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The retroviral proteinase (PR) plays crucial roles in
the viral life cycle, therefore it is a target for
chemotherapy. However, resistance rapidly devel-
ops due to frequent mutations. Studies to deter-
mine the common features of the specificity of dif-
ferent retroviral PRs may help to design broad
spectrum inhibitors and reduce the possibility of
viable mutants. We have studied the specificity of
various retroviral proteinases including those the
PR of HIV-1, HIV-2, equine infectious anemia virus
and avian myeloblastosis virus using oligopeptide
substrates. A series of oligopeptides containing
substitutions in a sequence Val-Ser-Gln-Asn-
Tyr*Pro-lle-Val-Gln (asterisk indicates the site of
cleavage) representing a naturally occurring cleav-
age site in HIV-1 was used to characterize the seven
substrate binding subsites of the enzymes. The
unsubstituted substrate is a typical class 1 cleavage
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site substrate containing an aromatic amino acid
and a proline residue at the site of cleavage. The
largest differences in kinetics of substrate hydroly-
sis were obtained with peptides containing substi-
tutions of the Ser and Asn residues. Detailed analy-
sis of the results by molecular modeling and com-
parison with previously reported data revealed the
common characteristics of the specificity of the PRs
as well as its strong dependence on the sequence
context of the substrate. However, molecular model-
ing in many cases provided explanation for the
sequence context dependence. Also, comparison of
the specificity of the enzymes suggests that the
specificity of HIV-1 and -2 PRs is rather exception-~
al preferring hydrophilic residues at the most dis-~
criminative positions while other PRs prefer
hydrophobic residues. (Pathology Oncology Rese-
arch Vol 3, No 2, 142-146, 1997)

All replication competent retroviruses including HIV, code
for a proleolytic enzyme which is cssential for virus replica-
tion, therefore it is an attractive target for chemotherapy.'”
Potent inhibitors are being developed and some of them are
now used in clinical practice.™ However, as with reverse
transcriptase inhibitors, resistance rapidly develops. There-
fore better understanding of the specificity of retroviral PRs
may help to design broad spectrum inhibitors.

The retroviral PRs are homodimeric aspartic proteinas-
¢s with 99-126 residue long subunits.” Three characteris-
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tic conserved regions are the active site triplet, the so
called flap region and a third conserved region close to the
C-terminal end (Fig./). An interesting fcature of the natu-
rally occurring PR cleavage sites is the lack of a conscn-
sus sequence (Table 1), which would suggest that the
retroviral proteinases are rather unspecific enzymes; how-
ever, they process their natural substrates in a restrictive
way. Another interesting feature is that Pro frequently
occurs at the site of cleavage (Tuble 1), in a position where
it is not found in cleavage sites of cellular proteinases. In
fact, one of the earliest indications that a retroviral PR
exists was the finding of N terminal proline residues in
animal retroviral proteins®. Initially three types of cleav-
age sites were proposed for HIV-1, HIV-2 and simian
immunodeficiency viruses (SIV).° Subsequently, two
major types of cleavage sites were proposed for retroviral
proteinases, type 1 having -Tyr(Phe)*Pro- and type 2 hav-
ing hydrophobic residues (excluding Pro) at the sitc of
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Figure 1. Sequence comparison of retroviral proteinases. The amino acids of the conserved regions are in bold.

cleavage.” These two types of cleavage sites seem to have
different preferences for the P2 and P2’ positions, where
the peptide bond between P1 and P1’ is cleaved (notation
is according to Schechter and Berger'”).

To better understand the specificity of retroviral pro-
teinases we have studied and compared the specificity of
HIV:1, HIV-2 PRs,”'! equine infectious anemia virus
(E1AV) PR* and avian myeloblastosis virus (AMV) PR"
using a lype | series oligopeptide substrate. These
oligopeptides contained substitutions in the sequence Val-
Ser-Gln-Asn-Tyr*Pro-Ile-Val-Gln (asterisk indicates the
site of cleavage) representing a naturally occurring cleav-
age site between the matrix and capsid proteins of HIV-1.
Substrates were cleaved by the enzymes, then products
were analysed by reversed-phase HPLC analysis to deter-

mine the Kinetic constants. In some cases relative activities
(activity on a given peptide determined at 0.4 mM con-
centration divided by the activity obtained for the unmod-
ified peptide at the same substrate concentration) were
determined. These values correlated well with the k_,/K,,
values."” The same substrate series was also used to char-
acterize wild-type and mutant murine leukemia virus
(MulV) PR" as well as mutant HIV-1 proteinases."'® To
complement these studies, the specificity of human T-cell
leukemia virus type 1 (HTLV-I), bovine leukemia virus
(BLV) and mouse mammary tumor virus (MMTYV) PRs
have been also characterized by the same substrate set (our
unpublished results).

