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In our quest for HIV-1 protease inhibitors that are not affected by the V82A resistance mutation, we have
synthesized and tested a second generation set of C2-symmetric HIV-1 protease inhibitors that contain a
cyclohexane group at P1 and/or P1′. The binding affinity results indicate that these compounds have an
improved response to the appearance of the V82A mutation than the parent compound. The X-ray structure
of one of these compounds with the V82A HIV-1 PR variant provides the structural rationale for the better
resistance profile of these compounds. Moreover, scrutiny of the X-ray structure suggests that the ring of
the Cha side chain might be in a boat rather than in the chair conformation, a result supported by molecular
dynamics simulations.

Introduction

Many research laboratories have developed HIV-1 protease
(HIV-1 PR) inhibitors that have become lead compounds for
antiviral drugs, and some of these compounds have been
approved for therapeutical use.1–4 It has been found that the
most effective drug treatment, referred to as highly active
antiretroviral therapy or HAARTa, is based on drug combina-
tions, such as HIV-1 PR inhibitors and HIV-1 reverse tran-
scriptase inhibitors.5 Still, one of the pervading problems found
in these therapies is the development of resistance mutations in
the protease. During therapy with antiretroviral drugs, the
pretherapy forms of the virus are inhibited from replication,
while variant forms, created by the activity of the error-prone
reverse transcriptase, are allowed to propagate. The primary
sequence modifications that are encoded in this way are called
“resistance” mutations and have been observed both in vitro
and in vivo.3–6 These sequence changes occur in a variety of
residues located in the binding site as well as on the surface of
the enzyme. The resistance mutations keep or enhance the
catalytic activity of the enzyme, allowing the virus to replicate,
but they lower the affinity of the HIV-1 PR for the antiviral
drug, thus reducing its potential therapeutic power. One of the
residues that is consistently mutated as a consequence of the
HAART treatment, especially with Indinavir and Ritonavir,7 is
V82, which can be replaced by a variety of amino acids ranging
from Ala to Phe. The V82A variant has been identified as a
resistant mutant in vitro5 as well as in clinical isolates.4,6 X-ray
crystallographic studies of a C2 symmetric inhibitor bound to
the V82A HIV-1 PR variant indicate that the V82A mutant
breaks down the almost symmetric binding modes to the S1
and S1′ sites by reducing the interaction of the enzyme only
with the P1 fragment.8 This can be considered as a “hydrophobic

defect” in the packing of the inhibitor-enzyme complex, similar
to that produced by mutations in the core of the protein.9 The
design of a second generation C2 pseudosymmetric inhibitors
that are less affected by the V82A mutation could include more
bulky groups in P1 or P1′ that could “repair” the above-
mentioned “hydrophobic hole”. To probe this hypothesis, we
have synthesized and tested the known inhibitor PP (A-76928),
a C2-pseudosymmetric inhibitor with a diol motif based isos-
tere,10 as well as the related inhibitors PC and CC that replace
one or two phenyl groups, respectively, by the larger cyclo-
hexane fragment in this inhibitor (see Table 1). Our second
generation inhibitors have a better resistance profile for the
V82A mutations, demonstrating the validity of our design
hypothesis.

X-ray-based structural studies (combined with a variety of
other techniques) have afforded many insights into the mech-
anisms of resistance mutations, which have been used to produce
and test second generation inhibitors or to design totally new
inhibitors with improved resistance profile against a variety of

§ Coordinates for HIV-1 PRV82A complexed with inhibitor PC (9) have
been deposited in the Protein Data Bank, with access code 2FLE.
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Table 1. Inhibitors Studied in this Work

a The names PP, PC, and CC came from the P1/P1′ fragments, where
P stands for Phe, the phenylalanine side chain, and C for Cha, the
cyclohexylalanine side chain. b See ref 25.
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HIV-1 PR mutations.11–14 To get some insight into the binding
mode of our new inhibitors to the resistant mutant V82A HIV-1
PR, we obtained the structure of the inhibitor PC bound to this
variant by X-ray crystallography. The structural results provide
a rationale for the better resistance profile of inhibitors PC and
CC. Moreover, our crystallographic model suggests the exist-
ence of a hitherto unseen induced fit phenomenon.

Chemistry

L-Cyclohexylalanine and L-phenylalanine have been used as
starting materials for the preparation of the central core of the
HIV-1 protease inhibitors CC, PC, and PP. The synthetic
approach, depicted in Scheme 1, is based on the methodology
developed by Hoppe for the selective deprotonation of carbam-
ates, followed by addition to the appropriate electrophile.15 Thus,
substrate-directed deprotonation of carbamate 1 mediated by
s-BuLi/TMEDA,16 followed by reaction with amino aldehyde
2,17 allowed the preparation of 3a and 3b18 in 69% yield.
Hydrolysis of the carbamate moiety to 2,5-dibenzyldiamino-
3,4-diols 4 was performed by acid-catalyzed cleavage of
the oxazolidine ring followed by base-catalyzed cleavage of the
N-hydroxyalkylcarbamate intermediate (82–97% yield).19 The
N-benzyl protecting groups in diamines 4 were successfully
removed by a two-step sequence involving Pd(OH)2/C catalyzed
hydrogenolysis in the presence of (Boc)2O followed by TFA
treatment of the resulting dicarbamate, this sequence of reactions
afforded diamino-diols 6 in 78–55% overall yield.20 Finally,
acylation of 6a, 6b, or 6c with p-nitrophenylester 7,21 in the
presence of K2CO3, gave 8, 9, or 10 in 36, 52, and 81%
unoptimized yields, respectively.

Results and Discussion

Structural Factors behind Improved Resistance Profile.
The binding constants of inhibitors PP (10), PC (9), and CC
(8) with the native and V82A mutant strains of the HIV-1 PR
are listed in Table 2. The results indicate that both native and

mutant HIV-1 PR strains have reduced binding affinity for the
Cha-containing compounds. Nevertheless, the sensitivity to the
mutation, as given by the ratio of the Ki values (mutant/native)
for the studied inhibitors, exhibits a pattern in which PP > PC
> CC, indicating that the new inhibitors are less sensitive to
the V82A strain. The reduced ratio in affinity between the native
and mutant enzymes for the compounds containing Cha
demonstrates that the Cha containing compounds are less
sensitive to the V82A mutation, suggesting that this group is
better able to fill the larger S1/S1′ pocket left by the V82A
mutation.

