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Transition states of native and drug-resistant
HIV-1 protease are the same
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HIV-1 protease is an important target for the treatment of HIV/
AIDS. However, drug resistance is a persistent problem and new
inhibitors are needed. An approach toward understanding enzyme
chemistry, the basis of drug resistance, and the design of powerful
inhibitors is to establish the structure of enzymatic transition
states. Enzymatic transition structures can be established by
matching experimental kinetic isotope effects (KIEs) with theoreti-
cal predictions. However, the HIV-1 protease transition state has
not been previously resolved using these methods. We have mea-
sured primary “C and >N KIEs and secondary 3H and 80 KIEs for
native and multidrug-resistant HIV-1 protease (184V). We observed
4C KIEs ("“V/K) of 1.029 +0.003 and 1.025+ 0.005, >N KIEs
("*V/K) of 0.987 +0.004 and 0.989 + 0.003, '®0 KIEs ('®V/K) of
0.999 + 0.003 and 0.993 + 0.003, and 3H KIEs (3V/K) KIEs of 0.968 +
0.001 and 0.976 + 0.001 for the native and 184V enzyme, respec-
tively. The chemical reaction involves nucleophilic water attack
at the carbonyl carbon, proton transfer to the amide nitrogen leav-
ing group, and C-N bond cleavage. A transition structure consistent
with the KIE values involves proton transfer from the active site
Asp-125 (1.32 A) with partial hydrogen bond formation to the ac-
cepting nitrogen (1.20 A) and partial bond loss from the carbonyl
carbon to the amide leaving group (1.52 A). The KIEs measured for
the native and 184V enzyme indicate nearly identical transition
states, implying that a true transition-state analogue should be
effective against both enzymes.

aspartyl protease | protease mechanism | transition-state structure |
drug design

Human immunodeficiency virus-1 (HIV-1) protease is an
essential enzyme for the HIV-1 viral life cycle and is the
target of nine drugs approved by the U.S. Food and Drug Admin-
istration (FDA) for the treatment of HIV/AIDS (1). HIV-1
protease inhibitors are administered as part of a drug combina-
tion in a treatment termed highly active antiretroviral therapy
(HAART), which has become the most effective therapeutic strat-
egy since the discovery of the virus. Nevertheless, mutations in viral
enzymes that reduce drug affinity but not catalytic activity con-
tinue to breed resistance to HAART. Several mutations in HIV-1
protease have been identified, and resistance to all nine FDA-
approved drugs has been reported (1, 2). Accordingly, attempts
to improve inhibitor quality continue with a common goal of in-
creasing the specificity and affinity of enzyme-drug interactions.

Meek and colleagues published critical insights into the HIV-1
protease reaction mechanism in the early 1990s (3), which con-
tributed substantially to the first generation of clinical HIV-1 pro-
tease inhibitors. Subsequent generations of inhibitors relied on
crystallographic information and medicinal chemistry to improve
binding affinity and oral bioavailability (2). While these ap-
proaches have led to many effective HIV inhibitors, none of these
drugs are free from the development of resistance. Biologically
active mutants of HIV-1 protease recognize and cleave the same
precursor polypeptides as their native counterparts; therefore,
there remains a common structure-function relationship among
them that has not been exploited in existing drugs.

www.pnas.org/cgi/doi/10.1073/pnas.1202808109

HIV-1 protease is a homodimer of 99 amino acid subunits,
each of which contribute a catalytic aspartate to the enzyme’s
active site (Asp-25 and Asp-125) (4, 5). The catalytic mechanism
and structural details of the HIV-1 protease reaction are illu-
strated in Fig. 1 (structures 1-7). The cycle initiates with water
activation by hydrogen-bonding interactions with the active site
aspartate residues (1) (6, 7). Bell-shaped pH-rate profiles (8-12)
have revealed an acidic pH optimum, and structural studies
(13, 14) suggest that the reactant-bound enzyme contains a single
protonated Asp (with a di-Asp, net charge of —1) facilitating a
general acid-base mechanism, which is common among many
Asp proteases (7, 15). Nucleophilic attack by the water generates
a reversible gem-diol intermediate, (3) which has been observed
structurally (16-18) and identified experimentally (19, 20). A ser-
ies of kinetic studies have concluded that the breakdown of 3 to
generate the products (7) is the rate-liming chemical step (9-11,
19, 21), denoted by ks. Prior >N isotope effect studies suggest
that N-protonation contributes to ks (22), but little additional ex-
perimental evidence distinguishes whether the rate-limiting che-
mical step is proton transfer to the leaving nitrogen (3 — 5),
breakage of the C-N bond (5 — 7), or a concerted N-protonation
and C-N bond breakage (3 — 7) and thus which transition state
(4, 6, or a concerted 4/6) has the highest energy barrier.

