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Conserved Folding in Retroviral Proteases:
Crystal Structure of a Synthetic HIV-1 Protease

ALEXANDER WLODAWER, MARIA MILLER, MARIUSZ JASKOLSKI,*
BANGALORE K. SATHYANARAYANA, ERIC BALDWIN, IRENE T. WEBER, LINDA M. SELK,
LeicH CLAWSON, JENS SCHNEIDER, STEPHEN B. H. KENTT

The rational design of drugs that can inhibit the action of
viral proteases depends on obtaining accurate structures
of these enzymes. The crystal structure of chemically
synthesized HIV-1 protease has been determined at 2.8
angstrom resolution (R factor of 0.184) with the use of a
model based on the Rous sarcoma virus protease struc-
ture. In this enzymatically active protein, the cysteines
were replaced by a-amino-n-butyric acid, a nongenetically
coded amino acid. This structure, in which all 99 amino
acids were located, differs in several important details
from that reported previously by others. The interface
between the identical subunits forming the active protease
dimer is composed of four well-ordered B strands from
both the amino and carboxyl termini and residues 86 to
94 have a helical conformation. The observed arrange-
ment of the dimer interface suggests possible designs for
dimerization inhibitors.

HE MAJOR STRUCTURAL PROTEINS AND ENZYMES ESSEN-

tial for replication of retroviruses, including the human

immunodeficiency virus (HIV), are produced as high molec-
ular weight polyproteins. The polyproteins are cleaved by a viral
protease (PR) to give the mature structural proteins and enzymes,
including the viral protease itself. The HIV-1 protease (1) is
essential for the replication of infective virus (2), and is therefore an
attractive target for the design of specific inhibitors as potential
antivira] therapeutics.

The HIV-1 protease has been shown to belong to the class of
aspartic proteases based on a variety of criteria, including distant
sequence homology with cellular proteases (3, 4), inhibition by
pepstatin A (5-9), and by mutational analysis of the active site Asp™
(2, 7, 10, 11). The enzyme expressed in bacteria behaves as a dimer
(8, 12). Recently, the crystal structures of the proteases from the
Rous sarcoma virus (RSV) (13) and from HIV-1 (1) have been
determined. Basically similar, these homologous molecules are
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symmetric dimers with active sites resembling those in pepsin-like
proteases (14). However, significant differences in main chain
connectivity and secondary structure were observed between the
reported crystallographic structures of these two homologous retro-
viral proteases. Particularly disturbing were the drastic differences in
the topology of the dimer interface regions (15).

This puzzling disparity between the structures reported for the
RSV and HIV-1 proteases was reinforced by a model of HIV-1 PR
based on the crystal structure of RSV PR, proposed by Weber et al.
(16). The model showed that the HIV-1 PR residues could be
accommodated in a conformation almost identical to that of the
RSV PR. Most of the differences between the RSV PR and the
smaller HIV-1 PR molecule (124 amino acids versus 99 per
monomer) were limited to contiguous regions located in two
surface loops, and the core regions of the two structures were
similar.
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Fig. 1. Amino acid sequence of [Aba®"-**|HIV-1 protease (SF2 isolate) (37).
The residues that differ from the NYS5 isolate (1) are boxed (replacements are
R, K; K, R; P, L; and V, I). L-a-Amino-n-butyric acid (Aba) was used in
place of the two Cys residues, effectively substituting a methyl for the thiol
group in the Cys side chain, to reduce synthetic difficulties associated with
Cys deprotection and to ease product handling (17).

Table 1. Heavy atom parameters after lack-of-closure refinement, including
anomalous scattering data. Mean figure of merit for 1692 observations was
0.76. The uranyl derivative (3 A resolution) was obtained by soaking crystals
for 16 hours in 1 mM uranyl acetate in a sodium acetate buffer, pH 5.8,
and the platinum derivative (4 A resolution) by soaking in 0.05 mM
K,PtCNS in the synthetic mother liquor. The uranyl ion is in the active site
of the dimer, as is the case for RSV PR crystals, whereas platinum binds to
the side chain of Met*®. Occupancy is in arbitrary units. The (R.) is defined
as Cullis R factor = (EIFh(obs) - Fh(calc)l)/EFh(obs)-

Deriva- Occu- B R
tive pancy * Y = (A? ¢
Uranyl 1.3 0.848 0.848 0.000 38.1 0.34
Platinum 0.6 0.226 0.994 -0.134 33.6 0.61
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To resolve these discrepancies, we sought to independently
determine the structure of the HIV-1 PR. In addition, no side chain
locations were reported by Navia et al. (1). A molecular structure of
the HIV-1 PR including side chain locations would be valuable for
the understanding of the molecular origins of substrate specificity
and for the rational design of inhibitors.

