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Rational Design, Synthesis, and Crystallographic Analysis of a
Hydroxyethylene-Based HIV-1 Protease Inhibitor Containing a Heterocyclic
P,/—P; Amide Bond Isostere’
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The rational design and synthesis of a highly potent inhibitor of HIV-1 protease have been
accomplished. The inhibitor, SB 206343, is based on a model derived from the structure of
the MVT-101/HIV-1 protease complex and contains a 4(5)-acylimidazole ring as an isosteric
replacement for the P'—P," amide bond. It is a competitive inhibitor with an apparent
inhibition constant of 0.6 nM at pH 6.0. The three-dimensional structure of SB 206343 bound
in the active site of HIV-1 protease has been determined at 2.3 A resolution by X-ray diffraction
techniques and refined to a crystallographic discrepancy factor, R (=JIIF,| — |FdVZ|F,)|), of 0.194.
The inhibitor is held in the enzyme by a set of hydrophobic and polar interactions. N-3 of the
imidazole ring participates in a novel hydrogen-bonding interaction with the bound water
molecule, demonstrating the effectiveness of the imidazole ring as an isosteric replacement
for the P,"—Py” amide bond in hydroxyethylene-based HIV-1 protease inhibitors. Also present
are hydrogen-bonding interactions between N-1 of the imidazole ring and the carbonyl of Gly-
127 as well as between the imidazole acyl carbonyl oxygen and the amide nitrogen of Asp-129,
exemplifying the peptidomimetic nature of the 4(5)-acylimidazole isostere. All of these

interactions are in qualitative agreement with those predicted by the model.

Introduction

Human immuneodeficiency virus type-1 (HIV-1), a
member of the Retroviridae family, is the causative
agent of acquired immunodeficiency syndrome (AIDS).12
A crucial step in the replicative cycle of the virus
involves the processing by a virus-encoded protease of
the viral gag and gag-pol polyproteins into structural
proteins and enzymes essential for the proper assembly
and maturation of fully infectious virions.3¢ The HIV-1
protease is therefore an attractive target for the design
of antiviral agents for the treatment of AIDS.

The HIV-1 protease is a homodimeric enzyme consist-
ing of two 99-amino acid polypeptides and is classified
as an aspartyl protease on the basis of active site
sequence similarity’® and structural analogy to the
previously characterized monomeric aspartic proteases
renin, pepsin, endothiapepsin, penicillopepsin, and rhizo-
puspepsin.” Structurally, the enzyme is predominantly
composed of 3-strands and the active site containing two
aspartyl residues is formed at the dimer interface with
each monomer contributing one residue, as has been
verified by crystallographic analysis of recombinant and
synthetic forms of HIV-1 protease.8-10 The protease also
contains two flexible extended jS-hairpin structures, or
so-called “flaps”, which upon binding of a ligand undergo

T The refined coordinates for the complex have been deposited in
the Protein Data Bank under the file name 2HOS.
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movements of up to 7 A at the tips to tightly embrace
the ligand. This phenomenon has been observed ex-
tensively in X-ray crystal structures of HIV-1,11 HIV-
2,12.13 and SIV415 protease/inhibitor complexes,

The design of inhibitors of HIV-1 protease has met
with much success in the recent past, owing greatly to
the availability of crystallographic-data from enzyme/
inhibitor complexes. With the exception of a recently
reported series of C; symmetric cyclic ureas,® these
inhibitors are peptide analogs in which the scissile
amide bond has been replaced by a nonhydrolyzable
isostere: for example, peptides containing statine,
secondary amines, hydroxyethylenes, hydroxyethy-
lamines, 1,2-diols, and ketones.!”18 Additionally, pseu-
dosymmetricl®2° and C; symmetrici®2! inhibitors which
take advantage of the Cy symmetric nature of the
enzyme have been reported. Each of these classes has
provided extremely potent compounds that inhibit
HIV-1 protease in the nanomolar and sub-nanomolar
range and are also quite effective as inhibitors of HIV-1
replication in cell cultures !922-25 However, most of
these inhibitors are peptide-based and although the
scissile amide bond has been replaced with an isostere,
they still contain a number of labile amide bonds. We
sought to design an improved antiviral drug by replace-
ment of one or more additional amide bonds with
isosteres that are more hydrolytically stable and may
be conducive to improved transport.?8 We took as our
approach the substitution of such an isostere for the
P,'—Py’ (nomenclature of Schechter and Berger??) amide
bond.

