dum-normative spinel cumulate.

In conclusion, we postulate that meta-
morphic recrystallization of a spinel-rich ig-
neous cumulate at a maximum pressure of
2.5 kbar and depth of 50 km in the lunar
crust produced the cordierite-spinel trocto-
lite. As the crust-mantle boundary is at a
depth of 60 km and the magnesium-rich
suite probably is the most abundant crustal
material at depths greater than about 30 km,
the rock must have originated at a depth of
30 to 50 km. At such levels, spinel cumu-
lates may well be more important compo-
nents of the lunar crust than has been recog-
nized. The rarity of cordierite-spinel trocto-
lite indicates that it forms from spinel-rich
precursors at horizons sufficiently deep to be

unroofed only in major impact events. We
suggest that the clast of cordierite-spinel
troctolite was excavated from the adjacent
Imbrium Basin.
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Molecular Modeling of the HIV-1 Protease and

Its Substrate Binding Site

IRENE T. WEBER, MARIA MILLER, MARIUSZ JASKOLSKIL*
JONATHAN LEIS, ANNA MARIE SKALKA, ALEXANDER WLODAWER

The human immunodeficiency virus (HIV-1) encodes a protease that is essential for
viral replication and is a member of the aspartic protease family. The recently
determined three-dimensional structure of the related protease from Rous sarcoma
virus has been used to model the smaller HIV-1 dimer. The active site has been
analyzed by comparison to the structure of the aspartic protease, rhizopuspepsin,
complexed with a peptide inhibitor. The HIV-1 protease is predicted to interact with
seven residues of the protein substrate. This information can be used to design protease

inhibitors and possible antivirual drugs.

HE LIFE CYCLE OF RETROVIRUSES
such as HIV, the pathogen of AIDS,
requires a specific protease (PR) that
processes the precursor gag and pol polypro-
teins into mature virion components (1-3).
If the PR is absent or inactive, noninfectious
virus particles with aberrant structure are
produced (4). Therefore, specific inhibitors
of retroviral proteases are potential thera-
peutic agents for blocking HIV infection.
However, rational drug design requires de-
railed knowledge of the three-dimensional
structure of the target. Recently we solved
the crystal structure of the PR from Rous
sarcoma virus (RSV), Prague-C strain (5).
We have used this structure to construct a
model of HIV-1 PR and present details of
the proposed substrate-binding site of the
HIV-1 enzyme.
All of the retroviral proteases contain a
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triplet, Asp-Thr/Ser-Gly, which, together
with known biochemical properties of these
enzymes, indicates that they are members of
the aspartic protease family (6-8). This rela-
tion was confirmed by the three-dimension-
al structure of the RSV PR (5), which has
now been refined to an R-factor of 0.16

Fig. 1. Amino acid sequence
alignment for the proteases
from HIV-1 and RSV (22).
The secondary structural el-
ements of the RSV PR are
indicated on top of the ami-
no acid sequences and are

labeled according to the o 20 .10
scheme proposed by Blun- * o
dell et al. (11). A one-turn o

RSV IT

helix is labeled 4 helix, and a "flap"

lOl’lgCI' o helix is labeled h'. RSV QIHGIGEG
The flexible flap lies be- . e
tween B strands 4’ and b', . . ... ..
and residues 63 to 70 were

not visible in the electron Semmglmmmmm s
density map for RSV PR sy pririr P1§°
(dotted line). This align- - 79 o

ment conserves the topolo-
gy, so that deletions are po-
sitioned in surface loops of the three-dimensional
indicated by asterisks, as is the conserved triplet Gly-

70

with 2 A x-ray data. Two PR subunits
interact to form a symmetric dimer with an
active site that is similar to the highly con-
served active sites of monomeric cellular
proteases such as pepsin (9), rhizopuspepsin
(10), and endothiapepsin (11). The root-
mean-square (rms) deviation in the posi-
tions of 36 superimposed Ca atoms near the
active site is about 2 A between rhizopus-
pepsin (10) and the RSV PR dimer (5).
There are also considerable similarities in the
overall shape of the two molecules. For 170
Ca atoms aligned in both structures (out of
232 placed in the current RSV PR model),
the total rms deviation is only 3.2 A (12).
Retroviral proteases, however, are simpler
than the cell-derived pepsin-like proteins.
The dimer of the retroviral PR consists of
200 to 250 amino acids, whereas a single
molecule of a cellular protease is about 325
amino acids long and exhibits intramolecu-
lar quasi-symmetry. The structural elements
of cellular aspartic proteases are conserved

