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ABSTRACT: A molecular model has been built of the equine infectious anemia virus (EIAV) proteinase on
the basis of the crystal structures of the related Rous sarcoma virus (RSV) and human immunodeficiency
virus (HIV) proteinases. The 104 residue long EIAYV proteinase has 30 identical and 11 similar amino acids
compared to those in HIV-1 proteinase and 25 identical and 18 similar amino acids compared to RSV
proteinase. The overall structure is predicted to be close to that of HIV-1 proteinase. Two regions show
differences: there are 6 additional residues leading to the tip of the flap, which is predicted to be involved
in interactions with substrate, and there is a single residue deletion in the 8 b’ strand at a position equivalent
to residue 60 in HIV-1 proteinase. The conformation of the residues leading to the flap was modeled by
analogy to the corresponding region of RSV proteinase. The peptide substrate, VSQNYPIVQ, was modeled
by analogy to the inhibitors in the cocrystal structures of HIV-1 proteinase, and the residues forming the
substrate binding sites of EIAV proteinase wereidentified. EIAV proteinase showed several nonconservative
substitutions in these residues compared to HIV-1 proteinase: Thr 30 instead of Asp in subsites S2, S2/,
S4, and S4’, Ile 54 instead of Gly 48 in subsites S1, S1’, S3, and S3/, Arg 79 instead of Thr 74 in S4 and
S4’, and Ile 85 instead of Thr 80 in subsites S1 and S1”. The presence of additional residues in the flaps
which lie over the substrate at S4 and S4’ and the substitutions in the individual subsites can be correlated

with differences in specificity of HIV and EIAV proteinases for various substrate peptides.

Retroviral proteinases (PR)! are part of the viral Gag or
Gag—Pol polyproteins of immature virions which they cleave
into functional domains after activation by an unknown
mechanism. The structure and function of retroviral pro-
teinases have been the subject of several reviews (Skalka,
1989; Oroszlan & Luftig, 1990; Fitzgerald & Springer, 1991).
The recent observation that the PR of equine infectious anemia
virus (EIAV) was able to process the nucleocapsid protein
within intact capsids has suggested an important role for PR
action in the early phase of viralinfection (Roberts & Oroszlan,
1989; Roberts et al., 1991). EIAYV is a lentivirus with strong
homology to the immunodeficiency viruses (Stephens et al.,
1986) and is the only lentivirus for which capsids have been
prepared. Therefore, it is an important model for HIV. The
retroviral PR is a potential target for chemotherapy (Kraus-
slich et al., 1989); therefore, better understanding of the
substrate specificity of retroviral proteinases may help todesign
more potent inhibitors. Crystal structures are available of
Rous sarcoma virus (RSV) PR (Miller et al., 1989a) and of
HIV-1 PR alone (Navia et al., 1989; Wlodawer et al., 1989;
Lapatto et al., 1989) and complexed with different inhibitors
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(Miller et al., 1989; Erickson et al., 1990; Fitzgerald et al.,
1990; Swain et al., 1990; Jaskolski et al., 1991). Both the
experimental structures and molecular modeling of the PR
structures have greatly facilitated studies of the substrate
specificity, as well as the rational design of proteinase
inhibitors. Theretroviral proteinasesare enzymatically active
as dimers of two chemically identical subunits that are
structurally very similar. Each subunit contains the char-
acteristic active site triplet, Asp-Thr-Gly, of aspartic pro-
teinases and has a similar fold to one domain of the pepsin-
like proteinases (Tang et al., 1978). The cocrystal structures
of HIV-1 PR with different inhibitors show that peptide-
based inhibitors are bound by a series of hydrogen bond
interactions between the NH and C==0 groups of the inhibitor
and the PR, and each inhibitor side chain lies in successive
subsites formed by PR residues.

The structural alignment of the amino acid sequences was
initially shown in Weber. (1989) for several retroviral pro-
teinases. Comparison of the crystal structures of HIV-1 and
RSYV proteinases, combined with the alignment of amino acid
sequences, suggested that all retroviral proteinases shared a
conserved structural core (Weber, 1990a), which facilitates
molecular modeling of one PR on the basis of the available
crystal structure of another PR. Previously, HIV-1 PR was
modeled by analogy to the RSV PR crystal structure (Weber
et al., 1989), and a model of the HIV-2 PR was built from
the coordinates of HIV-1 PR (Gustchina & Weber, 1991;
Tomasselliet al., 1990). Inaddition, the interactions of HIV-
1, HIV-2,and RSV PRs with substrates were modeled on the
basis of the crystal structures of HIV-1 PR—inhibitor complexes
and correlated with kinetic measurements of substrate cleavage
(Tozsér et al.,, 1991, 1992; Grinde et al., 1992).
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Model Structure and Specificity of EIAV PR

Here we describe the molecular modeling of the dimer of
EIAV PR in a complex with a peptide substrate, on the basis
of the crystal structures of HIV-1 PR with inhibitor (Miller
et al., 1989b; Swain et al., 1990; Jaskolski et al., 1991). This
model was used to interpret kinetic data obtained with
oligopeptide substrates and inhibitors [see also Tozsér et al.
(1993)].