Theoretical studies of the chemical mechanism of HIV-1 pro-
tease have included electronic structure calculations (23-26),
quantum mechanics/molecular mechanics (QM/MM) studies
(27-29), and molecular dynamic simulations (30-32). Early ab
initio calculations by Lee et al. proposed that the irreversible step
of the protease reaction comes after the formation of 3 (24). La-
ter, Okimoto et al. used Hartree-Fock (HF) and a simple model
system to calculate that the second step of the reaction consists of
a stepwise rate-limiting proton transfer (4) followed by cleavage
of the C-N bond (6) (23). A more recent QM/MM molecular dy-
namics study on the entire enzyme characterized the two reaction
barriers and confirmed earlier findings that 4 is rate limiting
(21 kcal/mol barrier) (29). Additional insights have stemmed
from molecular dynamic simulations, which have shown that
Asp-125 is responsible for the initial protonation of the carbonyl
oxygen and that Asp-25 subsequently protonates the amide nitro-
gen (29, 30). Some general conclusions from these studies are
that 3 is a stable intermediate in the reaction and that the bystan-
der water, believed to maintain hydrogen bonding within the ac-
tive site, has a high binding energy (27, 32).

A powerful technique in determining the chemical details of a
reaction mechanism is experimentally measured kinetic isotope
effects (KIEs) used to constrain theoretical predictions (33).
This method for elucidating enzymatic transition structures has
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provided sufficiently robust transition-state knowledge to permit
design and synthesis of powerful transition-state mimics (34).
Here, we apply transition-state analysis to the study of the che-
mical mechanism of HIV-1 protease. Experimentally measured
intrinsic KIEs are used to evaluate candidate transition-state
structures originating from the distinct chemical barriers and in-
termediates in the reaction cycle of HIV-1 protease. The avail-
ability of a geometrically accurate transition structure provides
chemical resolution of the reaction and will aid in the future
development of transition-state analogs of the enzyme. Under-
standing transition-state features for native and resistant enzymes
also provides insights into the mechanism of resistance.

Results and Discussion

Kinetic Isotope Effects. We have measured a family of KIEs at
atomic positions surrounding the cleavage site of the heptapep-
tide substrate Acetyl-Ser-Gln-Asn-Phe*Pro-Val-Val-NH, (* de-
notes the scissile bond). The individual isotopic substitutions
and measured KIEs are listed in Table 1 and shown Fig. 2A4.
Additionally, KIEs were measured for the multidrug-resistant
variant (I84V), which is illustrated in Fig. 2B (see further discus-
sion below). KIEs were determined by comparing 3H/'“C
ratios from isotopic peptides and reference peptides bearing re-
mote radiolabels (Table 1). We observed primary carbonyl 4C
KIEs ("V/K) of 1.029 £0.003 and 1.025 4 0.005, primary
SN KIEs (1*V/K) of 0.987 £ 0.004 and 0.989 + 0.003, second-
ary 80 KIEs ('*V/K) of 0.999 & 0.003 and 0.993 & 0.003, and
secondary *H KIEs (3V/K) KIEs of 0.968 +0.001 and 0.976 +
0.001 for the native and 184V enzyme, respectively. Derived from
the mechanism in Fig. 1 (assuming that any step up to bond clea-
vage may be isotope-sensitive), Eq. 1 can be used to represent the