----- d~--~-- -=-h--- -==----a'-----=
4 50 60
GADITITIS EDWPT VMEAANP
30 40
GADDTVLEEMSLPG PKMIG
*
_________________ B = e mmmmmm e m e e
80 90
GIPMRKSRDMIELGVINRDGSLER
60
FIKVRQY DQILIETIC G H

110
VAMVRGSILGRD
80 920

VGPTPVNITIGRN
* X Kk

structure. The active-site triad Asp-Thr/Ser-Gly is
Arg-Asp/Asn at the start of helix h'. The flap region

was aligned based on the rules proposed by Andreeva (23).
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and this feature allowed modeling of other
members of the family (13).

A model of the HIV-1 PR has been built
by analogy to the RSV PR structure. The
active site triplet and a second conserved
sequence, Gly-Arg-Asn/Asp, which lies to-
ward the carboxyl terminus at the start of
the « helix in the RSV PR structure, were
used to align the sequences of the two
proteins (Fig. 1). This alignment results in
30 identical residues and 11 additional con-
servative amino acid substitutions between
the two enzymes. Since the HIV-1 protease
has only 99 residues, compared with 124 for
the RSV PR, a structural alignment was
built into the model by permitting deletions
only at the large surface loops. These dele-
tions could be confined to three regions at
surface turns between B strands in the RSV
PR structure (Figs. 1 and 2). Analogous
deletions occur at the same surface turns
when the structure of rhizopuspepsin is
compared with RSV PR. The HIV-1 model
structure also places amino acids commonly
found in turns at the appropriate positions.
All other proteases from mammalian viruses
can be accomodated by a similar alignment,
including the longer proteases, such as Mo-
MuLV, which has extra residues at its car-
boxyl terminus. The presence of longer
loops in the RSV PR may serve a structural
role in virion core assembly since, unlike
HIV-1, the RSV PR is synthesized as part
of both gag and gag-pol precursors and is thus
present in the virion in concentrations equal
to those of the capsid structural proteins.

The structure of the modeled HIV-1 PR
dimer is illustrated in Fig. 3. The overall
topology of this and of the original RSV PR
structure is similar to the model proposed by
Pearl and Taylor (14). Their model was
constructed by analogy only to cellular as-
partic proteases, and the exact positions of
the elements of secondary and tertiary struc-
ture differ from that in the RSV PR struc-
ture. The model we propose should be more
accurate since it is based upon the more
closely related retroviral (RSV PR) struc-
ture. The specific cleavage by RSV PR of
some HIV-1 peptide substrates (15) sup-
ports this rationale. The active site cleft of
the HIV-1 PR predicted in this model in-
cludes amino acid residues 23 to 32, which
contain the active site triplet, residues 49 to
59 in the “flap” region, residues 74 to 76
and 80 to 87, which contain part of a B
sheet, and the o helix region near the car-
boxyl terminus. These regions of the poly-
peptide chain would be predicted to be the
most sensitive to inactivation by mutations
since changes in the component amino acids
might easily disrupt the active site of the PR.
Debouck et al. (2) introduced a 4—amino-
acid insertion of Ile** in the flap region of
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the HIV-1 PR, which inactivated the en-
zyme. Loeb et al. (16) introduced random
mutations into selected regions of the HIV-
1 PR and found that amino acid residues 22
to 28 were very sensitive to substitutions,

whereas residues 34 to 46 were not. Finally,
all of the amino acid substitutions made at
the catalytic Asp* have resulted in an inac-
tive PR (3, 7, 16, 17). The model proposed
here is consistent with all of these results.

