.4
Waters were represented with a modified*® TIP3P model.5® A
constant dielectric (¢ = 1) was used, and electrostatic forces
were treated with the force switch method®' and a switching
range of 8—12 A. Van der Waals forces were calculated with
the shift5! method and a cutoff of 12 A. Nonbond lists were
kept to 14 A and updated heuristically. Hydrogens were placed
using the HBUILD"? routine of CHARMM, and the dynamics
was propagated with a Verlet algorithm using a time step of 1
fs.

The simulation protocols are summarized in Table 2. The
proteasefligand complex was first hydrated with 500 water
molecules (95 crystallographic plus 405 solvent) following a
protocol published previously.’® On the 100 ps time scale, such
a minimal solvation layer hydrates surface charged groups and
has been shown for myoglobin to maintain a conformation and
fluctuations comparable to those obtained in simulations with
3830 waters.*® Initial coordinates for the solvent waters were
assigned by placing the protease system in an equilibrated box
of water molecules™ and deleting all waters except those with
oxygens (1) at least 2.5 A from the nearest protease, ligand, or

(46) The gem-diol intermediate required the addition of three atomic
charge, two angle, and two improper dihedral parameters: the hydroxy
oxygen and hydrogen and the adjoining carbon had charges of —0.65, 0.4,
and 0.5 au; angles OT—CT—OT and NT—CT—OT had force constants of
160.0 kcal/mol-rad? and 6-eq of 109.47°; improper dihedrals NT—CT—
CT—CT and CT—X—X—OT had force constants of 32.0 and 110.0 kcal/
mol-rad?, respectively, and w-eq of 35.26°.
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Table 3. Ligand Backbone Hydrogen Bonding

mobile heat/cool time or

no. operation atoms  temp(K) rate (K/ps) no. steps

1 initialize®

2 langevin MD A? 300 10 ps

3  minimize all 20 steps®
4 heat B¢ 150 — 300 40 37.5ps
5  heat B 300 — 600 40 75 ps

6 cool B 600 — 300 2 150 ps

7 MDs B 300 100 ps

ligand  bb enzyme crystal JG-365° direct® ga-gb®
P;(Ser) O Gly48N 3.1 3.1 33 3.1
P;(Gln®) N Asp290D2 3.1 32 31 33
. O Asp29N 3.1 4.4¢ 30 5.3¢
P,(Asn) N Gly480 2.9 3.1 3.1 3.0
Ph(Ile) N Glyl270 3.0 32 38 4.6
y O Aspl29N 35 37 5.8 4.0
P3(Val) N Glyl480 2.6 32 3.0 4.4
. O Glyl48N 29 3.0 7.44 7.6¢

7 Mutate JG-365 for substrate simulations, protonate appropriate
catalytic Asp, initially place solvent molecules. ® A: solvent waters only
(X-ray waters fixed). © Steepest descents method. ¢ B: ligand, groups
within 4 A of ligand, and groups within 12 A of scissile carbon. ¢ For
gem-diol intermediate simulations, mutate substrate and equilibrate for
20 ps prior to step 7.

crystallographic water heavy atom and (2) within 16.6 A of the
scissile carbon or within 4.12 A of the protease or ligand. With
the positions of the protease, ligand, and crystallographic waters
fixed, the solvent waters were equilibrated at 300 K for 10 ps
to allow them to assume favorable positions on the protein
surface. The entire structure was then energy-minimized briefly
to relieve bad contacts.

The inhibited structure was prepared with steps 1—4 (Table
2), after which a 100 ps MD trajectory at 300 K was collected
for analysis (step 7). The initial locations of the solvent waters
for all of the substrate systems were computed as described
above without a lytic water present. The lytic water, if required,
was generated prior to step 3 (minimization). Simulated
annealing to relax the substrate conformation (steps 5 and 6)
was followed by collection of the 100 ps, 300 K trajectory for
analysis. Harmonic restraints were placed on water 301 and
the lytic water during simulated annealing, tethering them to
nearby atoms to prevent them from moving far from their
binding sites. These restraints were removed prior to 300 K
dynamics. The gem-diol intermediates were prepared by
mutating substrate structures after annealing. Equilibration for
20 ps preceded the trajectory used for analysis.

Reactant and intermediate conformations are likely to be very
similar to the transition state, which the HIVPR/JG-365 crystal
structure is believed to represent,’ except for local changes in
the immediate vicinity of the active site. Since molecular
dynamics simulation does not preserve crystal structures exactly,
and to limit the computer time needed, the locations of atoms
in groups more than 4 A from the ligand and 12 A from the
scissile carbon were fixed following equilibration of the minimal
solvation layer, preserving the crystal structure. (Related studies
of other proteins have also limited the size of the flexible portion
of the protein/ligand system.?28) Thus local conformational
changes in the vicinity of the ligand or the active site were
allowed, but global conformational changes of the protease were
not. The minimal solvation layer, rather than a large box of
water in conjunction with periodic boundary conditions, was
used because images and extra solvent would have had little if
any interaction with the mobile atoms. (This is particularly true
of the catalytic site, whose distance from all fixed atoms is
greater than the nonbond cutoff distance, 12 A.)