EXPERIMENTAL PROCEDURES

Molecular Modeling. The amino acid sequence of EIAV
PR was substituted for that of HIV-1 PR using the refined
crystal structure of HIV-1 PR with inhibitor JG365 (Swain
etal., 1990). Thecomputer graphics program FRODO (Jones,
1985) was used on an Evans and Sutherland computer graphics
system PS390 and subsequently on an ESV10 to build the
molecular model. Residues that were identical in EIAV
proteinase and HIV-1 proteinase were not altered. Other
residues were superimposed on the atoms of the HIV-1
proteinase residue, and the side chains were adjusted if
necessary by rotating torsion angles to remove any undesirably
close contacts with adjacent atoms. The main chain atoms
were not altered, except for substitutions of Gly and at the
two regions of insertion and deletion. The backbone con-
formation was adjusted to make negative ¢ torsion angles
when necessitated by a change from Gly in HIV-1 PR to
another amino acid in EIAV PR. The FRODO idealization
routine, REFI, was run to maintain reasonable geometry. Most
of the structure of EIAV PR was modeled by analogy to the
crystal structure of HIV-1 proteinase with inhibitor. The
region leading to and including the flaps, residues 36-52, was
modeled by analogy to RSV PR, as described in Grinde et al.
(1992). One subunit was built in this manner, as described
previously for HIV-2 PR (Gustchina & Weber, 1991) and for
the flaps of RSV PR (Grindeet al., 1992). The second subunit
was modeled by superimposing the first subunit on the second
inthe dimericcrystalstructure. The hydrogen bond interaction
that connected the two flaps in the dimer was reintroduced
by altering the carbonyl of residue 56’ to resemble that of
HIV-1 proteinase Ile 50’ (a prime indicates the second subunit).
To ensure that the interactions between the two flaps in the
dimr were maintained, the main chain atoms of residues 54’—
58 were repositioned to correspond to the equivalent atoms
in HIV-1 PR. Both the JG365 inhibitor (acetyl-S-L-N-F-
Y(CH(OH)CH;N)-P-1I-V-O-methyl) and the U85548¢ in-
hibitor (V-S-Q-N-L-y(CH(OH)CH,)-V-I-V) have similar-
ities with the desired substrate peptide, and their cocrystal
structures with HIV-1 PR (Swain et al., 1990; Jaskolski et
al., 1991) were used to model the substrate peptide. The
inhibitor from the starting model of the cocrystal structure
was mutated to a substrate with the amino acid sequence of
the HIV-1 MA-CA cleavage site peptide, V-S-Q-N-Y*P-1-
V-Q-NH2 (SP-211, the asterisk indicates the cleavage site),
similar to the models for the HIV-1 and HIV-2 proteinases
(Tozsér et al., 1991, 1992).

Energy Minimization Procedure. The model coordinates
for the EIAV PR dimer with substrate were subjected to energy
minimization using the program XPLOR (Brunger, 1990)
runona Convex 240,as described in Kumar and Weber (1992).
The hydrogen atoms of potential hydrogen bond donors were
added and refined in XPLOR, and standard topologies and
parameters were used for the amino acids. The two catalytic
aspartates were modeled as a charged aspartic acid and a
protonated aspartate to approximate the close interaction
between the side chain oxygens of the two aspartates, as
described in Sansom et al. (1992). The substrate terminated
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in CONH,, and this was used in the model rather than the
standard carboxyl terminus. The empirical energy function
used a 6-12 van der Waals potential and a Coulomb potential
with an 8-A cutoff for the nonbonded terms. The effect of
hydrogen bonds is taken into account by appropriate partial
charges and van der Waals parameters. The conformational
terms included potentials for covalent bonds, bond angles,
dihedral angles, and chirality or planarity. The Powell
conjugate gradient algorithm (Powell, 1977) was used for
500 cycles of energy minimization until the maximum gradient
was less than 0.1 kcal/mol. This new molecular model for
EIAYV proteinase was then compared with the structures of
HIV-1 proteinase and the model of HIV-2 proteinase for
analysis and interpretation of kinetic measurements with
different peptide substrates.