Fig. 1. Chemical mechanism of the
reaction catalyzed by HIV-1 protease.
Structures along the pathway are indi-
cated as follows: (1) enzyme-substrate
complex; (2) water attack TS; (3) tetrahe-
dral gem-diol intermediate; (4) proline
N-protonation TS; (5) protonated amide
intermediate; (6) cleavage of scissile
C-N bond TS; and (7) enzyme-product
complex. For transition structure 2, the
rc-0) bond distance is defined as the dis-
tance between the oxygen of the attack-
ing water and the carbonyl carbon of the
peptide. For transition structure 4, the
rn-wy is defined as the bond distance be-
tween the nitrogen on the proline, and
the proton on the catalytic aspartate
and r(y-o) is defined as the bond distance
between the oxygen and proton on the
catalytic aspartate. Finally, in transition
structure 6, ric-y) is the bond distance
of the scissile bond of the peptide.

observed KIE (22, 35), where K.q3 represents the equilibrium
constant for formation of the 3 and ks is the rate constant for
the formation of 7. The forward commitment (cf) represents a
probability of substrate bound in complex 1 being catalytically hy-
drolyzed rather than being released from the Michaelis complex:
BV /K) = (K g3 ks +¢7) /(1 +¢). (1]
In our experimental approach, the KIE is measured on V' /K
and reports on isotope-sensitive steps up to and including the first
irreversible step of each catalytic cycle (35, 36). A high probability
of 1 being converted to products presents a virtually irreversible
step prior to chemistry, which can mask expression of the KIE on
the chemical step (the intrinsic KIE), the value that reports on the
transition state. The reportedly high K,,, for this peptide (37) and
the observation that the >N KIE value is within the limit of all
calculated transition-state models for this reaction (see discussion
below) suggest that the forward commitment can be considered
negligible in our analysis, simplifying Eq. 2 of the observed iso-
tope effects to the product of the equilibrium isotope effect (EIE)
on formation of 3 and the intrinsic KIE determined by the rate-
limiting transition state

IE(V/K) — IEKeq3 IEks. [2]

Theoretical Structures. One difficulty inherent in using the fixed
parameter method in calculating KIEs for a multistep enzymatic
reaction is that the different chemical steps are electronically si-
milar at points along the reaction coordinate, resulting in similar
KIEs for '*C and '"N. For example, a late transition structure of
4 (short r(n-pp)) is electronically similar to an early transition

Table 1. Experimental and theoretical kinetic isotope effects

Peptide substrates

Experimental KIEs*"

Theoretical structures and KIE predictions

Heavy Light Native 184V 8 9 10 1 12 13

Ac-SQN[1-"*C]F*PVV-NH, [3H3]Ac—SQNF*PVV—NH2 1.029(3) 1.025(5) 1.073 1.017 1.020 1.019 1.057 1.025
[3H;]Ac-SQNF > NIPVV-NH, [*C]Ac-SQNF*PVV-NH, 0.987(3) 0.989(3) 1.000 1.002 0.996 0.992 1.015 0.995
[3H;]Ac-SQN['®O]F*PVV-NH, [*C]Ac-SQNF*PVV-NH, 0.993(3) 0.999(3) 0.991 0.995 0.994 0.994 0.996 0.995
Ac-SQN[a-3H]F*PVV-NH, ["*CJAc-SQNF*PVV-NH, 0.968(1) 0.976(1) 0.938 0.922 0.919 0.908 0.874 0.917

KIE, kinetic isotope effect.
*Experimental errors are shown in parentheses (x10-3) following the KIE
independent measurements.

values and reflect the standard error of the mean resulting from n > 18

'KIEs obtained using the [3H3]—Ac remote radiolabel are corrected for a 3H effect that was measured to be 0.974(2) and 0.976(2) for the native and 184V

enzyme, respectively.
*Denotes the location of the scissile bond.
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Fig. 2. Kinetic isotope effects measured for native and 184V HIV-1 protease.
(A) Peptide structure indicating the location of isotopic substitutions used for
KIE measurements. KIE values are listed for each isotope (values for 184V are
in bold). (B) Previously determined crystal structure (17) illustrating the loca-
tion of the lle-84 residue that is altered to Val in the drug-resistant mutant.

