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ABSTRACT: HIV-1 protease (PR) is the target for several important antiviral drugs used in AIDS therapy.
The drugs bind inside the active site cavity of PR where normally the viral polyprotein substrate is bound
and hydrolyzed. We report two high-resolution crystal structures of wild-type PR+{(P&hd the multi-
drug-resistant variant with the 154V mutation (B43) in complex with a peptide at 1.46 and 1.50 A
resolution, respectively. The peptide formgemdiol tetrahedral reaction intermediate (TI) in the crystal
structures. Distinctive interactions are observed for the Tl binding in the active site cavitywgfd?i|

PRs4v. The mutant PRB4y/TI complex has lost water-mediated hydrogen bond interactions with the amides
of 1le50 and 1le50in the flap. Hence, the structures provide insight into the mechanism of drug resistance
arising from this mutation. The structures also illustrate an intermediate state in the hydrolysis reaction.
One of thegemdiol hydroxide groups in the RR complex forms a very short (2.3 A) hydrogen bond
with the outer carboxylate oxygen of Asp25. Quantum chemical calculations based on this Tl structure
are consistent with protonation of the inner carboxylate oxygen of AspR&ontrast to several theoretical
studies. These Tl complexes and quantum calculations are discussed in relation to the chemical mechanism
of the peptide bond hydrolysis catalyzed by PR.

HIV-1 protease (PR)is an indispensable viral enzyme substrate can bind. Many crystal structures of PR/inhibitor
that cleaves the viral Gag and Gag-Pol polyproteins into the complexes have revealed how various inhibitors bind in the
individual enzymes and structural proteins during the late active site cavity of the wild-type PR or its mutanfs(11).
stages of the viral life cyclel]. Therefore, disruption of the  Several drug-resistant mutations alter residues that interact
PR activity results in an immature viral particle unable to ith inhibitor in the active site cavity and reduce the affinity
infect other cells. This knowledge was employed in the for the inhibitor. However, other resistant mutations, such
discovery of PR inhibitors that, in the past decade, have o5 |54y, alter residues that lack specific contacts with
revolutionized the treatment of AIDZ,(3). However, HIV-1 5 pibisars and have more indirect effects. 154V is a multi-
gU|ckIy|ml(Jj§ates t]? '::onfe; rﬁsstance to the. admymstered drug-resistant mutation that contributes resistance to all
c;l;gei*’ 4)6_ acg]r?s;?quaelnlilr; ?het ﬁ;{gﬂgﬁ;ﬂﬁ;&g (r)r;a;l)_\/’ clinically available PR inhibitors4)_. This mutgtion alqne _
inhibition and activity must be comprehended to develop new dqes not lead to rgsstance, bl.Jt It appears in gomblnatlon

with other drug-resistant mutations. Moreover, it is found

strategies to overcome drug resistance. ) : .
The active PR is a homodimer containing 99 amino acid in more than 30% of patients treated with more than one

residues in each subunit. As in other aspartic proteases, thé R inhibitor. Drug-resistant PR must retain the ability to bind
active site is composed of two conserved triads with the and hydrolyze substrates, despite the altered interactions with

site cavity between the two subunits, where an inhibitor or Peptide substrate, which generally precludes crystallization
and structural analysis of a PR/substrate complex. This
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The reaction mechanism of PR-catalyzed hydrolysis of liquid nitrogen. X-ray diffraction data were collected on the
peptides has been studied experimentally and theoreticallySER-CAT (22ID) beamline of the Advanced Photon Source,

(see, for example, a review by Brik and Wortg)). The
reaction is considered to proceed via formation of a
metastable tetrahedrgémdiol—amine (or simplygemdiol)
intermediate, in agreement witfO-exchange NMR experi-

Argonne National Laboratory, at 100 K using 1.0 A (RR

TI) and 0.8 A (PRu4/TI) wavelengths. The data were
processed with HKL200®@). The CCP4i suite of programs
(29, 30) was used to obtain a molecular replacement solution