The development of an isostere for the P;'—P;" amide
bond presents a formidable challenge within the context
of inhibition of HIV-1 protease. Not only must the
isostere provide the correct trans orientation about the
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Figure 1. HIV-1 protease inhibitor SB 206343 (1).

amide bond portion of the isostere but it must be capable
of functioning as both a hydrogen bond acceptor for the
bound water molecule and a hydrogen bond donor to
the carbonyl oxygen of Gly-27. Bearing in mind that
the isostere must also be hydrolytically stable, an
imidazole ring appeared to be a promising candidate.28
Using the X-ray crystal structure of the MVT-101/HIV-1
protease complex®® as a template, a model was con-
structed of a hydroxyethylene-based inhibitor that
contained an imidazole ring as a replacement for the
P1"—Py’ amide bond and showed an excellent geometry
for the formation of a hydrogen bond from the imidazole
nitrogen to the bound water molecule, as well as for the
extension of the backbone structure from the 5-position
of the imidazole. The present report describes the
rational design and synthesis of a highly potent, imi-
dazole-containing inhibitor of HIV-1 protease, SB 206343
(1; Figure 1), and its three-dimensional structure bound
in the active site of the enzyme. Analysis of the
structure of this complex and comparison with struc-
tures of other HIV-1 protease/inhibitor complexes has
validated the effectiveness of this isostere as a replace-
ment for the P;’—Py’ amide bond in the context of HIV-1
protease inhibition.

Results and Discussion

Inhibitor Synthesis. SB 206343 and its analogs
were prepared from the known (2R,4S,58)-2-benzyl-5-
[(tert-butoxycarbonyl)amino]-4-(tert-butyldimethylsiloxy)-
6-phenylhexanoic acid (2)¥* as shown in Scheme 1.
EDCIl-promoted coupling of 2 with 4-aminoisoxazoles 3
and 43! provided N-(4-isoxazolyl)amides 5 and 6, which
were then subjected to hydrogenolysis followed by base-
catalyzed cyclization to afford 4(5)-acylimidazoles 7 and
8, respectively. Deprotection of the tert-butyldimeth-
ylsilyl ethers provided compounds 9 and 10. Alterna-
tively, a greater diversity of acyl substitution was
incorporated by addition of Grignard reagents to alde-
hyde 7 followed by oxidation of the resulting secondary
alcohols 1114 with manganese dioxide®2 and subse-
quent deprotection of the tert-butyldimethylsilyl ethers
to provide compounds 15—18. Finally, removal of the
tert-butyl carbamate from 17 with trifluoroacetic acid
followed by EDCl-promoted coupling of the resulting
primary amine with N-Cbz-L-valine provided SB 206343
(1). In an effort to investigate the effect of the basicity
of the imidazole on HIV-1 protease inhibition, two
reduced 4(5)-acylimidazoles, 19 and 20, were prepared
as mixtures of diasteromers (Scheme 2). Reduction of
4(5)-acetylimidazole 10 with sodium borohydride pro-
vided diols 19, while diols 20 were prepared by depro-
tection of tert-butyldimethylsilyl ether 13.

Inhibition of HIV-1 Protease. The inhibitors in-
corporating the 4(5)-acylimidazole isostere exhibited
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Table 1. Refinement Statistics

R-factor® 0.194
resolution range (A) 6.0—2.3
no. of reflections 7142
no. of protein atoms 1520
no. of inhibitor atoms 94

no. of solvent molecules 15

rms deviations from ideal values

bond lengths (&) 0.019
bond angles (degree) 3.86

@ R-factor = JF,| — |FJVX|F,|, where |F,| and |F| are the
observed and calculated structure factor amplitudes, respectively.

apparent inhibition constants in the range of 0.6-3500
nM (Table 2). An investigation of the effect of the size
of the acyl substituent on the imidazole ring has
revealed that inhibition increases with increasing size
of the substituent with the apparent optimal size being
that of propionyl or 2-methylpropionyl (compounds 15
and 17, respectively). Inhibitory potency decreases with
acyl substituents more bulky than 2-methylpropionyl
(compound 18). These structure—activity data support
the concept that the alkyl portion of the acyl substituent
binds in the hydrophobic Sy” subsite of the enzyme, as
is observed in the structure of the SB 206343/HIV-1
protease complex (vide infra). Additionally, replace-
ment of the N-terminal Boc group with an N-Cbz-valine
residue results in a 150-fold increase in inhibitory
potency (SB 206343). These inhibition constants com-
pare favorably to those of hydroxyethylene-based inhibi-
tors containing peptide bonds in place of the isosteric
imidazole ring (final two entries in Table 2). It is
noteworthy that reduction of the acyl functionality in
these inhibitors to produce 4(5)-(1-hydroxyalkyl)imida-
zoles results in a 30—-40-fold decrease in inhibitory
potency (compounds 19 and 20). The replacement of
an acyl substituent on a heterocycle with an alkyl group
is expected to significantly decrease the acidity of the
ring and therefore make it a stronger hydrogen bond
acceptor. This transformation when applied to acetyl-
imidazole 10 results in a loss in acidity of three pK,
units (pK, = 3.7 for compound 10 vs 6.7 for entry 19).
Since the assay is conducted at pH 6, we believe this
decrease in activity upon decrease in ring acidity to be
partially a result of protonation of the ring at the assay
pH, which would eliminate its hydrogen bond-accepting
capability. Consistent with this hypothesis is the fact
that the 4(5)-(1-hydroxyethyl)imidazole 19 exhibits pH-
dependent inhibition of HIV-1 protease, with inhibition
decreasing dramatically at pH values below the pK,
cited above. An alternative explanation for this de-
crease in activity may reside in the departure of the
hydroxyl group « to the imidazole ring in compounds
19 and 20 from the optimal orientation for the formation
of a hydrogen bond to the Asp-129 backbone NH or in a
global conformational change in the inhibitor brought
about by the presence of this additional hydroxyl group.

