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Abstract

The structure of a crystal complex of recombinant human immunodeficiency virus type 1 (HIV-1) protease with
a peptide-mimetic inhibitor containing a dihydroxyethylene isostere insert replacing the scissile bond has been de-
termined. The inhibitor is Noa-His-Hch¥ [CH(OH)CH(OH)]Vam-Ile-Amp (U-75875), and its K; for inhibition
of the HIV-1 protease is <1.0 nM (Noa = 1-naphthoxyacetyl, Hch = a hydroxy-modified form of cyclohexylai-
anine, Vam = a hydroxy-modified form of valine, Amp = 2-pyridylmethylamine). The structure of the complex
has been refined to a crystallographic R factor of 0.169 at 2.0 A resolution by using restrained least-squares pro-
cedures. Root mean square deviations from ideality are 0.02 A and 2.4°, for bond lengths and angles, respectively.
The bound inhibitor diastereomer has the R configurations at both of the hydroxyl chiral carbon atoms. One of
the diol hydroxyl groups is positioned such that it forms hydrogen bonds with both the active site aspartates,
whereas the other interacts with only one of them. Comparison of this X-ray structure with a model-built struc-
ture of the inhibitor, published earlier, reveals similar positioning of the backbone atoms and of the side-chain
atoms in the P2-P2’ region, where the interaction with the protein is strongest. However, the X-ray structure and
the model differ considerably in the location of the P3 and P3’ end groups, and also in the positioning of the sec-
ond of the two central hydroxyl groups. Reconstruction of the central portion of the model revealed the source
of the hydroxyl discrepancy, which, when corrected, provided a P1-P1’ geometry very close to that seen in the
X-ray structure.
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Human immunodeficiency virus type 1 protease (HIV-1
PR) has now become one of the best characterized en-
zymes in terms of both structure and function. It serves
as a prototype template for de novo design of inhibitors
based solely upon structural principles. The structures of
a fairly large number of inhibitor complexes of HIV-1 PR
are now available (for review, see Wlodawer et al., 1992).
These include nonspecific aspartic protease inhibitors
such as acetyl pepstatin and pepstatin; peptides patterned
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after cleavage sites found in the HIV-1 virion and modi-
fied by insertions of nonscissile peptide bond replace-
ments, blocked termini, and unnatural amino acids; and
quasisymmetric peptide-based inhibitors. All of these in-
hibitors bind to the protease in a similar manner. Due to
the symmetric nature of the enzyme, some of them are
able to bind in two possible orientations (Fitzgerald et al.,
1990; Bone et al., 1991; M. Miller, pers. comm.; J.K.M.
Rao, unpubl.).

An inhibitor of considerable importance relative to its
high binding affinity for the HIV-1 protease and its po-
tent antiviral activity (Ashorn et al., 1990; Thaisrivongs
et al., 1991) is U-75875, the structure of which is shown
in Figure 1 and Kinemage 1. One interesting structural
feature of U-75875 is its dihydroxyethylene insert mim-
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Fig. 1. Schematic diagram of the inhibitor, U-75875, showing the P3
to P3’ positions. NOA, 1-naphthoxyacetyl; HCH, a hydroxy-modified
form of cyclohexylalanine (Cha); VAM, a hydroxy-modified form of
valine; AMP, 2-pyridylmethylamine.

icking the transition state of substrate for the enzyme.
None of the inhibitor crystal structures published to date
have included a diol insert, and it was of interest to de-
termine how the pair of hydroxyl groups, referred to
herein as OP1 and OP2, would be positioned relative to
the carboxyl groups of the catalytic aspartyl residues. In
addition, the mode of binding of this inhibitor had al-
ready been studied by molecular modeling (Thaisrivongs
et al., 1991) and the accuracy of predictions needed to be
tested in order to ascertain the reliability of such studies.
Potential binding modes for U-75875 derived from these
modeling studies resembled other inhibitor X-ray struc-
tures in terms of side-chain positioning and hydrogen-
bonding patterns, but the hydroxyl groups of the diol
insert were disposed asymmetrically with respect to the
active site (Thaisrivongs et al., 1991). Because of the
uniqueness of the diol insert and the tightness with which
the inhibitor binds to the enzyme, we undertook an X-ray
crystallographic study of the enzyme/inhibitor complex.
This paper reports the crystal structure of the HIV-1 pro-
tease/U-75875 complex and provides a comparison of the
inhibitor crystal structure with the structure previously
developed by model-building methods.