ments (9). The HIV-1 PR active site contains two Asp25 (program Phaser) using the wild-type PR structure complexed
residues with~2.5-2.7 A separation between the inner with the inhibitor darunavir (DRV) (PDB 2IEN)31) as the
carboxylate oxygen atoms, while one of the oxygens is initial model. The structures were refined using SHELX97
assumed to be protonated. However, no agreement has bee(82) and refitted with the O1033) program. Alternate
reached on the exact position of the proton. Several theoreti-conformations were modeled for the PR residues when
cal studies of the mechanism have concluded that the outerobvious in the electron density maps. Anisotropic atomic
oxygen of Asp25 is protonated2@-22), while others displacement parameter8 factors) were refined for all
proposed protonation of the inner oxyge28,(24). atoms including solvent molecules. Hydrogen atoms were
Ideally, a reactive substrate would be cocrystallized with added to the PR atoms at the final stages of the refinement.
the active HIV-1 PR to trap a reaction intermediate. Kumar The identity of the ions and other solvent molecules in the
et al. @5). have reported the crystal structure of HIV-1 PR crystallization solutions was deduced from the shape and
in complex with the tetrahedral intermediate of the substrate peak height of the 2, — Fc andF, — F¢ electron density,
HKARVL* p(NO,)FEAL"S (where the asterisk denotes the the potential hydrogen bond interactions, and the interatomic
cleavage sitep(NO,)F is p-nitrophenylalanine, and "Lis distances. The RR/TI crystal structure was refined with 1
norleucine) at 2.03 A resolution. The PR was constructed sodium cation, 3 chloride anions, 1 glycerol molecule, and
as a C95M/C9%\ heterodimeric double mutant with a 172 water molecules including partial occupancy sites. The
—GGSSG- linker covalently connecting the two monomers PRsay/Tl structure included 1 sodium cation, 3 chloride
between residues 99 and Bowever, the geometric accuracy —anions, and 189 water molecules including partial occupancy
may be limited due to the resolution and presence of disordersites. The Tl sequence was estimated from the shape of the
from two orientations of the substrate. electron density to be AIL*VQN (where the asterisk denotes
We report two high-resolution crystal structures of wild- the gemdiol position) although the termini are partially
type PR (PRyr) and the multi-drug-resistant variant with thne  disordered. The TI peptide occupancy was refined in
154V mutation (PRav) in complex with a short peptide at SHELXL using a least-squares method to 60% in both wild-
1.46 and 1.50 A resolution, respectively. The peptide forms tyPe and 154V mutant structures. The other 40% were
a single conformation of thgemdiol tetrahedral reaction ~ Presumed to be the products of the hydrolysis reaction that
intermediate (TI) in the crystal structures. Distinctive interac- Were released from the active site cavity into the bulk water.
tions are observed for the TI binding in the active site cavity 1h€ figures were made with PyMaB4). .
of PRyt and PRssy. Hence, the structures provide insight ~ Mass SpectrometrySamples from the stock solution of
into the changes in PR activity arising from this mutation. Purified HIV-1 protease and freshly grown crystals were
Additionally, the TI complexes and associated quantum analyzed by SDSPAGE, MALDI-TOF analysis on a
chemical calculations are discussed in relation to the chemicalVoyager-DE instrument (PerSeptive Biosystems), and N-

mechanism of the peptide hydrolysis catalyzed by PR. ~ terminal sequencing. Mass peaks were observed in the
dissolved crystals for the HIV-1 proteasenalz 10720 (+1)

and 9363 ¢2). Additional major peaks were observed at
) o m/z 2602, 1423, 657, and 446; however, the smaller

Preparation of HIV-1 PRy and PReay, Purification, and  molecules could not be positively identified by further post
Crystallization.A pentasubstituted HIV-1 PR clone (Q7K,  source decay analysis. SDBAGE analysis of the stock
L33I, L63I, C67A, CI5A) was used as the wild-type template  sojution used for growing the crystals showed the protease
to introduce the single mutation 154V, as described elsewheregnd two smaller proteins. N-terminal sequencing confirmed
(26). The PRyr and PRy mutant were expressed in  the presence of the full-length protease and two of its
Escherichia coliand purified from the inclusion bodies by  fragments starting at residues I(33)EEMSL and T(74)-
the reported procedur@?). VLVPGT.

The crystals of PR:/TI and PRsa/Tl complexes were DFT Quantum Chemical Calculationéll calculations
grown by the hanging-drop vapor diffusion method. In the were performed with the GAUSSIANO3 packads) by
case of PR+/Tl a 1 mLreservoir solution contained 50 MM using density functional theory (DFT) with the hybrid
sodium phosphate/100 mM sodium citrate buffer (pH 6.0), functional B3LYP. A triple¢ 6-31H+G** basis set was
10% NaCl (w/w), and 2.5% (v/v) glycerol. For RR/TI, used for all atoms. All molecular geometries were optimized
the reservoir had 12.5 mM sodium phosphate/50 mM sodium without symmetry restrictions. The positions of most heavy
citrate buffer (pH 6.0), 8% NaCl, and 10% glycerol. The atoms were obtained from the X-ray analysis data and were
concentrations of the Rz and PRy mutant were 1.2 and  fixed during the entire geometry optimization, while the
2.5 mg/mL, respectively. Platelike crystals appearedi21  positions of all hydrogen atoms were free to optimize. In
weeks and reached a usable size of 9.9.2 x 0.05 mm addition, G-O distances of side chain carboxylic moieties
within 4 weeks in both cases. were included in the geometry optimization to account for

X-ray Data Collection and RefinemenCrystals were  the protonation of these residues, which is invisible in the
cryoprotected with the reservoir solution containing 25% (v/ crystal structures. The convergence criteria were® a0 for
v) glycerol, mounted on a nylon loop, and flash-frozen in the density matrix, 4.5 10~4 au A1 for the gradients, and