structure of 6(short rc-n) )—consequently, both of the theoretical
structures are also similar to intermediate 5. Depending upon the
model and method used in the calculations, redundancies exist in
the KIE predictions for some of the transition structures for each
of the chemical steps involved in the HIV-1 protease reaction.
Therefore, the fixed parameter method of locating a single tran-
sition structure that matches all experimental KIEs is not appro-
priate for studying the HIV-1 protease mechanism. It is important
to note, though, that a number of proton transfer transition struc-
tures obtained from using various methods and models exhibit
calculated KIEs that most closely match the experimental values
(Tables S1-S7 show examples of predicted IEs for several struc-
tures with fixed bond distances).

Theoretical structures used for the final calculation of
KIEs include an Ala-Pro dipeptide as the substrate—an alanine
residue was used in place of the experimental phenylalanine for
simplicity—in addition to several important residues in the
active site, including the two catalytic aspartates, the nucleophilic
water, as well as the structural water (Fig. 3). Theoretical struc-
tures were derived from a published crystal structure of HIV-1
protease co-crystallized with a gem-diol intermediate (17). Calcu-
lations were performed using both ONIOM (M06-2X/6-31+G**:
aml) and (B3LYP/6-31G*:am1) as implemented in Gaussian 09
(38). Theoretical structures were located as local minima for the
starting peptide and structures 3 and 5. For each chemical step of
the HIV-1 protease reaction, IEs were calculated for each of the
structures based upon the lowest energy conformation of the
starting material peptide and an intermediate or transition struc-
ture similar to the conformational geometry found in the pub-
lished crystal structure.

1.79— /{ }
w‘} G’ﬁ
~ ~*
8 9
(TS1) (INT1) (TS2) (INT2)
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To address the difficulties innately associated with the protease
reaction, all theoretical structures for transition states 2, 4, and 6
were located as first order saddle points on the potential energy
surface. By explicitly including a portion of the active site, we are
assuming that geometry constraints are not required to mimic the
active site functionality and that the saddle points will represent
the on-enzyme transition structures. The theoretical structures
from the ONIOM (M06-2X/6-31+G**:am1) method (Fig. 3)
were used for the calculation of KIEs shown in Table 1 (theore-
tical structures and KIE values calculated from ONIOM (B3LYP/
6-31G*:aml) are included in the supporting information). Both
computational methods give similar results; however, "N KIEs
derived from B3LYP calculations are smaller than expected for
most structures (near unity). This observation is consistent with
previous studies in the literature that show BILYP and B3LYP
underpredict "N KIEs (39-41). Furthermore, the M06-2X func-
tional gives more accurate results than B3LYP in bond breaking
and forming reactions (42).

Theoretical structures 8, 10, and 12 represent the uncon-
strained first order saddle points for transition states 2, 4, and

6, respectively (Fig. 3). Transition structure 8 corresponds to
the first step of the reaction and indicates that attack of the cat-
alytic water is late—r(c-oy is 1.79 A. From the intermediate gem-
diol (9), the second step of the reaction involves proton transfer
from the aspartyl residue to the nitrogen on proline and occurs at

rn-m) of 1.26 A as shown in 10. The third chemical step involves
the breaking of the scissile C-N bond of protonated amide (11),
which occurs relatively late (r(c-) is 2.02 A, as shown in transition
structure 12). A concerted transition structure could not be lo-
cated for direct formation of 7 from intermediate 3. Therefore,
the protonation and cleavage of the amide are considered to be
stepwise, though we cannot entirely rule out the possibility of a
concerted reaction.