Chemical synthesis and crystallization of [Aba****|HIV-1
protease. The enzyme used in our study was prepared by total
chemical synthesis (5, 17-20). The target-amino acid sequence is
shown in Fig. 1. The resulting enzyme preparation was homoge-
neous by reversed-phase high-performance liquid chromatography
(HPLC) and SDS—polyacrylamide gel electrophoresis, and had the
correct covalent structure, as determined by mass spectrometric
peptide mapping. The synthetic enzyme had the specific proteolytic
activity characteristic of the HIV-1 protease and had a turnover
number comparable to that reported by Darke ef al. for the enzyme
derived from bacterial expression (21, 22).

Single crystals of HIV-1 PR were grown by a modification of the
method described by McKeever ef al. (23) and were isomorphous
with those obtained by them (tetragonal space group P4;2;2, unit-
cell parameters ¢ = 50.24 A, ¢ = 106.56 A) (24).

Solution of the crystal structure. For data collection, two native
crystals were mounted in capillaries in a synthetic mother liquor that
consisted of 250 mM NaCl in 50 mM sodium cacodylate buffer, pH
7.0. X-ray diffraction data were collected with a Siemens electronic
area detector (25). The number of reflections measured to 2.8 A
resolution was 26,037, which reduced to 3,225 unique data, of
which 2,614 were considered observed [I > 1.5¢(I)]. Diffraction
data for uranyl and platinum heavy atom derivatives were collected

Fig. 2. Stereo views of the MIR electron density
map that was improved by solvent flattening (31).
Contour level is 1o. (A) Residues 1 to 10 (final
refined coordinates) superimposed on the elec-
tron density. (B) Residues 86 to 94, which were
found in a helical conformation [the atomic coor-
dinates were taken directly from the model pre-
dicted by Weber et al. (16) and fit the electron
density before any refinement].
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from one crystal each, to the resolution of 3 A and 4 A, respectively
(Table 1).

The crystal structure was solved first by molecular replacement
and then confirmed by the multiple isomorphous replacement
(MIR) method. The molecular replacement method used the HIV-1
protease model constructed by Weber et al. (16) based on the known
structure of the RSV PR (13). The asymmetric unit of the HIV-1
PR crystals contains a single protein subunit, and the protease dimer
is generated by the operation of the crystallographic twofold axis
along the diagonal direction in the tetragonal unit cell. The model of
the HIV-1 PR dimer was initially placed in the unit cell with its
twofold axis along [110]. The program package MERLOT (26) was
then used to rotate an origin-centered monomer of this partially
oriented model by 180° around the [110] direction to find the
orientation consistent with the Patterson function of the diffraction
data. The solution (with the highest peak at 4.30) clearly indicated
the correct orientation of the model in the unit cell.

For the translation search, the space group enantiomorph report-
ed previously (1) was assumed. The results of that search gave a clear
indication of the x and y translations but no consistent solution for
the z translation. The placement of the monomer along the ¢-axis
was deduced by finding that z translation at which the proper
protease dimer could be generated by the crystallographic twofold
axis. The dimer generated in this way is consistent with the reported
Pb position at the active site (1). Rigid body refinement performed
with the program CORELS (27), with the flap included as a
separate domain, converged at an R factor of 0.465, and a correla-
tion coefficient of 0.46. The model was further refined with the
molecular dynamics program, X-PLOR (28), followed by restrained
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least squares minimization, PROLSQ (29), and manual rebuilding
into 2F, — F; Fourier maps with FRODO (30).