To gain an understanding about the structural modifications
that make the Cha containing inhibitors less sensitive to the
V82A mutation, the X-ray structure of the PC-HIV-1 PRV82A

complex was modeled and refined to 1.9 Å resolution in space
group P61 (PDB entry 2FLE). When CNS-SA omit maps were
used (see Experimental Section), it was not possible to assign
the Phe or Cha side chain to only the S1 or S1′ pocket. This is
indicative of a 2-fold (180°) bimodal binding mode that has
been previously observed for other inhibitors bound to the HIV-1
PR.1,3 To visualize the structural modifications introduced by
the V82A mutation and by the replacement of a Phe side chain
in P1 or P1′ by a Cha group, we have compared the structures
of the PC-HIV-1 PRV82A complex (PDB entry 2FLE) with
the PP-HIV-1 PRwt complex (PDB entry 1HVK).10 The V82A
mutation and the single side chain change in the inhibitor
produced significant structural changes in the protein and the
ligand, when compared to the 1HVK structure (see Figure 1).
The most significant changes are located in the 80s loop of the

Scheme 1. Total synthesis of HIV-1 protease inhibitors CC (8), PC (9), and PP (10)a

a Reagents and conditions: (a) 1. s-BuLi/TMEDA/Et2O, -78 °C; 2. 2/Et2O; (b) 1. MeSO3H, MeOH, reflux; 2. LiOH, dioxane/H2O, reflux; (c) H2, Pd(OH)2/
C, (Boc)2O; (d) TFA; (e) K2CO3, THF, rt, 20 h.

Table 2. Binding Constants for the Inhibitors Bound to the Native and
V82A Mutant HIV-1 PR Strains

inhibitor Ki (nM) native Ki (nM) mutant Ki mutant/Ki native

PP 1.3 ( 0.2 9 ( 1 7
PC 3.2 ( 0.3 14 ( 3 4
CC 6 ( 1 12 ( 1 2
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protein, a feature that was observed in other structures of
inhibitors bound to the V82A HIV-1 PR variant.22 The van der
Waals contacts, below 4 Å, between the inhibitors and the active
site residues for both structures are reported in Table 3. As seen
from this table, some of the inhibitor-protein van der Waals
contacts are lost due to V82A mutation but are compensated
by the formation of a number of new ones in the PC bound
structure, keeping the binding free energy of both complexes
close. For instance, the loss of the van der Waals contacts
with the Val 82 CG1 atom at residues A82 and B82 is
compensated by new contacts made by the Cha fragment,
like the ones with the Ala 82 CB, Pro 81 CD, Ile A50 CA,
and CD1 atoms (see Table 3).

The central premise for the design of these inhibitors was that
the replacement of a Phe by a bulkier Cha would help to fill the
hydrophobic void left by the V82A mutation. Our results indicate
that the hypothesis used for inhibitor design is satisfied experi-
mentally. This is born out by the comparison of the shortest
distances between the CΒ atom of Val82 to the Phe side chain
and the CΒ atom of Ala82 to the Cha side chain. The closest atom
to the CB atom (in Val82) is C44 in the Phe group at P1, located
at 4.62 Å from the CB of Val B82. When the Phe group is replaced
by a Cha, the closest atom to the CB (in Ala 82) is C28, from the
Cha fragment at P1′, located at 3.48 Å from the CB of Ala A82,
demonstrating that the Cha side chain at P1′ fills some of the empty
space left by the V82A mutation.

Other protein features that differ between these two crystal-
lographic structures are the loops involved in the flaps. As seen
from the lower panel of Figure 1, the conformation of residues
46–50 change from one complex to the other, both in the main
as well as in the side chains. The number of van der Waals
contacts also increase in the PC-HIV-1 PRV82A complex when
compared to the PP-HIV-1 PRwt complex (see Table 3).

Conformation of the Inhibitor Cha Group. Refinement of
the model against the density data suggested that the Cha group
is in a boat conformation. Restricting the Cha group to the chair
conformation and refining the model against the density results
in the C25 sp3 atom adopting a highly strained angle of 121.1°
compared to 113.9° for the boat conformation (Figure 2). This
supports the notion that the cyclohexane exists in a boat
conformation when the PC ligand is bound to the enzyme.

The likelihood that either the boat or the chair conformation
would occur when the ligand is bound to the enzyme depends
on the difference between the energy minima of these two
conformations when bound to the protein in reference to the
unbound conformations. In solution, the difference favors the
chair over the boat conformation.23 Binding of the inhibitor to
the enzyme could shift the balance between these two confor-
mations by stabilizing energetically either of them. For instance,
a higher enzyme affinity for the boat conformation could help
to compensate for the strain energy involved in docking this
conformer. Because the difference in affinity for the enzyme of
both the chair and the boat conformations cannot be obtained
experimentally, we have estimated the values through molecular
dynamics (MD)-based simulations, starting from the crystal-
lographic structure of the inhibitor PC bound to the V82A
HIV-1 PR variant (see Experimental Section). The calculated
energy histogram suggests that the interaction energies favor
the boat over the chair conformation (Figure 3). The highest
ranked inhibitor’s boat conformation outpaces the chair con-
formation by up to 10 kcal/mol. This energy difference may be
sufficient to offset the internal strain energy necessary to convert
the chair to the boat conformation. This ranking is borne out as
well by an energy minimization protocol directly applied to the
crystallographic refined structures, which indicates that the boat
containing inhibitor is favored over the one with a chair by 7.0
kcal/mol (see Experimental Section).

The Cha boat conformation in the enzyme could be brought
about by trying to avoid steric clashes with the pyridine fragment
at P3. It has been shown previously that an increase in the size
of the P3 and P3′ fragments in C2-symmetric inhibitors with a
Phe group in P1 and P1′ led to a reduction in the binding to the
native HIV-1 PR, because P1 and P3 (as well as P1′ and P3′)
are positioned at close quarters into pockets with limited
capacity.24 Our binding data also showed that replacement of a
single Phe group at P1 or P1′ by the bulkier Cha fragment leads
to a lower affinity for HIV-1 PRV82A (see Table 2). We
hypothesize that the reduction in affinity may be due in part to
the penalty paid for the chair to boat transition in the complex
affected by steric interactions with the P3 fragments. Hence,
inhibitors that lack the P3 and P3′ fragments could, in principle,
accommodate the Cha fragment in its chair conformation, the
one preferred in solution. This could be the case of CGP 53820,
a pseudosymmetric HIV-1 PR inhibitor with a Cha fragment in
P1′, and lacking the P3′ fragment (see Table 1).25 We have
carried out MD-based calculations for this inhibitor bound to
the HIV-1 PR, similar to those performed on the PC-bound
complex described above. The starting point was the crystal-
lographic structure of the complex (PDB entry 1HII). The results
for the ligand-HIV-1 PR interaction energy distribution for the

Figure 1. Some noteworthy features resulting from the superimposition
of the PP-HIV-1 PRwt (light blue) and PC-HIV-1 PRV82A (red)
complexes. The upper panel displays a close-up of the superimposed
80s loop, while the lower panel displays the superimposed flaps. The
inhibitors are shown as bold sticks.
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Cha in its boat and chair conformation are shown in Figure 4.
These results indicate that the interaction energy favors the chair
over the boat conformation. Comparison of the ligand-protein
interaction energy histograms shown in Figures 3 and 4 suggests
that the presence of P3/P3′ fragments may be essential for
selecting the boat conformation for the P1/P1′ fragment of PC
when bound to the HIV-1 PR. In principle, the larger pocket
created by the V82A mutation could influence the chair/boat
equilibrium by accommodating better the chair conformation,
but our results indicate that this is not the case.