We emphasize that simulations with only local flexibility
would be unlikely to sample productive conformations if global
conformational changes were necessary to achieve them.
Several of the simulations reported here maintained productive
conformations for their entire duration, suggesting that global
conformational changes are not important for cleavage once the
substrate is bound at the active site.

Analysis. Productive conformations for the HTIVPR/substrate
and HIVPR/gem-diol intermediate simulations were character-

@ Average interatomic distance (A) for modified charge simulations:
JG-365 (inhibitor, Asp 125 ODI1 protonated), direct (substrate, Asp
125 OD2 protonated. no lytic water), and ga-gb (substrate, Asp 125
OD2 protonated, lytic water present). ® Leu for JG-365. < P; O interacts
with P; N. ¢P’; O is involved in hydrogen bond with Arg 8 NH2.

ized as follows. For direct nucleophilic attack by an aspartate,
a productive conformation was defined as a close approach
(generally less than 3.5 A) of an aspartate to the scissile carbon
concurrent with formation of a hydrogen bond between the
protonated Asp and either the carbonyl oxygen or the scissile
nitrogen. For general acid—general base catalysis, a productive
conformation consisted of a close approach of the lytic water
to the scissile carbon, while hydrogen bonds were formed
between the aspartate and the lytic water and between the
protonated Asp and either the carbonyl oxygen or the scissile
nitrogen. For the gem-diol intermediate, formation of a
hydrogen bond between the protonated Asp and the scissile

nitrogen constituted a productive conformation.

For HIVPR/substrate simulations that sampled productive
conformations, the structure most likely to approximate the
transition state was selected from the MD trajectory. For
simulations with no lytic water, this structure was defined as
the frame with the minimum quantity

(max(0,(min(r,,ry) — 2.4))° + 3(max(0(ry — 2.50)° (1)

where r; and r; are the distances (in A) between atom L 4 C
(the carbonyl carbon) and atoms OD] and OD2 of the
unprotonated Asp, and r; is the distance between atom L 4 O
(the carbonyl oxygen) and atom Oy, the hydrogen-bearing
oxygen of the protonated Asp. For simulations with a lytic
water, the quantity minimized by frame selection was

(max(0,(ry — 2.4)))* + 3(max(0,(r; — 2.5)))* +
3(max(0,min(re,r,) — 2.5))* (2)

where ry, 75, 16, and r; are the distances between atoms W 2 O
and L 4 C, Oy and L 4 O, and between W 2 O and atoms OD1
and OD2 of the unprotonated Asp, respectively. The value 2.5
A represents a lower limit for a hydrogen bond heavy atom—
heavy atom distance,’ and 2.4 A is probably close to the
distance from the nucleophile to the scissile carbon in the
transition state.>> The factor of 3 adjusts the weighting of the
three criteria (the hydrogen bond distances are probably more
important), but it is not critical. We call trajectory frames
chosen according to these criteria “best” frames.

Asp Coplanarity and Aspartate Charges. A characteristic
feature of crystal structures of HIVPR and other aspartic
proteases is the coplanarity of the catalytic Asp carboxylate
groups. In the initial simulations of both inhibitor and substrate,
however, one of the Asp side chains rotated and bent toward
the other, creating a scissoring conformation in which copla-
narity was destroyed and the Asps interacted primarily with each

(55) Bernandi, F.; Olivucci, M.; Poggi, G. Chem. Phys. Lett. 1988, 144,
141—144.
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Table 4. JG-365 Simulations

Asp? no. water 301
AspH Oy° charges® ¢° af b? ¢/ d¢ e H-bonds
crystal/ 4 28 3.0 33 3528 4
125 OD1 s 74 39 29 4.6 55 3.0 2
250D1 m 44 29 29 3.1 3.7 28 0
250D2 m 9 28 30 3.0 34 27 2
125 OD1 m 429 3129 33 33 8
125 OD2 m 6 2.8 3.1 3.0 33 2.8 0
250D2, 125 0D1 429 31 29 32 30 1

m 14 46 46 2.8 45 3.0 3

2 Asp and AspH refer to unprotonated and protonated catalytic
aspartic acid residues, respectively, and Oy refers to a protonated side-
chain oxygen. ? The letters s and m indicate standard (PARM?20%?) and
modified charges. ¢ Angle in degrees between the planes defined by
the side-chain atoms O—C—O of each catalytic Asp (simulation average
structure). 4 Columns a, b, ¢, and d give the average distance (A)
between the inhibitor’s hydroxy oxygen and each of the catalytic Asp
side-chain oxygens (25 OD1, 25 OD2, 125 ODI, and 125 OD2,
respectively), and column e gives the average distance between the
inner Asp oxygens (25 OD2 and 125 OD2). * We have defined a
hydrogen bond as an average heavy atom—heavy atom distance of less
than 3.5 A; numbers in parentheses include distances of up to 4.0
and may be associated with hydrogen bonds formed transiently. / Data
pertain to crystal structure.

other (note the values of the angle between the two Asp
O—C—O planes in Tables 4—6). The protonated Asp invariably
formed a bifurcated hydrogen bond with both side-chain
oxygens of the aspartate, a conformation not seen in the crystal
structures. The short hydrogen bonds between Asp25(125) OD2
and Gly27(127) N, which are present in the crystal structure
and may help maintain the coplanarity of the Asp carboxylates,
were broken. No conformation likely to initiate reaction was
realized by these simulations, probably because the details of
interactions in the active site were unrealistic.