While the refinement was under way, diffraction data for two
heavy atom derivatives were collected (Table 1). The solvent-
flattening method of Wang (31) was applied to the MIR solution.
The resulting map was used as an aid in further stages of manual
rebuilding, particularly in the turn around residue 6 and in the tip of
the flap. Individual, tightly restrained temperature factors were used
in the refinement, but no water molecules were included. The final R
factor after the refinement as described above is 0.184 with good
geometry (deviations from ideal bond lengths of 0.026 A) and with
an average B of 16.9 A2

Electron density maps. The electron density map calculated with
MIR phases improved by solvent flattening is of medium quality,
most probably because of limited phase information provided by the
uranyl derivative (for which the heavy atom is in a special position).
Although most of the chain was found in contiguous density, a
number of breaks were present and chain tracing would have been
much more difficult in the absence of the information provided by
the molecular replacement solution (Fig. 2A). This MIR electron
density map was, however, in good agreement with the partially
refined model, and thus independently verified the structure derived
by molecular replacement. In particular, the positions of the helix
(Fig. 2B) and of the flap were clearly indicated by continuous
density. The final 2F, — F. map calculated upon completion of the
refinement is excellent (Fig. 3), with no breaks at 1o level in the
density corresponding to the main chain. The electron densities for
the two unnatural amino acids confirm the replacement of the thiol
groups of cysteines by methyl groups. This position concerns the
native fold of the synthetic PR (Fig. 3). Even at the limited
resolution of 2.8 A, clear solvent density was visible. In particular, a
water molecule residing between the two symmetry-related side
chains of Asp? could be seen (Fig. 4). Such density has been
reported for all uncomplexed aspartic proteases (14). Although this
and other solvent molecules could be seen, they were not included in
the refinement.

Description of the structure. The general topology of the HIV-
1 PR molecule (Figs. 5 and 6) is similar to that of a single domain in
pepsin-like aspartic proteases (32). The main difference is in the
interface region where the two HIV-1 PR monomers have signifi-
cantly shorter NH,- and COOH-terminal strands that interact to
produce a dimer whose structure and properties are similar to those
of the two-domain, pepsin-like enzymes. The NH,-terminal
strand a (residues 1 to 4) forms the outer part of the interface g
sheet. The b B strand (9 to 15) continues through a turn into the ¢ g
chain, which terminates at the active site triad (25 to 27). Following
the active-site loop is the d B chain with residues 30 to 35. In
pepsin-like proteases, the d chain is followed by the h helix which in
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Fig. 3. A stereo view of the electron density and
of the final atomic model at the dimer interface
in the HIV-1 protease. Residues 1 to 5 and 93
to 99 are shown for both subunits, and those
marked # correspond to the crystallographically
related molecule. This 2F, — F; electron density
map was calculated after refinement and was
contoured at 1o level. This arrangement of the
dimer interface is in agreement with the Hg sites
in the heavy atom derivatives of HIV-1 PR (1),
since one of the reported sites is close to the tip
of residue 95 (Cys in the original structure, Aba
here).

RSV PR is reduced to a short and distorted segment. In HIV-1 PR
this fragment is even more distorted and has the form of a broad
loop (36 to 42). The second half of the molecule has a topology
related to that described above by the approximate intramolecular
twofold axis (corresponding substructures indicated by primed
labels). Residues 43 to 49 form the a’ B strand which, as in pepsin-
like proteases, belongs to the flap. The other strand in the flap (52 to
58) forms a part of the long b’ B chain (52 to 66). The flap is most
probably stabilized by a pair of hydrogen bonds between main chain
atoms of residue 51, located at the tip of the flap, and its symmetry
mate in the crystallographic dimer. The ¢’ g chain comprises
residues 69 to 78 and after a loop at 79 to 82 continues as chain d’
(83 to 85) which leads directly to the well-defined helix h' (86 to
94). The hydrogen bonding pattern within this helix is intermediate
between the o helix and the 34 helix. Helix h’ is followed by a
straight COOH-terminal g strand (95 to 99), which can be
designated as q, in a way analogous to RSV PR. In contrast, pepsin-
like aspartic proteases have a double-stranded B sheet here. This
COOH-terminal region forms the inner part of the intra-dimer
interface. Four of the B strands in the molecular core are organized
into a Y-shaped sheet characteristic of all aspartic proteases. One of
the y letters comprises chains ¢ (23 to 25), d, and d’ and the other is
made up of ¢’ (76 to 78), d’, and d.