EXPERIMENTAL PROCEDURES
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Table 1: Data Collection and Refinement Statistics fonfBnd
PRs4v in Complex with thegemDiol Tetrahedral Intermediate

PRyt PRsav
Data Collection
space group P12, 2 P22,2
unit cell dimensions, 58.30, 86.12, 58.44, 86.02,
a, b, c(A) 46.31 46.31
resolution range (A) 501.46 50-1.50
(1.50-1.46) (1.55-1.50)
no. of unique refins 40 494 [32 850] 37 411 [30 352]
[obsd withl > 20(1)]
1/o(1) 14.0 (2.0) 26.1(2.2)
Rierge (%) 10.3 (48.1) 6.4 (47.2)
completeness (%) 97.9 (87.2) 98.2 (85.8)
Refinement '
data range for 10—1.46 16-1.50 Ficure 1: HIV-1 PR homodimer structure in cartoon representation
refinement (A) showing the secondary structure. The tetrahedral intermediate (gray),
Ruork (%) 155 15.6 Asp25 and Asp2yellow), and site of mutation lle54 to Val (cyan)
Riree (%) (5% of refins 21.2 21.9 are shown in ball-and-stick mode.
randomly)
no. of solvent molecules 177 193 residues, and it is possible that the peptide is longer than
R'\i"dsegl‘?t"'a“on irom the six residues visible in the structures. Also, the shape of
bondsy(A) 0.011 0.011 the electron density is ambiguous for the' Rbhd P2 side
angles (A) 0.030 0.032 chains. The density for Ptan be fit by Val or Thr, and P2
averageB factors (5] can be Glu or GIn. Further analysis of the PR solution by
main chain 154 154 SDS-PAGE and N-terminal sequencing identified two
side chain 25.9 25.8 i . .
tetrahedral intermediate  26.7 36.0 ragments of the PR starting at residues 33 and 74. Therefore,
solvent 37.2 40.2 the sequence of HIV-1 PR was examined for possible
occupancy of Tl (%) 60 60 matches to the shape of the observed electron density for
aThe numbers in parentheses are given for the highest resolutionthe P2-P2 residues. The two possible peptides, residues 61
shell. 66 (QIIEl) and 88-93 (NLLTQI), contain sites of auto-

proteolysis 86). Both peptides were evaluated by refinement

1.8 x 10°2 A for the displacements. All calculations were N the crystal structures. The peptide QIIIEI was rejected,
spin-restricted. The computations were run on the IBM SInCe the refinement performed poorly and the side chalns
System p5 575 with Powet5 processors at Georgia State of II.e-IIe were not a good fit for the Leu-VgI-shaped side
University. System p5 runs the AIX 5.3 operating system Chain density at P1 and PIrhe other possible match of
using a 64-bit architecture. There are eight symmetric NLLTQI r_efmed as well as the orlglnal estimated sequence,
multiprocessor (SMP) nodes, each with eight dual-core 1.9 lthough it required one awkward fit of Leu for lle-shaped
GHz processors for a total of 128 CPUs with 256 GB of density at P2. This fit can be achieved if the P2 Leu side

total memory. A pSeries high-performance switch connects €h&in has two alternate conformations. Although Thr is
the nodes. unusual at P1 HIV-1 protease was shown to hydrolyze

between Leu and Thr in a peptide representing a cleavage
RESULTS site of avian myeloblastosis virus proteas3¥)( Hence,
NLLTQI was selected as the best fit in the PR sequence for
Crystallographic AnalysisThe crystal structures of R/ the Tl peptide (Figure 2), although the presence of a different
Tl and PRs4\/T! were solved in the space gro#2,2,2 as peptide cannot be ruled out.
summarized in Table 1. The asymmetric units contain the Alternate conformations were modeled for residues in the
PR dimer, and the residues in the two subunits are labeledtwo structures where clear electron density was present for
1-99 and 1-99 (Figure 1). The crystals diffracted to a the two conformations. There were 17 alternate conforma-
resolution of 1.46 A for PR+/TI and 1.50 A for PRav/Tl. tions modeled in PRy/TI and 12 for PR4\/TI. Generally,
The structures were refined with anisotroBitactors, solvent the alternate conformations were observed for side chains
molecules, and hydrogen atoms. The fiRdhctors are 15%  of surface residues. The exceptions were the internal side
for both structures. There was clear electron density for the chains of residues Val82 and Leu97 in both subunits of the
majority of residues and solvent molecules in all the two complexes, lle84 in one subunit of RRTI, and Val32
structures. The side chains of a few residues on the surfacen one subunit of PRa/TI.
of the PR showed no density due to disorder over many The high resolution of the diffraction data allowed
possible positions. modeling of two shells of solvent. The solvent was modeled
There was clear electron density for the central four with ~180 water molecules, ions, and other small molecules
residues (P2P2) of the peptide Tl in the wild type and the  from the crystallization conditions; some of the solvent
mutant PR structures (Figure 2). The Tl adopts a single molecules had partial occupancy. The solvent ions were the
extended conformation in both complexes, and the initial sodium cation and chloride anion, while a glycerol molecule
amino acid sequence of AILVQN was estimated from the was refined in the PR/TI structure.
shape of the electron density. The density was partially Protease-Tl Interactions. The tetrahedral intermediate
disordered for the side chains of the terminal P3 and P3 was fitted with the sequence NLLTQI, where themdiol
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Ficure 2: Stereo view of the omit electron densify,(— F) for the tetrahedral intermediate in the RRT| structure. Contour levels are
2.20 for (@) and 3.@ for (b). The higher contour level ifb) shows the positions of the TI hydroxyl oxygens.