In general, ligands rarely bind in their lowest energy
conformation, and in many cases the bound conformation of
the ligand is at least 5 kcal/mol above its absolute minimum in
the unbound conformation in solution.26 Nevertheless, to the
best of our knowledge, this is the first report of a possible
enzyme “trapping” a cyclohexane in a boat conformation
through an induced-fit process.27,28

Conclusions

We have designed, synthesized, and tested a set of almost
C2-symmetric HIV-1 PR inhibitors, with a Cha group in P1,
P1′, or both. The design objective was to compensate for the
hydrophobic cavity created in the S1/S1′ pocket by the V82A
mutation. The binding data indicates that the second generation
inhibitors are less sensitive to the V82A mutation, in agreement
with our working hypothesis. To understand the structural
features underlying the response of these inhibitors for the V82A
mutation, we have solved the structure of the PC inhibitor bound
to the V82A HIV-1 PR by X-ray crystallography. Comparison
of this structure with that of the PP inhibitor bound to the native
HIV-1 PR indicates that the Cha group fills at least in part the
void left by the V82A mutation. An analysis of the alternative
ring conformations in the Cha group indicates the possibility
that this group may adopt the boat rather than the chair
conformation, which is prevalent in solution. MD simulations
support the conformation assignment and provide a rationale
for this outcome, indicating that the boat conformation can result

Table 3. Van der Waals Contacts with Distances below 4 Å between the Inhibitor’s Side Chain Fragments at P1/P1′ and the Protein Atoms in the
Complexes PP-HIV-1 PRwt (PDB entry 1HVK) and PC-HIV-1 PRV82A (PDB entry 2FLE)a

protease atom PP (Phe) atom distance (Å) PCb (Cha) atom distance (Å)

Ile A84/B84 CD1 C53/C41 3.97/3.83 C31/C31 3.68/3.60
Val A82/B82 CG1 C55, C56/C43 3.95, 3.69/3.56 - -
Val A82/B82 CG1 C57/C44 3.62/3.49 - -
Val A82/B82 CG1 C58/C45 3.83/3.93 - -
Ala A82/B82 CB - - C28/C28 3.48/3.61
Pro A81/B81 CB C56/- 3.85/- C29/C29 3.83/3.82
Pro A81/B81 CG C56/C43 3.89/3.78 - -
Pro A81/B81 CD - - C30/C30 3.82/3.85
Ile A50/B50 N C41, C42/C55 3.78, 3.41/3.65 C30/C31 3.46/3.90
Ile A50 CA - - C30 3.84
Ile A50 CD1 - - C30, C31 3.92, 3.90
Ile A50/B50 CG1 C41, C42/- 3.78, 3.81/- -/C31 -/3.83
Gly B49 N - - C30 3.51
Gly A49/B49 CA C42/C55 3.91/3.93 C30/C30 3.94/3.63
Gly A49/B49 C C42/C55 3.71/3.71 C30/C30 3.50/3.58
Gly A49 O - - C30 3.87
Leu A23/B23 CD2 - - C27/C27 3.82/3.93

a The slash (/) is used to differentiate the contacts between the chains A and B of the protein. In those cases where, in the same row, there are more than
one atom contacts for the inhibitor, we use commas (,) for the separation. b In this case, the van der Waals distances are for the same Cha fragment in the
two orientations of the inhibitor inside the protein.

Figure 2. Overlap of the Cha side chain boat (in red) and chair (in
green) models resulting from the refinement protocol of the crystal
structure of the PC ligand bound to the V82A mutant of HIV-1 PR.
2Fo - Fc density at 1.5 σ is drawn as a blue mesh. Valence angles for
C25 in both conformations are shown in black.

Figure 3. Ligand-HIV-1 protease interaction energy histogram
obtained from the production stage of the MD simulations of the
complex between the V82A protease variant and the PC inhibitor with
the Cha fragment in its boat conformation (black) and the chair
conformation (indigo).

Figure 4. Ligand-HIV-1 protease interaction energy histogram
obtained from the production stage of MD simulations of the complex
between the native HIV-1 PR and the CGP 53820 inhibitor with the
Cha fragment in its boat conformation (black) and chair conformation
(indigo).
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from avoidance of steric clashes of the Cha group with the
pyridine fragment at P3/P3′. The existence of an induced-fit
phenomenon of this kind would have to be validated through
high resolution X-ray structures or neutron diffraction studies.

Experimental Section

Chemistry. General. All reactions were performed under an
inert atmosphere of dry argon in glassware that had been oven-
dried or flame-dried. Reaction temperatures are reported as the
temperature of the bath surrounding the vessel. Tetrahydrofuran
(THF) and diethyl ether (Et2O) were distilled from sodium/
benzophenone immediately before use, methylene chloride
(CH2Cl2), EtOAc, triethylamine, tetramethylethylenediamine
(TMEDA), and DMSO were distilled from CaH2, and methanol
was distilled from Mg(OMe)2. NMR spectra were recorded in
CDCl3 unless otherwise noted. Chemical shifts are reported in
ppm (δ) relative to the internal TMS (tetramethylsilane)
reference signal. J values are reported in hertz (Hz). Final
solutions were dried over anhydrous Na2SO4 before evaporation.
2,2,4,4-Tetramethyl-1,3-oxazolidine,29 2,2,4,4-tetramethyl-1,3-
oxazolidine-3-carbonyl chloride29 (CbyCl), 1b,30 2a,17b 2b,17a

3c,18 4c,18 and 721 were prepared according to the literature.
(2S)-3-Cyclohexyl-2-(dibenzylamino)propyl 2,2,4,4-tetram-

ethyl-1,3-oxazolidine-3-carboxylate (1a). To a suspension of
NaH (265 mg, 6.65 mmol) in THF (5 mL), a solution of (2S)-
3-cyclohexyl-2-(dibenzylamino)propan-1-ol17b (1.50 g, 4.44
mmol) in THF (2.5 mL) was added, and the resulting mixture
was stirred at rt for 30 min. A solution of CbyCl (1.02 g, 5.33
mmol) in THF (2 mL) was added and then stirred at rt for 5
days. The reaction was quenched by addition of 2 M HCl to
reach pH 7 and then extracted with EtOAc (3 × 15 mL). The
combined organic phase was washed with satd aq NaHCO3 (30
mL), H2O (30 mL), and brine (30 mL), dried, and evaporated
to give 1a, after column chromatography (SiO2, EtOAc/
hexane 1:15), as a colorless oil (1.73 g, 79% yield, 97% based
on recovered starting material): [R]22