The active-site triad (Asp™-Thr**-Gly*’) is located in a loop
whose structure is stabilized by a network of hydrogen bonds
characteristic of aspartic proteases. The symmetry-related Asp?
carboxylic groups from the two loops composing the active site are
nearly coplanar and show a close contact involving their O31 atoms
(Fig. 4). In addition, the two active-site loops are linked by the
“fireman’s grip” in which each Thr (the middle residue in the active-
site triad) accepts a hydrogen bond from the Thr amide group in the
other loop and donates a hydrogen bond to the carbonyl O atom in
the residue preceding the catalytic triad on the other strand. The
structure of each individual loop is reinforced by a hydrogen bond
between 081 of the aspartate and the NH group of the Gly*’, the
last residue in the triad. In all pepsin-like enzymes the residue
immediately following the active-site triad has a hydroxyl group (the
only exception is one domain of human renin, which has alanine in
this position), which usually forms a hydrogen bond with the side
chain of the catalytic Asp on the same strand. This result is in
contrast with retroviral proteases, which invariably have Ala in this
position, so that no such hydrogen bonding is possible.

Comparison with other aspartic proteases. The final model of
the HIV-1 PR was compared with the structure of RSV PR, which
has been refined to R = 0.148 at 2 A resolution (33). The agreement
is very close, with a root-mean-square (rms) deviation of 1.5 A for
86 common Ca atoms in one subunit. With minor exceptions, the
corresponding Co atoms follow closely the sequence alignment
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proposed previously (16). Detailed comparisons, however, showed
that deletions of several residues from the RSV PR sequence, in
addition to those previously proposed, were necessary to properly
align it with the HIV-1 PR. They include residues 7, 8, 48, 49, and
93 (RSV numbering). Since the structure of the flap region was not
seen in the RSV protease (13), no correction in the alignment is
possible for that region.

Following the previous comparisons of the structure of RSV PR
and pepsin-like proteases (34), the present structure of HIV-1 PR
has been compared with both domains of rhizopuspepsin (35).
Contrary to previous observations (1), we found no difference
between the fit to the C- and N-domains. For the N-domain of
rhizopuspepsin, we could superimpose 57 Ca pairs (more than one-
half of all residues in HIV-1 PR) to an rms deviation of 1.4 A,
whereas 56 Ca: pairs in the C-domain superimposed within the same
limits. It must be stressed that different elements of the secondary
structure in each domain are responsible for some of these align-
ments.

Comparisons of all atoms in the active sites (the catalytic triad
flanked by four residues on each side), showed that 126 atom pairs
superimposed with an rms deviation of 0.57 A between HIV-1 PR
and RSV PR, whereas the optimum superposition between HIV-1
PR and rhizopuspepsin included 88 pairs deviating by 0.59 A.
These results show close similarity between the retroviral enzymes,
whereas the latter comparison agrees with the numbers reported for
the comparison of RSV PR and pepsin-like proteases (34).

Comparison with the previously determined HIV-1 PR struc-
ture. We can make only general comparisons with the previously
published structure (1), since we had no direct access to the atomic
coordinates resulting from that work. Two major questions must be
addressed. First, that structure had no indication of a helix, although
a helix is present in the RSV PR structure (13) and belongs to a
region that is highly conserved between the cellular and viral
proteases, as shown on the basis of sequence alignments and
structural similarities of RSV PR and pepsin (34). Second, the NH,-

Fig. 4. Active-site electron density (2F, — F, Fourier synthesis, contour level
0.850) showing a density for the water which is found in a similar position in
all native structures of aspartic proteases. The distance of this water from the
carboxylate O atoms is slightly greater than expected, but this would
probably change upon refinement.
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and COOH-terminal regions were arranged differently from the
topology observed at the dimer interface in RSV PR. These results
were difficult to understand, considering the sequence alignments
and structural comparisons which suggested close similarity be-
tween HIV-1 and RSV proteases.

The current work resolves these difficulties and corrects the
previously reported structure. A helix is evident in both the MIR
electron density map (Fig. 2) and in the final 2F, — F. maps. This
helix (residues 86 to 94) is in close agreement with that in the model
structure derived from the RSV protease (16) and is consistent with
the sequence and structural similarities of viral and pepsin-like
proteases (34). The length of the helix is in excellent agreement with
the presence of 6.5 percent helical structure in HIV-1 PR, as
determined by circular dichroism (8). )