Proteinase Activity Measurements. EIAV proteinase was
purified to apparent homogeneity from concentrated virus
using reversed-phase HPLC, as described in the preceding
paper (T6zsér et al. 1993). Recombinant HIV-1 proteinase
was expressed in Escherichia coli and purified as described
previously (Louis et al, 1989; Wondrak et al.,, 1991).
Oligopeptides were synthesized by solid-phase peptide syn-
thesis on a Model 430A automated peptide synthesizer
(Applied Biosystems, Inc) or a semiautomatic Vega peptide
synthesizer (Vega-Fox Biochemicals) using fert-butoxycar-
bonyl chemistry and purified by reversed-phase high-perfor-
mance chromatography (RP-HPLC) (Copeland & Oroszlan,
1988). Aminoacid composition of the peptides was determined
by amino acid analysis on either a Durrum D-500 or a Waters
Pico-Tag analyzer. The proteinase assays were performed in
0.25 M potassium phosphate buffer, pH 5.6, containing 7.5%
glycerol, 5 mM dithiothreitol, ] mM EDTA, 0.2% Nonidet
P-40, and 2 M NaCl. The reaction mixture containing 0.4
mM peptide was incubated at 37 °C for 1 h or for 24 h. The
reaction was stopped by the addition of guanidine hydro-
chloride (6 M final concentration), acidified with trifluoro-
acetic acid, and subjected to RP-HPLC separation, as
described previously (Tozséretal., 1991, 1992,1993). Amino
acid analysis of the collected peaks was used to confirm the
site of cleavage with HIV PR (Blaha et al., 1991; Tozsér et
al., 1992). For the EIAV PR, cleavage products were
identified by the retention time, which was found to be identical
to that obtained with HIV PR. Relative activities were
calculated from the molar amounts of peptides cleaved per
unit time, by dividing the activity on a given peptide by the
activity on the unmodified substrate (SP-211), at less than
20% substrate turnover, as described in Bldha et al. (1991).
Measurements were performed in duplicate, and the average
values were calculated. The error was less than 10%.

RESULTS AND DISCUSSION

Model Structure of EIAV PR. Structural alignment of
the amino acid sequences of several retroviral proteinases
showed that EIAV PR resembles both RSV and HIV
proteinases (Weber, 1989). HIV-1 PR and RSV PR have
about 30% identical amino acids and share a similar conserved
three-dimensional structure (Weber, 1990a). They differ in
length,and the 25 extra residuesin RSV PR are accommodated
in extended surface loops in three major regions (the flap and
turns between fS-strands b and ¢, and b’ and ¢’) and three
smaller insertions compared to the structure of HIV proteinase.
The alignment of the EIAV PR amino acid sequence based
on the elements of secondary structure (Figure 1) suggested
that it resembles the HIV PR more closely and has similar
turns between @-strands b and c, and b’ and ¢/. The length
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FIGURE 1: Sequence comparison of HIV-1, HIV-2, EIAV, and RSV proteinases based on the structural alignment of Weber (1989). The
elements of secondary structure observed for the crystal structures of HIV-1 and RSV PR are indicated by letters a through d and q for 8-strands
and h for helix. The dotted line indicates the residues in the flap that were not visible in the crystal structure of RSV PR (Miller et al., 1989a).

Table I Comparison? of Amino Acid Sequences of EIAV, HIV,
and RSV PRs
HIV-1 HIV-2 RSV PR
EIAV PR
no. identical 30 32 25
no. similar 11 13 18
no. identical + similar 41 45 43
no. identical residues in 15 11 10

substrate-binding site

4 Thesequence alignment of Figure 1 was used for this analysis. Similar
residues: Val/Leu/Ile, Asp/Glu, Asn/Gln, Ser/Thr, Arg/Lys/His,
Phe/Tyr/Trp.

and sequence of residues in the flap of EIAV PR suggested
that this region is more similar to RSV PR than to HIV-1 PR.
Table I compares the amino acid sequence of EIAV PR with
those of HIV-1, HIV-2, and RSV proteinases. EIAV PR has
30% identical amino acid residues compared to HIV-1 PR
and 25% compared to RSV PR. However, combining the
numbers of identical and similar residues, these retroviral
proteinases all share about 42% similarity in amino acid
sequence with EIAV PR. This supports our prediction that
the three-dimensional structures are similar and share a
conserved core structure. If the 20 residues that form the
inhibitor binding region are examined (not including the
insertions in RSV and EIAYV proteinases), then HIV-1 and
-2 are the most similar with 16 identical residues, followed by
HIV-1 and EIAV PRs which share 15 identical residues. The

other pairs of proteinases, including HIV-2 compared with
EIAV PR, share only 10-11 identical substrate binding
residues. Therefore, in many respects, the substrate specificity
of EIAV PR is expected to resemble that of HIV-1 PR.

Energy Minimization of EIAV PR Model. The model
coordinates were energy-minimized using XPLOR in order
toremove any close contacts betweenatoms. The minimization
resulted in coordinates with a root mean square (rms) deviation
of 0.73 A for aC atoms, 0.81 A for main chain atoms, and
1.06 A for all atoms compared with the starting model. This
is slightly less than observed on minimization of a model for
one domain of an ion channel (Kumar & Weber, 1992).
Comparison of the minimized and the starting model structures
showed that the largest changes in the backbone atoms were
located around the residues 16—17 of the 8b to ¢ turn, residues
26-30 near the catalytic Asp 25, residues 47-57 of the flaps,
residues 64—67 around the single residue deletion relative to
HIV PR, and residues 71-74 in the 8 b’ to ¢’ turn. The ends
of the model substrate also show deviations. The differences
near the catalytic aspartates are probably due to the simplified
model for the partial charges (Sansom et al., 1992). The
other differences are all at surface loops or at regions of deletion
or insertion relative to the structure of HIV-1 PR. These
changes were smaller and more evenly distributed throughout
the structure than those obtained for minimization of the
HIV-1 PR~inhibitor crystal structures using the BIOSYM
program, Discover, as described by Sansom et al. (1992). The
energy-minimized model for the dimer of EIAV PR is
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FIGURE 2: Stereoview of superposition of a-carbon atoms of the model structure of the dimer of EIAV PR (continuous lines) with HIV-1
PR crystal structure (Swain et al., 1990) (dashed lines). The inhibitor from the cocrystal structure with HIV-1 PR is shown in a ball-and-stick

representation.

compared to the crystal structure of HIV-1 PR complexed
with inhibitor in Figure 2.