The crystal structures of several PRs have been deter-
mined.'”" For those enzymes for which a crystal structure

Table 1. Comparison of the naturally occurring cleavage site sequences of retroviral proteinases.

HIV-1 HIV-2 EIAV AMV

site sequence site sequence site sequerce site sequence
MA/CA SQNY*PIV MA/CA  GGNY*PVQ  MA/CA SEEY*PIM MA/p2A  TSCY*HCG
CA/p2 ARVL*AEA CA/p2 ARLM*AEA CA/pl KMML*LAK  p2A/p2B  CNCA*TAS
p2/NC ATIM*MQR p2/NC PFAA*AQQ pl/NC AKAL*QTG  p2B/pl0  PYVG*SGL
NC/pl RQAN*FLG NC/pl RQAG*FLG NC/p9 KQTF*PIQ plo/CA VVAM*PVY
pl/pb PONF*LQS pl/p6 PRWNF*PVA TE/PR QFVG*VTY CA/p3 AAAM *SSA
TF/PR SFNF*PQI TF/PR GLAA*PQF PR/RT KLVL*AQL p3/NC PLIM*AVV
PR/RT TLNF*PIS PR/RT SLNL*PVA RT/p15*"  EEIM*LAY NC/PR PAVS*LAM
RT/IN RKIL*FLD RT/IN RQVL*FLE p15F°/IN TGVF*WVE  PR'/RT ATVL*TVA

RT/IN FQAY*PLR

The cleavage sites are indicated by asteriscs. Nomenclature of retroviral proteins is according to Leis et al.”
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Figure 2. A schematic representation of the HIV-1 MA/CA sub-
strate in the $3-53" subsites of HIV-1 and HIV-2 proteinases. The
relative size of each substte is indicaled approximately as the area
enclosed by the curved line around each substrate side chain. Many
of the residucs contribute to more than one subsite, as indicated by
the position of the label. Proteinase vesidues forming the subsites
are shown. Residues that differ between the two enzymes are given
as HIV-1/HIV-2 residues.

was not available at the time of study, as in the case of
EIAV PR, wc built up the structures by homologous mod-
eling, and used these models to interpret the results of
kinetic measurements.'? Later the crystal structure of the
EIAV PR revealed that substrate binding siles were prop-
erly predicted by molecular modeling, although some
details of the overall structure proved to be somewhat dif-
ferent. "

Based on enzyme-inhibitor crystal structures, a sub-
strate is also expected to bind in an extended beta con-
formation (Fig.2). The original substrate was nine amino
acid long. Sequential shortening ol the substrate
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Ala Val lle Leu Ihe Gly Cys Thr
Figure 3. Relative activities obtained for P2 Asn substituted
Val-Ser-Gln-Asn-Tyr*Pro-lle-Val-Gln substrates. The relative
activity obtained with the unsubstituted peptide is 1.00 by def-
inition.

revealed, that 7 residues are required for efficient hydrol-
ysis with HIV-1 and HIV-2 PRs, 4 at the N-terminal side,
and 3 at the C-terminal side."" Some cnzymes including
EIAV and AMV may even intcract with P5."* Peptides
having polar or charged residues at Pl were not sub-
strates of the studied PRs. Peptides containing small
hydrophobic residues or B-branched residues were also
very poor substrates or were not cven hydrolyzed. The
variation of relative activities of the hydrolyzed P1 sub-
stituted peptides was surprisingly small. In the given
sequence context, all PRs preferred the original Tyr, and
the also aromatic Phe (not shown). On the contrary, the
largest variations were obtained with the P2 substituted
peptides (Fig.3). A common characteristic of the PRs is
that they cannot hydrolyze a peptide containing Lys in
this position. HIV PR prefers the original Asn, as well as
the small hydrophobic Ala and Cys in this sequence con-
text. EIAV PR follows the pattern found with HIV PRs,
however, the original Asn gave a less efficient substrate
than those with hydrophobic residues. AMV PR also has
a similar pattern, however, the relative activities are
higher for peptides having hydrophobic residues. BLV
and MMTYV PRs at this position seem to have a prefer-
ence for larger. hydrophobic residucs, getting the best
values with Ile and Leu substitutions, respectively (not
shown).

