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The protein hydrolysis mechanism by the HIV-1 protease (HIV-1 PR) was studied using ab initio molecular orbital
calculations with a model compound. The initial model compound was constructed based on the result of a 100 ps
molecular dynamics (MD) simulation of the enzyme-substrate (ES) complex under physiologic conditions. This study
suggests that the hydrolysis mechanism of the Phe-Pro peptide bond specific to the HIV-1 PR consists of three
elementary reactions: first, the reaction of the formation of the amide hydrate intermediate; second, the reaction
of the protonation of the proline nitrogen of the substrate; and third, the reaction of the C-N bond cleavage of the
substrate. The rate-determining step is the protonation of the substrate proline nitrogen and its activation energy is
23.95 kcal/mol. This result strongly suggests that protein hydrolysis by the HIV-1 PR occurs in vivo.

Overview of protein hydrolysis mechanism of HIV-1 protease

In the process of the replication of HIV type 1 (HIV-1), pre-
cursor polyproteins are transformed into structural proteins
and replication enzymes by HIV-1 PR. HIV-1 PR belongs to
the family of aspartic proteases, which have two aspartic acid
residues at the catalytic site. The active form of the HIV-1
PR is a dimer of two identical polypeptide chains, each of
which consists of 99 amino acid residues. Previous analysis
of the proteolytic processing of the HIV-1 PR revealed that
three of the cleavage sites contained Phe-Pro or Tyr-Pro at
P1-P1’ residues.”) Because it is unusual for mammalian en-
dopeptidases to cleave the N-terminal of proline, elucidation
of the hydrolysis mechanism of these peptide bonds by the
HIV-1 PR is of great interest. This elucidation is also impor-
tant for the development of effective HIV-1 PR inhibitors. In
the present study, on the basis of the fact that the HIV-1
PR cleaves the peptide bond containing proline, we clarify
the protein hydrolysis mechanism by HIV-1 PR through ab
initio molecular orbital calculations.?)

In order to obtain the initial model compound for quantum
chemical calculations, the MD simulation was performed on
the ES complex that was constructed based on the X-ray
crystallographic structure of the HIV-1 PR-inhibitor com-
plex (code in Protein Data Bank: 7HVP?®). Figure 1(a)
shows the average structure of a 100 ps MD simulation under
physiologic conditions. The initial model compound for the
quantum chemical calculations was constructed by extract-
ing closed and open circle atoms from the structure shown
in Fig. 1(a) and replacing open circle atoms with hydrogen
atoms. This constructed initial model compound is shown in
Fig. 1(b).

The hydrolysis mechanism in this study consists of three el-
ementary reactions that are characterized by each transition
state (TS1, TS2, T'S3), as seen in the potential energy curve
(Fig. 2). The structures of the stable states (S1, S2, S3, S4)
and the transition states (TS1, TS2, TS3) that appear in
the hydrolysis are shown in Figs. 3 and 4. These elementary
reactions are described below.
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Fig. 1. (a) Catalytic site in the average structure of a 100 ps MD sim-
ulation for the ES complex at physiologic temperature (300K). The
used substrate molecule was Ac-Thr-Leu-Asn-Phe-Pro-lle-Ser-NMe.
The MD simulation was performed with the program package AM-
BER, Version 4.1. Numerals are the inter-atomic distances in A. (b)
Initial model compound. The initial model compound consists of an
acetate/acetic acid pair for two catalytic-site Asp residues, a water
molecule acting on the hydrolysis, and a dimethylacetamide for the
substrate.
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Fig. 2. Total potential energy curve for the hydrolysis of the Phe-Pro
peptide bond by the HIV-1 PR. The ordinate is the potential en-
ergy differences (kcal/mol) and the abscissa is the intrinsic reaction
coordinate (amu®/2 A). The Schrédinger equation of the model com-
pound was solved with the Hartree-Fock method using the 6-31G**
basis set. The model structures at the minimum points and transi-
tion states on the potential energy hypersurface were fully optimized
using the energy gradient method. The computational program used
was Gaussian 94. In all optimized structures, some constraints were
applied to prevent the corruption of the basic conformation of the ES
complex.