Results

Description of the refined structure of the complex

The final refined structure of the protease-inhibitor com-
plex includes 1,516 nonhydrogen enzyme atoms with
{Bis»)> = 19.0 A2, 59 nonhydrogen inhibitor atoms with
(B> = 15.6 A2, and 90 water molecules with (B,,) =
32.4 A2, Geometry of the structure is summarized in Ta-
ble 1. The solvent molecules are numbered such that they
are sorted according to increasing B values, with the wa-
ter found between the inhibitor and the flaps of the en-
zyme retaining the designation of Wat 301.
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R factor 0.169
Weights of?
With or = 18.0 + (—40.0) * (s — 1/6)
Resolution 10.0-2.0 A
No. of reflections 10,110
No. of atoms 1,665

Root mean square deviations
from ideality
(target restraints in parentheses)

Distance restraints
Bond distance
Angle distance
Planar 1-4 distance

0.020 (0.020) A
0.049 (0.035) A
0.056 (0.050) A

0.017 (0.020) A
0.201 (0.150) A?

Plane restraints
Chiral center restraints

Nonbonded restraints
Single-torsion contact
Multiple-torsion contact

0.191 (0.300) A
0.201 (0.300) A

Possible (X...Y) H bond 0.185 (0.300) A
Conformational torsion angles

Planar 2.8 (3.0)°

Staggered 17.6 (10.0)°

Orthonormal 17.2 (20.0)°
B;,, restraints

Main-chain bond 1.5 (1.5) A2

Main-chain angle 2.2 (2.0) A?

Side-chain bond 4.2 (3.0) A2

Side-chain angle 5.9 (4.0) A2

H bond 9.5 (15.0) A2

a Definitions:
ARl
PIT AN

s = sin 6/, and o represents weights used in refinement in lieu of the
standard deviations (o) of the structure amplitudes.

The protein is made up of two 99-residue polypeptide
chains (Kinemage 2); monomer 1 is numbered 1-99 and
monomer 2 is numbered 101-199. The diol inhibitor,
U-75875, is numbered 201-206. Like the other protease-
inhibitor complexes (Wlodawer et al., 1992), this inhibi-
tor is also bound in an extended chain in a well-defined
and extensive active site cleft. This 23-A—long groove runs
across the dimer interface on one side of the molecule
such that the two “flaps,” one from each monomer (as
described previously: e.g., Jaskdlski et al., 1991), are
closed over part of the inhibitor, thus protecting the in-
hibitor from the bulk solvent. The catalytically essential
Asp 25 and Asp 125 side chains are found near the scis-
sile bond isostere, on the other side of the inhibitor, away
from the flaps. These side chains interact directly with the
OH groups of the scissile bond isostere.

The ¢, ¢ angles for the non-glycine residues of the pro-
tease main chain are clustered in the allowed regions of
the Ramachandran plot. The main-chain torsion angles
of the inhibitor (listed in Table 2) correspond to an ex-
tended conformation, except for the torsion angles be-
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Table 2. Torsion angles for inhibitor U-75875%

Backbone dihedral angles (degrees)

Residue ¢ ¥ w

201 —170 11 177
202 —127 77 —174
203 -105 63 146
204 —68 126 177
205 —121 108 177
206 108 — —

a Backbone dihedral angles for U-75875 in the enzyme-inhibitor
complex are listed.

tween the P1 and P1’ positions, for which w is 146° (i.e.,
torsion around the RCa-C(OH)-C(OH)-CaR’). The dis-
tance between OP1(203) and OP2(204) is 2.6 A and the
torsion around (HO)C-C(OH) is 50° (Kinemage 1). The
two asymmetric centers (C * 203, 204) at the scissile bond
both have the R configuration, unlike some previously re-
ported inhibitors with one OH substituent at the scissile
bond, such as hydroxyethylamine (Swain et al., 1990) and
hydroxyethylene (Jaskolski et al., 1991), which have the
S diastereomers preferentially bound by the enzyme.
However, the R configuration reported here is equivalent
to S in the inhibitors mentioned above, with the differ-
ence being the result of the nomenclature only. It should
also be kept in mind that the R configuration results in
better binding for some short inhibitors with a hydroxy-
ethylene insert, with a different binding mode (Kréhn
et al., 1991; Roberts et al., 1990).

Figure 2 represents the inhibitor in the 2| F,| — | F,|
map. The electron density is well defined along all main-
chain and side-chain atoms, except for a small fragment
of the naphthalene side chain (residue 201, site P3). This
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residue has higher thermal vibrations than the rest of the
inhibitor, and it projects slightly outside the enzyme
boundary, without having any significant interactions
with the protease.

The hydrogen-bonding interactions between the en-
Zzyme main-chain and side-chain atoms and the inhibitor
are shown in Table 3 and Kinemages 5 and 6. The hy-
droxyl group in the P1 position (OP1) interacts with both
the active site aspartates, whereas that at the P1’ position
(OP2) only interacts with one. Wat 301, which has been
observed in all other inhibitor complexes, makes contacts
with the carbonyl oxygens of residues at the P2 and P1’
positions, and with the NH groups of residues Ile 50 and
Ile 150 on the flaps, thus completely satisfying its hydro-
gen-bonding capacity. This water molecule possibly plays
a crucial role in inducing the fit of the flaps over the in-
hibitor (Gustchina & Weber, 1990). The ND1 of histidine
in the P2 position acts as a hydrogen-bond donor to the
main-chain carbonyl oxygen of Gly 48 on the flap. The
main-chain N of the residue at P3’ interacts with the
main-chain O of Gly 148. These latter interactions pos-
sibly contribute further to stronger binding of the flaps
over the inhibitor. The other interactions of the inhibitor
involve the main-chain nitrogen atoms of residues at po-
sitions P1 and P2’ with main-chain carbonyl oxygens of
glycine residues 27 and 127.