lies between P1 Leu and PTIhr. The Tl binds in the PR
active site cavity by means of hydrogen bonds, hydrophilic
C—H---O contacts, and hydrophobic CG+HC interactions

differences in the conformations of the PR residues that
appear to be related to the single mutation 154V. Changes
are seen in the interactions of 1le50 and lle&@h Tl and

very similar to those observed in PR complexes with peptide around the mutated residue 54, which are associated with

analogues containing P&lIn (12). Seven hydrogen bonds
connect the main chain atoms of Tl with residues Asp29,
Gly48, Gly27, Asp29, and Gly48 with distances of 2.9

3.1 A (Figure 3a). The position and conformation of the Tl
are further stabilized by the well-known water-mediated
hydrogen bonds that link the Tl to the tips of the flaps. The
flap water is equidistant from both carbonyl oxygens of P2
Leu and P1Thr residues of the Tl (distances are 2.7 A) and
main chain amide nitrogens of 1le50 and llé%@istances
are 3.2 and 3.0 A, respectively). The side chain df B
forms additional N-H+++O H bonds with the main (3.0 A)
and side (2.5 A) chains of Asp3@and the main chain amide
of Asp29 (3.1 A). Other stabilizing interactions include
C—H---O contacts (3.23.7 A) that are observed mostly
between main chains of the Tl and @R Among those,
(GlIng)Ca++-O=C(Gly48) is the strongest interaction with
a distance of 3.2 A. The €H---C—H hydrophobic T+PR

main chain shifts of about 0.5 A for 1le50, 1le50Thr80,
and Pro81.

The hydrogen bond network connecting Tl with PR
residues is mostly conserved between the two structures, with
almost identical interatomic distances (Figure 3b). The P2
GIn side chain has a similar number of hydrogen bonds,
although rearranged, with the main chain atoms of Asp29
and Asp30Q The major change is the weaker interactions of
the Tl with the flap residues in the mutant structure. The
flap water in the PR4\/TI structure has only 60% occupancy
and lacks hydrogen bonds with the main chain amides of
lle50 and 1le5Q the distances are elongated to 3.5 and 4.0
A compared to 3.0 and 3.2 A in the RRTI structure.
Therefore, the flap water of the RR/TI complex retains
only two hydrogen bonds, although their distances are similar
to those observed in RR/TI. The loss of the hydrogen bonds
is associated with the-0.5 A shift of 1le50 and lle50away

interactions have distances of around 4.0 A. These interac-from the active site residues and the flap water (Figure 4).

tions, in particular the hydrogen bond network, are well
conserved throughout many PR/substrate analoj2el @,
38) and inactive PR/substraté3—17) complexes. Conse-

In addition to the changes in atomic positions of lle50
and lle50, the substitution of the bulky isoleucine 54 to the
smaller valine results in significant shifts in the positions of

quently, it is expected that structural differences between theneighboring residues lle5@nd Thr86-Val82 (Figure 4).
PRw7/Tl and PR/substrate (or substrate analogue) complexeslle50 and [le50 make favorable interactions with residues
will be confined to the active site residues and the scissile 47 and 54 and the 80’s loop. In the WfTI structure,
bond. The detailed geometry of the interactions between thefavorable hydrophobic interactions form between the side

catalytic aspartates and the gémdiol will be described in
a later section.

Effects of the 154V Mutation on Tl Binding and the PR
Conformation.When the PR+/Tl and PRs4//TI structures

chains of lle54 and lleB@vith interatomic distances 6£4.0
A. Moreover, G2 of lle54 and the carbonyl of lle5@rm
a C—H---0 interaction of 3.5 A. The hydrophilic contact is
maintained in the mutant structure due to th@.6 A shift

are superimposed, the root-mean-square deviation for theof 11e50, while the hydrophobic contacts are elongated to
main chain atoms is 0.2 A. Nevertheless, there are significant4.4 A (Figure 4). There is a concerted shift of ll¢%thd



14858 Biochemistry, Vol. 46, No. 51, 2007

lle50”
./ Gly4s
. i N J
Sy A N /\ Az :__:]

@ lle50

Glyds’

\

(b lle50’

Ficure 3: Hydrogen bond interactions of the tetrahedral intermedi-
ate with wild-type PR (a) and Rf2, mutant (b) residues. Hydrogen
bonds are indicated by dotted lines.