KIE Predictions. In accordance with the experimental observation
of H, 80 exchange (19), IEs for 10, 11, and 12 were calculated as
the product of the EIE for formation of 9 and the KIE of the
transition structure (Eq. 2) (22). Predicted '*C and N KIEs for
the attack of water on the peptide from transition structure 8
are both too large and are poor matches to the measured values;
though it is unlikely that 2 is KIE-determining because of the ex-
perimental observation supporting the reversibility of this step
(19). Similarly, *C and "N KIE predictions for the breaking
of the C-N bond of the amide peptide in 12 were also too large
to match the experimental values. Clearly the proton transfer
transition structure 10 most closely matches the experimentally
measured KIEs, though the '“C and "N KIEs are smaller than
predicted by approximately 1%. Additionally, the EIEs for the
protonated amide intermediate (11) are a relatively close match
to the experimentally measured values. This is unsurprising be-
cause structures 10 and 11 are nearly identical with the exception
of the r(n-p) distance of 1.26 A and 1.12 A, respectively.

The predlctlon of KIEs for proton transfer often requires a
more extensive study than provided by density functional theory
(DFT). However, when the experimental data and computational
approach also include heavy atom isotope effects associated with

Fig. 3. Theoretical structures calculated for each
step of the HIV-1 protease chemical mechanism using
ONIOM(am1:M06-2X/6-31+G**). Calculated struc-
tures include: (8) TS for attack of water on the carbo-
nyl; (9) gem-diol intermediate; (10) proton transfer

~" from Asp-25 to proline; (11) protonated amide inter-
12 mediate; (12) scissile bond cleavage. Distances are
(TS3)

shown in angstroms.
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proton transfer, predictive ability is improved. Regardless, the
ability of any given method to reliably predict isotope effects
to greater accuracy than the 1% shown here is questionable. To
further explore the nature of the proton transfer, we applied a
simplified variational transition-state theory approach by varying
the r(y-uy and -y bond distances of transition structure 10 to
locate a structure with KIE predictions that most closely match
experimental values. Using this approach, we located transition
structure 13 (Fig. 4) at r(y-p) of 1.20 A and ru-0) 1.32 A, which
gave the best match to experlmental KIEs, bringing the predic-
tions for '*C and "N within 0.7 and 0.8%, respectively (Table 1).
Experimental KIEs were measured for the carbonyl 'O and
the phenylalanine a-3H, neither of which are directly involved in
bond breaking or forming steps of the mechanism. Hydrogen
bonding to the carbonyl oxygen of the peptide is the factor with
the largest influence on the '¥O KIE in the mechanism. Hydro-
gen-bonding networks change as the chemical mechanism pro-
gresses; however, each of the oxygens at the reactive center are
continuously hydrogen bonded to one of the catalytic aspartates,
making each step of the reaction electronically similar, resulting
in a null change in the '3O KIE after substrate binding. An in-
verse a->H KIE is attributed to the breaking of the interaction in
the starting material peptide of the lone pair of electrons on oxy-
gen to the ¢* orbitals of the adjacent hydrogens upon the binding
of the peptide to the enzyme. Predictions for a-*H are inverse at
every step of the reaction and depend more upon the conforma-
tion of the peptide upon binding than upon the chemistry occur-
ring at the adjacent carbonyl position (Fig. 3 and Table 1).

Proton Transfer. An important aspect of proton transfer transition
structure 13 is that the model contains three protons directly as-
sociated with the substrate (Figs. 4 and 5). The most stable con-
formation of the proline is a five-membered boat, placing the
lone pair on the nitrogen in position to accept the proton from
Asp-25. Stretching of the scissile C-N amide bond is associated
with the imaginary frequency for the transition structure of pro-
ton transfer, suggesting that amide bond cleavage is associated
with this step. However, little change occurs between 10, 13,
and 11 (in order of decreasing r(n-p)), With r(c-n) changing only
slightly from 1.51, 1.52, to 1.53 A, respectrvely Hydrogen bonding
to both oxygens of the gem-diol occurs solely with Asp-125 and is
maintained throughout the reaction, consistent with previous dy-
namic, crystallographic, and neutron diffraction studies (15).

Despite significant exploration, a concerted transition struc-
ture was not located for proton transfer and C-N bond cleavage;
though it is plausible that the steps occur concurrently. From an
examination of simultaneously varying r(c-n) and 7(n-p), @ con-
certed transition structure would have to ex1st w1th 7(c-N) equal
to or less than 1.70 A to be consistent with the measured KIEs.
However, structures with r(c-y) less than 2.10 A had no asso-
ciated imaginary frequency. A match of predicted KIEs to the
experimental values from a possible concerted transition struc-
ture is unlikely.