The two aspartic acid side chains in the active site
show much more pronounced deviation from coplanar-
ity than what was seen in other structures of inhibitor
complexes of HIV-1 PR or, indeed, all other aspartic pro-
teases. The root mean square (rms) deviation for the eight
atoms of the aspartates (CB, CG, ODI1, OD2 of Asp 25
and Asp 125) from the mean plane is 0.25 A, with the
shifts much larger for Asp 25 than Asp 125, reaching as
much as 0.55 A for the ODI atom of the former (Fig. 5A;
Kinemage 2).

Fig. 2. Stereo view of the inhibitor in its 2| F,| —
| F.| electron density map contoured at the 1.00
level.
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Table 3. Close contacts at the active site

201 Noa P3 Main chain  O...0 (Wat 303) 3.2 A
O...N (Asp29) 2.7A

202 HisP2 Main chain  O...O (Wat 301) 26A
Side chain ~ NDI1...0 (Gly 48) 2.9A

203 ChaPl Main chain ~ N...O (Gly 27) 1A
Hydroxyl ~ OP1...0ODI(Asp125) 2.8 A

Hydroxyl OP1...0D2 (Asp 125) 3.1A

Hydroxyl OP1...0DI1 (Asp 25) 26A

204 VamPl’  Mainchain  O...O (Wat 301) 2.7A
Hydroxyl OP2...0D2(Asp25) 3.0A

205 e P2 Main chain ~ N...O (Gly 127) 3.0A
O...N(Asp 129) 29A

206 AmpP3  Mainchain N...O (Gly 148) 3.0A
Ring N1...0 (Wat 339) 2.7A

Symmetry of the enzyme and order/disorder
of the inhibitor

Although the apoenzyme of HIV-1 PR is strictly symmet-
ric under conditions of the investigation of its crystals re-
ported previously (Lapatto et al., 1989; Navia et al.,
1989; Wlodawer et al., 1989), most of the inhibitors stud-
ied so far are asymmetric, and thus the two molecules in
the protein dimer of the resulting complex are nonequiv-
alent. It was reported that this asymmetry is present even
in the complexes of protease with quasisymmetric inhib-
itors (Erickson et al., 1990; Bone et al., 1991). The most
telling indication of the nonequivalency of the two mol-
ecules is found in the ¢ and ¥ torsion angles of residues
50 and 51. Wlodawer et al. (1992) reported that for nine
structures of such complexes, yso ranged from —20° to
—45° and ¢s; between —65° and —90° for molecule 1,
whereas the corresponding values for molecule 2 were
130-140° and 90-115°. Thus, by this definition, mole-
cules 1 and 2 can be distinguished even without reference
to the directionality of the inhibitor. For the protease
complexed with U-75875 the values for molecule 1 are
—20° and —91°, and for molecule 2, 129° and 97°, in
good agreement with the previous data. Of course, in the
orthorhombic space group to which these crystals belong,
molecules 1 and 2 are distinct crystallographically and
make different lattice contacts. As judged by the defini-
tion above, these two molecules are similar to those pre-
viously observed in the same space group for MVT-101
(Miller et al., 1989), JG-365 (Swain et al., 1990), and U-
85548e (Jaskolski et al., 1991). Although this result might
indicate strict correlation between crystal packing forces
and orientation of the flaps, recent results from this and
other laboratories have indicated that this is not the case,
because in some other isomorphous structures the oppo-
site arrangement of the two molecules was also observed
(J.K.M. Rao, unpubl.; J. Erickson, pers. comm.).

A related phenomenon is the order/disorder of the in-
hibitor and its orientation with respect to the two prote-
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ase molecules. A schematic representation of such
interactions was presented as Figure 6 in Jaskdlski et al.
(1991), and the orientation of the inhibitor observed by
us is identical to that reported there in terms of the N to
C direction. The 2-A electron density for the inhibitor
U-75875 is very clear (Fig. 2), particularly for bulky end
groups such as Noa, and shows beyond any doubt that
only a single conformation is present. Previously, MVT-
101 was considered to be present in only one orientation
after 2.3-A refinement (Miller et al., 1989), but that inter-
pretation was changed after further refinement at 2.0 A
(Swain et al., 1992; M. Miller, pers. comm.). No indica-
tion of disorder was reported for the complex of JG-365
at 2.4 A resolution (Swain et al., 1990), and for the 2.5-A
structure of U-85548e, it was estimated that the disorder,
if present at all, does not exceed 30% (Jaskolski et al.,
1991). On the other hand, pepstatin was found to be
completely disordered in another crystal form at 2-A res-
olution, although monomers 1 and 2 of the enzyme could
also be distinguished in that case using the definitions
above (Fitzgerald et al., 1990). Thus, although the picture
seen in the electron-density maps of the current complex
is very clear and unambiguously correlates the two mol-
ecules with the direction of the ordered inhibitor, we can-
not conclude that the crystallization process has led to the
unique selection of oriented molecules, and that similar
selection will be present in all other structures.