D -22.6° (c 1.25,
CH2Cl2); IR (NaCl) 1695 cm-1; 1H NMR (rotamers) δ 7.32
(m, 10H), 4.36 (m, 1H), 4.13 (m, 1H), 3.79 (m, 4H), 3.60
(d, J ) 13.9, 2H), 2.99 (m, 1H), 1.75–1.05 (m, 23H), 0.92
(m, 1H), 0.62 (m, 1H); 13C NMR (rotamers) δ 152.7 and
152.0, 140.0, 128.8, 127.9, 126.7, 95.8 and 94.5, 76.2 and
75.8, 60.6 and 59.4, 53.6 and 53.0, 36.84 and 36.78, 34.0,
33.8, 32.6, 26.44, 26.40, 26.0, 25.34, 25.28, 25.12, 25.07,
24.0. Anal. (C31H44N2O3) C, H, N.

(2S,3S,4S,5S)-1,6-Dicyclohexyl-2,5-bis(dibenzylamino)-4-
hydroxyhexan-3-yl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-car-
boxylate (3a). To a solution of 1a (435 mg, 0.88 mmol) and
TMEDA (200 µL, 1.32 mmol) in Et2O (7 mL) at -78 °C was
added s-BuLi (1.0 mL, 1.32 mmol, 1.3 M in cyclohexane). The
resulting solution was stirred at -78 °C for 5 h, and then treated
with a solution of aldehyde 2a (444 mg, 1.32 mmol) in Et2O (6
mL). The resulting mixture was stirred for 1.5 h at -78 °C,
then the cooling bath was removed and stirring was continued
for an additional 30 min. The mixture was partitioned between
H2O (20 mL) and EtOAc (30 mL). The organic layer was
washed with brine, dried, filtered, and evaporated to give a
residue that was purified by column chromatography (SiO2,
EtOAc/hexane 1:8) to yield 3a as a white foam (505 mg, 69%):
[R]20

D -42.4° (c 1.0, CH2Cl2); IR (CsI) 1692 cm-1; 1H NMR
(rotamers) δ 7.21 (m, 20H), 5.37 (bs, 1H), 4.16 (bs, 1H),
3.92–3.20 (m, 11 H), 2.85 (m, 1H), 2.66 (bd, J ) 9.7, 1H),
1.77–0.76 (m, 36H), 0.04 (m, 2H); 13C NMR (rotamers) δ 152.9,
152.2, 140.6, 140.2, 139.3, 128.9, 128.4, 128.3, 128.2, 128.0,
127.0, 126.8, 126.6, 96.1, 94.7, 76.2, 75.8, 75.4, 71.6, 61.0, 59.7,

55.9, 55.6, 55.5, 54.4, 54.2, 54.1, 53.6, 52.9, 35.1, 35.0, 34.7,
34.5, 34.4, 34.2, 33.4, 33.2, 32.8, 32.4, 31.5, 31.2, 27.2, 26.8,
26.7, 26.4, 26.3, 26.0, 25.9, 25.4, 24.8, 24.3, 24.1. Anal.
(C54H73N3O4) C, H, N.

(2S,3S,4S,5S)-6-Cyclohexyl-2,5-bis(dibenzylamino)-4-hy-
droxy-1-phenylhexan-3-yl 2,2,4,4-tetramethyl-1,3-oxazolidine-
3-carboxylate (3b) and (2S,3S,4S,5S)-1-Cyclohexyl-2,5-
bis(dibenzylamino)-4-hydroxy-6-phenylhexan-3-yl 2,2,4,4-
tetramethyl-1,3-oxazolidine-3-carboxylate (3b′). A solution
of 1b (739 mg, 1.52 mmol) and TMEDA (342 µL, 2.28 mmol)
in Et2O (11 mL) at -78 °C was treated with s-BuLi (1.90 mL,
2.28 mmol, 1.2 M in cyclohexane). The resulting solution was
stirred at -78 °C for 5 h, then treated with a solution of
aminoaldehyde 2a (764 mg, 2.28 mmol) in Et2O (11 mL) and
stirred for 1.5 h. The cooling bath was removed and stirred for
30 min, then partitioned between EtOAc (20 mL) and H2O (30
mL). The organic phase was washed with brine (3 × 20 mL),
dried, and evaporated to give a mixture of two isomers, arising
from a partial migration of the Cby group to the newly
introduced hydroxyl group in the basic reaction medium, in a
60/40 ratio. Column chromatography (SiO2, EtOAc/hexane 1:8)
gave 3 in a combined yield of 69% (861 mg). Main isomer:
499 mg of 3b as a white foam (40%): [R]23

D -27.9° (c 1.1,
CH2Cl2); IR (NaCl) 1732 cm-1; 1H NMR (C6D6, rotamers) δ
7.38 (d, J ) 7.0, 4H), 7.23–6.98 (m, 21H), 5.70 (bs, 1H), 4.45
(bs, 1H), 4.01 (d, J ) 14.0, 2H), 3.81 (d, J ) 7.0, 4H), 3.66 (d,
J ) 14.0, 2H), 3.44 (m, 3H), 3.15 (m, 1H), 3.00 (m, 2H),
1.80–0.81 (m, 25H), 0.28 (m, 1H); 13C NMR (rotamers) δ 152.9,
152.2, 140.4, 139.7, 139.6, 129.8, 128.7, 128.3, 128.2, 128.1,
128.0, 126.8, 126.7, 126.2, 96.3, 94.9, 76.3, 76.0, 75.5, 75.4,
71.0, 70.9, 61.2, 60.0, 59.0, 58.9, 55.9, 55.8, 54.6, 53.7, 34.4,
33.7, 33.4, 33.3, 31.2, 27.3, 27.0, 26.9, 26.3, 26.1, 25.8, 25.7,
25.1, 24.4, 24.2. Anal. (C54H67N3O4) C, H, N. Minor isomer:
362 mg of 3b′ as a white foam (29%): [R]20