Drug Resistance. For an inhibitor to be effective against biologi-
cally relevant variants of HIV-1 protease, binding interactions
should be maximized with essential regions of the active site.
The observation that the transition structures are nearly identical
in the native and 184V enzyme (as indicated by experimental
KIE data, Fig. 24 and Table 1) suggests that transition-state in-
teractions should be a focus of inhibitor design. Although many
powerful HIV-1 protease inhibitors have been developed, drug
resistance continues to arise and attempts to understand mechan-
isms of drug resistance persist. The variant used in our experi-
ments contains a mutation at an active site Ile residue (I84V),
as illustrated in Fig. 2B. This variant has displayed resistance to
all nine FDA-approved inhibitors (2, 43) and has been reported
to cause up to a 32-fold reduction in inhibitor binding affinity

6546 | www.pnas.org/cgi/doi/10.1073/pnas.1202808109

13

Fig. 4. Theoretical structure for proton transfer from Asp-25 to proline cal-
culated by fixing the r(y-) bond length at 1.20 A using ONIOM(am1:M06-2X/
6-31+G**). Predicted KIEs derived from this transition structure most closely
match the experimentally measured values.
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Fig. 5. Electrostatic potential, NBO charges, and inhibitor scaffolds.
(A) Structure of the clinical inhibitor indinavir bound to the HIV-1 protease
active site obtained from the PDB structure 2AVO (Left) and the proton trans-
fer transition structure 13 (Right). (B) Electrostatic potential maps (blue =
partial positive, red = partial negative) extrapolated from single-point en-
ergy calculations (M06-2X/6-31+G**) of indinavir (Left) and 13 (Right). NBO
charges are indicated in parentheses. (C) Structural interactions with the
catalytic aspartates and indinavir (Left) and a potential proton transfer TS
scaffold (Right).
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(44). Our observation that the I84V transition structure is identical
to that for the native enzyme indicates that the drug-resistant be-
havior that arises is independent from transition-state interactions.
A stable mimic of transition structure 13 shown in Fig. 4 should be
an effective inhibitor both the native and 184V HIV-1 protease,
and likely an effective inhibitor against all biologically relevant
HIV-1 protease variants.

An electrostatic potential and natural bond orbital (NBO)
charge comparison of 13 and a well-characterized clinical inhibitor,
indinavir, is shown in Fig. 5. Electrostatic potential maps provide
useful blueprints for inhibitor design since they provide shape and
charge details of the reactant at the moment of the transition state.
The map of indinavir reveals a discrepancy common among the
transition structure and the existing FDA-approved HIV-1 pro-
tease inhibitors. All clinically approved inhibitors posses the gem-
diol mimic but lack the charge character that results from the
additional proton present in 13 (Fig. 5 B and C). The electrostatic
maps in Fig. 5B reveal that transition structure 13 has three pro-
tons with NBO charges of +0.549, +0.564 (diol OH’s), and
+0.504 (proline N), where the indinavir has one proton within
the diol mimic with an NBO charge of +0.514. A transition-state
analogue scaffold proposed from the electrostatic potential map in
Fig. 5B is shown in Fig. 5C, Right, with a focus on transition struc-
ture features. Although the catalytic aspartic acids provide a pro-
ton to both the transition-state mimic and indinavir upon inhibitor
binding, the crucial feature of the proposed transition-state inhi-
bitor scaffold is the increased protonation state of the nitrogen
and should be a focus of future inhibitor design.