The cause of these difficulties was thought to be the atomic
charge parameters for the catalytic Asp side chains, particularly
the aspartate. The environment of the catalytic Asps is
unique: they are buried (their accessible surface area, calculated
by the Lee and Richards algorithm, 5 is 0.0 A2), poorly solvated,
and close to each other. Since in such an environment Asps
are probably less polarized than elsewhere, we tested the
sensitivity of the active-site conformation to the choice of Asp
side-chain charges. The degree of charge polarization in the
aspartate side chain was reduced from its value in the initial
simulations by using the same charge parameters as for the
protonated Asp but removing the hydrogen with its partial
positive charge of 0.45 au (see Table 1). The inner and outer

Table 5. Substrate Simulations

Chatfield and Brooks

side-chain oxygens had slightly different charges, which is
consistent with their having different environments. The partial
negative charge on the aspartate is unphysical, but this model
does provide a decreased polarization and a charge difference
between the side-chain oxygen charges.

Simulation with the modified charges generally maintained
Asp coplanarity as well as other hydrogen bonding patterns in
the catalytic triads (e.g., the hydrogen bonds between Asp25(125)
OD2 and Gly27(127) N). The crystal structure of JG-365 was
better maintained, and substrate simulations led to potentially
productive conformations.

That a minor adjustment in the charges of the unprotonated
Asp has such a large effect on the dynamics is surprising. To
better understand this behavior, we calculated atomic charges
with the method of Truhlar, Cramer, and co-workers,”” which
scales Mulliken charges from an AM1 or MNDO calculation
according to empirically derived scaling factors and which gives
results very similar to those obtained with the ChelpG® method.
For isolated protonated and unprotonated Asp residues, charges
obtained with this method agree well with the charges listed in
Table 1. (Carboxylate oxygen charges calculated for CH;CH;-
CO,H differ from the protonated Asp charges in Table 1 by
only 0.00 and 0.03 an.) When environments similar to those
of the HIVPR catalytic Asps were included in the calculations,
however, the carboxylate oxygen charges varied. For these
calculations, only residues containing a heavy atom or polar
hydrogen within 4 A of the catalytic Asp carboxylate oxygens
were retained: Asp25, Thr26, Gly27, and Ala28 of both
monomers; Pro and Tyr(Phs) of the ligand; and the lytic water,
if present. Severed covalent bonds were terminated with a
hydrogen atom. Productive conformations corresponding to
energy-minimized “best” frames (see eqs 1 and 2) with and
without a lytic water and to the crystal structure, briefly
minimized, were analyzed. In all of these calculations, Asp25
was unprotonated, and Aspl25 was protonated.

Two noteworthy trends in the Asp25 and Aspl25 charges
calculated in these environments were observed. First, the Asp-
25 OD1 and OD2 charges differed by 0.13 au on average and
by as much as 0.16 au, primarily as a consequence of a hydrogen
bond involving Asp25 OD2 and Gly27 N. This supports the
modified charges, for which the difference is 0.10 au. Second,
the charge on the hydrogen-bearing Aspl25 oxygen varied by
as much as 0.05 au, depending on its position, and the Asp25
OD1 and OD2 charges differed from those of an isolated Asp
by as much as 0.13 au. Thus the carboxylate oxygen charges
vary significantly according to the chemical environment.

Iytic Asp? nucleophile? AspH? O to AspHO to Asp O to lytic no. water 301

AspH Oy° water charges ¢ to scissile C ' carbonyl O scissile N water O° H-bonds®
250D2 no s 87 3.24 5.24 4.34 2

25 0D2 yes s 85 39 59 4.5 3.0¢ 1

125 OD2 no S 58 3.9 3.3¢ 3.6° 1(2)
125 OD2 yes s 56 3.1 4.0 45 2.8 1(2)
25 OD1 no m 63 5.1 6.1 42 2

25 OD1 yes m 29 32 39 4.0 2.8 1(2)
25 0D2 no m 17 47 7.2 55 2

25 0D2 yes m 47 33 49 5.4 2.8 1Q2)
125 OD1 no m 23 33 29 5.1 4

125 OD1 yes m 29 32 3.0 4.8 2.8 1

125 OD2 no m 14 3.1 3.0 5.0 2(4)
125 OD2 yes m 37 32 37 5.3 2.8 1(2)
best frame / yes m 22 2.5 2.7 49 2.6 0(1)
minimum £ yes m 13 2.8 2.8 49 2.7 o)

@ As in Table 4. ® Lytic water when present; otherwise nearest catalytic aspartate oxygen. ¢ Shorter of the distances from the lytic water oxygen
to the two aspartate side-chain oxygens. ¢ Distance in A. ¢ Although this heavy atom—heavy atom distance is small, analysis of the hydrogen
position indicates that no hydrogen bond is formed. / The last two rows correspond to the “best” frame from the simulation immediately preceding

them and the local minimum corresponding to it (Figure 6).
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Table 6. Gem-Diol Simulations

chirality of AspH*Oto  no. water 301
AspH Oy® scissile N ¢° scissile N H-bonds?®
250D1 S 39 4.4° 4
250D2 S 36 3.5 4
125 OD1 S 23 49 2
125 0D2 S 30 49 34)
25 OD2 R 24 5.5 2

@ As in Table 4. ® Distance in A.