Crystallographic Refinement of the Structure.
The statistics listed in Table 1 are consistent with a
well-refined structure within the limits of precision and
resolution of the measured data. As in previous studies
of HIV-1 protease complexed with asymmetric inhibi-
tors333¢ and with a C; symmetric inhibitor,203% we
observed two distinct orientations of the inhibitor
related to each other by the pseudo-2-fold axis of the
enzyme dimer, each oirentation present at half-oc-
cupancy in the crystal lattice. When refinement of the
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structure with only one orientation of the inhibitor was
compared to refinement with both orientations, a slight
improvement of the R-factor and a better fit to the
electron density were evident. The electron density of
the inhibitor is almost symmetric, and both orientations
of the inhibitor fit the electron density well.

Protein Structure. The structure of the protein is
nearly identical to that of previously reported HIV-1
protease/inhibitor complexes. Superposition of back-
bone atoms from our protease dimer structure with
those from the structures containing inhibitors MVT-

20 (1:1 mixture of epimers)

101,2° A74704,18 Acetylpepstatin,®¢ 1.700,417,!° and SB
2041442 gives rms deviations of 0.6, 0.4, 0.7, 0.6, and
0.4 A, respectively. Superposition of the backbone
atoms of the two protease subunits of this SB 206343-
containing structure gives an rms deviation of 0.4 A,
while superposition of all atoms, including side chain
atoms, gives an rms deviation of 1.1 A, indicating
conservation of the symmetry of the homodimer.
Binding of the Inhibitor. The inhibitor is present
in the active site of the enzyme in an extended confor-
mation with every heteroatom of the inhibitor hydrogen-
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Table 2. Inhibition of HIV-1 Protease®
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"D "D

compd X R(erR) formula® apparent K; (nM)
1 Cbz-Val i-Pr C3sHysN4O50.25H20 0.6 £0.1¢
9 Boce H Cy7H33N3040.5H0 3500 + 2407
10 Boc Me C28H3sN3040.75H20 370 £ 46
15 Boc Et Cg9H37N3040.75H20 92+ 8
16 Boc n-Pr C30H3sN3040.5H:0 150 + 20
17 Boc i-Pr C30H39N3040.5H20 83+11
18 Boc CMe;CHCH; C3H41N3040.5H0 270 £ 12
19 Boc Me (R) CosH37N3040.5H0 13 300 £+ 1320
20 Boce i-Pr (R) C30H41N3041.15H20 2700 £+ 150
Boc-Phey(CHOHCH;)PheGlyNH; 120 £ 7¢
Cbz-AlaPhey(CHOHCH2)PheValNH, 0.7+0.1/

@ Assays were conducted at 37 °C, pH 6.0 (0.2 M NaCl), as previously described.34* b Satisfactory analyses (C, H, and N; +0.4% of
theoretical values) were obtained for all compounds. ¢ Determined from plots of remaining enzymatic initial rate as a function of inhibitor
concentration at several fixed enzyme concentrations as previously described (Dreyer et al., 1992). ¢ Determined by Dixon analysis. ¢ Dreyer,

G. B. Unpublished results. / Reference 33.
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Figure 2. Schematic representation of SB 206343 bound in the active site of HIV-1 protease. Potential hydrogen bond interactions
between the inhibitor and the active site amino acid residues of the protein are indicated by dotted lines. Distances between
non-hydrogen atoms are given in angstroms for both orientations of the inhibitor, with the distances for the second orientation

in parentheses.