Accuracy of Model Structure. Analysis of experimental
structures of homologous proteins (Chothia & Lesk, 1986)
suggests that the EIAV and HIV proteinases with 30%
identical residues would be expected to have about 1.45 A rms
deviation for main chain atoms of the conserved core structure.
This is consistent with comparison of the crystal structures of
RSV and HIV proteinases which have an rms deviation of
1.45 A for 86 common «C atoms in the subunit, and also show
about 30% identical amino acid residues. The energy
minimization of the model structure of EIAV PR resulted in
anrms deviation of 0.81 A for main chain atoms, which is less
than the total expected deviation of 1.45 A from the atoms
of HIV-1 PR, Previous analysis of model structures has
indicated that the structure of the active site and substrate
binding residues can be predicted relatively accurately, while
the conformation of surface loops is very difficult to predict
accurately (Weber, 1990b; Greer, 1990). The structural
alignment of the amino acid sequences suggested that the
EIAV PR subunit structure should resemble HIV-1 PR, except
for two regions: residues 3652 were predicted to resemble
residues 48—63 of RSV PR, and there is a single amino acid
deletion of residue 60 in HIV PR. The surface loops and
regions around deletions or insertions were examined for
favorable interactions with other parts of the protein which
may indicate that the conformation was modeled correctly,
asdescribed for HIV-2 proteinase (Gustchina & Weber, 1991).

Surface Loops in the Model Structure. The turn between
antiparallel 8-strands b and c is the same length in HIV and
EIAYV proteinases; however, the turnin HIV-1 PR is between
two glycines, and these are replaced by Asn-Aspin the EIAV
PR. The backbone atoms were adjusted to obtain negative
¢ torsion angles. The final model after energy minimization
showed several stabilizing interactions among the side chains

in this region. Lys 42, in the region leading to the flap that
was modeled by analogy to RSV PR, formed hydrogen bond
and ionic interactions with Asn 16 and Asp 17 at the 8 b to
c turn. The side chain of Asn 39 also forms hydrogen bond
interactions with the side chains of Asp 17 and Thr 18. Then,
the hydroxyl of Thr 88 interacts with the carbonyl oxygen of
residue 21 in B ¢ and the His 37 side chain; these hydrogen
bonds connect 8-strand d’ with 3 ¢ and the region leading to
the flap. Equivalent interactions occurin the crystal structure
of RSV PR between the side chains of Asp 49 in the region
leading to the flap and Ser 107 in 8 d’.

The region leading to the flap in EIAV PR differs from that
of HIV-1PR, and it was modeled to resemble the corresponding
region in RSV PR (Figure 2). It is possible that this region
is not in the correct conformation, especially since surface
loops are the most difficult to model accurately (Weber, 1990;
Greer, 1990). Several stabilizing interactions are observed
for this region in the model structure of EIAV PR. The
hydroxyl of Tyr 38 has hydrogen bond interactions with the
carbonyl oxygens of residues 42 and 43, and the hydroxyl of
Thr 65 near the deletion in 8 b’. Tyr 38 is in an equivalent
position to that of Trp 50 in RSV PR. There are interactions
between amino acid side chains which connect the two strands
of the flap in the model structure. A salt bridge is formed
between Arg 46 and Glu 61 connecting 8-strands a’ and V',
The hydroxyl of Thr 51 forms hydrogen bond interactions
with the carbonyl oxygen and the hydroxyl of Thr 62. Asn
59, which replaces Phe 53 in HIV-1 PR, forms a hydrogen
bond interaction with the carbonyl oxygen of residue 53. This
is close to the region of the flap in RSV PR where His 65 was
predicted to form a hydrogen bond to the carbonyl oxygen of
Gly 69 and stabilize the conformation of the flap (Grinde et
al., 1992). Theinteractionsobserved inthe model of the EIAV
PR indicate that this region may be modeled reasonably
correctly from residue 46 to 62.
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The sequence alignment of Figure 1 shows that there is a
single amino acid insertion or deletion next to HIV PR residue
60 in 8 V’ in the RSV and EIAV PR sequences. In HIV-1
PR, Gln 61 forms a bulge in 8 b’ next to 3 ¢’. HIV-1 PR Tyr
59 OH interacts with the carbonyl oxygen of Leu 38 in the
region leading to the flap that differs in conformation among
the proteinases. The side chain of Asp 60 interacts with the
side chains of Lys 43, Gln 58, and Thr 74 and connects § a’,
b’, and ¢’. In RSV PR there is an additional residue and a
different conformation for residues 76~79 compared to HIV-1
PR. The side chain of Asp 78 interacts with Asn 19 and His
23 from the extended loop between 8 b and c that is absent
in HIV-1 PR. In contrast, EIAV PR shows a single amino
acid deletion compared to HIV-1 PR. This deletion was
modeled by removing the bulge in 8 b, so that there are
continuous 3-sheet hydrogen bonds between § b’ and ¢’ in this
region of EIAV PR. This is expected to be an energetically
favorable structure. The amino acid side chains no longer
form hydrogen bond interactions with other regions as seen
in HIV-1 and RSV PR. This is partly because the longer 8
btocloopof RSV PR is absent in EIAV PR, and the residues
leading to the flap differ from those of HIV-1 PR.