D -17.3° (c 1.5,
CH2Cl2); IR (NaCl) 1689 cm-1; 1H NMR (C6D6, rotamers) δ
7.39 (m, 5H), 7.20–6.98 (m, 20H), 5.75 (bs, 1H), 4.37 (bs, 1H),
3.91 (m, 4H), 3.77 (m, 4H), 3.37 (m, 3H), 3.20 (m, 2H), 3.00
(t, J ) 12.2, 1H), 2.80 (dd, J ) 3.1 and 13.9, 1H), 1.89–0.81
(m, 24 H), 0.27 (m, 1H); 13C NMR (rotamers) δ 153.1, 152.4,
140.03, 140.01, 129.9, 128.7, 128.3, 128.0, 127.9, 126.9, 126.5,
125.8, 96.3, 94.9, 76.3, 76.0, 72.3, 72.2, 61.18, 61.15, 61.0, 59.9,
54.5, 54.3, 54.2, 53.8, 35.4, 35.3, 34.6, 33.59, 33.56, 32.3, 32.2,
31.6, 31.5, 27.2, 26.9, 26.8, 26.34, 26.32, 26.1, 26.0, 25.4, 24.9,
24.4, 24.3. Anal. (C54H67N3O4) C, H, N.

(2S,3S,4S,5S)-1,6-Dicyclohexyl-2,5-bis(dibenzylamino)hex-
ane-3,4-diol (4a). A solution of 3a (485 mg, 0.59 mmol) and
MeSO3H (305 µL, 2.93 mmol) in MeOH (7 mL) was refluxed
for 16 h in a sealed tube. After cooling to rt, it was treated with
a mixture of LiOH ·H2O (197 mg, 4.68 mmol), dioxane (7 mL),
and H2O (7 mL). The resulting mixture was refluxed for 2 h,
cooled to rt, diluted with CH2Cl2 (15 mL), and neutralized with
10% H3PO4. The organic layer was washed with H2O (15 mL)
and brine (15 mL), dried, filtered, and evaporated to give a
residue which was chromatographed (SiO2, EtOAc/hexane 1:6)
to yield 4a as a white foam (323 mg, 82%): [R]20

D -18.4° (c
1.0, CH2Cl2); 1H NMR δ 7.27 (m, 20H), 3.90 (d, J ) 4.3, 2H),
3.71 (d, J ) 14.3, 4H), 3.64 (d, J ) 14.3, 4H), 2.78 (m, 2H),
2.27 (bs, 2H), 1.75–1.12 (m, 22H), 0.93 (m, 2H), 0.75 (m, 2H);
13C NMR δ 140.1, 128.8, 128.2, 126.9, 71.4, 56.7, 54.5, 34.6,
34.4, 33.9, 33.5, 26.6, 26.5, 26.2. Anal. (C46H60N2O2) C, H, N.

(2S,3S,4S,5S)-6-Cyclohexyl-2,5-bis(dibenzylamino)-1-phe-
nylhexane-3,4-diol (4b). Same procedure as above applied to
both isomers 3b and 3b′ yielded the same product 4b in 97%
yield: [R]22

D -6.8° (c 1.2, CH2Cl2); 1H NMR δ 7.23–7.07 (m,
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25H), 3.90 (d, J ) 3.8, 1H), 3.86 (d, J ) 6.3, 1H), 3.65 (d, J
) 13.3, 2H), 3.54 (t, J ) 14.3, 4H), 3.49 (d, J ) 13.3, 2H),
2.98 (m, 3H), 2.69 (q, J ) 6.4, 1H), 1.97 (bs, 2H), 1.64–1.39
(m, 7H), 1.27 (m, 1H), 1.19–1.04 (m, 3H), 0.81 (m, 1H), 0.66
(m, 1H); 13C NMR δ 141.6, 140.0, 139.6, 129.7, 128.9, 128.7,
128.3, 128.2, 127.03, 127.01, 125.8, 72.2, 71.9, 61.9, 56.5, 54.7,
54.6, 34.9, 34.0, 33.6, 32.8, 26.7, 26.5, 26.3. Anal. (C46H54N2O2)
C, H, N.

(2S,3S,4S,5S)-2,5-Bis[(tert-butoxycarbonyl)amino]-1,6-di-
cyclohexylhexane-3,4-diol (5a). To a deoxygenated solution
of 4a (292 mg, 0.43 mmol) and (Boc)2O (260 mg, 1.19 mmol)
in EtOAc (10 mL) was added 20% Pd(OH)2/C (117 mg), and
the mixture was stirred under hydrogen for 4 days. The catalyst
was removed by filtration through Celite and washed thoroughly
with EtOAc and warm CH2Cl2. The filtrate and washings were
evaporated to give a white solid that was recrystallized from
CH2Cl2/EtOH (137 mg). The mother liquors were evaporated
and the residue was chromatographed (SiO2, EtOAc/hexane 1:6
to 1:3) to yield 36 mg of 5a (173 mg, 78% combined yield):
mp 239–241 °C (CH2Cl2/EtOH); [R]20

D -50.8° (c 0.5, CH2Cl2);
IR (CsI) 1662 cm-1; 1H NMR δ 4.47 (d, J ) 8.8, 2H), 3.74
(m, 4H), 3.27 (m, 2H), 1.88–1.54 (m, 10H), 1.44 (s, 18H),
1.50–0.75 (m, 16H); 13C NMR δ 157.2, 80.0, 73.0, 50.0, 39.5,
34.3, 32.2, 28.3, 26.5, 26.4, 26.1. Anal. (C28H52N2O6) C, H, N.

(2S,3S,4S,5S)-2,5-Bis[(tert-butoxycarbonyl)amino]-6-cyclo-
hexyl-1-phenylhexane-3,4-diol (5b). Following the above
procedure, 209 mg of 5b (55% yield) was prepared from 4b
(500 mg, 0.75 mmol) as a white solid after recrystallization from
CH2Cl2/EtOH: mp 210–212 °C (CH2Cl2/EtOH); [R]25

D -26.4°
(c 1.0, CH2Cl2); IR (CsI) 1664 cm-1; 1H NMR δ 7.25 (m, 5H),
4.53 (d, J ) 8.8, 1H), 4.30 (d, J ) 6.1, 2H), 4.01 (m, 1H), 3.85
(d, J ) 4.8, 1H), 3.71 (m, 1H), 3.32 (m, 1H), 3.13 (m, 2H),
2.98 (dd, J ) 3.6 and 13.4, 1H), 1.99–0.76 (m, 13H), 1.45 (s,
9H), 1.38 (s, 9H); 13C NMR δ 157.3, 156.8, 137.4, 129.8, 128.5,
126.4, 80.2, 80.1, 73.1, 70.3, 51.4, 49.6, 39.7, 36.4, 34.3, 32.1,
28.34, 28.27, 26.5, 26.4, 26.1. Anal. (C28H46N2O6) C, H, N.

