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hexadiene!?), was ineffective at dimer splitting in preliminary
experiments (CH;CN; Ayrg = 436 nm), possibly because of a need
for the deprotonated form of the reduced flavin.'4

Dimer photosplitting by 1b and 1c in low-polarity environments
demonstrates the feasibility of pyrimidine dimer recognition for
the purpose of dimer repair. Dimers apparently engage in
Watson-Crick hydrogen bonding to their complementary bases
when formed in double-stranded DNA,' but there is currently
no evidence regarding hydrogen bonding of photolyases to dimers
in single- or double-stranded DNA. Whether photolyases utilize
hydrogen bonding in the recognition, orienting, and splitting of
thymine dimers in DNA awaits further studies of the natural
system.

Acknowledgment. We thank the National Institutes of Health
(CA49729) and the Del E. Webb Foundation for financial support
and Dr. A. Draehev and Dr. J. Shirley for determinations of K.

Supplementary Material Available: Experimental details for
the synthesis of 1a and structure representation of 1a determined
by single-crystal X-ray diffraction (2 pages). Ordering information
is given on any current masthead page.

(13) Briistlein, M.; Knappe, W .-R.; Hemmerich, P. Angew. Chem., Int. Ed.
Engl. 1971, [0, 804-806.

(14) (a) Okamura, T.; Sancar, A.; Heelis, P. F.; Begley, T. P.; Hirata, Y.;
Mataga, N. J. Am. Chem. Soc. 1991, 113, 3143-3145. (b) Jorns, M. S. J.
Am. Chem. Soc. 1987, 109, 3133-3136. (c) Hartman, R. F,; Rose, S. D.,
manuscript in preparation.

(15) Taylor, J.-S.; Garrett, D. S.; Brockie, I. R.; Svoboda, D. L.; Telser,
J. Biochemistry 1990, 29, 8858-8866.

X-ray Crystal Structure of the HIV Protease Complex
with L-700,417, an Inhibitor with Pseudo C, Symmetry

Roger Bone,*' Joseph P. Vacca,? Paul S. Anderson,} and
M. Katharine Holloway!

Department of Biophysical Chemistry

Merck Sharp & Dohme Research Laboratories

P.O. Box 2000 (RY80M-136), Rahway, New Jersey 07065
Departments of Medicinal Chemistry and

Molecular Systems

Merck Sharp & Dohme Research Laboratories

West Point, Pennsylvania 19486

Received July 17, 1991

The human immunodeficiency virus type 1 protease (HIVP)
is responsible for the processing of the polyprotein products of
the gag and pol genes into their mature forms.!? The enzyme
is an aspartyl protease and is active as a dimer with the active
site shared between subunits.>* If the action of the protease is
inhibited or blocked genetically, virus infection can be arrested.58
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Because of the essential role that the protease plays in virus
maturation, it appears to be an excellent target for the development
of an antiviral agent.

Among the most potent inhibitors of aspartyl proteases are
compounds containing a central secondary alcohol which interacts
with two catalytic Asp residues,® and inclusion of such a hydroxyl
group into any inhibitor design would be desirable. Other desirable
features in an HIVP inhibitor would include hydrophobic sub-
stituents to project into the specificity pockets of the enzyme!®
and hydrogen-bond donors to interact with the carbonyl of Gly
27 which projects up from the floor of the active site from each
subunit.!"12 Because the native enzyme can adopt a conformation
in which a 2-fold symmetry axis extends through the active site,>>
it might also be desirable to include approximate C, symmetry
through the central alcohol of inhibitors. Compounds which take
advantage of this C, symmetry have recently been reported by
Erickson et al.!* Using a similar strategy, we have designed a
new set of pseudosymmetric inhibitors based upon L-685,434,14
(1), a hydroxyethylene-containing HIVP inhibitor which utilizes
the novel 2-hydroxy-1-aminoindan as a Py’ amino acid!® re-

placement. Rotation of the C-terminal half of 1 around the
OH Ph (22) (70)
W & \ -pH
Boc-NH L N
L-685.434 (1) L-700.417 (2)

central hydroxyl-bearing carbon led to the design of L-700,41716
(2). Compound 2 inhibits' 1 VP activity!” with an ICsq of 0.67
nM and was active in halting the spread of HIV-1 (IIIB) infection
in human T-lymphoid cell culture'® with a minimal 100% inhi-
bitory concentration of 100 nM. To further evaluate and improve
on the inhibitor design, we have determined the high-resolution
crystal structure of the complex of 2 with HIVP,
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Figure 1. Stereodrawing of a ball and stick figure of selected active-site residues of the final refined structure of the complex of HIVP with 2. The
enzyme is shown in open bonds, the inhibitor in closed bonds, and dotted lines indicate possible intermolecular hydrogen bonds. Interatomic distances

are shown for possible hydrogen bonds.