The surface turn between S-strands b’ and ¢’ also showed
differences in the two experimental structures of HIV-1 and
RSV proteinases. This was built to resemble HIV-1 PR in
the model of EIAV PR. One unusual feature is that this turn
has several basic residues in EIAV PR with Lys-Lys-Lys-
Gly-Argat residues 70-74. InHIV-1PR, the basicside chain
of His 69 may form a salt bridge with the negatively charged
Cterminus of residue 99’. The corresponding residuein EIAV
PR is Arg 74 which can interact in a similar manner with the
C terminus at residue 104’. On the other side of the 8 turn,
Glu65in HIV-1PR forms a salt bridge with Arg 14, providing
an interaction between 3band b’. Arg 14 is replaced by Leu
in EIAV PR, so a different interaction between 8 b and b’ is
observed in the model structure. Lys 71 on 8b’ forms hydrogen
bond interactions with the hydroxyls of Thr 11 on 8 b, and
Tyr 3 on $a. The model structure of HIV-2 PR also showed
conserved interactions between residues in different regions
of secondary structure in HIV-1 and -2 proteinases (Gustchina
& Weber, 1991). Such interactions may be important for
stabilizing the tertiary structure.

The structures of both HIV-1 and RSV proteinases show
a similar S-sheet formed by the four termini in the dimer
(Weber, 1990a). The model structure of EIAV PR has a
similar 8-sheet formed by the termini that is more similar to
HIV-1 than to the 8-sheet in RSV PR. There is an ionic
interaction between the negatively charged C terminus and
the positively charged N terminus. The C terminus is also
stabilized by an ionic interaction with Arg 74’. In addition
tothe 8-sheet hydrogen bonds between the amides and carbonyl
oxygens of adjacent B-strands, several side chains form
interconnecting hydrogen bonds. The side chain of Asn 4
forms hydrogen bonds with the side chains of Lys 101’ and
Glu 6. The hydroxyl of Tyr 3 interacts with Lys 71 and possibly
the hydroxyl of Thr 11. Interactions among amino acid side
chains of the 8-sheet formed by the termini were observed in
the crystal structures of HIV-1 and RSV PR (Weber, 1990a).
In each case, the exact interactions differ, although the effect
is to stabilize the §-sheet and the nearby turn between 8 b’
andc¢’. In HIV-1 PR, His 69 from the 8 b’ to ¢’ turn interacts
with the C terminus. In RSV PR, Asn 86 and Glu 92 from
the same turn interact with the N terminus and Asn 123, the
residue before the C terminus. Residues Lys 71 and Arg 74
are predicted to make similar interactions in the model of

Weber et al.

EIAV PR, connecting the 8 b’ to ¢/ turn with the C terminus
and with Tyr 3 near the N terminus. The C-terminal §-strand
q provides a large contribution to the subunit-subunit
interaction in the PR dimer, and a tetrapeptide representing
the C-terminus of HIV-1 PR was found to inhibit dimer
formation (Zhang et al., 1991).

Substrate Binding Site of EIAV PR. The residues forming
the substrate binding region of EIAV PR have been located
in the model structure, and significant PR—substrate inter-
actions have beendescribed. Analysis of the crystalstructures
of HIV-1 PR with different inhibitors (Miller et al., 1989b;
Erickson gt al., 1990; Fitzgerald et al., 1990; Swain et al,,
1990; Jaskolski et al., 1991) has shown that the inhibitor is
bound in an extended conformation and forms two short
B-sheets with residiies 27-29 on one side and residues from
the antiparallel 8-strands of the flaps on the other side
(Gustchina & Weber, 1990). Theside chain of each inhibitor
residue from P4 to P3’ lies in successive subsites S4 to S3’
formed by PR residues. The model built for EIAV PR shows
similar interactions. Potential hydrogen bond interactions
between EIAV PR and the substrate main chain carbonyl
oxygens and amides are illustrated in Figure 3. Most are
equivalent to interactions observed in the experimental
structures, including the hydrogen bonds linking the conserved
water molecule to the flaps and the inhibitor, In addition to
the interactions observed in HIV-1 PR, the extra residues in
the flaps of EIAV PR provide the possibility of hydrogen
bond interactions between Gly 52 and the NH groups of P4
and P5’. It is possible that the NH of P5 also can form
hydrogen bond interactions with EIAV PR, although the exact
interaction is more difficult to predict. This would extend the
size of peptide that is recognized by EIAV PR, and the
experimental measurements suggest that the most efficiently
cleaved substrate extends from P5 to P4’ or P3/ (T6zsér et al.,
1993).