Oxidation of Cys 67

Early in the refinement process electron-density maps
showed unexplained densities adjacent to the sulfur at-
oms of Cys 67 in both subunits, whereas no equivalent
densities were present adjacent to Cys 95 (Fig. 3). The dis-
tance from the center of that density to the sulfur was ap-
proximately 1.6-1.7 A, much shorter than would be
allowed for a water molecule. After about 50 water mol-
ecules were included in the model, these densities became
the highest in the | F,| — | F.] maps and could not be dis-
regarded. Ultimately, we modeled these densities by wa-
ter molecules but applied distance restraints to attach
them to the respective sulfurs (see Kinemage 4). When
this procedure was followed, no further unexplained elec-
tron density was noticed around the two cysteines, and
the maps were in complete agreement with the model. Be-
cause only one oxygen appears to be attached to each cys-
teine, we must conclude tentatively that the chemical
species present is sulfenic acid. Although the presence of
such covalent modification of free cysteines has been
rather seldom mentioned in the literature, it is not un-
precedented. For example, Wilke et al. (1991) reported
that catalytic sulfur of an S195C mutant of trypsin was
modified in a similar fashion, leading to considerable
changes of the active site of that enzyme.

It is not clear whether this modification is due to chem-
ical processes that took place before or after crystalliza-
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tion of the enzyme, or whether it is a radiation-induced
phenomenon that happened during data collection. It
does appear, however, that the oxidation was essentially
complete, since the temperature factors of the oxygen are
similar to those of the adjacent sulfurs. Because both
Cys 67 and 95 are quite exposed, why only Cys 67 in each
molecule is affected, in this fashion, remains a mystery.
Perhaps, because Cys 95 of either monomer is involved
in a crucial secondary structure element, namely the in-
termolecular 8-sheet, alterations of these residues would
be harder to achieve. The presence of two molecules of
the protein in the crystallographic asymmetric unit makes
the analysis of this phenomenon quite certain, since peaks
due to any crystallographic artifacts would not be ex-
pected to affect both molecules equally. It is interesting
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to speculate whether oxidation of Cys 67 might lead to in-
activation of the enzyme, although this residue is not
close to the active site, and also if similar phenomena
were indeed present in other crystallographic investiga-
tions, but were somehow overlooked due to the lack of
internal check, which was available here.

Comparison of crystal structure of U-75875
with the previously published model

Correspondences between the modeled inhibitor
and its crystal structure

A visual examination of the previously published
model (Thaisrivongs et al., 1991) and the present crystal
structure (Fig. 4A) reveals a number of similarities, the

Fig. 4. Stereo views of the superpositions of the modeled
inhibitor (darker lines) and the X-ray crystal structure
(thin lines). A: Original model. B: Model reconstructed
as described in the text. The reconstructed model was en-
ergy minimized in the active site of the MVT-101 version
of the protein to a conformation 9.6 kcal lower in energy
than was the original model.
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most immediately noticeable being the close matching of
the respective backbones. Hydrogen bonding between in-
hibitor backbone atoms and the enzyme is identical for
the model and the crystal structure, except for the con-
tact between the P1 main-chain N and the O of Gly 27,
which was missed in the model. With the exception of the
Noa placement, all side chains occupy roughly the same
positions in the model and the crystal structure; the mod-
eled side chains are within the variation seen in the crys-
tal structures of other peptidic HIV-1 protease inhibitors
(Tomasselli et al., 1991). Table 4 provides a residue-by-
residue comparison of the two structures. Overall, the
model correspondence with the crystal structure has an
rms difference between corresponding atom positions of
1.9 A. Most of the deviation occurred in the end groups
Noa (1-naphthoxyacetyl) and Amp (2-pyridylmethyl-
amine); these are the two regions found in the modeling
to be able to accommodate multiple orientations of the
groups and observed to have the highest mobility in the
crystal structure. If these two groups are removed from
the comparison, the rms correspondence becomes 1.3 A.