bonded to the protein either directly or indirectly
through a water molecule. These interactions are
depicted schematically in Figure 2, with distances
between non-hydrogen atoms in angstroms for both
orientations of the inhibitor (second orientation shown
in parentheses), and three-dimensionally in Figure 3.
The structural water molecule is tetrahedrally bound
to the flaps via hydrogen bonds to the backbone amide
nitrogens of Ile-50 and Ile-150 and to the inhibitor via
hydrogen bonds to N-3 of the imidazole ring and the
carbonyl oxygen of the P; valine residue. Notably, the
water molecule is bound symmetrically between the
imidazole ring and the valine carbonyl, demonstrating
the effectiveness and fidelity of the 4(5)-acylimidazole
ring as an isosteric amide bond replacement in a
hydroxyethylene-based HIV-1 protease inhibitor. Also

noteworthy are the hydrogen bonds connecting N-1 of
the imidazole and the imidazole acyl carbonyl oxygen
with the Gly-127 carbonyl and Asp-129 backbone ni-
trogen, respectively, thus exemplifying the peptidomi-
metic nature of the 4(5)-acylimidazole isostere. These
hydrogen-bonding interactions are identical to those
observed for the Py—P’ amide groups found in virtually
all HIV-1 protease inhibitors. The contribution of the
alkyl portion of the imidazole acyl substituent toward
binding of the inhibitor can be straightforwardly in-
ferred from the crystallographic data. One of the methyl
groups of the acyl substituent in SB 206343 is bound
in the hydrophobic Sy’ subsite of the enzyme, while the
other is oriented along the peptide backbone.
Comparison with the MVT-101 Structure. Figure
4 shows the superposition of SB 206343 and MVT-101
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Figure 3. Stereoview of SB 206343 bound in the active site of HIV-1 protease.

Figure 4. Stereoview of the overlay of the active site

conformations of SB 206343 (one orientation, solid lines) and
MVT-101 (dashed lines).

in the active site of HIV-1 protease,esachieved by
superimposing all backbone atoms of the two proteins.
The superpositions show a high degree of overlap
between side chain groups as well as backbone atoms,
with the benzyl portion of the Cbz group occupying the
Ss3 subsite (occupied by a Thr side chain in MVT-101)
and one of the methyl groups of the imidazole acyl
substituent occupying the Sy” subsite (occupied by a Gln
side chain in MVT-101). All of the polar interactions
are also conserved for the two structures.

Conclusions

Using a model derived from the structure of the MVT-
101/HIV-1 protease complex, we have accomplished the
rational design and synthesis of potent, hydroxyethyl-
ene-based HIV-1 protease inhibitors that contain a 4(5)-
acylimidazole as a Py'—Py’ amide bond isostere. SAR
data and X-ray crystallographic studies of HIV-1 pro-
tease complexed to one such inhibitor, SB 206343, have
revealed that this particular heterocyclic isostere is an
excellent peptidomimetic, participating in all polar and
hydrophobic interactions that are commonly observed
between enzymes and peptidic inhibitors.

Experimental Section

Unless otherwise noted, materials were obtained from
commercial suppliers and used without further purification.
THF was distilled from sodium/benzophenone ketyl. DMF was
anhydrous grade (Aldrich). Grignard reagents were prepared
according to a published procedure.?” All reactions involving
organometallic reagents were conducted under an atmosphere
of dry argon in oven-dried glassware. Electrospray ionization
mass spectra (MS-(ESI)) were obtained with a Sciex API-III
triple quadrupole mass spectrometer. !H NMR spectra were
obtained at 250 or 400 MHz. When 'H NMR spectra were
obtained on mixtures of stereoisomers or tautomers, some of

the resonances overlapped. Therefore, the correct number of
resonances may not be listed. All TH NMR spectra were
obtained as solutions in CDCls. All extracts were dried over
anhydrous magnesium sulfate, and solvents were removed
with a Buchi rotary evaporator at aspirator pressure. Flash
chromatography using Kieselgel 60 silica gel was performed
as previously reported.®®

(2R 48,5S)-2-Benzyl-5-[ (tert-butoxycarbonyl)amino]-4-
(tert-butyldimethylsiloxy)-N-(isoxazol-4-yl)-6-phenylhex-
anamide (5). To a mixture containing (2R 48,5S)-2-benzyl-
5-[(tert-butoxycarbonyl)amino}-4-(tert-butyldimethylsiloxy)-6-
phenylhexanoic acid (2) (8.34 g, 15.8 mmol), 1-hydroxy-
benzotriazole (427 mg, 3.2 mmol), and 1-[3-(dimethylamino)-
propyl]-3-ethylcarbodiimide hydrochloride (3.33 g, 17.4 mmol)
in 80 mL of DMF was added 4-aminoisoxazole (3) (1.46 g, 17.4
mmol). The resulting solution was allowed to stir at room
temperature for 24 h and then was poured inte water and
extracted with ethyl acetate. The extract was washed suc-
cessively with 0.1 N HCl, saturated aqueous NaHCO3, and
saturated brine and then dried, filtered, and concentrated. The
residue was purified by flash chromatography, eluting with
1:5 ethyl acetate/hexanes to give 5.35 g (57%) of § as a white
solid: 'H NMR 6 8.91 (s, 1) 8.34 (br s, 1), 8.24 (s, 1), 7.37—
7.18 (m, 8), 7.02 (d, 2), 4.75 (d, 1), 4.11—4.01 (m, 1), 3.64 (dd,
1), 3.16 (dd, 1), 2.81—2.50 (m, 4), 1.85—1.65 (m, 4), 1.32 (s, 9),
0.93 (s, 9), 0.10 (s, 3), 0.09 (s, 3).