(2S,3S,4S,5S)-2,5-Bis[(tert-butoxycarbonyl)amino]-1,6-diphe-
nylhexane-3,4-diol (5c).20 Following the same procedure as for
5a, 5c was prepared from 4c (1.37 g, 2.07 mmol) in 74% yield
(767 mg) as a white solid after recrystallization: mp 213–215
°C (CH2Cl2/EtOH); [R]25

D -13.4° (c 1.0, CH2Cl2); IR (CsI)
1662 cm-1; 1H NMR δ 7.22 (m, 10H), 4.42 (m, 4H), 4.02 (m,
2H), 3.20 (m, 4H), 2.97 (dd, J ) 4.3 and 13.7, 2H), 1.41 (s,
18H); 13C NMR δ 156.9, 137.0, 129.8, 128.6, 126.5, 80.2, 70.1,
50.8, 36.3, 28.3. Anal. (C28H40N2O6) C, H, N.

(2S,3S,4S,5S)-2,5-Diamino-1,6-dicyclohexylhexane-3,4-di-
ol Bistrifluoracetate (6a). A solution of 5a (150 mg, 0.29
mmol) in TFA-CH2Cl2 (1:2, 6 mL) was stirred for 15 min at
rt and then evaporated to give a pale yellow foam (158 mg,
100%) that was used without further purification: 1H NMR
(CD3OD) δ 4.02 (d, J ) 3.9, 2H), 3.44 (m, 2H), 1.86–0.69 (m,
22H), 0.97 (m, 4H); 13C NMR (CD3OD) δ 161.5 (q, JC-F )
37.3), 117.3 (q, JC-F ) 289.4), 69.0, 54.5, 37.6, 35.0, 34.2, 33.9,
27.4, 27.2, 27.1.

(2S,3S,4S,5S)-2,5-Diamino-6-cyclohexyl-1-phenylhexane-
3,4-diol Bistrifluoroacetate (6b). Following the same procedure
as above, 6b was prepared from 5b (100 mg, 0.20 mmol) as a
pale yellow foam in quantitative yield (105 mg): 1H NMR
(CD3OD) δ 7.35 (m, 5H), 4.15 (m, 1H), 3.87 (m, 1H), 3.78 (m,
1H), 3.42 (m, 1H), 3.21 (dd, J ) 6.6, 14.2, 1H), 2.99 (dd, J )
9.6, 14.2, 1H), 1.81–1.06 (m, 10H), 0.88 (m, 3H); 13C NMR
(CD3OD) δ 158.8 (q, JC-F ) 41.7), 136.4, 130.1, 129.7, 128.3,
115.8 (q, JC-F ) 283.9), 68.2, 67.8, 57.8, 54.5, 37.6, 35.9, 34.32,
34.27, 33.6, 27.3, 26.8, 26.7.

(2S,3S,4S,5S)-2,5-Diamino-1,6-diphenylhexane-3,4-diol Bis-
trifluoracetate (6c). Following the same procedure as above,
6c was prepared from 286 mg of 5c (0.57 mmol) in quantitative
yield (302 mg): 1H NMR (CD3OD) δ 7.29 (m, 6H), 7.17 (m,
4H), 4.09 (d, J ) 3.1, 2H), 3.70 (m, 2H), 3.02 (dd, J ) 7.1,
14.3, 2H), 2.89 (dd, J ) 8.4, 14.3, 2H); 13C NMR (CD3OD) δ
162.7 (q, JC-F ) 35.5), 136.5, 130.2, 129.7, 128.5, 118.0 (q,
JC-F ) 290.7), 68.4, 58.4, 35.8.

(2S,3S,4S,5S)-2,5-Bis[N-[N-[[N-methyl-N-(2-pyridinylme-
thyl)amino]carbonyl]valinyl] amino]-1,6-dicyclohexylhexane-
3,4-diol (8). A solution of 721 (132 mg, 0.34 mmol) in THF
(1.6 mL) was added to a mixture of 6a (74 mg, 0.14 mmol)
and K2CO3 (38 mg, 0.27 mmol) in THF (1.6 mL). The resulting
mixture was stirred at room temperature for 20 h, diluted with
H2O (1 mL), basified to pH 12 with 1 M NaOH, and stirred for
an additional hour. The mixture was partitioned between H2O
(5 mL) and EtOAc (2 × 10 mL). The combined organic phase
was washed with satd aq K2CO3 (5 × 5 mL), dried, evaporated,
and purified by column chromatography (SiO2, CH2Cl2/Et2O
90:10 to CHCl3/MeOH 95:5) to yield 8 as a white solid, which
was recrystallized from CH2Cl2/Et2O (40 mg, 36%): mp
136–138 °C (CH2Cl2/Et2O); [R]25

D -11.2° (c 1.0, CH2Cl2); IR
(CsI) 1655, 1633, 1522 cm-1; 1H NMR δ 8.55 (d, J ) 4.7,
2H), 7.74 (bt, J ) 7.1, 2H), 7.31 (bd, J ) 7.9, 2H), 7.27 (m,
2H), 6.73 (bs, 2H), 6.39 (bs, 2H), 4.66 (bd, J ) 12.4, 2H), 4.43
(d, J ) 15.9, 2H), 4.08 (m, 2H), 4.04 (bt, J ) 6.4, 2H), 3.42 (d,
J ) 6.0, 2H), 3.01 (s, 6H), 2.32 (oct, J ) 6.7, 2H), 1.76 (bd, J
) 12.7, 2H), 1.63 (m, 10H), 1.29 (m, 4H), 1.21–0.81 (m, 10H),
0.99 (d, J ) 7.0, 6H), 0.97 (d, J ) 7.0, 6H); 13C NMR δ 173.8,
159.2, 157.2, 149.3, 137.4, 122.9, 122.5, 72.0, 60.3, 54.9 (CH2),
49.1, 39.3 (CH2), 35.2, 34.3, 34.0 (CH2), 32.0 (CH2), 29.4, 26.42
(CH2), 26.39 (CH2), 26.1 (CH2), 19.7, 17.4. Anal.
(C44H70N8O6 ·H2O) C, H, N.