Pro81 by~0.6 A. In the other PR subunit, there is less

Kovalevsky et al.

Pro81

l~06A

Thr80 Gly49’

Gly51’

lle/Val54

Ficure 4: Superposition of PR/TI (colored magenta) and RR/

Tl (colored by atom type) structures. The largest shifts occur for
residues 50and 81 as indicated by arrows. The-8---O contact

of 3.5 A between the main chain carbonyl of llé5@d the G2 of
lle54 is maintained in the mutant structure, while the hydrophobic
contacts of the lleSGide chain with Pro80 and the polar interaction
of the lle50 amide with the water are elongated.

for understanding the reaction mechanism. The most critical
hydrogen bonds, and perhaps the most stabilizing, are
between the two OH groups (Qnd OH) of the central
tetrahedral carbon of the Tl and the carboxylate groups of
Asp25 and Asp25(Figure 5). OH forms a very short
hydrogen bond of 2.3 A with the & atom of Asp25
whereas Olglhas two identical hydrogen bonds t@Dand
052 of Asp25 with a distance of 2.6 A (distances are given
between the heavy atoms). Additionally, Qid 3.2 A away

change in the positions of the corresponding residues.from the carboxylate oxygens of Aspg23he nitrogen of

Importantly, lle54 has no G-H---O interaction with the
carbonyl of 11e50 because the latter is involved in the dimer-
stabilizing hydrogen bond with the amide of Gly51
Although 1le50 is shifted by~0.6 A from its position in the

wild-type PR structure, it preserves van der Waals interac-

tions with the mutated Val34nd Pro81 As a result, Pro81
and Val82 have no significant changes in their positions
relative to those in the wild-type complex.

The PRs4 /Tl structure shows a small opening of the flaps
around lle50 and lle30relative to those of the wild-type
complex and coincident with the loss of interactions with
the flap water. The weaker interaction of 1le50 and Ile50
with peptide in the PR4/TI complex is unusual, although

thegemdiol—amine moiety of the Tl is directed away from
the Asp carboxylate groups. Its closest neighbor & Of
Asp25, which is 3.1 A away. Similar interactions are found
in the PRs4/TI structure, except that the Qlik positioned
0.3 A closer to the carboxylate oxygens of Asp25

The reaction mechanism can be discussed in relation to
the crystal structures for the PR/TI (Figure 5a,b), unliganded
PR (Figure 5c), and PR/inhibitor complexes. Recently, we
reported the crystal structure of the unliganded HIV-1 PR
with the flap mutation F53L at 1.35 A resolution, which is
the highest resolution attained for the unliganded B@.(
Although the mutation altered the interactions between the
two flaps compared to those in the wild-type PR structure,

an asymmetrical opening of one flap was observed in the no significant geometrical differences were observed for the

structure of the inactive Ri2Zsy complex with a peptide39).

active site residues Asp25 and Asp23herefore, the

However, most crystal structures of PR single mutants with unliganded PRs3. structure will be used as a geometrical
inhibitors, including peptide analogues, do not show such reference point for comparison of active site residues.

large changes in the flapg,(12, 13, 15, 16, 17). Thus, it

The unliganded PR is symmetric in the solid state; i.e.,

appears that the single non active site mutation 154V is the two monomers have exactly the same geometry and are
capable of transmitting structural changes in a cascade ofrelated by the crystallographic 2-fold axis. A water molecule
movements of PR residues that influence hydrogen bondsis hydrogen-bonded to the catalytic aspartates and is equi-
involved in stabilizing the substrate in the active site cavity. distant from all four carboxylic oxygen atoms at 2.8 A
Active Site Interactions in PR/TI and Ligand-Free and  (Figure 5c). The inner carboxylate oxygen atoms of Asp25
Inhibitor-Bound PR StructuresThe interactions of the and Asp25 are 2.7 A apart, while the planes of the
catalytic Asp25 and Asp2in the PR/TI complex are critical ~ carboxylates make a 4@lihedral angle. The catalytic Asp25
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Ficure 5: Hydrogen bonds in the active site of the (a)\RR| complex, (b) PR4/TI complex, and (c) unliganded R, dimer. Only
part of the Tl molecule that includes residues Thr and Leu flankinggérediol moiety is shown in panels a and b for clarity.