Conclusions. Using a combination of experimentally measured
KIEs and theoretical calculations, we have resolved the structure
of the rate-limiting transition state in the HIV-1 protease reac-
tion. Our findings confirm previous proposals that proton trans-
fer is rate limiting (22, 23, 29). We have established an electro-
static map structure to serve as a blueprint for improved inhibitor
design. Inhibitors of HIV-1 protease are usually referred to as
transition-state analogues; however, no transition structures have
been previously reported from any combination of comprehen-
sive KIE analysis and computational approaches as established
here. Additionally, we have confirmed that a highly drug-resistant
mutant form of the HIV-1 protease enzyme shares nearly iden-
tical transition-state features with the native enzyme, indicating
that drug resistance in this mutant arises from alterations in the
enzyme distant from transition-state interactions. Similarity in
the transition-state features suggests that a robust transition-state
mimic would serve as an effective inhibitor of both the native
and I84V enzyme and likely other mutants that share common
transition-state features.

Materials and Methods
Isotopic Labeling and Synthesis of Peptides. Peptide substrates (Fig. 2A and
Table 1) were synthesized by sequentially coupling 9-Fluorenylmethyloxycar-
bonyl (Fmoc)-protected amino acids onto a cross-linked ethoxylate acrylate
resin (CLEAR)-amide resin (100-200 mesh 0.43 mmol/g) followed by N-acet-
ylation, resin cleavage, precipitation, and purification. Isotopic labels were
incorporated at the remote positions by acetylation with either [3H3]—acetic
anhydride (Ac,0) (purchased) or [1-14C] Ac, O (purchased), and isotopic labels
at the scissile positions were incorporated by coupling the appropriate
labeled amino acid from the following: Fmoc-[1-'*C]Phe-OH (purchased),
Fmoc-['>N]Pro-OH (purchased), Fmoc-[a-3H]Phe-OH (synthesized), or Fmoc-
['80,]Phe-OH (synthesized). Peptides were purified by semipreparative re-
verse-phase high-performance liquid chromatography (HPLC) using a linear
gradient (3-40% acetonitrile [AcN] in water with 0.1% trifluoroacetic acid
[TFA] over 40 min). The purified nonradioactive peptides were characterized
by electrospray ionization mass spectrometry (MS-ESI), and radioactive pep-
tides were confirmed by co-elution with the nonradioactive peptide using
analytical reverse-phase HPLC over the same linear gradient.
Fmoc-[1-"“C]Phe-OH, [3H]Ac,0, and [1-'*CJAc,O were purchased from
American Radiolabeled Chemicals, Inc., and Fmoc-['>N]-proline was pur-
chased from Cambridge Isotope Laboratories, Inc.
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Synthesis of Fmoc-['®0],-Phe-OH. 80 incorporation into phenylalanine was
accomplished by exchange in acidic H, 80 (97%, Cambridge Isotope Labora-
tories, Inc.) as previously described (45) (also see SI Materials and Methods).
['80,]Phe-OH was then reacted with 9-Fluorenylmethyl N-succinimidyl carbo-
nate (Fmoc-Osu) (dissolved in ice-cold acetone) under basic conditions
(NaHCO; to H,'80 [97%] to pH 9). The reaction was monitored by loss of
ninhydrin reactivity and thin-layer chromatography (TLC) and complete con-
version to Fmoc-['80,]-Phe-OH was confirmed by MS.

Synthesis of Fmoc-[a-3H]-Phe-OH. [a-3H]-Phe-OH was synthesized by reductive
amination of phenylpyruvate through a series of enzymatic 3H transfer re-
actions (Fig. S1). A reaction mixture of 4 mM [1-3H]glucose, 50 mM adenosine
triphosphate (ATP), 160 pM nicotinamide adenine dinucleotide (NADT),
250 mM NH4Cl, 10 mM MgCl,, and 10 mM phenylpyruvate in 50 mM Tris-HCI
pH 8.5 was prepared and the following enzymes were added sequentially
(0.5 units each): (i) phenylalanine dehydrogenase (Sigma), (ii) glucose-6-phos-
phate dehydrogenase (Sigma), and (iii) hexokinase (Sigma). The reaction was
completed in approximately 45 min at room temperature. Purification of the
phenylalanine product was accomplished by reverse-phase HPLC over a linear
gradient (5-50% AcN in water and 0.1% TFA over 20 min) on a C18 column
(Waters Delta Pak, 300 x 3.9 mm, 15 um, 300 A), with the peak corresponding
to phenylalanine eluting at approximately 25% AcN. [a-3H]Phe-OH was then
reacted with Fmoc-Osu (dissolved in ice-cold acetone) under basic conditions
(NaHCO; to H,O to pH 9), and conversion to Fmoc-[a-3H]-Phe-OH was con-
firmed by loss of ninhydrin reactivity and TLC analysis.