(2S,3S,4S,5S)-2,5-Bis[N-[N-[[N-methyl-N-(2-pyridinylme-
thyl)amino]carbonyl]valinyl] amino]-6-cyclohexyl-1-phenyl-
hexane-3,4-diol (9). A total of 88 mg of 9 (52% yield) was
obtained as a white solid from 721 (191 mg, 0.49 mmol) and
6b (105 mg, 0.20 mmol) by following the same procedure as
for 8: mp 106–108 °C (CH2Cl2/Et2O); [R]25

D +10.6° (c 1.0,
CH2Cl2); IR (CsI) 1647, 1572 cm-1; 1H NMR δ 8.58 (m, 2H),
7.85 (m, 2H), 7.38 (m, 4H), 7.21 (m, 4H), 7.12 (m, 1H), 6.36
(bs, 1H), 6.18 (bs, 1H), 4.88 (bs, 2H), 4.36 (m, 3H), 4.14 (m,
1H), 3.96 (bs, 2H), 3.56 (bs, 2H), 3.02 (s, 3H), 3.00 (s, 3H),
2.98 (m, 1H), 2.90 (dd, J ) 8.4 and 14.1, 1H), 2.30 (oct, J )
6.7, 1H), 2.22 (oct, J ) 6.7, 1H), 1.77 (d, J ) 13.0, 2H),
1.68–1.42 (m, 6H), 1.25 (m, 2H), 1.12 (m, 3H), 0.98 (m, 6H),
0.85 (d, J ) 6.8, 3H), 0.79 (d, J ) 6.8, 3H); 13C NMR δ 174.0,
173.9, 159.2, 159.0, 157.2, 157.0, 149.3, 149.2, 138.3, 137.4,
137.3, 129.1, 128.4, 126.2, 123.0, 122.9, 122.7, 122.4, 72.1,
70.7, 60.3, 59.8, 54.9 (CH2), 54.8 (CH2), 52.7, 49.0, 39.4 (CH2),
37.6 (CH2), 35.2, 35.1, 34.3, 34.1 (CH2), 31.8 (CH2), 29.5, 29.3,
26.4 (CH2), 26.3 (CH2), 25.9 (CH2), 19.8, 19.4, 17.4, 16.5. Anal.
(C44H64N8O6 ·1.5H2O) C, H, N.

(2S,3S,4S,5S)-2,5-Bis[N-[N-[[N-methyl-N-(2-pyridinylme-
thyl)amino]carbonyl]valinyl] amino]-1,6-diphenylhexane-3,4-
diol (10). A mixture of 6c (200 mg, 0.40 mmol) and K2CO3

(110 mg, 0.80 mmol) in THF (1.5 mL) at 0 °C was treated
with a solution of 721 (217 mg, 0.66 mmol) in THF (2 mL).
The resulting mixture was stirred at 0 °C for 10 h, then warmed
to rt, and stirred for an additional 10 h. A second addition of 7
(200 mg, 0.61 mmol) in THF (2 mL) was carried out, and the
resulting mixture was stirred for 20 h at room temperature. H2O
(2 mL) was added, followed by 1 M NaOH until pH 12 was
reached, and then stirred for an additional hour. The reaction
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mixture was extracted with EtOAc (2 × 15 mL), the combined
organic phase was washed with satd aq K2CO3 (5 × 10 mL),
dried, evaporated, and chromatographed (SiO2, CH2Cl2/Et2O 90:
10 to CHCl3/MeOH 95:5) to give 10 as a white solid (256 mg,
81%), which was recrystallized from CH2Cl2/Et2O: mp 110 °C
(softens) (CH2Cl2/Et2O); [R]25

D +28.0° (c 1.0, CH2Cl2); IR (CsI)
1646, 1571 cm-1; 1H NMR δ 8.53 (d, J ) 4.6, 2H), 7.74 (t, J
) 7.1, 2H), 7.27 (m, 4H), 7.16 (m, 8H), 7.09 (m, 2H), 6.73
(bs, 2H), 6.14 (bs, 2H), 4.59 (bd, J ) 15.9, 2H), 4.35 (d, J )
15.9, 2H), 4.31 (m, 2H), 4.08 (dd, J ) 5.4 and 7.1, 2H), 3.46
(d, J ) 8.0, 2H), 3.20 (dd, J ) 4.2 and 14.2, 2H), 2.96 (s, 6H),
2.77 (dd, J ) 9.0 and 14.3, 2H), 2.23 (oct, J ) 6.8, 2H), 0.85
(d, J ) 6.7, 6H), 0.72 (d, J ) 6.7, 6H); 13C NMR δ 174.0,
159.1, 157.0, 149.3, 138.7, 137.4, 129.2, 128.3, 126.1, 123.0,
122.4, 71.4, 59.9, 54.7 (CH2), 52.1, 37.5 (CH2), 35.1, 29.3, 19.4,
16.3. Anal. (C44H58N8O6 ·H2O) C, H, N.

Mutagenesis and Expression of the Protease. A complete
description of the cloning, expression, and purification proce-
dures can be found in Ido et al.31 and Goodenow et al.32 In
brief, the HIV-1 protease DNA was subcloned into the pET23a
expression vector (Novagen).33 The construct was transformed
into the E. coli strain BL21 Star DE3 PlysS from Invitrogen.
The V82A mutation was introduced into the HIV-PR back-
ground using the QuikChange Mutagenesis Kit from Stratagene.
Protease expression in bacteria was initiated when the OD600

reached 0.6 by addition of 1 mM IPTG to a culture grown at
37 °C in M9 Media (6.8 g Na2HPO4, 3 g KH2PO4, 0.5 g NaCl,
1 g NH4SO4, and 5 g casamino acids were autoclaved together
in 987 mL of H2O, and then 1 mL of 0.1 M CaCl2, 2 mL of 1.0
M MgSO4, 10 mL of 20% glucose, and 50 µg/L of ampicillin
were added). After three hours, cells were harvested by
centrifugation at 16000 g for five minutes and resuspended in
TN buffer (0.05 M Tris, 0.15 M NaCl, 0.001 M MgCl2, pH
7.4). Inclusion bodies containing the protease were isolated by
centrifugation through a 27% sucrose cushion. The inclusion
bodies were solubilized in 8 M urea, and the protease was
refolded by dialysis against 0.05 M sodium phosphate buffer
(0.05 M Na2HPO4, 0.005 M EDTA, 0.3 M NaCl, and 0.001 M
dTT, pH 7.3). The protease was purified through ammonium
sulfate precipitation and gel filtration chromatography using a
Superdex 75 16/60 column from Amersham Pharmacia attached
to an FPLC LCC 500 Plus, also from Pharmacia. The protease
was eluted using potassium phosphate buffer (50 mM K2HPO4,
2 mM EDTA, 150 mM NaCl, 2 mM dTT, 5% glycerol, and
5% isopropanol, pH 7.3).