When a model such as this one is used for synthetic
optimization of side chains, the predicted overall confor-
mation of the inhibitor is less important than is the iden-
tification of contacts between inhibitor side chains and
the enzyme. For example, the correspondence between
the His residues of the two structures is 1.6 A rms. In Fig-
ure 4A this appears as a translation, plus a slight rotation,
of the crystal structure relative to the model. However,
when one then examines the enzyme atoms in contact
with the His side chain, they too follow the same reloca-

Table 4. RMS differences between the U-75875 model
and crystal structure

Atom position?  Contact distance®

Residue rms n rms n

Noa 2.3 14 1.0 85

His 1.6 10 0.7 115

Cha 1.1 11 0.4 86

Val 1.5 8 1.2 68

Ile 0.8 8 0.7 85

Amp 3.1 8 2.8 61

Total 1.9 59 1.3 500 (all residues)

Total 1.3 37 0.8 354 (excluding Noa, Amp)

2 The rms column indicates the root mean square distance, in A, be-
tween pairs of corresponding atoms in the model and the crystal struc-
ture; 7 is the number of such pairs in each residue, over which the
calculation was done.

b For a given atom in a resindue in the crystal structure, the distance
to all protein atoms within 5 A was determined and so were the corre-
sponding distances in the model. The contact distance difference rms
calculation employed the differences between those distances in the
model and the crystal structure; » is the number of such distances that
were found.
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tion. Just as the His side chain is shifted in the model rel-
ative to the inhibitor crystal structure, the enzyme pocket,
into which the His fits also, shifts correspondingly from
the MVT-101 version of the enzyme’s structure (based on
which the modeling studies were performed) to the cur-
rent version. This observation holds for all six residues,
and is detailed in Table 4. This synthetically relevant con-
tact distance comparison of the model and the crystal
structure is consistently better than the absolute compar-
ison (1.3 A rms vs. 1.9 A rms, overall), and reduces to
0.8 A rms for the P2 to P2’ residues that have been ob-
served to contribute most to inhibitor binding.

Differences between the modeled inhibitor
and its crystal structure

The most visible differences between the two are in the
end-group placements (Fig. 4A) and in the positioning of
the second hydroxyl group in the diol portion of the in-
sert (Fig. SA). At the P3 end of the inhibitor, the model-
building procedure found several placements of the Noa
group that would maximize its hydrophobic interactions
with the enzyme. In the placement shown in Figure 4A,
for example, the naphthyl ring lies parallel to the lower
strand of the enzyme’s flap and in full contact with Gly 48
and Gly 49 of that strand. There are additional minor
hydrophobic contacts with Phe 53, on the upper strand
of the flap, and with Pro 81 on the opposite side of the
cleft. In contrast, the naphthyl ring of the Noa group
in the crystal structure makes relatively little contact with
the protein. It lies perpendicular both to the flap and
to the plane of the naphthyl group as seen in the model.
Only two of its atoms are in contact with enzyme atoms;
the rest of the ring system remains exposed. It is possi-
ble to explain this difference on the basis of the potential
function used in the determination of intermolecular in-
teraction energies during the model building, since this
procedure rates favorably those conformations of the in-
hibitor that bury hydrophobic regions on both the inhib-
itor and the enzyme. However, this trend may not always
be reflected in the actual binding of inhibitor to protein.

At the opposite end of the binding cleft, the difference
between the two structures is more difficult to explain. In
the model, the Amp group is high in the cleft, close to
one of the flaps and one wall of the cleft. In the crystal
structure, the Amp group is quite low, close to the floor
and to the opposite wall of the cleft. In both structures
there are very few interactions between the Amp ring and
the protein. In the modeled structure this would suggest
either that such contacts were not possible due to back-
bone hydrogen-bonding constraints, or that there was lit-
tle energetic value to be found in making the contacts.
Where minimum contacts with the enzyme exist for a
chemical group, predictions obtained by modeling meth-
ods need not always yield observed structural results.

The modeling predicted an asymmetric positioning of
the two hydroxyl groups relative to the catalytic aspar-



1068

A

N. Thanki et al.

OP2
oP2
W W

ASP
5 ASP

B

§<5 ASP

ASP

Fig. 5. Close-up stereo views of the position-
ing of the two hydroxyl groups of the modeled
inhibitor (darker lines) and its X-ray crystal
structure (thin lines) relative to the catalytic as-
partates of the protease. A: Original model. B:
Reconstructed model.

P2 P2

ASP
5 ASP

tates of the protease. In the model, OP1 was situated be-
tween the aspartates, similar to what has been seen in
crystal structures of all monohydroxy inserts to date. The
second hydroxyl, OP2, was located on the P1’ side of the
aspartates. It was able to hydrogen-bond to only one of
them, rather than to both, as did OP1. The crystal struc-
ture of U-75875 confirmed part of this picture. The two
hydroxyl oxygens were indeed asymmetrically positioned
(Kinemage 6), and OP1 was located generally as pre-
dicted. However, OP2 was almost 3 A away from its pre-
dicted location and was located on the P1 side of the
aspartates rather than the P1’ side. Figure SA provides
a close-up view of this region. Much of the relative dis-
placement of the OP2s can be attributed to a 107° differ-
ence in the (HO)C-C(OH) dihedral angles (—57° in the
model vs. +50° in the crystal structure). A difference of
that magnitude places the two hydroxyl oxygens on op-
posite sides of Asp 25 —both are able to form a hydrogen
bond to Asp 25, but from different directions. Thus, it
is clear that where two favorable possibilities based on

;5 ASP

ASP

geometrical constraints exist, modeling methods may oc-
casionally choose the one that is not present in the crys-
tal structure.