hydrogen atoms, which are not determined experimentally
in these crystal structures. Therefore, quantum chemical
calculations were used to more accurately predict the
positions of the critical hydrogen atoms. The positions of
the hydrogen atoms in the active site were optimized for the
ligand-free and TI-complexed PR structures. The initial
peptide sequence with P1 Leu and P&l was used for these
calculations. In the former case, the positions of Asp25,
Asp23, and three water molecules were taken from the
ligand-free PRs3_ structure. In the latter case, the positions
of Asp25, Asp25 a portion of Tl (residues Val and Leu)
surrounding thgemdiol, and the HO that links the Tl with

the flap amides were obtained from the current\RI
structure. Two different arrangements of hydrogen atom
positions were considered: (1) a hydrogen atom is covalently
bound to the inner oxygen of one of the Asp residues (Figure
7a,c); (2) a hydrogen atom is covalently bound to the outer
oxygen of one of the Asp residues (Figure 7b,d). The active
site was considered to be negatively charged in all the
calculations, with one of the aspartic acids protonated and

FIGURE 6: Superposition of active sites in B (colored magenta),  the other deprotonated.
PRw/TI (colored by atom type), and RR/DRV (colored cyan) . -, .
structures. The shifts of Asp25, Asp251, and DRV relative to The theoretical positions of the hydrogen atoms in the

the unliganded structure are indicated by black arrows. The figure unliganded model are shown in Figure 7a,b. When the
was created by aligning main chain atoms for the corresponding carboxylate H atom is placed on the inner oxygen, the central
protein structures. water molecule donates one hydrogen atom to make a
and Asp25have a different conformation in the unliganded hydrogen bond with the outer oxygen of the deprotonated
PR structure than observed in the complexes with Tl or carpoxylate, while the other H atom has no interactions with
inhibitor (Figure 6). Asp25 and Asp2Shift significantly  he active site, and the OH bond is directed roughly
by 0.7-0.8 A from their position in the unliganded structure perpendicular to the average plane of the carboxylates. Such

:ﬁ vef[y sitmilar p;)sitio/rl_l_sl WhgnPTRl /grr\)i\r;hilbit(?[[] Is I_bour;jd (ijn an arrangement of the water H atoms allows the carboxylate
e structures of PR/TI an - In the figande hydrogen to contact both the central water (lytic water

structures the central OH group of DRV lies close to the molecule) and the other carboxylate oxygen to form a

site of OF} of the TI; DRV mimics the mode ogemdiol bifurcated hydrogen bond. When the caboxylate is protonated

coordination to the active site. The inner oxygen atoms of th ‘ i the Ivii : tat that th
the catalytic aspartates have the same separation, while thd? (N€ OUter oxygen atom, the lytic water rotates so that the

dihedral angle between the COO planes decreases slightly1OH Plane is aimost parallel to the deprotonated COO
to 41° in both PRy/Tl and PRyt/DRV structures. Therefore, ~moiety, allowing the formation of two hydrogen bonds
the differences in active site geometry revealed in the ligand- (Figure 7b). In thgemdiol-bound active site, the OH groups
free PR and PR/TI complex represent changes duringOf the intermediate interact with the outer oxygens of Asp25
different steps in the reaction mechanism. and Asp25 irrespective of the position of the active site
DFT Calculations of the Positions of Hydrogen Atoms in proton, forming one very short hydrogen bond (Figure 7c,d).
the Active site and gem-DiolTo describe the reaction The corresponding HO bond lengths are elongated to 1.03
mechanism, it is essential to evaluate the positions of the A, compared with 0.97 A for the other OH group of the
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Ficure 7: Positions of the hydrogen atoms in the active site of HIV-1 PR according to DFT calculations. The models with hydrogen on
the inner carboxylate oxygen are stablized by 12 and 28 kcal/mol, respectively, for the ligand-free (a) and TI complex (c) relative to the
alternate models (b, d).