Compound 6 was prepared in this manner from 5-methyl-
4-aminoisoxazole (4).

2-[(1R,38,45)-1-Benzyl-4-[ (tert-butoxycarbonyl)amino]-
3-(tert-butyldimethylsiloxy)-5-phenylpentyl]-4(5)-
formylimidazole (7). A mixture containing compound 5(1.21
g, 2.04 mmol) and palladium black (0.6 g) in 20 mL of ethanol
was stirred under a hydrogen atmosphere for 2 h. The mixture
was purged with argon, and an additional 0.6 g of palladium
black was added. Stirring under a hydrogen atmosphere was
continued for an additional 21 h. The mixture was purged
with argon for 20 min and filtered through a bed of Celite,
and the filtrate was concentrated. The residue was dissolved
in 20 mL of ethanol, and 1 M NaOH in ethanol (2.65 mL, 2.65
mmol) was added. The resulting mixture was heated at reflux
for 3 h and then partitioned between ethyl acetate and aqueous
NH,Cl. The extract was washed with saturated brine, dried,
filtered, and concentrated. The oily residue was purified by
flash chromatography, eluting with 1:1 ethyl acetate/hexanes
to afford 675.6 mg (57%) of 7 as a yellow solid: 'H NMR
(mixture of tautomers) 6 10.71 (br s, 1), 10.47 (br s, 1), 9.86 (s,
1), 9.56 (s, 1), 7.66 (s, 1), 7.51 (d, 1), 7.36—6.99 (m, 20), 4.77
(d, 1),4.70 (d, 1), 4.14—4.04 (m, 2), 3.60 (t, 1), 3.49—3.41 (m,
1), 3.35—3.08 (m, 2), 2.90—2.62 (m, 6), 1.83—1.75 (m, 4), 1.36
(5,9),1.35(s, 9), 091 (s, 9), 0.89 (s, 9), 0.05—0.02 (m, 12).

2-[(1R,35,4S)-1-Benzyl-4-[ (tert-butoxycarbonyl)amino]-
3-(tert-butyldimethylsiloxy)-5-phenylpentyll-4(5)-acetyl-
imidazole (8). A mixture containing compound 6 (185.8 mg,
0.31 mmol) and 10% palladium on activated carbon (93 mg)
in 3 mL of ethanol was stirred under a hydrogen atmosphere
for 5 h. The mixture was purged with argon for 20 min and
filtered through a bed of Celite, and the filtrate was concen-
trated. The residue was dissolved in 3 mL of ethanol, and 1M
NaOH in ethanol (0.4 mL, 0.4 mmol) was added. The resulting
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mixture was heated at reflux overnight and then partitioned
between ethyl acetate and aqueous NH,Cl. The extract was
washed with saturated brine, dried, filtered, and concentrated.
The oily residue was purified by flash chromatography, eluting
with 1:2 ethyl acetate/hexanes to afford 136.8 mg (76%) of 8
as a yellow solid: H NMR (mixture of tautomers) 6 7.58 (s,
1), 7.47 (d, 1), 7.34—7.07 (m, 18), 7.00 (d, 2), 4.78 (d, 1), 4.67
(d, 1), 4.08 (m, 2), 3.65—3.59 (m, 1), 3.49—3.40 (m, 2), 3.30—
3.22 (m, 2), 3.06 (m, 1), 2.86—2.78 (m, 2), 2.71—-2.64 (m, 4),
2.53 (s, 3), 2.36 (s, 3), 1.84—1.61 (m, 4), 1.36 (s, 9), 1.35 (5, 9),
0.91 (s, 9, 0.89 (s, 9), 0.05 (s, 6), 0.00 (s, 6).

2-[(1R,38,4S)-Benzyl-4-[(tert-butoxycarbonyl)amino]-
3-hydroxy-5-phenylpentyl]-4(5)-acetylimidazole (10). A
solution containing compound 8 (61.6 mg, 0.1 mmol) in 1.25
mL of 1 M tetra-n-butylammeonium fluoride in THF was heated
at 50 °C for 5 h. The solution was then poured into ethyl
acetate, washed successively with water (2x) and saturated
brine, dried, filtered, and concentrated. The residue was
purified by flash chromatography, eluting with 2:1 ethyl
acetate/hexanes to give 41.7 mg (84%) of 10 as a white solid:
H NMR 6 7.60 (br s, 1), 7.24—7.13 (m, 8), 6.92 (m, 2), 4.92
(m, 1), 3.61(d, 2), 3.37 (m, 1), 3.10—3.02 (m, 1), 2.91—-2.84 (m,
3),2.42 (s, 3),1.98—1.81 (m, 2), 1.36 (s, 9); MS-(ESI) m/z 478.2
M + H)*. Anal. (CpsH3sN3040.75H20) C, H, N.