Fig. 2. A stereoview of the Ca chain of the model HIV-1 PR (continuous lines) superimposed on the
Co chain of the crystallographically determined structure of the RSV protease (5) (dashed lines). Every
tenth residue of the HIV-1 PR is labeled. The extended B turns, b to ¢, and b’ to ¢’, are shortened in the
HIV-1 model relative to the RSV protease structure. The flap is also five residues shorter in HIV-1 PR.
The atomic coordinates of the model of HIV-1 PR described here are available from the authors.

Fig. 3. A stereoview of the active dimer of the model HIV-1 PR with the substrate, Ser-Gln-Asn-Tyr*
Pro-Ile-Val. The Ca chains of the two subunits in the dimer are indicated by continuous and dashed
lines and every tenth residue is numbered. The terminology for aspartic protease binding sites has been
adopted for discussion of the modeled retroviral PR substrate binding sites. Substrate residues P4 to P1
before the scissile bond and P1" to P3' after the scissile bond are shown. Substrate side chains bind in
successive protease subsites, so residue P1 lies in subsite S1. The seven-residue substrate (P4 to P3') is
positioned with P4 to P1’ as in the rhizopuspepsin-inhibitor complex, residue P2’ is moved slightly and
residue P3’ added. The substrate is indicated by dark lines in a ball-and-stick representation.
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The rhizopuspepsin structure complexed
with the reduced peptide inhibitor, His-Pro-
Phe-His-Phe [CH-NH]Phe-Val-Tyr (where
the reduced bond is between the two Phe
residues) (10), has been superimposed on
the HIV-1 PR model structure. The active
sites of these enzymes closely resemble one
another. Both pepstatin analogs and the
reduced octapeptide inhibitor bind to the
cellular proteases in an extended B confor-
mation (10, 18). The side chains of the
peptide inhibitors lie in successive subsites
in the protease binding cleft. In rhizopus-
pepsin, six residues of the reduced octapep-
tide inhibitor are observed within subsites
S1 and S4 before the scissile peptide bond,
and subsites S1' and S2' after the scissile
bond. The two catalytic Asp residues lie near
the scissile bond, and several hydrogen bond
interactions occur between the protease and

the amides and carbonyl oxygens of the
inhibitor peptide (10).

Kotler et al. (15) found that the minimal
size of the RT «-IN protein junction pep-
tide substrate for the RSV PR is between
three and five amino acids to either side of
the scissile bond. Darke et al. (19), using
peptides corresponding to a target in the
HIV-1 gag precursor, have shown that a
hepta- but not hexapeptide is cleaved by the
HIV-1 PR. Thus it is likely that a minimal
target sequence for retroviral proteases
would include four amino acids (P4-P1)
corresponding to the side that is to become
the new carboxyl terminus, and three amino
acids (P1'-P3') corresponding to that
which is to become the new amino terminus
of the cleaved product.

An HIV-1 peptide substrate, Ser-Gln-
Asn-TyrQPro-Ilc-Val, which is cleaved effi-

Table 1. Potential hydrogen bond interactions between HIV-1 PR or rhizopuspepsin (10) and the
amides and carbonyl oxygens of their peptide substrates. Residues from the two subunits in the dimer of
HIV-1 PR are distinguished by a prime, for cxample, Asp® and Asp'. The scissile bond is cleaved

between P1 and P1'.

Subsite Substrate HIV-1 PR Rhizopuspepsin
atom atom atom
S4 P4 NH
T P4 C=0 NH Gly’"
s3 P3 NH 0 Asp® OH Thr*2
P3 C=0 NH Asp™ NH Thr**?
S2t P2 NH C=0 Gly’" O  Asp”
T P2 C=0 NH Phe* NH Gly”
S1* P1 NH C=0 Gly*” C=0 Gly**
* Pl C=0 O Asp? O  Asp*®
S1'* P1' NH O  Asp¥ O Asp®”
t Pl' C=0 NH Phe” NH Gly”™®
52/% P2’ NH C=0 Gly” C=0 Gly¥’
P2’ C=0 NH Asp® NE Trp"
S3't P3’ NH C=0 Gly”'!
f P3’' C=0 NH Gy

*Residues from the active site triad, Asp-Thr-Gly, make these interactions.

tResidues from the flap form these

interactions, although the exact conformation of the flaps in HIV-1 PR is difficult to predict.