Theresidues that are predicted to form the substrate binding
sites, S4 to S4’, are compared to the equivalent residues in
HIV-1PR in TableII. Only one to three amino acids in each
subsite differ in EIAV compared to HIV-1 PR, with the
exception of S4 and S4’ where the additional residues of the
flaps are predicted to contribute to the subsites. Another
interesting feature is that a different set of residues are changed,
compared to thedifferences between HIV-1 and -2 PR subsites
(Tozsér et al., 1993). In the subsites of HIV-2 PR, residues
32,47, 76, and 82 differ from those in HIV-1 PR, and these
are all conservative changes among the hydrophobic amino
acids, Val/lle/Leu/Met. In the subsites of EIAV PR, there
are changes in residues 30, 48, 50, 74, and 80. Only residue
50 has the conservative Ile/Valchange. Theother differences
are in polar or charged amino acids: Asp/Thr 30, Thr/Arg
74, Thr/Ile 80, and the change Gly/Ile 48 that adds a
hydrophobic side chain. This suggests that EIAV PR and
HIV-1 PR should show more differences in specificity than
HIV-1 and -2 PR.

Correlation of Structure and Activity of ELIAV and HIV-1
Proteinases. The differences observed on comparison of the
model structure of EIAV PR and the crystal structure of HIV-1
PR have been correlated with measurements of relative
activities for peptide substrates. The substrates were chosen
as peptides containing single amino acid substitutions in
positions P4 to P3’ of the peptide, V-S-Q-N-Y*-P-1-V-Q-
NH2, that represents the MA-CA cleavage site of HIV-1. A
variety of amino acid substitutions were tested at each position.
The relative activities of EIAV and HIV-1 proteinases for
each of these peptides are summarized in Table I11. Previously,



Model Structure and Specificity of EIAV PR Biochemistry, Vol. 32, No. 13, 1993 3359

L R

FIGURE 3: Stereoview of the model substrate in binding site of the EIAV enzyme showing the hydrogen bond interactions with the substrate
NH dnd C=0 groups. The main chain of the substrate is shown in thick lines for PS to P4’. EIAV PR residues 8, 25-29, 25’-29’, and the
main chain atoms of residues 50—-56 and 52’-56’ from the flaps are shown in thin lines. Hydrogen bonds are indicated by dashed lines.

Table II: Residues® Forming the Subsites of EIAV and HIV-1 PRs
subsite HIV-1/EIAYV residues

S4 Arg 8, Asp 29, Asp/Thr 30 (Gly 50, Thr 51, Gly 52), Ile 47/53, Thr 74/Arg 79, Leu 76/81
S3 Arg 8/, Leu 23/, Asp 29, Gly 48/Ile 54, Gly 50/55, Pro 81//86’, Val 82//87
S2 Ala 28, Asp 29, Asp/Thr 30, Val 32, Ile 47/53, Gly 48/Ile 54, Gly 49/55, Ile 50’/ Val 56’, Leu 76/81, Ile 84/89
S1 Arg 8/, Leu 23/, Asp 25/, Asp 25, Gly 27, Gly 48/Ile 54, Gly 49/55, Ile 50/Val 56, Thr 80/ /Ile 85’, Pro 81’/86’, Val 82//87’, Ile 84'/8Y’
S Arg 8, Leu 23, Asp 25, Asp 25/, Gly 27, Gly 48’/Ile 54/, Gly 49’ /55/, Ile 50’ /Val 56’, Thr 80/Ile 85, Pro 81/86, Val 82/87, Ile 84/89
S/ Ala 28’, Asp 29, Asp/Thr 30, Val 32, Ile 47/53', Gly 48'/Tle 54', Gly 49’/55', Tle 50/Val 56, Leu 76’/81’, Leu 84’ /89’
S3’ Arg 8, Leu 23, Asp 29/, Gly 48’ /Tle 54’, Gly 50’/55’, Pro 81/86, Val 82/87
S4/ Arg 8, Asp 29’, Asp/Thr 30, (Gly 50, Thr 51/, Gly 52'), Ile 47’/53/, Thr 74/Arg 7%, Leu 76’ /81’

2 Amino acid residues in the second subunit of the dimer are indicated by a prime. The residues that differ in the two PRs are indicated in bold
type as HIV-1 PR residue/EIAV PR residue. The EIAV PR residue numbers change after residue 36 due to an insertion relative to HIV-1 PR. The
residues in the extra loop of the EIAV PR flap are in parentheses.