Determination of Inhibition Constants. Ki values were
determined for each inhibitor with the HIV-PR strains as
previously described.34 Cleavage of the chromogenic substrate
(K-A-R-V-L*Nph-E-A-nL-G, Nph ) p-nitrophenylalanine, nL
) norleucine) was monitored using a Hewlett-Packard 8452A
spectrophotometer equipped with a seven-cell sample handling
system at 37 °C in sodium acetate buffer (0.05 M NaOAc, 0.15
M NaCl, 0.002 M EDTA, 0.001 M dTT, pH 4.7), as described
by Dunn et al.35 The inhibition constants Ki were determined
by monitoring the inhibition of hydrolysis of the chromogenic
substrate, as described by Bhatt et al.36

Crystallization of Protein-Inhibitor Complex. After the
HIV-PRV82A was purified, the enzyme purification buffer was
exchanged for 50 mM sodium acetate, 1 mM EDTA, and 1
mM dTT at pH 4.7 during concentration to 2 mg/mL. The
inhibitor PC was dissolved at a concentration of 20 mM in 100%
DMSO and mixed with the HIV- PRV82A in a molar ratio of
3:1. The inhibitor and enzyme were allowed to equilibrate for
one hour at 4 °C, after which precipitated material was removed

by centrifugation at 10000 g at 4 °C. The enzyme–inhibitor
complex was mixed with reservoir solution (Hampton Research
Cryo Crystallization Kit #18) in a 1:1 (v/v) ratio to set up 4 µL
hanging drops at 25 °C. Rod-shaped crystals grew in two days.

X-ray Data Collection, Structure Determination, and
Refinement. X-ray diffraction images were collected at 100 K
at the Brookhaven National Laboratory beamline X29 on an
ADSC quantum 315 CCD detector. The crystal was dipped in
cryoprotectant solution (30% glycerol in reservoir solution) prior
to data collection. A complete data set was collected from a
single crystal. The data were indexed, scaled, and reduced using
DENZO and SCALEPACK.37 The complex crystallized in the
P61 space group.

Molecular replacement was used to calculate initial phases
employing the coordinates of PDB entry 1SGU as a search
model after removing inhibitor and waters. Standard methods
of structure refinement were then employed using programs in
the CNS Suite.38 Electron density maps with coefficients 2Fo-Fc

and Fo-Fc were used to guide manual fitting of the protease
and bound inhibitor followed by real space refinement using
the molecular graphics program WinCoot.39 The inhibitor and
water molecules were initially modeled into Fo-Fc density at
2σ. Detailed refinements of the cyclohexyl conformations were
done utilizing CNS SA-omit maps holding the protease residue
coordinates fixed. Eight possible conformations were sampled,
four chair and four boat conformations, including 2-fold
disordered inhibitor conformations. A 2-fold boat conformation
was found to provide the best fit to the density. During model
building and refinement, 5% of the data was reserved for cross
validation of the refinement progress. The atomic coordinates
have been deposited in the Protein Data Bank (PDB entry
2FLE). The X-ray data collection and refinement statistics are
shown in Table 4.

Table 4. Crystallographic Statistics

Data Collection Statistics

wavelength (Å) 1.1
resolution range (Å) 20–1.9
space group P61

unit-cell parameters a, c (Å) 62.2, 82.8
number of reflections 76487
number of unique reflections 14390
overall completeness (%) 100 (100)
average I/s 13.3
Rsym (%)a 7.1 (48.6)

Refinement Statistics

Rwork (%)b 19.9 (22.5)
Rfree (%)c 23.5 (26.8)
rmsd bond length (Å) 0.009
rmsd bond angle (deg) 1.5

Average B Factor (Å2)

protein main/side chains 30.7/35.7
inhibitor atoms 32.1
water molecules 39.5

Ramachandran Plot Quality

most favored (%) 94.9
additionally allowed (%) 5.1
generally allowed (%) 0
disallowed (%) 0

a Rsym ) ∑ hkl
i (|〈I(hkl) 〉 - Ii(hkl) | ⁄〈Ii(hkl)〉)×100, where Ii(hkl) is the ith

observation of the intensity of a reflection with indices h, k, and l and 〈I
(hkl)〉 is the average intensity of all symmetry equivalent measurements of
those reflections. b Rwork ) ∑ hkl (Fobs(hkl) - Fcalc(hkl))⁄Fobs(hkl)×100 ,
where Fobs(hkl) and Fcalc(hkl) are the observed and calculated structure factor
amplitudes respectively. c Rfree was calculated using 5% of data excluded
during the refinement process. In parenthesis is the highest resolution shell.
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Molecular Modeling. (a). Energy Calculations from the
Modeled Complexes with Cha in the Boat and Chair
Conformations. The starting point for our calculations was the
crystal structures of the HIV-1 PR bound to two ligands: the
inhibitor PC studied in the present work and the inhibitor CGP
53820, from PDB entry 1HII25 (see Table 1 for chemical
structures). In every case, hydrogen atoms were added using
the Biopolymer module in InsightII.40 We chose to have the
active site aspartic acid dyad monoprotonated by neutralizing
the residue A25. The position of the protons was optimized using
an energy minimization protocol with a gradient tolerance of
0.01 kcal/Å2 in the CHARMM suite of programs.41 The solvent
was modeled by surrounding these complexes by 10 Å layer
with about 2000 water molecules by using the module Soak in
InsightII.40 The water molecules were equilibrated by a 0.5 ns
molecular dynamics run at 300 K and a NVT ensemble using
the CHARMM module with CHARMM potentials available in
InsightII. To predict the relative stability of either chair or boat
conformations in both systems, we built copies of these
complexes with their alternative Cha conformations. In this way,
we generated the HIV-1 PRV82A-PC complex with the Cha in
a chair conformation and a HIV-1 PR-CGP 58320 complex
with the inhibitor Cha side chain in a boat conformation. The
Cha fragments were built using their original �

1 and �
2 side chain

torsion angles found in the crystal structures. All systems were
then subject to a two-step molecular mechanics protocol. The
first step contained an energy minimization with an ABNR
minimizer and a gradient tolerance of 0.01. In the second step,
more than 350 ps of dynamics were performed on a subsystem
of the complex containing all atoms at a 10 Å radius from the
ligand, at 300 K in a NVT ensemble. The affinity of the ligands
for the enzyme was gauged using their molecular mechanics-
based interaction energy, evaluated in the last 200 ps of the
MD production stage.

(b). Energy Evaluation of the Structures Resulting
from the X-ray Refinement. The X-ray refinement allows the
fitting of the Cha fragment in both boat and retracted chair
conformation (see Figure 2). We have used the coordinates of
these two structures as the starting point for their energy
optimization. The protons were added and optimized as above.
Solvation was taken into account by the equilibrated 10 Å layer
with about 2000 water molecules described above. At this point,
the whole system was energy-minimized to alleviate the clashes
resulting from X-ray refinement with a protocol starting with
200 steps of SD minimization followed by an ABNR minimiza-
tion with a gradient tolerance of 0.05 kcal/Å2. The affinity of
the ligands was evaluated as above.
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