tetrahedral carbon atom. The proton on the carboxylate mechanism of the hydrolysis reaction the initial geometry
oxygen forms a bifurcated hydrogen bond with the closest of the active site is similar to that found in the unliganded
OH as discussed above for the unliganded active site. In thePRes3.. The PRs3 structure was selected as a starting point
alternative model, the H atom bonded to the outer oxygen because it was refined with water molecules at a high
of Asp in the Tl complex rotates away from the neighboring resolution of 1.35 A, while the other reported unliganded
OH group of the Tl to permit the formation of a hydrogen wild-type PR structuresi(l—43) are at lower resolution and
bond with the latter OH (Figure 7d). lack water molecules. In the starting model the lytic water
Therefore, the models with the hydrogen atom placed on molecule is located above the side chains of Asp25 and
the inner, or the outer, oxygen of Asp25 show a substantial Asp23 and is equidistant from their outer oxygen atoms
rearrangement of the other hydrogen positions in the active (Figure 8). In the active site the inner carboxylate oxygen
site. Interestingly, the active site is destabilized-i2 and atom of Asp25 is protonated with a hydrogen bond to the
~28 kcal/mol for the ligand-free (Figure 7b) and Tl complex inner oxygen of Asp25 while Asp25 is deprotonated and
(Figure 7d) models, respectively, when the active site therefore has a negative charge delocalized over its carboxy-
hydrogen is placed on the outer Asp oxygen. Such large late group. Recent QM/MM calculationgl4) using the
amounts of energy cannot be supplied by thermal motion B3LYP/6-311G+** DFT level of theory to model the active
alone kT = 0.6 kcal/mol, wherek is the Boltzmann site residues have demonstrated that the former hydrogen
constant), and the more stable species will prevail in the bond represents a low-barrier hydrogen bond (LBHMB).
solution at room temperature. Therefore, the quantum The hydrogen atom can move almost freely between the two
calculations are consistent with the hydrogen atom positionedQs2 atoms with the energy barrier estimated to be only
on the inner carboxylate oxygen. kcal/mol. In such an arrangement the water is well situated
Mechanism of the Peptide Bond Clege Catalyzed by to attack an incoming peptide bond (Figure 8, step A). The
PR.We propose a modified mechanism of the peptide bond water attack on the peptide bond proceeds through a high-
cleavage by HIV-1 PR based on the new structure affPR energy transition state (TS; step B) to the metastable
complexed with thgemdiol intermediate and the previously intermediate structure in which the peptide group has been
determined unliganded R&, structure 40). In the proposed  transformed into thgemdiol—amine moiety containing a
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Ficure 8: Proposed reaction mechanism of peptide bond hydrolysis by HIV-1 PR.

tetrahedral carbon atom (step C). The geometry of the Tl is intermediate in the crystal suggests that the Tl decomposition
consistent with the experimentally observed positions of the into products is the rate-limiting step of this substrate
OH groups relative to the active site aspartates (Figure 7). hydrolysis, in agreement with kinetic studies of the reaction
Although the hydrogen bond distances betweengées mechanism49, 50).

diol and aspartates differ slightly in the RRTI and PReav/ The gemdiol—amine tetrahedral intermediate of the
Tl structures, their overall arrangement remains very similar. gypstrate binds in the active site cavity in the extended
The next step in the hydrolysis reaction is a proton transfer -gnformation and forms a number of hydrogen bonds with

of Hy to the amine nitrogen of the Tl (step D). Since the T pR residues (Figure 3), similar to the mode of binding seen
structure is greatly stabilized by the above-mentioned j, pRr/supstrate analogue complexd®)( The gemdiol
hydrogen bonds, the nitrogen protonation is expected to behydroxyl OH, has a very strong hydrogen bond with the outer
a rate-determining step, similar to the proposal of Okimoto oxygen atom of Asp25f 2.3 and 2.5 A length in the wild-

et al. €2). The resulting zwitterionic intermedia.\te'q.u.ickly type PR and 154V mutant structures, respectively, and makes
decomposes to the products. The PR returns to its initial stateq close contacts with the other aspartic acid. On the other

by capturing a water molecule in the active site (step E). hand, OH interacts more closely with Asp25. According to
Hence, PR acts by activating the lytic water molecule and the theoretical calculations, the @Hubstituent is biden-

stabilizing the TS and TI structures by means of hydrogen ate: it donates its hydrogen to make the hydrogen bond with
bonding before returning to its starting geometry. the outer oxygen and accepts a hydrogen bond from the

protonated inner oxygen of Asp25 (Figure 7c). Additionally,
DISCUSSION the protonated inner oxygen of Asp25 has a bifurcated

These new high-resolution crystal structures shovgtre
diol Tl of the peptide NLLTQI bound in the active site cavity
of PR. HIV-1 PR can cleave substrates with a variety of
sequences and with a minimal length of six residuts). (
However, the PR activity will depend on the particular
peptide sequence, especially at positions P1 ahfldking
the hydrolyzable peptide bond7). The substitution of a
single amino acid, such asfabranched amino acid in the
P1 position, e.g., Val and Thr, can greatly diminish the
ability of PR to hydrolyze the peptidel®). The peptide in
this study (NLLTQI) has P1Thr and is expected to have

hydrogen bond. The hydrogen atom is donated to make
interactions with the Okigroup and with the inner oxygen
of Asp28. The 154V mutation of PR, which introduces the
sterically smaller Val side chain, does not disrupt the direct
hydrogen bonds between BR and TIl. However, the water-
mediated interactions with the flap residues 1le50 and lle50
have been lost. The flap water is shifted by 0.2 A from its
position in the wild-type structure, which, together with the
~0.5 A movements of 1le50 and lle5Celiminates two of
the four hydrogen bonds usually observed for the flap water
molecule in many PR/ligand complexeg (1, 13, 15, 16,