Table III: Relative Activities Obtained with EIAV and HIV-12 Proteinases for Substrates Having Single Amino Acid Substitutions from
Position P4 to P3’

substitutions Ser P4 GIn P3 Asn P2 Tyr P1 Pro P1” Ile P2’ Val P3
Ala 1.2(0.3) 0.14 (0.34) 5.1 (0.53) 0(<0.01) 0 (0)¢ 0.06 (0.17)¢ 0.24 (0.34)
Leu 1.5 (0.02) <0.01 (0.40) 0.74 (0.06) 0.09 (0.21) <0.01 (0) 0.24 (0.44)¢ 52(3.2)
Val 1.4 (0.05) <0.01 (0.71) 2.5(0.17) 0(0) <0.01 (0) 1.0 (0.93)¢
Ile 1.2 (0.03) 1.3(0.1) 0(0)
Phe 1.3 (0.03) 0.23 (0.22) 0.16 (0.03) 1.4 (1.7) <0.01 (0) 0.06 (0.07)¢ 5.9 (2.4)
Gly 0.12 (0.76) 0.21 (0.18) 0.09 (0.12) 0(0) <0.01 (<0.01)¢ 0.10 (0.24)
Ser 0(0) 0(0) 0.27 (0.36)
Thr 3.24 (0.02) 0.10 (0.40)
Met 0.65 (0.04) 0.15 (0.23) <0.01 (0)
Asp <0.01 (<0.01) 0.15(0.13) 0(0) <0.01 (<0.01)° <0.01 (0.05)
Glu 0.16 (0.1)
Gln <0.01 (0.03) 0.73 (0.67)
Lys 0.25 (0.06) 0.08 (0.12) 0(0) 0(0) 0 (0)° 0 (0)° 0.09 (0.1)
Arg 0.14 (0.15) 0.41 (0.57)
Cys 7.3 (0.92) 0.09 (<0.01)

2 Numbers in parentheses. » Relative activities were calculated by determining the molar amount of peptide cleaved and dividing the activity on a
given peptide by the activity obtained with the unmodified substrate Val-Ser-Gln-Asn-Tyr*Pro-Ile-Val-GIn-NH, (SP-211) at 0.4 mM concentration.
¢ Taken from Bl4ha et al. (1991).

the activities of HIV-1 and -2 proteinases were compared 49-52 in the region of EIAV PR leading to the tip of the flap

using a similar series of oligopeptides (Tézsér et al., 1991, (Figures 1 and 4). The exact conformation of these residues
1993). is not easy to model; however, it is predicted to provide
S4 binding site: One of the significant differences between additional interactions with substrate residues P4 and P5 and

HIV-1PR and EIAV PR s the presence of additional residues toincrease the length of substrate peptide that can be efficiently
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FIGURE4: Stereoview of the S4 subsite of EIAV PR (thin lines) with Ser at P4 of the peptide substrate (thick lines). The corresponding residues
from the crystal structure of HIV-1 PR are shown in dashed lines. Residues 49-52 of EIAV PR have no equivalent in HIV-1 PR. P4 Ser
hydroxyl can form a hydrogen bond interaction with the hydroxyl of Thr 30 (not shown).

L

FIGURE 5: Stereoview of the S2 subsite of EIAV and HIV-1 PR with Asn at P2 of the peptide substrate in a representation similar to that

of Figure 4.

boundand cleaved. Thisisinagreement with tests of different
lengths of peptide on the basis of the MA-CA cleavage site
of HIV-1 (Tozsér et al., 1993). The substitution of Asp 30
to Thr as well as the presence of Arg 79 in this pocket actually
turns a negatively charged pocket into a positively charged
one (Table II). When the relative activities of EIAV and
HIV-1 PR are compared for substitutions of the P4 position,
it is clear that hydrophobic residues Leu, Val, Phe, Ile, and
Ala form better substrates for EIAV than for HIV-1 PR (Table
IIT). This is partly due to the presence of the additional
residues 49—52 in the flaps of EIAV PR, which make subsite
S4 more enclosed (Figure 4). EIAV PR also has the more
hydrophobic Thr instead of Asp 30 in HIV PR, and
hydrophobic residues at P4 can interact with the aliphatic
side chain of Arg 79. Gly at P4, which lacks a side chain, is
a poor substrate for EIAV PR, while it makes a good substrate
for the less enclosed S4 subsite of HIV-1 PR. Similar results
have been observed for the substrates of RSV PR, which also
has additional flap residues contributing to S4 (Cameron et
al., 1993).

S3 and S3’ binding sites: The main difference appears to
be the Gly 48 to Ile change, which adds a hydrophobic side
chain at one side of the subsite. These subsites were predicted

to accommodate a variety of side chains, and many of the
peptides containing substitutions at the P3’ position were
hydrolyzed by both HIV and EIAV PR (Table ITI). The
activities of EIAV and HIV-1 PR toward substitutions of P3
were similar, GIn formed the best substrate for both enzymes.
The model structure suggested that the side chain of P3 Gln
has the possibility of forming hydrogen bond interactions with
the side chain of Arg 8’ from the PR and with Tyr OH at P1,
S3 is more hydrophobic in EIAV PR than in HIV-1 PR due
to the Gly 48 /Ile 54 change (Table II); however, this does not
correlate with the kinetic measurements for Gln or Leu at P3.
Results of substrate cleavage by a mutant of RSV PR which
has Gly substituted for the wild-type His at this position
suggested that this residue primarily affects the S1 and S1/
subsites (Grinde et al., 1992). The differences at P3’ are
more consistent with the model structure. Leu and Phe at P3/
form the best substrates for both enzymes. The more
hydrophobic S3’ site in EIAV compared to HIV-1 PR due to
the Gly 48 to Ile 54 change means that the larger hydrophobic
Phe and Leu at P3’ are better substrates for EIAV than for
HIV-1 PR.