However, simulations with the Asp25 and Asp125 side-chain
charges obtained in this manner failed to maintain coplanarity
of the Asp side chains and sampled no productive conforma-
tions. With Aspl25 ODI] protonated and no lytic water, the
carbonyl oxygen swung away from the Asps and toward water
301, apparently to avoid the high negative charge of the region
of the Asp side chains. With a lytic water present (Aspl125
OD1 protonated), the Asps sampled both coplanar and nonco-
planar conformations, but Aspl25 OD1 quickly swung away
from the carbonyl oxygen and toward Asp25, and the carbonyl
oxygen swung away from the Asps, so that no productive
conformations were sampled.

The inability of simulation with our best assessments of the
catalytic Asp side-chain charges (based either on calculations
for isolated molecules, as in the case of the PARM20 charges,
or on calculations that include environmental effects, such as
those just discussed) to maintain observed conformations or
sample productive conformations is surprising. A dynamical
model that includes charge polarizability might be essential,
since the conformation of the active site and the precise charge
distribution appear to be sensitive to each other. However, such
a method is not yet practicable for large simulations.

Our solution was empirical: to choose a charge distribution
according to the criterion that the observed conformation,
namely one with coplanar Asp carboxylates, be maintained. One
may view the unphysically small total charge of the unproto-
nated Asp side chain as compensating for the inability of the
charges to adjust during dynamics, an adjustment that may be
necessary to maintain the Asp carboxylates in a coplanar
orientation. The observation that a modest perturbation in the
atomic charge parameters effects a major change in the Asp
conformations and hydrogen-bonding patterns suggests that
metastability of the protease active-site conformation may be
important for catalysis. In the work described in remainder of
this article, modified charges were used unless otherwise
specified.

Results

The reliability of the simulations was assessed on the basis
of the root mean square deviation (rmsd) of the protease and
ligand backbone atoms from their crystal structure positions,
ligand backbone and active-site hydrogen bonding, and com-
parison of the simulated active-site conformation with crystal
structures.

The average rmsd of the atomic coordinates from the crystal
coordinates was calculated for three of the modified charge
simulations: for JG-365 (Aspl125 ODI1 protonated) and for the
substrate both with and without lytic water (Aspl25 OD2
protonated). The rmsd was 0.95, 1.23, and 1.36 A, respectively,
for the mobile protease backbone atoms, and 1.39, 1.63, and
1.98 A for the ligand backbone (including only the nitrogen of
" Tyr or Phs because of the backbone mutation). The larger

(56) Lee, B.; Richards, F. M. J. Mol. Biol. 1971, 55, 379—406.
(57) Storer, J. W.; Giesen, D. J.; Cramer, C. J.; Truhlar, D. G. J. Comput.-
Aided Mol. Design 1995, 9, 87—110.
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values for the substrate probably reflect accommeodation to the
mutations. In any case, these rmsd values indicate that the
protease conformation was well maintained and the ligand did
not undergo large backbone deformation during simulation.

Hydrogen bonds between the ligand backbone and the
protease for the same three simulations are compared with those
of the JG-365 crystal structure in Table 3. (Ligand backbone
atoms omitted from the table do not form hydrogen bonds with
the protease or are proximal to the backbone mutation.) The
simulations preserved the crystal structure hydrogen bonding
pattern well on the N-terminal side of the scissile bond. The
only shift in hydrogen bonding is for P; O in two of the
simulations. The C-terminal side is more variable. The JG-
365 simulation conserves the crystal pattern, but several
hydrogen bonds were broken or replaced in the substrate
simulations, to a greater extent when a lytic water was present.
Apparently, inserting the lytic water into the active site caused
some shifting of the ligand backbone during simulated annealing.

Five important enzyme—enzyme hydrogen bonds were also
monitored for the simulations discussed above: the “fireman’s
grip™2? (Thr26 N-Thr126 OG1 and Thr126 N-Thr26 OG1) and
those involving the catalytic Asp side chains (Gly27 N-Asp25
OD2 and Gly127 N-Aspl25 OD2), all of which stabilize the
position of the catalytic Asps, and the one between the tips of
the flaps (Gly51 N-Ile150 O). In the JG-365 simulation all were
maintained, although Gly27 N-Asp25 OD2 was weakened
(average heavy atom—heavy atom distance of 3.7 A). Without
a lytic water, simulation with substrate maintained all of these
hydrogen bonds well. With a lytic water included, Thr126
N-Thr26 OG1 was broken (4.9 A), and Gly51 N-Ile150 O and
Gly27 N-Asp25 OD2 were weakened (3.6 and 3.4 A).

The rmsd and hydrogen bonding analyses confirm that
simulation maintained the protease conformation and that the
mutations introduced to convert the inhibitor to the substrate
did not cause large changes in the orientation of the ligand.
Some adjustment did take place, presumably to accommodate
the mutated ligand and the inclusion of a lytic water.

Results of the JG-365 simulations are summarized in Table
4. Figure 4 shows the active site of the crystal structure and of
time-averaged structures for simulations with standard charges

(58) Chirlian, L. E.; Francl, M. M. J. Comput. Chem. 1987, 8, 894—
905.