very slow hydrolysis by PR. However, the hydrolysis reaction 17, 27). The loss of these hydrogen bonds has not been
can proceed over the time scale of days that is necessary folobserved previously in peptide complexes with drug-resistant
crystal growth. Therefore, the presence of the tetrahedral mutants. It implies a more loosely bound substrate and lower
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catalytic activity for this PR,y mutant, which may provide  intact while returning to its starting geometry (Figure 8).
the mechanism for drug resistance. Hence, these two newDuring the reaction the PR makes no covalent bonds and
structures have provided evidence for the geometry of the does not transfer its own H atoms to the reactants.
Tl of the PR-catalyzed hydrolysis reaction, as well as Inconclusion, we have trapped a high-energy intermediate
revealed differences in substrate binding of the drug-resistantstate along the path of PR-catalyzed peptide hydrolysis
mutant. reaction in the wild-type and 154V mutant enzymes. The
The specific pathway of how PR hydrolyzes the peptide structural changes caused by the single mutation suggest that
bond has been hotly debated for over 15 years, with a numbersubstrate binds more weakly in the |RR complex, which
of groups studying the mechanism experimentally and/or may contribute to drug resistance. On the basis of the current
theoretically. The generally accepted mechanism involves aPRy1/TI structure and our previous structure of the unli-
metastablegemdiol intermediate as confirmed bjfO- ganded PRs3, we proposed a modified mechanism of the
exchange NMR experiment&9, 49, 50). Although there is peptide cleavage reaction in which no hydrogen atoms are
a consensus in the description of the HIV-1 PR active site transferred from the PR. Quantum chemical calculations
as a negatively charged Asp2Bsp25 dyad, no agreement  demonstrated that the protonation of the inner carboxylic
has been reached on the exact position of the proton.oxygen of catalytic Asp stabilized the active site, whereas
Theoretically, this proton can be placed on either an inner the placement of the hydrogen on the outer oxygen of Asp
or an outer carboxylate oxygen atom of Asp25 or Asp25 destabilized the structure significantly. However, the actual
In all available PR structures (inhibited or unliganded) the positions of the H atoms in PR still remain to be defined
inner oxygen atoms of Asp25 and Asp2fie quite close to  experimentally.
each other{2.5-2.7 A), suggesting that the proton resides
on an inner oxygen. Such a protonation state produces aA"CKNOWLEDGMENT

strong hydrogen bond and minimizes dgstabilizing charge We are grateful to Jane M. Sayer and Brian M. Martin
charge interactions between the two partially negative 0xygensor their help to resolve the ambiguities of the crystal
atoms. However, the outer oxygen is protonated in a numbercomplexes by mass spectrometry and N-terminal protein
of theoretical calculations of the mechanism. The modeled sequencing and to Robert W. Harrison and Yunfeng Tie for
reaction proceeds by a two-hydrogen transfer to generate thg g aple discussion and assistance with refinement. We thank
intermediate Z0—22). In the calculations the proton _bonded the staff at the SER-CAT beamline at the Advanced Photon
to the outer oxygen of Asp25 attacks the peptide bond goyrce, Argonne National Laboratory, for assistance during
oxygen, while the lytic water attacks the peptide bond carbon x_ray data collection. We thank the staff at the Georgia State

and, subsequently, transfers its hydrogen to ASpZbis University computer center for help with setting up GAUSS-

process generates a neutral tetrahedral intermediate angan on the IBM System p5 575 supercomputer.

switches the protonation states of Asp25 and AspZbe
reaction proceeds to transfer a proton from Asp@bthe
peptide nitrogen, producing a second tetrahedral intermediate,
which then degrades to the products. In different calculations
one of the OH groups of the Tl was positioned either right
between the inner oxygens of the two asparta?& ¢r as

far away as 3.3 A from even the outer oxygeB4)( Only

in two theoretical studies has a mechanism involving
protonation of the inner oxygen of Asp25 been propo&ad (
24). In these QM/MM molecular dynamics simulations the
lytic water molecule donates its proton to Asp2Bs a

consequence, a neutral active site is generated, leaving the g

gemdiol intermediate negatively charged. In tlgemdiol
the negatively charged oxygen has no contacts with the
aspartates.

The theoretical tetrahedral intermediate geometries de-
scribed above clearly disagree with the BRI structure
studied here, in which both OH groups of the Tl have strong
hydrogen bonds with the active site residues. Therefore, we
have proposed a modified mechanism of the peptide bond
cleavage by HIV-1 PR, which is based on the unliganded
PRes3. structure 40) representing the initial geometry and
the new structure of RRR complexed with thegemdiol
intermediate representing the TI. Moreover, it is consistent
with the reported structures of a disordered Tl compRS) (
and a product comple@) and the monoprotonation of the
catalytic aspartates (th&pvalues are~2.5 and~6.2 (563)).

The inner oxygen atom of Asp25 is protonated, in agreement
with the observed geometry in the BRTI structure. In this
mechanism the PR acts by activating the lytic water
molecule, stabilizing the TS and TI structures, and remains
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