S2and S2’' binding sites: Subsite S2 isillustrated in Figure
5. Subsites S2 and S2’ show the nonconservative change of
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Asp 30 to Thr in EIAV PR (Table II), which will make the
site more hydrophobic and less negatively charged. Substi-
tution of Ile 50 to Val 56 introduces a smaller hydrophobic
side chain, and substitution of Gly 48 to Ile 54 introduces a
larger hydrophobic side chain that is probably directed away
from the subsite (Figure 5). These changes suggest that
somewhat larger and more hydrophobic side chains may be
accommodated at P2 and P2’ in EIAV PR compared to HIV
PR. In fact, at P2, the medium to small size hydrophobic
residues Ala, Val, Ile, Cys, and Leu are substantially better
substrates of EIAV than HIV-1 PR, as is Thr which is partly
hydrophobic. The 8-branched side chains of Val, Ile, and
Thr are accommodated better in the S2 and S2’ subsites of
EIAV proteinase due to the presence of the smaller Val 56
instead of the larger Ile 50 of HIV-1 proteinase. Phe is too
large to be a good substrate at P2 or P2’ for either enzyme.
AtP2’, Val and Ile form the best substrates for both enzymes,
while the substitution of Ala or Leu results in poorer substrates
for EIAV compared to HIV PR. Asymmetrical effects of
substitutions at P2 and P2’ were also observed on comparison
of HIV-1 and -2 proteinases (Tozsér et al., 1992a). Some of
these effects may be due to the sequence of the adjacent
residues in the substrate. Results from comparisons of RSV
and HIV-1 PR specificities have suggested that the subsites
P1’ and P2’ are smaller than the Pl and P2 subsites,
respectively.

Subsites S1 and S1” Pro81 and Val 82 of HIV-1 PR form
a “roof” for subsites S1 and S1’ and have a significant effect
on the specificity for P1 and P1’, as described in Grinde et al.
(1992). These residues are conserved in EIAV PR. In RSV
PR, His 65 is present instead of Gly 48 of HIV-1 PR, and
mutation of His 65 to Gly results in inactive proteinase. In
EIAV PR, the changes are Gly 48 to Ile 54, Ile 50 to Val 56,
and Thr 80 toIle 85 (Table II), which tend to make the subsites
S1 and S1’ slightly smaller and more hydrophobic compared
to HIV-1 PR. Both Ile 54 and Val 56 are on the side of the
subsite and may have less effect on specificity than the residues
forming the “roof”, although there may be small changes in
the size and shape of residues that can be readily accommo-
dated. The activity measurements are very similar for both
proteinases, the large hydrophobic Phe and Tyr form the best
substrates at P1, and the medium size hydrophobic Met and
Leu also form substrates (Table III). Only Pro at P1’ forms
a substrate for both HIV-1 and EIAV proteinases.

CONCLUSIONS

The molecular model for EIAV PR shows many similarities
with the structure of HIV-1 PR. One exception is the
conformation of the region leading to the flaps which is
predicted to resemble RSV more closely than HIV PR, and
provides three additional residues in subsites S4 and S4’. Only
five residues forming the subsites for substrate binding differ
in the two enzymes. These are Asp/Thr 30 which contributes
to subsites S4, S2, S2’, and S4/; Gly 48 /Ile 54 which forms
part of subsites S3, S1, S1’, and S3’; Ile 50/Val 56 which
forms part of subsites S2, S1, S1/, and S2’; Thr 74/Arg 79
which contributes to subsites S4 and S4’; and Thr 80/Ile 85
which forms part of subsites S1 and S1’. These differences
in the subsites of the two enzymes have been correlated with
the relative activities toward peptide substrates with single
amino acid substitutions of P4 to P3’. As expected, the
activities of EIAV and HIV-1 proteinases are similar for
substitutions at most positions. Substantial differences are
observed in the relative activities of the two enzymes for
peptides with substitutions at the P4 and P2 positions.
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Hydrophobic residues at P4 form better substrates for EIAV
than for HIV-1 proteinases, due to the presence of the
additional flap residues 50-52 that contribute to the S4 subsite.
Small hydrophobic residues at P2 form good substrates for
EIAV PR, while Asnis the best substrate for HIV-1 proteinase.
This is predicted to be due to the changes of Asp 30 in HIV-1
to Thr in EIAV PR and Ile 50 to Val 56, which decrease the
size and increase the hydrophobicity of the S2 subsite of EIAV
PR.
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