(59) The differences caused by protonating the outer oxygen (OD1) rather
than the inner oxygen (OD2) of Aspl25 at the beginning of a simulation
are easily understood. For simulations without a lytic water (direct
nucleophilic attack), the scissile carbon is brought closer to Asp25 OD1,
the nucleophile, when the carbonyl oxygen hydrogen bonds with the inner
side-chain oxygen of Asp125 than when it hydrogen bonds with the outer
oxygen. Therefore, the simulation with Asp125 OD2 protonated sampled
conformations with a short nucleophile-to-scissile carbon distance more
frequently. With a lytic water present (general acid—general base mech-
anismy), protonation of the outer oxygen of Asp125 was favored to such an
extent that even when the simulation was begun with the inner oxygen
protonated, the side chain of Asp125 flipped so that the protonated oxygen
became outer. (This was the only occurrence of such a flip during the 300
K simulations.) The simulations still differed in one respect, though: the
charges on the side-chain oxygens of Asp25. When the inner oxygen of
Aspl25 was protonated to begin the simulation, the inner oxygen of Asp25
was given the more negative charge (—0.51 vs —0.41 au) because of the
stabilizing influence of the nearby acidic proton of Aspl25. When the outer
oxygen of Asp125 was protonated to begin the simulation, the outer oxygen
of Asp25 was given the more negative charge because of the destabilizing
influence of positioning two large negative charges (the inner Asp oxygens)
near each other. When the outer oxygen of Asp25 had the larger negative
charge, it formed a stronger hydrogen bond with the lytic water, which in
turn shifted the hydrogen-bonding preference of Asp125 from the lytic water
to the carbonyl oxygen. On the other hand, a smaller negative charge on
the outer oxygen of Asp25 weakened its hydrogen bond with the lytic water,
and so Aspl25 tended to hydrogen bond with the lytic water to a greater
extent than with the carbonyl oxygen. These subtle differences emphasize
the sensitivity of simulations to the precise distribution of charge in the
active site.
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substrate: Ac-Ser-Gln-Asn-Tyr$Pro-Ile-Val-OMe

JG365: Leu Phs
OH OH
EZ %’2 C.:Hz CI)H
—NH—éH—ﬁlH-CHz- -NH-CH-G- -NH-CH—C~
OH o OH
Phs Tyr gem-diol

Figure 3. Model substrate, inhibitor, and gem-diol intermediate.
Substrate was formed by mutating residues Leu and Phs of inhibitor
JG-365. Diol was formed by mutating residue Tyr of substrate.

(Asp125 OD1 protonated) and with modified charges (Aspl25
OD?2 protonated). Selected average interatomic distances are
indicated. Note that the carboxylate groups of the catalytic Asps
adopt a scissoring conformation in the standard charge simula-
tion but are coplanar in both the crystal structure and the
modified charge simulation. The active-site distances are fairly
constant as functions of time, indicating that the average
distances are representative of the dynamical structure. (For
example, the standard deviation for the distances between the
inhibitor’s hydroxy oxygen and the four Asp side-chain oxygens
for the modified charge simulation with Aspl25 OD2 proto-
nated, shown in Figure 4c and Table 4, are 0.15, 0.20, 0.21,
and 0.27 A))

Table 5 summarizes the substrate simulations. The active
site for selected simulations is depicted in Figure 5. In the

(a)
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standard charge simulations, the carboxylate groups of the
catalytic Asps assumed a nonproductive scissoring conformation,
as they did in the JG-365 simulations. Figure Sc depicts the
average conformation for one such simulation (Asp125 OD2
protonated and no lytic water). With modified charges, produc-
tive conformations are sampled when Asp125 is protonated, but
not when Asp25 is protonated. Average structures that are
productive are shown for two simulations: with Aspl125 OD2
protonated and no lytic water (Figure 5a,d) and with Asp 125
OD1 protonated and a lytic water present (Figure Sb,e). For
these simulations, the “best” frame (i.e., the one most closely
approximating a transition state) from the MD trajectory was
chosen according to eqs 1 and 2. This “best” structure was
then energy-minimized. The energy-minimized structure for
the simulation with a lytic water (whose average structure is
shown in Figure 5b) is shown in Figure 6.

Gem-diol simulations were run for each of the Asp mono-
protonated states and for both chiralities of the scissile nitrogen
(which is pyramidal). The results are summarized in Table 6.
The average structure found to be most favorable for initiating
a subsequent reaction step, generated when Asp25 OD?2 is
protonated and the scissile nitrogen has an S chirality, is shown
in Figure 7.