Table 2. Protease residues near the amino acid side chains of the substrate peptide.

Protease residues

Subsite HIV-1 PR RSV PR(5) Rhizopuspepsin (10)
S4 Asp®® 11> e Ilc*? Tle”" Met™ Thr?? Leu®® Ilc®
S3 Arg8 Asp29’ Lcu23 Argm Aspdl’ Arglos Tyrll IlelS Glulé
Va.l82 A_rg87’ Iqu35 Arglll’ ProllS AsnllQ

S2 Ala® Val®2 Phe™ Ala® Tle** Met™ Gly” Asp” Thr?!
Ile** Leu’® Thrd” Val!¥ 1le!¥ Ile225
e®

S1 LC|.123 ASP25* Ph653 Leu35 ASP37* Vall()4 A5p33 As 35% Tyl'77
P[’OSl Va182 11684 ArglOS HCIOS A5p79 PhClM LeulZZ

ASPle*

Sl/ Leu23' ASPZS*' Ph653’ Lcu35’ ASP37*I Vallod’ Trp194 HCZIG A,SPZIS*
11684' Argl()i' IleIOS’ Trp294 IICZQS

s2’ Ala®® Asp™ Val*? Ala*® Tle*? Ile* Ser®® Ile” Tyr””
Phe? Iles4 Leu’® Val'® [le!® Ile'*®
Iic*

S3’ ArgS’ Asp29 IlCSO ArglO' ’ASPM
ProSl’ Arg87 Argl()S A.I'g”l

*Catalytic Asp residuc.
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ciently (20) (at the bond shown by the
arrow), was thus modeled by analogy to the
reduced octapeptide inhibitor of rhizopus-
pepsin in order to identify, as far as possible,
the protein subsites for each substrate resi-
due (Fig. 3). The HIV-1 PR catalytic resi-
dues, Asp25 and Aspzs' from both subunits
in the dimer, are near the scissile bond.
Potential hydrogen bond interactions be-
tween the HIV-1 PR and the substrate
amides and carbonyl oxygens are listed in
Table 1. Similar interactions are formed in
the model of HIV-1 PR with substrate
compared with those observed in the crystal
structures  of rhizopuspepsin complexed
with inhibitor (10) and of penicillopepsin
with a pepstatin analog inhibitor (18). This
similarity suggests that the conformation of
the peptide substrate in the model with
HIV-1 PR is correct.

The exact position of the two flexible flaps
in the active dimer of PR is not known, and
may very well be altered in the presence of
the substrate. The structures of rhizopus-
pepsin and penicillopepsin complexed with
inhibitors (10, 18) show a major conforma-
tional change of the flap compared with the
uncomplexed enzymes. This change en-
hances binding of the inhibitor by facilitat-
ing several hydrogen bond interactions; it
also causes an exclusion of water from the
catalytic site. It is assumed that the flap of
retroviral proteases has a similar function,
although it is not known whether one or
both flaps in the dimer are involved. It is
possible that the presence of two flexible
flaps allows binding of the variety of se-
quences in the polyprotein precursors
known to be cleaved by the retroviral PR.

Seven protease subsites were examined
(Table 2) in order to identify differences
between HIV-1 and RSV proteases and
rhizopuspepsin. The proposed retroviral PR
subsites have been correlated with known
HIV-1 protease substrate cleavage sites.
Since the HIV-1 and RSV PR target se-
quences are variable (19, 21) it is difficult to
define a consensus sequence for cleavage.
However, substrate residues P1 and P1’,
which are on either side of the scissile bond,
are almost always hydrophobic. The HIV-1
PR is most active against the peptide Ser-
Phe-Asn-Phe!Pro-Gln-Ile-Thr (19), which
corresponds to the site at which cleavage
releases the amino terminus of the PR from
the precursor polypeptide. A smaller residue
would be predicted to bind in subsite $4.
There is the potential to bind polar residues
at substrate residue P3 since both retroviral
enzymes have the conserved Asp and Arg at
positions corresponding to residues 29 and
8 of the HIV-1 PR. However, the HIV-1
PR substrate with the fastest rate of hydroly-
sis, as noted above, contains Phe at P3. The
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extended B conformation of the peptide
substrate would permit favorable interac-
tions between Phe at both P3 and P1 as may
occur in the rhizopuspepsin inhibitor com-
plex.