To identify the origin of this large discrepancy, we re-
constructed the model of the dihydroxy-containing insert
of U-75875 (see the Materials and methods section). Con-
version of the CH,-N insert of the MVT-101 crystal
structure (Miller et al., 1989) to CH,-CH,, followed by
substitution of the appropriate protons with OHs to pro-
vide the desired R,R stereochemistry, gave a dihedral at
the (HO)C-C(OH) bond of 22° before minimization.
OP2 remained on the same side of Asp 25 as is observed
in the crystal structure of U-75875. Surprisingly, the next
step of the model reconstruction, that of replacing the
MVT-101 P1 and P1’ side chains with the Cha and Val of
U-75875, followed by minimization of the entire P1-P1’
insert, provided a (HO)C-C(OH) dihedral of 28°, not
the —57° value seen in the original model. Figure 5B
illustrates the reconstructed model insert. This version
matches the U-75875 crystal structure very closely. The
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difference between the central dihedrals decreased from
107° (in the original model) to 22° (in the reconstructed
model), and the separation of the OP2s was reduced from
3.0 A to 0.7 A. Importantly, the modeled OP2 hydrogen-
bonded to Asp 25 from the P1 side, just as is seen in the
U-75875 crystal structure.

Because of the apparent nonreproducibility of a criti-
cal portion of the model, we retraced in detail the steps
taken to build the original model and identified the
source of the error. OP2 had originally been placed in the
S configuration, rather than R. The minimization step
forced the central dihedral to rotate to bring OP2 into hy-
drogen-bonding distance from Asp 25. This placed OP1
and OP2 on opposite sides of Asp 25. The misassigned
OP2 configuration had then been corrected by switching
the H and OH positions on OP2, followed by reminimi-
zation, rather than restarting from scratch. The minimi-
zation of the corrected R-OP2 took it into a local
minimum and was apparently unable to pull it back to
the P1 side of Asp 25.

Having explained the discrepancy between the dihy-
droxy portion of the original model and that of the crys-
tal structure, we continued with the model reconstruction
by “growing” the P2-P3 and P2'-P3’ groups, following
the same procedure used to construct the original model.
No information from the current HIV-1 PR/U-75875
crystal structure was used. The resulting corrected model
is compared with the crystal structure in Figure 4B. The
P1 and P1’ residues on either side of the corrected dihy-
droxy match the crystal structure much more closely than
did the original model. The rms difference in the Cha at-
oms has been reduced from 1.1 A (see Table 4)t00.9 A,
and the contact distance to enzyme atoms has improved
slightly, from 0.4 A rms to 0.3 A rms. For the Val atoms
at P1’, the match with the crystal structure improves con-
siderably, from 1.5 Armsto0.4 A rms, with the contact
distance match changing from 1.2 A to 0.7 A rms. Be-
yond the P1 and P1’ positions, however, very little
change occurs. Those residues are apparently too far
away from the dihydroxy moiety to be affected by
changes in its stereochemistry. The one hydrogen bond
that was missed in the original model, that between the
P1 N and Gly 27 O, is present in the corrected model.

Discussion

The number of structures of different complexes of HIV-1
PR with inhibitors is becoming quite large (summarized
in Wlodawer et al., 1992), but nevertheless every new
structure seems to bring new and unexpected findings.
The inhibitor studied here, U-75875, is unique among
those reported to date in having a diol insert replacing the
usual scissile bond. We found only one of the hydroxyl
groups to interact with both active site aspartates of the
enzyme, whereas the role of oxygen OP2 may be to twist
the carboxylates out of plane, in a manner not previously
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reported for HIV-1 PR, and not seen to that extent in any
other aspartic proteases.

Among the crystal structures of native cellular aspar-
tic proteases, the largest deviation from planarity of the
two aspartates in the active site was reported for pepsin
(Abad-Zapatero et al., 1990), where nonplanarity of the
two groups, defined in the previous section, was 0.11 A,
with the maximum deviation of 0.22 A for OD2 of Asp 32.
Larger deviations from planarity have been observed in
inhibitor complexes of aspartic proteases (Sali et al.,
1989), but details have not been given. The nonplanarity
for the native HIV-1 PR was 0.14 A, for the complex
with MVT-101 (Miller et al., 1989) was 0.09 A, for U-
85548¢ (Jaskolski et al., 1991) was 0.09 A, and for the
JG-365 (Swain et al., 1990) was 0.22 A. The last value ap-
proaches 0.25 A for the complex reported here, but the
maximum deviation was much lower, 0.36 A for OD1 of
Asp 235, reflecting the fact that nonplanarity was mostly
due to the parallel shift in the two planes, rather than a
twist in one of them. In the case of U-75875, however,
the nonplanarity is most probably caused by either ste-
ric hindrance between OP2 of the inhibitor and OD1 of
Asp 25, or possibly by other repulsive forces. It is not
clear if that effect plays a part in enhancing the binding
of the inhibitor to the enzyme, or if its contribution to the
binding energy is negligible.