Discussion

JG-365. The JG-365 calculations verify that simulation can
maintain the crystal structure, and they address the question of
catalytic Asp protonation state. The crystal structure protonation
state of JG-365-bound protease is not known, although it has

(b)

Figure 4. Active site of HIVPR/JG-365, corresponding to labeling scheme in Figure 2. The stereo images are for wall-eyed viewing. (a) Crystal
structure. Numbers and dotted lines indicate interatomic distances in A. (b) Average structure for standard charge simulation with Asp125 OD1
protonated. Numbers indicate distances averaged over 100 ps of simulation (rather than corresponding to the average structure). (c) Average

structure for modified charge simulation with Aspl25 OD2 protonated.
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(a)

(b)

(c)
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Figure 5. Active site of HIVPR/substrate: average structure for simulations with (a) Asp125 OD2 protonated, modified aspartate charges, and no
lytic water; (b) modified charges, Aspl125 OD1 protonated, and lytic water present; and (c) Asp125 OD2 protonated, standard charges, and no lytic
water. (d) and (e) show selected interatomic distances as functions of time for the simulations corresponding to (a) and (b), respectively. Each
distance is labeled by its letter in (a) or (b). The y-axis ticks represent increments of 3 A. The lines are offset, each being positioned such that its
average value (shown in (a) or (b)) coincides with a tick. The minimum and maximurn values for each distance are shown at the right. The
tyrosine side chain is abbreviated for clarity, Ph indicating the position of the phenyl ring. The average structure and distances in (b) were computed
for the interval from 40 to 100 ps only, which represents a different structure than the interval from 0 to 40 ps.

been suggested that it is monoprotonated like the active form
of the protease.® We simulated the HIVPR/JG-365 complex
with six different Asp protonation states, using modified charges
(Table 3). The Asps maintained a conformation similar to the
crystal structure when Asp25 OD2, Aspl25 ODI, Aspl25 OD2,
or both Asp25 OD2 and Asp125 OD1 were protonated (the Asp

side chains were coplanar and positioned symmetrically about
the inhibitor’s hydroxy oxygen). In the other simulations, the
Asps did not remain coplanar, or the hydroxy group swung away
from the vicinity of the Asps to form a hydrogen bond with
water 301 (when both Asps were unprotonated). It has been
suggested that there is a preference for protonation of Asp125;36
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Figure 6. (a) Active site of energy-minimized “best” frame from
simulation with modified aspartate charges, Aspl125 OD2 protonated,
and a lytic water present. The frame was chosen so as to minimize
the expression given by eq 1.

it is also possible that the proton is not localized on one oxygen
but jumps rapidly from a donor to its hydrogen-bonding
acceptor. The simulations are consistent with either of these
possibilities.

The simulations do not maintain the four hydrogen bonds
with water 301 that are found in the crystal structure. This is
surprising because most of the substrate and gem-diol simula-
tions that maintain productive conformations also maintain the
four water 301 hydrogen bonds (see below). The disruption of
the water 301 binding site appears to be caused by a reposition-
ing of the ligand proline, whose nitrogen is protonated and forms
a hydrogen bond with Gly127 O. This hydrogen bond is not
present in the crystal structure. To test whether insufficient
hydration of the proline nitrogen causes the proline to shift its
position during simulation, two waters were inserted into pockets
2.6 and 4.5 A from the nitrogen, and the simulation was rerun
(Aspl25 ODI protonated). The proline shifted less and the
number of water 301 hydrogen bonds increased to two, but the
water 301 binding site was still not as ideal as in the crystal
structure. Nevertheless, aside from some difficulties with water
301, the JG-365 simulations were able to maintain the active-
site conformation reasonably well.

Substrate. Substrate simulations were run for all possible
Asp monoprotonated states, with and without lytic water. The
protonation states do not generally interconvert on the 100 ps
time scale at 300 K. The simulations were analyzed for
productive conformations. Values for criteria pertinent to the
assessment of productivity (see Methods section) are reported
in Table 5.

Table 5 shows that none of the simulations supports formation
of a hydrogen bond between the scissile nitrogen and the
protonated Asp. Further analysis of the trajectories indicates
that even transient formation of such hydrogen bonds does not
occur (data not shown). This finding is in agreement with
experimental evidence that the scissile nitrogen is not protonated
in the first reaction step.?* In the four cases in which Asp25
was protonated, the carbonyl oxygen remained too far from
Asp25 for hydrogen bonding, and Asp125 was too far from the
scissile carbon to be a likely nucleophile even when there was
no lytic water.

With Aspl25 protonated, energetically favorable conforma-
tions consistent with either the direct nucleophilic attack or
general acid—general base mechanisms were found. The
average structures shown in Figure 5a,b represent productive
conformations stable on the 100 ps time scale: the former for
direct attack by an aspartate and the latter for a general acid—
general base mechanism. These classical MD simulations
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suggest that reactants may explore conformations likely to
initiate either type of mechanism, which is perhaps surprising
since interpretation of experimental evidence has favored general
acid—general base catalysis.'>!'42* Calculations of barrier
heights will be required to better determine which type of
mechanism is favored by theory, but the results here suggest
that direct nucleophilic attack as well as general acid—general
base catalysis is a possibility.

Each of the simulations represented in Figure 5ab is
characterized by a local energy minimum close to the productive
average structure. The energy-minimized “best” frame (Figure
6) from the simulation corresponding to Figure 5b is one
example. The high degree of symmetry and the bifurcated
hydrogen bond formed by one of the lytic water’s hydrogens
with the inner Asp oxygens is very much like the productive
conformation suggested in ref 22. This energy minimum is
relatively insensitive to the precise choice of catalytic aspartate
atomic charge parameters. When the structure was re-energy-
minimized using the standard charges, the conformation changes
very little.