Asp 30, which is part of the HIV-1 S2 binding site, is a
Thr in EIAV, and an uncharged residue in all the other stud-
ied PRs (Fig./). This could be one rcason for the more
hydrophobic nature of their S2 subsites. The other impor-
tant change could be that instead of Il 54, another residue
of §2, a smaller Val is in the identical position in EIAV PR.
In the case ol the other PRs, except for AMV PR, which
also contains le in this position, smaller residues can also
be found in this place, which may contribute to the prefer-
ence for larger hydrophobic residucs at this subsite.

100

[ HIV-1PR
B v PR
[ EIAV PR
. AMY PR

10

oo Ala Val lle Leu Phe Gly Asp Arg
Figure 4. Relative activities obtained for P4 Ser substituted
Val-Ser-Gin-Asn-Tyr*Pro-lle-Val-Gln substrates. The relalive
activity obtained with the unsubstituted peptide is 1.00 by def-
inition.
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Crystal structures and molecular models of PRs sug-
gested that S3 subsites are generally large. These pockets
can accept various side chains, and the variation of activi-
ty is relatively small as compared to S4 and S2 (not
shown). 84 is near the surface of the PRs, and the side
chain may partially be exposed to the solvent. In this posi-
tion HIV PRs preler small residues. The best values were
obtained with an unsubstituted substrate containing Asn
and with the peptide containing a Gly substitution. In con-
trast, other PRs had a preference for large hydrophobic
residues, suggesting that they have a more enclosed, more
hydrophobic S4 pocket. The preferred size of P4 is differ-
ent. For AMYV, Ile substitution gave the best results while
for BLV PR, Phe substitution worked most efficiently (not
shown).

A common characteristic for the studied retroviral PRs
is that changing the P1° Pro to any other tested amino
acids gave nonhydrolyzable or very poor substrates.”'*"?
Substitutions of P2° and P3’ residues did not give as large
variations in relative activities as obtained with substitut-
ing P2 and P4 residues (not shown).

In summary, it seems to be generally true, that the retro-
viral proteinases can recognize 6-7 amino acid residues of
the substrate, generally spanning from P4 to P3’. The sub-
strate binding sites are generally hydrophobic. Specificity
of the proteinases showed the largest variations at the S2
and to a lesser degree, the S4 subsites. This site scems to
be the major determinant for the differences in specificity
of retroviral proteinases, and mutations harboring resis-
tance frequently involve residues of this subsite.

Another important feature of the PR specificity is that
the preference for a given subsite is strongly dependent on
the residues occupying the other subsites. For example
preference for P2 depends on the P1’ residue,*” Pl and
perhaps on the P4 residue. It should be mentioned that the
so called type 2 cleavage site is relatively small, but (-
branched lle is preferred at S2 of HIV PR.% Specificity in
S3 is a lunction of the P1 residue: a large P1 side chain
restricts the size of the P3 residue which can be accom-
modated.” Although S4 is close to the surface, it shows a
preference for hydrophobic residues except for HIV PRs,
although the size of the preferred residue is a function of
P2. Our results suggest that the specificity of retroviral
proteinases is very complex, and strongly depends on the
context of the substrate sequence. The preference at a
given position may depend not only on the complementar-
ity of residues at the same side of the B-shect (like P3 and
P1, P2 and PI’), but also on those at the opposite side.
However, modeling in many cases could give an explana-
tion for the sequence context dependence and is a promis-
ing tool to “decode” the specificity of the retroviral pro-
teinases. The strong sequence context dependence should
be taken into account in the design of proteinase inhibitors,
since developing resistance is one of the most serious
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problems in treatment of AIDS. A mutation in a substrate
binding subsite of the PR indirectly could influence the
specificity of the other binding sites. Conversely, changing
the ligand at those other affected positions could comple-
ment the changes and regain the high potency of the
enzyme-ligand interaction.
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