Subsite S1 in these proteases has space for
a large hydrophobic residue, which agrees
with experimental observations with RSV
PR showing that iodinated Tyr at P1 is
cleaved more rapidly than Tyr or smaller
hydrophobic residues (8). The Phe residue
occurs at P1 in several HIV-1 cleavage sites,
and there may be favorable interactions with
Phe™. In rhizopuspepsin, Phe may occur at
P1 and P1’ due to favorable interactions
with Tyr”” and Phe'' of subsite S1 and
Trp'* and Trp®* in S1'. Although rhizo-
puspepsin binds Phe at P1’, a smaller hydro-
phobic side chain is predicted to fit better in
subsite S1' of the retroviral PR and Pro is
often present at this location in both RSV
and HIV-1 target sequences.

The substrate residue P2’ tends to be
polar for HIV-1 PR and hydrophobic for
RSV PR. This difference may be due to the
nearby Asp®® in HIV-1 PR, which is re-
placed by a hydrophobic residue Ile** in
RSV PR. Further from the cleaved peptide,
that is, at and beyond subsites $S4 and S3’,
the substrate lies near the surface of the
dimer where there are several charged resi-
dues, so polar amino acids may be preferred
at distal locations in the substrate. The
above subsite model and other predictions
from our analyses are presently being tested
by site-directed mutagenesis of the PR and
substrate peptides. However, these predic-
tions provide sufficient insight into the
probable features of the active site of the
HIV-1 protease to be immediately useful for
the design of potential inhibitors of this
retroviral enzyme.
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Ubiquitous Expression of sevenless:
Position-Dependent Specification of Cell Fate

KONRAD BASLER AND ERNST HAFEN

Specification of cell fate in the compound eye of Drosophila appears to be controlled
entirely by cell interactions. The sevenless gene is required for the correct determination
of one of the eight photoreceptor cells (R7) in each ommatidium. It encodes a
transmembrane protein with a tyrosine kinase domain and is expressed transiently on a
subpopulation of ommatidial precursor cells including the R7 precursors. It is shown
here that heat shock—induced indiscriminate expression of a sevenless complementary
DNA throughout development can correctly specify R7 cell identity without affecting
the development of other cells. Furthermore, discontinuous supply of sevenless protein
during eye development leads to the formation of mosaic eyes containing stripes of
sevenless™ and sevenless™ ommatidia, suggesting that R7 cell fate can be specified only
within a relatively short period during ommatidial assembly. These results support the
hypothesis that the specification of cell fate by position depends on the interaction of a
localized signal with a receptor present on many undifferentiated cells, and that the
mere presence of the receptor alone is not sufficient to specify cell fate.

HE COMPOUND EYE OF DROSOPHILA

is a suitable model system to study

specification of cell fate determined
by cellular interactions since the assembly of
the individual ommatidia or unit eyes occurs
without cell lineage restrictions (1-3). It has
been proposed that the fate of an undeter-
mined cell depends on its position relative to
previously determined cells in the develop-
ing eye (4). The sevenless (sev) gene is re-
quired for the correct determination of one
of the eight photoreceptor cells (R7) in each
ommatidium (5). In the absence of a func-
tional sev gene the presumptive R7 cell does
not enter the proper developmental pathway
and assumes a different fate (6). The nature
of the sev gene product, which appears to be
a receptor-type tyrosine kinase, suggests that
it interacts directly with a ligand presented

by a neighboring cell. This interaction
would then lead to the determination of the
cell through the activation of the sev pro-
tein (7, 8). Specification of cell fate by cell
interactions can be viewed in at least two
alternative ways. Specificity of the selec-
tion may depend on the localized presen-
tation of a positional signal and a wide-
spread distribution of the corresponding
receptor. Conversely, selection might be dic-
tated by the restricted distribution of the
receptor interacting with a ubiquitous lig-
and. Although the sev protein is not exclu-
sively expressed in the R7 precursor, its
expression is temporally and spatially re-
stricted within the eye disk (9). Therefore it
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