A quite stringent definition of a productive conformation was
also used to characterize the simulations: heavy atom—heavy
atom distances of 3.0 A or less for the hydrogen bonds and
nucleophilic attack that pertain to the mechanism under inves-
tigation. According to this definition, the simulations of direct
nucleophilic attack maintained productive conformations 22.3%
(Asp 125 OD2 protonated) and 7.3% (Asp 125 OD1 protonated)
of the time, and simulations of a general acid—general base
mechanism did so 23.6% (Asp 125 OD1 protonated) and 3.7%
(Asp 125 OD2 protonated) of the time. With Asp 25 protonated,
no productive conformations were sampled. Since productive
conformations were observed only when Aspl25 was proto-
nated, the substrate simulations suggest that reaction is initiated
by formation of a hydrogen bond between the carbonyl oxygen
and Aspl125. This is consistent with experimental results.!3.1424

The differences between simulations with alternate side-chain
oxygens of Aspl25 protonated are easily rationalized in terms
of the electrostatic environment of the catalytic Asps.”® These
differences underscore the sensitivity of the simulations to the
precise distribution of charge in the active site.

Two other aspects of the substrate simulations warrant
remark: the mobility and hydrogen bonding of the lytic water
and of water 301.

The lytic water is held very tightly in place by hydrogen
bonds with the Asps and the substrate. During dynamics,
hydrogen bonds involving the lytic water undergo even less
variation in length than those involving water 301 in most
simulations (Figures 5d,e and 7b). The lytic water oxygen
remained approximately midway between the outer Asp oxygens
in all simulations in which it was included. This position seems
to be quite favorable: in one standard charge simulation without
an explicit lytic water (Asp25 OD2 protonated), another water
migrated to this position during simulated annealing. It seems
likely that a lytic water, if generally present, would be seen in
X-ray crystallographic structures for inhibitors that do not
displace it (the Phs hydroxy group of JG-365 is thought to mimic
an attacking water molecule in a transition-state structure!). As
noted previously, a water molecule in such a position has been
observed in crystal structures of the unliganded protease** and
of other aspartic proteases.*

The simulations suggest that hydrogen bonding between the
lytic water and the substrate may be important in initiating
nucleophilic attack. The lytic water invariably formed a strong -
hydrogen bond with atom L 4 N. It would be natural for this
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Figure 8. Interatomic distances for ideal water 301 hydrogen bonding.

When water oxygen-heavy atom distances are 2.8 A, the heavy atoms
are all 4.6 A apart,

interaction to facilitate the approach of the lytic water to the
scissile carbon by orienting one of the water oxygen’s lone pairs
toward the scissile carbon and pulling the water away from the
Asps and toward the substrate. For example, in the energy-
minimized “best” frame of Figure 6, the distance from atom W
20 toboth atoms L4 N and L 4 Cis 2.8 A, and the L 4 N-W
2 O-L 4 C angle is 48°.

Water 301 is thought to be important for catalysis because it
is located near the active site in many crystal structures of
inhibited protease, where it forms hydrogen bonds with both
protease and ligand. In the crystal structure of JG-365, it
hydrogen bonds with the substrate atoms L 3 O and L 5 O and
with the flap atoms Ile50 N and Nle150 N.2 Water 301 probably
does not participate in the reaction directly; in none of the
simulations did it approach to within 4 A of the scissile carbon
for more than about 0.1 ps. Its importance is believed to be in
stabilizing the transition state and in straining the substrate’s
peptide linkage away from coplanarity, thereby weakening the
peptide bond and promoting cleavage.??

The mobility of water 301 varied widely among the simula-
tions, reflecting the suitability of the site for binding a water.
To quantify this, we observed that for water to form four strong
hydrogen bonds (i.e., a heavy atom—heavy atom distance of
about 2.8 A), the four heavy atoms must be located near the
vertices of a regular tetrahedron 4.6 A on a side (Figure 8).
The average length of the six sides of the tetrahedron formed
by atoms L 3 O, L 5 O, IleS0 N, and Ile150 N was calculated
for the crystal structure and the 24 simulations of Tables 4—6,
and it is compared with the number of water 301 hydrogen
bonds in Table 7. The average value is 4.6 A for the crystal
structure, 5.2 A or less for the six simulations that support
formation of four hydrogen bonds, and 5.3 A or more for all
others. Thus this distance is a useful indicator of the suitability

Table 7. Water 301 Hydrogen Bonding

no. H-bonds? no. simulations av dist? S50N-L50¢
2(4)4 6 4.6—5.2 4.8—6.2
2,3 6 5.3—6.0 6.3—8.2
0—-1(2) 13 5.7—6.4 6.8—8.6

@ As in Table 4. ® Average of the six average interatomic distances
(A) between the four heavy atoms involved in hydrogen bonding with
water 301 in the HIVPR/JG-365 crystal structure (see Figure 8).
¢ Average distance between atoms Ile 50 Nand L 5 O.

of the site for binding water 301, which varies significantly
among the simulations.

The most critical of the four water 301-binding heavy atoms
is L 5 O. It is the most mobile, and in every simulation but
one, the longest of the six heavy atom—heavy atom distances
is between L 5 O and I1e50 N. This is because the position of
L 5 O is related to the conformation of the ligand Pro, which
varies among the simulations, and the carbonyl oxygen, which
due to the rigidity of the peptide bond may affect the Pro
conformation.