Cocrystals of HIVP and 2'° were isomorphous with crystals
of the HIVP-acetylpepstatin (HIVP-APS) complex,!! indicating
that the assumption of asymmetry by the protease in enzyme—
inhibitor complexes is not a consequence of the binding of an
asymmetric inhibitor. Subunit asymmetry appears to arise from
inherent asymmetric modes of flexibility which are driven by the
clash of residues A50 and B50 in conformations with exact subunit
symmetry.>-5!! Difference electron density maps?° clearly indi-
cated that 2 was bound by the protease at the active site with high
occupancy. However, because of the symmetric nature of the
inhibitor, it could be fit?' into the difference electron density in
either of two orientations. The orientations differ by rotation of
the inhibitor in the active site by 180° about an approximate 2-fold
axis which relates the two HIVP subunits; after refinement, atomic
positions in the orientations differ significantly only at O2 and
C1 of the central alcohol. Because each refined orientation fits
the electron density map equally well and because difference maps
do not distinguish between the possibilities, it is likely that both
orientations are present in the crystal structure.2?  After re-
finement,!? the crystallographic R factor for the comparison of
observed and calculated structure factors was 0.18 with root-
mean-square deviations from ideal bond and angle distances of
0.015 A and 0.037 A.2

Several intermolecular hydrogen bonds are formed between 2
and HIVP and contribute to the stability of the complex. The
central hydroxyl group (O2) is within hydrogen-bonding distance
of each of the carboxylate oxygens of both Asp A25% and Asp
B25 (Figure 1). Hydrogen bonds are also donated from the amide
(N19 and N86) and hydroxyl (022 and O70) groups of the
indanol amide residues to the carbonyl oxygens of Gly A27 and
Gly B27, though these appear to be poor hydrogen bonds. The
indanol hydroxyl groups also accept hydrogen bonds from the
amide groups of Asp A29 and Asp B29. Additional hydrogen
bonds which may contribute to complex stability are formed to

(19) The HIVP complex with 2 was cocrystallized (enzyme and inhibitor
in a 1:2 ratio) from NaCl by vapor diffusion as described previously for the
HIVP-APS complex, and the crystals were isomorphous with the ortho-
rhombic HIVP-APS crystals (P2,2,2, a = 58.88 A, b = 86.80 A, ¢ = 46.79
A).1 Data were collected from a single crystal of enzyme~inhibitor complex
using Cu Ka X-rays (A = 1.5418) and a Siemens multiwire X-ray area
detector equipped with a graphite monochromator and processed using the
Xengen software (Howard, A. J.; Gilliland, G. L.; Finzel, B. C.; Poulos, T.
L.; Ohlendorf, D. H.; Selemme, F. R. J. Appl. Crystallogr. 1987, 20,
383-387). The data extended to 2.1-A resolution, was 97.2% complete, had
70% of the intensities observed greater than 20(/), and had an overall Rpyer;e
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W. A, Methods Enzymol. 1988, 115, 252-270. Smith, J. L.; Corfield, P. W.
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(20) (JF) = |F]) with structure factors (F.) and phases (a.) calculated from
the refined coordinates of the HIVP-APS complex'' minus the inhibitor.

(21) Jones, T. A. J. Appl. Crystallogr. 1978, 11, 268-272.

(22) For simplicity, the structure of only one orientation will be discussed.

(23) Coordinates have been submitted to the Brookhaven Protein Data

Bank.
(24) Resiudes are numbered from Al to A99 and Bl to B99.

three trapped moelcules of solvent that form hydrogen bonds to
the protein as well as the inhibitor. Hydrogen bonds are formed
between the carbonyl oxygens of the inhibitor (O15 and O36) and
water W1 and then from the water molecule to the amide nitrogens
of residues A50 and B50 with nearly ideal tetrahedral geometry
(Figure 1). Water molecules W2 and W3, which donate hydrogen
bonds to the hydroxyl groups of the indanols (022 and O70), also
donate hydrogen bonds to the carbonyl groups of Gly B27 and
Gly A27. Distances and angles are not optimal for all five of the
hydrogen bonds to each indanol of the inhibitor, suggesting that
the energetic contributions of the interactions are individually of
very low energy or that not all of the interactions occur simul-
taneously. Inhibitors might be improved if these solvent sites could
be replaced by inhibitor substituents.

In contrast to the relatively poor hydrogen-bonding interactions,
hydrophobic interactions are extensive. The amount of hydro-
phobic surface removed from solvent upon complex formation2%%
is 792 A? and could contribute as much as 19 kcal/mol toward
complex stability.?’ The phenyl rings of the inhibitor project into
the P, /P,’ binding sites on the protease, where they pack against
Leu A23, Val A80, Pro A81, Val A82, and Ile A84 in one subsite
and residues B23 and B80-B84 in the other subsite. Residues
B80-B84 adjust by up to 1 A relative to their positions in the
HIVP-APS complex,!! apparently to accommodate the separation
between phenyl rings in the inhibitor. The indan rings project
into the P,/P;’ binding sites and pack against the side chains of
Ala B28, Val B32, Ile B47, Ile B50, Leu B76, and Ile B84 and
the main-chain portion of residues B28-B32 in one subsite and
against the same residues from the A chain in the other subsite.
Efficient packing of the inhibitor into the active site succeeds in
removing 94% of the hydrophobic surface of the inhibitor from
bulk solvent.