Another unexpected phenomenon observed in this
structure, not directly related to the presence of the inhib-
itor, is oxidation of Cys 67 in both molecules of the en-
zyme. This phenomenon may be caused by the irradiation
of the crystal in the X-ray beam, but its exact source is
not well understood at this time. It may be worthwhile,
however, to reanalyze other high-resolution structures of
proteins containing free cysteines to see if similar behav-
ior went unrecognized in the past.

The U-75875 model was originally developed to pro-
vide a structural basis for synthetic modifications of the
inhibitor side chains and to lead to a better understand-
ing of the interactions of the central diol with the enzyme.
It was able to explain some of the structure-activity re-
lationship (SAR) related to the U-75875 series. This in-
cluded (1) the relative insensitivity of inhibitor binding to
the type of end groups chosen for the P3 and P3’ posi-
tions (since they projected slightly outside the binding
cleft and could find several orientations, according to the
model), and (2) a preference for nonequivalent P1 and
P1’ side chains, on either side of the central diol (since the
model predicted an asymmetric positioning of the diol
relative to the catalytic aspartates of the enzyme).

Overall, the model appears to have matched the crys-
tal structure of the inhibitor quite well, especially in the
central regions that contribute the strongest binding in-
teractions. None of the SAR explanations that were based
on the model-built inhibitor need to be revised in light of
the inhibitor’s crystal structure. Although the P3 and P3’
end groups did not match the positions seen in the crys-
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tal structure as closely as was hoped, it is also the case
that there are numerous possible binding locations in
these regions. Because of this, and the solvent exposure
of these regions, it may be that the molecular mechanics
techniques used in the modeling were unable to pick up
the subtleties and nuances of interaction that appear in
the crystal structure.

The construction of the Cha-Vam diol insert was con-
sidered to be the most important part of the model-build-
ing process, for two reasons. First, although diol inserts
were known at that time to contribute significantly to
inhibitor binding (Thaisrivongs et al., 1991), there were
no crystal structures of such inserts to define how the
hydroxy groups interacted with the enzyme. It would
have been perfectly reasonable to assume a symmetric
positioning of the diols with respect to the aspartates, for
example. And second, the methodology employed to
grow the P3-P2 and P2'-P3’ residues would rely, we felt,
on an accurate positioning of the P1-P1’ insert. Our
assumption was that a poorly modeled insert would lead,
by extension, to a poorly modeled inhibitor overall.

This did not turn out to be the case. Although the cor-
rected insert model improved the P1-P1’ match with the
crystal structure considerably, there was relatively little
effect on the remainder of the structure. It appears, there-
fore, that the overall quality of the model is less sensitive
to the quality of the insert portion of the model than we
had originally thought. By extension, it is reasonable to
expect that X-ray crystal structures of dihydroxy-based
inserts of varying stereochemistries, if they can be ob-
tained, will show major differences within the P1-P1’ re-
gion, but little perturbation beyond that area. Further, it
will be interesting to see if crystal structures of R,S-dihy-
droxy inserts exhibit the same type of flanking of the as-
partates as has been inadvertently suggested by our
modeling. This assumes, of course, that the stereochem-
ical change does not eliminate HIV-1 PR inhibitory ac-
tivity. In one case, for example, the change from R,R to
R,S diol configuration in a pair of compounds related to
U-75875 showed a 20-fold drop in binding affinity
(Thaisrivongs et al., 1991).

Materials and methods

Synthesis of U-75875 and preparation
of recombinant HIV-1 protease

Details regarding the synthesis of U-75875 and its diol in-
sert were published in an earlier communication by Thais-
rivongs et al. (1991). The HIV-1 PR was the recombinant
enzyme expressed in Escherichia coli, and purified from
inclusion bodies as described by Tomasselli et al. (1991).
The protease was shown to be pure by the usual criteria
of compositional and sequence analysis and by specific
enzyme activity. Immediately following refolding of the
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enzyme, it was treated with a twofold molar excess (with
respect to the HIV-1 PR dimer) of U-75875, which forms
a tight one-to-one complex with the enzyme dimer (K; =
<1 nM) and blocks activity completely. The protease can
be stored indefinitely as this complex with inhibitor and
is unable to undergo autolysis.