Compound 9 was prepared in this manner from compound
7.

2-[(1R,38,4S)-1-Benzyl-4[ (tert-butoxycarbonyl)amino]-
3-(tert-butyldimethylsiloxy)-5-phenylpentyl]-4(5)-(1-hy-
droxy-2-methylpropyl)imidazole (13). To a solution of
compound 7 (500 mg, 0.98 mmol) in 2 mL of 1:1 Et;O/THF
was added dropwise a 3 M solution of isopropylmagnesium
bromide in Et20 (1.73 mL, 5.2 mmol). After the mixture had
stirred for 15 min, the reaction was quenched by the addition
of aquecus NH,Cl and the mixture was extracted with ethyl
acetate. The extract was washed with saturated brine, dried,
filtered, and concentrated. The residue was purified by flash
chromatography, eluting with 1:1 ethyl acetate/hexanes to give
502.7 mg (93%) of 18 as a pale yellow solid: 'H NMR (mixture
of diastereomers) 6 7.28—6.58 (m, 11), 4.80—4.54 (m, 1), 4.29
(m, 1), 4.02 (m, 1), 3.64—3.55 (m, 2), 3.25 (m, 1), 3.02 (m, 1),
2.72—2.54 (m, 3), 1.77 (m, 2), 1.35—-1.23 (m, 9), 1.00—0.81 (m,
15), 0.10—0.00 (m, 6).

Compounds 11, 12, and 14 were prepared in this manner.

2-[(1R,35,4S)-1-Benzyl-4-[ (fert-butoxycarbonyl)amino]-
3-(tert-butyldimethylsiloxy)-5-phenylpentyl]-4(5)-(2-me-
thylpropionyl)imidazole (17-OTBS). To a solution of com-
pound 13 (77.6 mg. 0.12 mmol) in 1 mL of CH,Cl, was added
MnO; (775 mg), and the resulting suspension was allowed to
stir at room temperature. The reaction mixture was filtered
through a bed of Celite, and the filtrate was concentrated. The
residue was purified by flash chromatography, eluting with
1:2 ethyl acetate/hexanes to give 70 mg (90%) of 17-OTBS as
a white solid: 'H NMR (mixture of tautomers) 67.60 (s, 1),
7.48(d, 1), 7.34—6.98 (m, 20), 4.77—4.66 (m, 2), 4.10—4.03 (m,
2), 3.64—3.59 (m, 3), 3.23—3.04 (m, 5), 2.87—2.60 (m, 6), 1.84—
1.75 (m, 4), 1.36 (s, 9), 1.33 (s, 9), 1.24—1.14 (m, 12), 0.91 (s,
18), 0.05—0.00 (m, 12).

Compounds 15-OTBS, 16-OTBS, and 18-OTBS were pre-
pared in this manner,

2-[(1R),38,4S)-1-Benzyl-4-[ (tert-butoxycarbonyl)amino]-
3-hydroxy-5-phenylpentyl)]-4(5)-(2-methylpropionyl)-
imidazole (17). A solution containing compound 17-OTBS
(2.82 g, 4.55 mmol) in 50 mL of 1 M tetra-n-butylammonium
fluoride in THF was heated at 50 °C for 5 h. The solution
was then poured into ethyl acetate, washed successively with
water (2x) and saturated brine, dried, filtered, and concen-
trated. The residue was purified by flash chromatography,
eluting with 2:1 ethyl acetate/hexanes to give 2.3 g (100%) of
17 as a white solid: 'H NMR 6 7.62 (s, 1), 7.34—7.04 (m, 8),
6.91-6.88 (m, 2), 5.11—4.91 (m, 2), 3.61-3.52 (m, 2), 3.43—
3.40 (m, 1), 3.19 (septet, 1), 3.10—3.02 (m, 1), 3.07—2.83 (m,
3),1.98—-1.94 (m, 1), 1.81-1.75 (m, 1), 1.35 (s, 9), 1.21 (d, 3),
1.19(d, 3); MS-(ESI) m/z 506.2 (M + H)*. Anal. (C3,H3sN3O4
0.5H;0) C, H. N.