The structures of protease complexes with APS!! and other
ligands!213:28.29 represent HIVP complexes with inhibitors that
are primarily peptidyl, while 2 retains very little peptide character.
One disadvantage of the nonpeptidyl design of 2 is that the
carbonyl oxygen of Gly 48 on each HIVP subunit is buried upon
inhibitor binding and is not stabilized by hydrogen bonding to
either the inhibitor or solvent, though the dipole is aligned directly
above the dipole of the indanol hydroxyl group. To alleviate the

(25) Connolly, M. L. J. Appl. Crystallogr. 1983, 16, 548-558.

(26) Connolly, M. L. Science 1983, 221, 709-713.

(27) Using an upper estimate for the energetic gian of removing hydro-
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304-308). Clearly hydrophobic interactions must be offset by unfavorable
consequences of binding such as the entropic cost of freezing the inhibitor
conformation.
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unfavorable interaction, conformational adjustments occur in the
“flap” region where the main-chain torsional angles Y45 and ¢4
rotate by as much as 40° relative to their angles in the HIVP-APS
complex.!! This contact with the indan ring is replaced by a
hydrogen bond to an amide group in more peptidyl inhib-
itors,!1-132829 and affinity might be improved by incorporating
a substituent capable of donating a hydrogen bond to the carbonyl
of Gly 48. 1n another adjustment, which is only partially successful
in optimizing interactions, Y47 rotates so as to move the carbonyl
oxygen of Gly A27 away from the catalytic Asp residues and
toward the indanol hydrogen-bond donors. Because the inhibitor
appears unable to form good hydrogen bonds with both ends of
the active site simultaneously (Figure 1), decreasing the number
of bonds separating inhibitor amides might improve inhibitory
potency.

The design of 2 was successful in that it produced an inhibitor
with high affinity (0.7 nM) which interacts with the protease in
a nearly symmetric manner. The indanol ring system is a novel
substituent that simultaneously provides good hydrophobic in-
teractions and is involved in as many as three hydrogen bonds with
the protein. However, the presence of unsolvated carbonyl groups,
unoptimized hydrogen bonding, and several water-mediated in-
teractions between the protein and inhibitor indicate that inhibitors
can be improved.
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The isolation in 195712 of pentalenolactone (1) has proven to
be a harbinger of many exciting discoveries involving Strepto-
myces-derived triquinane sesquiterpenes.’> Of these, the iden-
tification and characterization by Seto et al.# of pentalenolactone
P (2a) could provide the key to our detailed understanding of the
biosynthetic origin of this class of antibiotics. Cane et al. have

suggested two possible pathways for the formation of 2a.> From
the catabolic perspective, its protonation with rupture of the
cyclopropane ring could be the source of a centrally important
tertiary carbocation intermediate. Strikingly, pentalenolactone
P is the first member of this class to contain a fused three-mem-
bered ring, which is seen to reside on the highly congested concave
surface of the molecule. As a consequence of the latent reactivity
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of 2a and its unusual structural features, we have undertaken a
stereocontrolled synthesis of this highly functionalized pentacyclic
lactone as its stable methyl ester 2b.

The requisite trans relationship of the cyclopropane and lactone
components was immediately secured by Diels—Alder addition of
fumaroyl chloride to 1-methylcycloheptatriene’ followed directly
by methanolysis to give 3 (80%, Scheme I).* Once lactone 4 had
been produced (75%),” chemoselective distinction between the pair
of carbonyl groups was made feasible (87%), leading ultimately
to § (76%). Despite considerable steric shielding about the
carbomethoxy group in §, phenylselenenylation of the enolate could
be satisfactorily accomplished. Direct oxidation of this inter-
mediate with buffered MCPBA gave dihydroxy ester 6 in an
overall yield of 72%. Evidently, the substantial strain introduced
upon installation of the conjugated double bond accelerates acetal
cleavage and hydrolysis. Silylation of the hydroxyl groups in 6
and ester reduction provided 7 (80%) and set the stage for re-
gioselective chain extension.

Toward this end, perruthenate oxidation® of 7 delivered the
aldehyde, which was directly subjected to Wittig olefination. This
two-step sequence gave rise efficiently (93%) to the conjugated
diene. As anticipated, its hydroboration—oxidation® afforded 8a
after pivaloylation (87%). Desilylation with HF in acetonitrile
at 0 °C!0 and subsequent selective acylation with pivaloyl chloride
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tography on silica gel. All new compounds showed 'H NMR, '3C NMR, IR,
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structures.
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Aldrichimica Acta 1990, 23, 13.
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