Protease Expression and Purification. Both HIV-1 protease constructs (native
and 184V) bearing the five background mutations Q7K, L33l, L63I (for re-
stricted auto-proteolysis), and C67A and C95A (for restricted Cys thiol oxida-
tion) were provided in pET-11a vectors. The constructs were transformed into
BL21(DE3) Escherichia coli cells and expressed and purified from inclusion
bodies according to an established protocol (46).

Kinetic Isotope Effect Measurements. KIEs were measured using the competi-
tive isotopes method (47). The KIE on V/K was determined by the relative
change in the ratio of light and heavy peptides (each bearing either *C or
3H radiolabels) in the unreacted substrate versus remaining substrate after
multiple reaction cycles. Peptides were radiolabeled with either 3H or '4C
as shown in Table 1. KIEs were measured by mixing the heavy and light pep-
tides such that the counts-per-minute (cpm) ratio of 3H:'C was 3:1
(150,000 cpm: 50,000 cpm), with a total peptide concentration kept at 0.5 mM
in a 200 pL reaction volume (GAMT-NEDT pH 6.0; see S/ Materials and
Methods). A measure of 50 pL was taken immediately to determine the ratio
of the radiolabels in unreacted peptides, Ry (R = scissile bond heavy isotope/
scissile bond light isotope). Approximately 150 nM protease was added (0.5 uL
of 1 mg/mL stock) to the remaining 150 pL and the reaction was stopped at
approximately 70% completion (f = 0.7). The unreacted substrates were pur-
ified from products over 0.5 mL AG1-X8 anion exchange columns (equilibrated
with two column volumes 0.1 N NaOH and two column volumes of water),
which bind the carboxylate generated in the product peptides (22). The ratios
of isotopes of the unreacted substrates at f = 0(Ry) and f = 0.7(Ry) were
determined by liquid scintillation counting (the counting protocol is outlined
in S/ Text), and the KIEs were determined from Eq. 3 (48):

KIE = In(1 = f)/In[(1 = )(R;/Ry ). [3]

Each reported KIE results from a minimum of three repeats of six reactions
(n > 18), which were determined from the average of 10 cycles of scintillation
counting at 10 min per sample.

Computational Methods. The mechanism of HIV-1 protease was studied using
the QM/MM two-layer ONIOM (MO06-2X/6-31+G**:AM1) method as imple-
mented in Gaussian 03 and 09 (G03 and G09) (38, 49). A model system of
the active site containing 102 atoms was used in the calculations and was
derived from the crystal structure of HIV-1 protease co-crystallized with
the gem-diol intermediate (17). All starting materials and stable intermedi-
ates were located as local minima and frequency calculations performed on
the optimized structures contained no imaginary frequencies. Transition
structures were located as first order saddle points and contained only one
imaginary frequency. Additionally, structures for each chemical step of the
protease reaction were explored with geometric constraints (as nonstation-
ary points) to determine the range of possible predicted KIEs for each step of
the reaction. Forward and reverse intrinsic reaction coordinate calculations
were performed as implemented in GO9 from each transition structure to ver-
ify that each structure lies on the relevant reaction path.
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The isotope effects for each of the theoretical structures were calculated
from conventional transition-state theory by the method of Bigeleisen and
Mayer (50-52) from the scaled theoretical vibrational frequencies. Tunneling
corrections were applied on all atoms using a one-dimensional infinite para-
bolic barrier model, and a truncated infinite parabola model was used for
proton transfers (53).

Natural bond orbital (NBO) analysis and single-point energy calculations
were carried out on the optimized proton transfer transition structure 13 and
the clinical inhibitor indinavir from Protein Data Bank structure 2AVO (54) in
G09 (M06-2X/6-31+G**). Electrostatic potential maps were visualized in
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