Residues 1 to 5 at the NH,-terminus, which were previously
reported to be disordered (1), are clearly visible in the present
electron density maps (Fig. 3). The NH,- and COOH-termini are
arranged into a four-stranded antiparallel 8 sheet (Figs. 4 and 6).
This B sheet, composed of alternate strands from the termini of each
subunit in the dimer, is similar to that present in the RSV PR (13).
In both cases there are several hydrogen-bond interactions that
presumably stabilize this B sheet conformation. Since the NH,-
terminus is held tightly in place by an ionic interaction with the
COOH-terminus of the other subunit, this arrangement of the
termini at the dimer interface is inconsistent with the intramolecular
mechanism proposed for the release of the HIV-1 PR from the
precursor polyprotein (1), in which the disordered NH,-terminus
was assumed to be cleaved after it folded back into the active site.
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Fig. 5. Diagram of the secondary structure of the HIV-1 protease. Main
chain NH-O hydrogen bonds are indicated by arrows. The active site (Asp-
Thr-Gly) is marked by thicker circles, and the broken circles correspond to
residues from the symmetry-related molecule in the dimer interface.
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We suggest that only intermolecular catalysis is responsible for the
release of the protease in both RSV and HIV-1.

Comparison with previously proposed models of HIV-1 PR.
This experimentally determined structure of HIV-1 PR has been
compared with the results of the two previous modeling efforts. The
superposition of the Ca atoms onto the atomic coordinates of Pearl
and Taylor (4) yielded an rms deviation of 2.6 A for 87 atom pairs.
In a number of places the residues were shifted by one or two
positions, but the general agreement was remarkably good, consid-
ering that the model was based on distant similarities to nonviral,
pepsin-like proteases.

A comparison with the model of Weber et al. (16), which was
based on the closely related RSV protease, yielded an rms deviation
of 1.3 A for 82 Ca atoms. In this comparison residues 1 to 6 in the
refined model are shifted by two positions toward the NH,-
terminus. Deviations along the flap (residues 43 to 58) were as large
as 7 A because the flat was originally modeled in a position close to
the active site as observed in a rhizopuspepsin-inhibitor complex
(35). The location of the active site and substrate binding residues,
however, was predicted quite accurately in the model of Weber et al.
(16). In particular, the significance of mutations at Arg®’ and Asn®
was correctly understood from that model, whereas it was not
obvious from the structure reported by Navia et al. (1). Arg® is
located in the helix and forms an ionic interaction with Asp* near
the catalytic site. This is consistent with the results of mutations of
Arg® or Asn®® that produce inactive protease (36). Detailed model-
ing of inhibitor complexes based on our structure should help
explain the observed differences in specificity between the RSV and
HIV proteases, and can be used to design better inhibitors.

Potential applications. Our results confirm that a number of
conserved features of the three-dimensional structure of aspartic
proteases are also conserved in the retroviral enzymes and reinforces
the notion that modeling of unknown structures based on the
structures of related proteins can often give accurate results. A
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Fig. 6. A view of the Ca backbone tracing of the fully
refined model of the HIV-1 protease dimer, in an orienta-
tion emphasizing the interactions in the dimer interface. The
full set of atomic parameters for this model, including both
the main chain and side chain atoms, has been deposited
with the Brookhaven Protein Data Bank (set 3HVDP).

chemically synthesized protein can crystallize isomorphously with
the protein obtained from living cells and can fold correctly without
being exposed to a ribosome. The coordinates of the HIV-1 PR
provided in this study will be useful in rational drug design. The
information on side chain positions should allow more systematic
investigations of the mechanism of this important enzyme to be
made, especially with respect to design of specific inhibitors for use
as potential therapeutics against AIDS. Furthermore, drugs could be
designed including drugs that interfere with the dimerization and
hence inactivate the enzyme through an alternative mechanism. It
should be noted that one of the terminal strands contains a free Cys
residue, thus suggesting a site of covalent attachment for a com-
pound designed along these lines.
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being sought by one federal program alone for the purpose of
reducing exposure to low levels of radiation and chemical wastes on
the basis of largely hypothetical health risks (16).
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phocytes exposed to 1 c¢Gy of x-rays shows that certain proteins are
absent in all control cultures, but are reproducibly present in all
irradiated cultures. These proteins represent excellent candidates for
being the induced enzymes needed for the repair of the cytogenetic
damage.

Nevertheless, the fact that a protein (enzyme) involved in repair
can be induced by very low doses of radiation does not necessarily
mean that these doses are in and of themselves “good” or hormetic.
Several new proteins were found to have been induced, which
indicates that the metabolism of the cells had been changed. Some of
these proteins might have a metabolic effect of their own, and could
possibly lead to a cascade effect whereby subsequent metabolic steps
unrelated to the induced repair would be altered. To call this
beneficial would be premature, indeed.
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