Crystallization and data collection

Crystals of the protease complexed with the inhibitor, U-
75875, were obtained by the hanging-drop vapor diffu-
sion technique (Wlodawer & Hodgson, 1975). A solution
of 20% ammonium sulfate with 0.1 M sodium acetate
(v/v, pH 6.8) was used as precipitant. The protein com-
plex was concentrated to ~10 mg/mL, after which the in-
hibitor was added at a molar ratio of 2:1 inhibitor to
protein dimer and the mixture was incubated overnight
at room temperature prior to setting up crystallizations.
The 6-uL drops consisted of 50% of this protein-inhibi-
tor complex and 50% of the precipitant. Crystals ap-
peared at 20 °C within 24 h and grew over 5 days to their
final size. The space group is P2,2,2, with unit cell pa-
rameters a = 52.0 A, b =58.6 A, c =61.9 A, containing
one protease dimer and one molecule of the inhibitor per
asymmetric unit. X-ray data were collected using a Sie-
mens area detector mounted on a Rigaku RU-200 rotat-
ing anode source. A single crystal (approximately 1.0 x
0.3 x 0.2 mm) was used. The data extended to 1.9 A and
were complete to 2.0 A (10,110 reflections with I >
1.5¢(J) from 10.0 A to 2.0 A were included in re-
finement).

Structure solution and refinement

Three other HIV-1 PR inhibitor complexes previously
solved in this laboratory are isomorphous with the com-
plex described here (Miller et al., 1989; Swain et al., 1990;
Jaskolski et al., 1991). However, the starting model for
the homodimer enzyme was taken from the as yet unpub-
lished, refined model of a protease-inhibitor complex
containing a Phe-Sta insert (J.LK.M. Rao, unpubl.). That
model in turn was originally based on the structure of
Miller et al. (1989), refined further at 2 A resolution. The
very first (|F,| — | F.|)a, map using the phases calcu-
lated from the protein alone clearly showed the inhibitor
density in the active site cleft. Since the chemical struc-
ture of the inhibitor was known (Thaisrivongs et al.,
1991), it was possible to orient the inhibitor correctly in
the first instance to fit the electron density in the differ-
ence map. Thus, after three cycles of initial refinement
using X-PLOR (Briinger et al., 1987), the inhibitor was
modeled into the electron density by using the modeled
structure, and the ¢, ¥, and « angles were manually ma-
nipulated for the best fit. Each round consisted of a re-
finement of positional coordinates (250 cycles), simulated
annealing refinement at 2,000 K with a slow-cooling pro-
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tocol (timestep 0.0005 ps; Briinger et al., 1990), an over-
all or individual temperature factor refinement (20 cycles)
and further fitting of the electron density maps using
FRODO (Jones, 1985). The structure of the protease-
inhibitor complex was then refined using the restrained
least squares program PROFFT (Hendrickson, 1985; Fin-
zel, 1987; Sheriff, 1987) to an R factor of 0.197. Solvent
molecules were included using a program written by
J.K.M. Rao (unpubl.), and later manually checked on
graphics using FRODO (Jones, 1985). The final model is
characterized by an R factor of 0.169, and by an rms de-
viation between ideal and observed bond distances of
0.02 A (Table 1).

Coordinates have been deposited in the Protein Data
Bank, file number 1HIV.

Development of the inhibitor model

The procedure used to develop models of U-75875 bound
to HIV-1 protease has already been described in detail
(Thaisrivongs et al., 1991). However, because portions of
that procedure are relevant to the analysis presented in
the current work, they will be summarized here. The
starting point for the modeling was the X-ray crystal
structure of the inhibitor MVT-101 (Ac-Thr-Ile-Nle¥
[CH,NH]NIe-GIn-Arg-NH,) complexed to HIV-1 prote-
ase (Miller et al., 1989). The central CH,-N of MVT-101
was converted first to CH,-CH;, and then to CH(OH)-
CH(OH) in the R,R configuration, using standard molec-
ular graphics methods. The P1 and P1’ side chains of
MVT-101 were then mutated to the cyclohexyl (Cha) and
isopropyl (valine) of U-75875, to provide the “insert” con-
struct. The remainder of MVT-101 was discarded. The U-
75875 insert was then subjected to energy minimization
in the MVT-101 version of the HIV-1 PR crystal struc-
ture. Energy minimization was accomplished with the
AMBER forcefield (Weiner et al., 1984) as implemented
in MacroModel/BatchMin version 2.5 (Mohamadi et al.,
1990), using the PRCG minimizer and an rms gradient of
0.1 kcal/A as the convergence criterion. The Noa-His and
Ile-Amp groups in the P3-P2 and P2’-P3’ locations, re-
spectively, were then attached by the GROW program
(Moon & Howe, 1991), which employs a conformational
search procedure to select from a library of amino acid
conformations those that form the strongest interactions
with the protein. Conformations are scored according to
a molecular mechanics-based scoring function, which in-
cludes van der Waals and electrostatic nonbonded contri-
butions, plus desolvation and ligand internal strain
penalties.

The resulting conformational models of U-75875 were
then minimized in the MVT-101 version of the HIV-1 PR
crystal structure. Although the models demonstrated a
number of alternative binding modes, especially in the P3
and P3’ regions, only the highest scoring model was used
in the comparison described herein. Since the crystal
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structures of the U-75875 and MVT-101 inhibitor com-
plexes are in the same coordinate frame of reference, the
comparison could be made by direct overlays.
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