Compounds 15, 16, and 18 were prepared in this manner.
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2-[(1R,3S,4S)-1-Benzyl-4-[[N-(benzyloxycarbonyl)-L-
valyllamino]-3-hydroxy-5-phenylpentyl]-4(5)-(2-methyl-
propionyl)imidazole (1). A solution containing compound
17 (200.4 mg, 0.40 mmol) in 1 mL of TFA was stirred at room
temperature for 5 min and then was concentrated under
reduced pressure. The residue was partitioned between ethyl
acetate and 10% aqueous NaOH, and the aqueous phase was
extracted with ethyl acetate (2x). The combined extracts were
dried, filtered, and concentrated to give 160.5 mg (100%) of
2-[(1R,38,48S)-4-amino-1-benzyl-3-hydroxy-5-phenylpentyl]-
4(5)-(2-methylpropionyl)imidazole as a white solid: 'H NMR
6 7.61 (s, 1), 7.26—17.05 (m, 10), 3.45 (m, 1), 3.18 (m, 3), 2.89—
2.82 (m, 3), 2.44 (m, 1), 2.06 (m, 1), 1.83 (m, 1), 1.16 (d, 6).
This material was used in the next step without further
purification.

A mixture containing 2-[(1R,3S,4S)-4-amino-1-benzyl-3-
hydroxy-5-phenylpentyl]-4(5)-(2-methylpropionyl)imidazole (3.7
mg. 9 umol), N-Cbz-L-valine (2.3 mg, 9 umol), 1-hydroxyben-
zotriazole (0.2 mg, 2 umol), and 1-[3-(dimethylamino)propyl}-
3-ethylcarbodiimide hydrochloride (1.9 mg, 10 #gmol) in 0.2 mL
of DMF was allowed to stir at room temperature overnight.
The reaction mixture was poured into ethyl acetate and
washed successively with water, 0.1 N HC], saturated aqueous
NaHCOj;, and saturated brine and then dried, filtered, and
concentrated. The residue was purified by flash chromatog-
raphy, eluting with 4% MeOH in CH;Cl; to afford 5.5 mg (94%)
of 1 as a white solid: YH NMR 8 7.55 (s, 1), 7.31—6.68 (m, 16),
5.44 (d, 1), 5.18—5.04 (m, 2), 4.01-3.92 (m, 2), 3.60 (d, 1), 3.42
(m, 1), 3.18—3.02 (m, 2), 2.85 (m, 3), 2.03—1.74 (m, 3), 1.18 (d,
6),0.81 (d, 3), 0.74 (d, 3); MS-(ESI) m/z 639.4 (M + H)*. Anal.
(C3sH4eN4050.25H,0) C, H, N.

2-[(1R,38,4S)-1-Benzyl-4-[ (tert-butoxycarbonyl)amino]-
3-hydroxy-5-phenylpentyl]-4(5)-(1-hydroxyethyl)imida-
zole (19). To a solution of compound 10 (20.8 mg, 0.044 mmol)
in 0.5 mL of EtOH was added excess NaBH,. After the
mixture had stirred for 15 min, the reaction was quenched by
the addition of aqueous NH4Cl and the mixture was extracted
with ethyl acetate. The extract was washed with saturated
brine, dried, filtered, and concentrated. The residue was
purified by flash chromatography, eluting with ethyl acetate
to afford 16.3 mg (78%) of 19 as a white solid: 'H NMR
(mixture of diastereomers) 6 7.31—7.17 (m, 16), 6.90—6.88 (m,
4), 6.66 (s, 2), 5.01 (d, 2), 4.84 (m, 2H), 3.62 (m, 4), 3.24 (m, 2),
3.01—2.86 (m, 8), 1.97 (m, 2), 1.75 (m, 2), 1.51 (d, 3), 1.48 (d,
3), 1.36 (s, 18); MS-(ESI) m/z 4804 (M + H)*. Anal
(C2sH37N30.0.5H20) C, H, N.

2-[(1R,3S,4S)-1-Benzyl-4-[ (tert-butoxycarbonyl)amino]-
3-hydroxy-5-phenylpentyl]-4(5)-(1-hydroxy-2-methylpro-
pylimidazole (20). A solution containing compound 13 (10.0
mg, 0.016 mmol) in 0.3 mL of 1 M tetra-n-butylammonium
fluoride in THF was heated at 50 °C for 2 h. The solution
was then poured into ethyl acetate, washed successively with
water (2x) and saturated brine, dried, filtered, and concen-
trated. The residue was purified by flash chromatography,
eluting with 1:3 ethyl acetate/hexanes and then with ethyl
acetate to afford 6.7 mg (82%) of compound 20 as a white
solid: 'H NMR 6 7.26—7.15 (m, 8), 6.90 (m, 2), 6.63 (m, 1),
5.04 (m, 1), 4.34 (m, 1), 3.61 (m, 2), 3.27 (m, 1), 2.85 (m, 4),
1.96 (m, 2), 1.75 (m, 2), 1.35 (s, 9), 0.99—0.80 (m, 6); MS-(ESI)
miz 508.2 (M + H)*. Anal. (C30H4N304H30) C, H, N.