A greater number of hydrogen bonds with water 301 was
associated with conformations likely to initiate reaction (Table
5). The two simulations without a lytic water that sampled
productive conformations (Asp125 protonated) were the only
ones to support formation of four hydrogen bonds with water
301. This suggests that the positions of the carbonyl oxygen
and atom L 5 O are correlated, since a stable carbonyl oxygen-
protonated Asp hydrogen bond is critical for productivity, and
the position of atom L 5 O is critical for water 301 binding.
When atom L 5 O is pulled “upward” to improve the conforma-
tion of the water 301 binding site for hydrogen bonding, the
carbonyl oxygen may be moved in lever-like fashion “down-
ward” to interact with the Asp. This cooperativity suggests that
water 301 may stabilize productive reactant conformations.?

It is not clear whether such cooperative movements character-
ize the lytic water system. Even simulations that sample
productive conformations (Asp125 protonated) do not bind water
301 well, probably due to shifting of the substrate backbone
during simulated annealing. Visual inspection of average
structures reveals that atom L 5 O is far out of position for
hydrogen bonding, a consequence of adjustment in the Pro and
Ile conformations (cf. Table 3).

This brings up the question of whether repositioning of the
substrate backbone during simulated annealing with a lytic water
present was an artifact of simulation. In order to assess this, a
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lytic water was inserted into a structure created by simulated
annealing without a lytic water (Asp125 OD2 protonated). The
water oxygen was placed midway between the outer Asp
oxygens, its location in the other simulations with lytic water.
Within 20 ps the water left its binding site, drifting far from
the Asps and the scissile carbon. This demonstrates the
necessity of performing simulated annealing with a lytic water
included and with its position restrained to allow the binding
site to adjust to its presence.

Gem-Diol Intermediate. For general acid—general base
catalysis, a gem-diol, zwitterion, or oxyanion are all possible
reaction intermediates. Studies of protease-catalyzed 30
exchange into the substrate strongly suggest that the steps
preceding peptide bond cleavage are reversible,!? implying that
the intermediate species is at least moderately stable. The
simulations in Table 6 explore the conformation space accessible
to a gem-diol intermediate for each of the four likely Asp
protonation states. In four of the simulations, the chirality of
the pyramidal scissile nitrogen (S) was chosen so that its three
bonds pointed away from the Asps, and the fourth coordination
site, where the lone pair would be located, was exposed to the
Asps. This would favor proton transfer from the protonated
Asp oxygen to the scissile nitrogen, commencing the next step
in reaction. The distance between these two atoms was smallest
(3.5 A) when Asp25 OD2 was protonated. This is consistent
with Asp25 acting as general base in the first reaction step,
receiving a proton which it is then ready to give up in a later
step. The average conformation and selected interatomic
distances as functions of time for this simulation are shown in
Figure 7. When Aspl25 was protonated, a diol hydroxy group
was positioned between the scissile nitrogen and Asp125, which
would impede proton transfer.

Arguments based on antiperiplanarity?!606! suggest that if
attack of a water at the scissile carbon occurs from the general
vicinity of the Asps, the scissile nitrogen’s lone pair will tend
to be oriented away from the direction of attack, i.e., away from
the Asps. If such a conformation were maintained, the scissile
nitrogen would be less accessible to protonation by a neutral
Asp in the ensuing step.

In light of this argument, a gem-diol simulation was per-
formed with Asp25 OD2 protonated and a chirality of R for
the scissile nitrogen so that the lone pair would be pointing
away from the Asps. Not surprisingly, the nitrogen and
protonated Asp oxygen (25 OD2) remained farther apart, 5.5
A on average. The more intriguing result was that water 301
maintained only two hydrogen bonds rather than the four it
maintained when the nitrogen had S chirality (same Asp
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protonation state), apparently due to unfavorable positioning of
atom L 5 O. This suggests that water 301 may provide the
stabilization necessary to overcome the barrier to inversion at
the nitrogen (probably similar to the 8 kcal/mol barrier of
pyrrolidine,5? about the energy of two hydrogen bonds) and
thereby favor the productive chirality of the scissile nitrogen.

Conclusion

We have performed MD simulations of HIVPR complexed
with a model substrate, a model gem-diol intermediate, and the
inhibitor JG-365 under a variety of conditions. Distinguishing
the simulations were the protonation state of the catalytic Asps,
the presence or absence of a lytic water to initiate nucleophilic
attack (substrate simulations), and the chirality of the scissile
nitrogen (gem-diol simulations). The substrate simulations
suggest that, in the first reaction step, Aspl25 is the general
acid, and the carbonyl oxygen is more accessible to protonation
than the scissile nitrogen. The gem-diol simulations suggest
that, if the mechanism is general acid—general base, it is Asp25.
that initiates peptide bond cleavage by transferring a proton to
the scissile nitrogen in a later step. Simulation also suggests
that water 301 may stabilize productive reactant and intermediate
conformations as well as the transition state but does not
participate in the reaction directly. Meanwhile, the lytic water,
if present, assumes a position well suited to nucleophilic attack
and is held tightly in place. The latter observation suggests
that a lytic water would be observed in crystal structures of
appropriately designed inhibitors.

The conformations identified by these simulations as likely
to be productive may be useful starting points for theoretical
investigations of reaction barriers. Finally, while simulation
alone cannot demonstrate the feasibility of a mechanism
definitively, the productive conformations observed here may
be useful in the design of new, more potent inhibitors.
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