The first step of the hydrolys mechanism is the reaction of
the formation of the amide hydrate intermediate from ES

CG (Asp25) - CG (Asp25') :5.10
C (Phe) - N (Pro) : 1.36
S1

complex. The structure of the transition state TS1 (Fig. 3)
was determined from the initial model compound constructed
based on the result of the MD simulation of the ES com-
plex under physiologic conditions. This structure is obtained
theoretically through the geometry optimization to search a
saddle point on the potential energy hypersurface by solv-
ing the Schrédinger equation. The normal vibrational mode
of the imaginary frequency indicates the attack of the water
molecule on the carbonyl carbon of the substrate. A steep
energy drop in the direction of the separation of the OW
atom of the water molecule and the C atom (carbonyl car-
bon) of the substrate transforms the structure of TS1 to the
structure of the initial state of the hydrolysis S1; that is, the
ES complex (Fig. 3) The structure of the ES complex (S1,
Fig. 3) obtained theoretically from the structure of TSI is
very similar to the structure shown in Fig. 1(a). This means
that the model compound represents the catalytic site of ES
complex. In contrast, a steep energy drop in the direction of
the attack of the OW atom of the water molecule on the C
atom of the substrate transforms the structure of TS1 to the
structure of the intermediate S2, that is, the enzyme-bound
amide hydrate intermediate (Fig. 3). This reaction is sup-
ported by the isotope kinetic experiments.” The activation
energy of this reaction is 16.26 kcal/mol (Fig. 2).

The second step of the hydrolysis mechanism is the reaction
of the protonation of the proline nitrogen of the substrate.
Regarding the transition state T'S2 (Fig. 3), the normal vibra-
tional mode of the imaginary frequency indicates the transfer
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Fig. 3. The structures of the stable state (S1 and S2) and the transition state (TS1 and TS2)
which appear in the hydrolysis. Numerals are the inter-atomic distances in A.
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Fig. 4. The structures of the stable state (S3 and S4) and the transition state (TS3) which
appear in the hydrolysis. Numerals are the inter-atomic distances in A.

of the H1 atom to the N atom of the substrate and the H2
atom approaching the OD1 atom of Asp25. A steep energy
drop in the direction of the separation of the H1 atom and the
N atom of the substrate transforms the structure of TS2 to
the structure of the intermediate S2, the product of the first
elementary reaction (Fig. 3). This result reveals that TS2
is connected to the first elementary reaction. In contrast, a
steep energy drop in the direction of the transfer of the H1
atom to the N atom of the substrate transforms the struc-
ture of T'S2 to the structure of the intermediate S3 (Fig. 4),
in which the N atom of the substrate is protonated. This
reaction is supported by isotope kinetic experiments.*) This
reaction is the rate-determining step for the hydrolysis mech-
anism and its activation energy is 23.95kcal/mol (Fig. 2).
One reason that this reaction is the rate-determining step
might be the presence of the proline in the amide hydrate
intermediate, that is, the proline would cause the steric hin-
drance for the protonation reaction.

The third step of the hydrolysis mechanism is the reaction of
the C-N bond cleavage of the substrate. In the structure of
the transition state TS3 (Fig. 4), the normal vibrational mode
of the imaginary frequency indicates the C-N bond cleavage
and the transfer of the HD atom to the OD2 atom of Asp25’.
A steep energy drop in the direction of the shrinkage of the
C-N distance transforms the structure of T'S3 to the structure
of the intermediate S3, the product of the second elementary
reaction (Fig. 4). The result reveals that the transition state
TS3 is connected to the second elementary reaction. In con-
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trast, a steep energy drop in the direction of the C-N bond
cleavage transforms the structure of TS3 to the structure of
the final state of the hydrolysis S4 (Fig. 4). The activation
energy of this reaction is 0.87 kcal/mol (Fig. 2). In the reac-
tion of the C-N bond cleavage of the substrate, the final state
of the hydrolysis S4 is more stable than the transition state
TS3 by 39.61 kcal/mol so that this reaction is not readily re-
versed. The irreversibility of the reaction of the C-N bond
cleavage is supported by the isotope kinetic experiments.”

We conclude the following from this study. First, the hy-
drolysis mechanism of the Phe-Pro peptide bond specific to
the HIV-1 PR consists of three elementary reactions. These
reactions are supported by the experimental data. Next, the
rate-determining step of the protein hydrolysis mechanism by
the HIV-1 PR is the process of the protonation of the pro-
line nitrogen of the peptide bond. This activation energy is
23.95 keal/mol, which suggests that this hydrolysis occurs in
vivo.
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