Enzyme Preparation. Recombinant HIV-1 protease, de-
rived from the BH10 clone of HIV-1,°° was obtained by
expression in Escherichia coli®® and purified to apparent
homogeneity as previously described.#* The purified protease
was stored in 50 mM sodium acetate (pH 5.0), 0.35 M NaCl, 1
mM EDTA, 1 mM DTT, and 20—40% glycerol at —40 °C, and
its concentration was determined by the chromatographic
method of Strickler.*> The protease/SB 206343 inhibitor
complex was prepared by adding a 10 mM aqueous solution
of the inhibitor to a 0.2 mg/mL protein solution. The complex
was then concentrated by ultrafiltration to a final protein
concentration of approximately 5 mg/mL, at room temperature.

Enzyme Inhibition Assays. Peptidolysis reactions were
conducted at 37 °C in a buffer composed of 50 mM 2-(N-
morpholine)ethanesulfonic acid (pH 6.0, 1 mM EDTA, 200 mM
NaCl, 1 mM dithiothreitol, 0.1% Triton X-100, and 10% v/v
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DMSO) in reaction mixtures containing 1—10 mM concentra-
tions of the substrate Ac-RASQNYPVV-NH,, variable concen-
trations of the inhibitor, and 20 nM HIV-1 protease. HPLC
quantification of reaction products and determination of
inhibition constants (Dixon analysis) were performed as previ-
ously described.*34* For compounds which were inhibitory at
concentrations equivalent to those of the enzyme, apparent
inhibition constants were obtained from plots of remaining
initial rate vs inhibitor concentration at several fixed enzyme
concentrations, as described.3?

Crystallography. The complex of SB 206343 with HIV-1
protease was crystallized as described previously.?® Typically,
cocrystals were grown by the method of vapor diffusion in
hanging drops* by using 18—26% saturated ammonium
sulfate buffered at pH 5.0 with 200 mM acetate as the
precipitant. The symmetry of the diffraction was consistent
with that of the hexagonal space group P6,22 or P6; with
strong noncrystallographic 22 symmetry resulting from the
2-fold symmetry of the protein. We chose the latter space
group to be consistent with the previously reported crystal
structures of HIV-1 protease/inhibitor complexes. 18203335 The
unit cell dimensions werea = b = 63.0 A and ¢ = 83.3 A, with
the asymmetric unit containing one complete copy of the
complex (a protein dimer plus an inhibitor).

X-ray diffraction data were measured from a single crystal
using a Siemens two-dimensional position-sensitive detector.
The detector was mounted on a Siemens rotating anode X-ray
generator operated at 50 kV and 96 mA, equipped with a 300
um focusing cup, and producing graphite-monochromated
CuKa radiation. Diffraction images were recorded, reduced
and visualized using FRAMBO, XENGEN,* and XPREP
computer programs, respectively. Approximately 39 160 re-
flections were measured in 2 days to give 8866 unique
reflections to 2.24 A resolution, representing 98% of the data.

Crystallographic refinement was carried out using the
restrained least-squares program PROLSQ.4” Minor medifica-
tions to the export version®® of this program allowed for its
use on a Silicon Graphics IRIS 4D/380 and for the ability to
run multiple cycles of refinement without manual intervention.
The starting model used in refinement consisted of the protein
portion of the 2.8 A structure of A74704 complexed to HIV-1
protease.!® A few cycles of rigid body least-squares refinement
using data to 3.0 A resolution for reflections greater than 30-
(F,) were carried out to obtain the optimal position and
orientation of the starting model. This was followed by
iterative cycles of refinement and meodel building. Fourier
maps with coefficients |F,| — |F.| and 2|F,| — |F.| were
computed and displayed on an Evans and Sutherland PS300
graphics system using FRODO.* Maps calculated using
refined phases, obtained from data greater than 2.00(F,) in
the resolution range of 8.0—2.5 A, showed clear electron
density for the inhibitor. A model of SB 206343 was positioned
in the electron density, and the complex was further refined.
Special bond and angle distances were incorporated in the
program PROTIN to account for the geometry of the inhibi-
tor. To account for the 2-fold disorder observed in the P6,
crystal lattice, resulting from the symmetric nature of the
protein,?-3 a gecond inhibitor molecule was introduced and
the protein and the two inhibitors (each at half-occupancy)
were simultaneously refined. This was followed by refinement
using XPLORS® and the positioning of water molecules.
Statistics from the crystallographic refinement are detailed
in Table 1. The refined set of atomic coordinates has been
deposited in the Protein Data Bank.5!
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