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The mature proteins of retroviruses originate as a result of
proteolytic cleavages of polyprotein precursors. Retroviruses encode
proteases responsible for several of these processing events, making them
potential antiviral drug targets. A 99-amino acid HIV-1 protease, produced
by chemical synthesis or by expression in bacteria, is shown here to
hydrolyze peptides corresponding to all of the known cleavage sites in the
HIV-1 gag and pol polyproteins. It does not hydrolyze peptides
corresponding to an env cleavage site or a distantly related retroviral gag
C]eavage S’ite. © 1988 Academic Press, Inc.

Retroviral proteins are initially translated in the form of large
precursor fusions, gag, pol and env that are proteolytically processed to
give the viral structural proteins and the virally encoded enzymes (1).
Homologous virally encoded proteases have been partially characterized for
several retroviruses (2-5) and similar proteases have been inferred from the
DNA sequence of known retroviruses (6,7). Although the identities of the
cleavages produced by these proteases have not been fully determined, in the
case of murine leukemia virus a deletion of the protease gene resulted in
unprocessed gag proteins and the loss of viral infectivity (8).

The genome organization for HIV-1 is shown in Fig. 1 with the genes

encoding the 3 major viral precursor proteins outlined. The sites for in
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vivo processing of the precursors to give the mature gag pl7 (MA), p24 (CA),
p7(NC) and p6, the reverse transcriptase, the integrase and the 2 envelope
proteins gp4l and gpl20 are known from amino acid sequencing of the
polypeptides found in the HIV particles and are designated in Fig. 1 as I-IX
(9-13). From the literature of retroviral cleavage site specificities (14),
the mature HIV-1 protease would be expected to result from cleavages at
positions V and VI in Fig. 1 (pol 69-167, numbering according to ref. 15).

A protein having the expected N-terminus has been observed to be produced
during E. coli expression of portions of the pol gene product (16). We have
found that a polypeptide having the sequence pol 69-167 made by expression
in E. coli cells (17, 18) or by chemical synthesis (19) has the ability to
cleave HIV-1 gag p55 to give the gag p24 and pl7 products. In this report
we describe the ability of this protease to cleave peptides having sequences
that correspond to the known in vivo cleavages of the virus. To ensure that
the activities are intrinsic to the HIV-1 protease, we have used the
chemically synthesized protease for all of the data reported, although the
same specificity was observed for the microbially expressed enzyme. The 99
amino acid HIV-1 protease hydrolyzes peptides with a substrate specificity
diverse enough to account for all of the known cleavage sites for the HIV-1
gag and pol precursors, but specific enough so as not to result in cleavage
of the env precursor nor a gag precursor from the distantly related avian

myeloblastosis virus (AMV).

MATERIALS AND METHODS

HIV Protease. The protease was synthesized by solid phase methods,
purified and folded into the active form as described in ref. 19. HIV-1
protease was also purified from an E. coli (18) expression system. Both
protease preparations were in 50 mM NaOAc, pH 5.5, 10% glycerol, 1 mM EDTA
and 1 mM DTT prior to assay.

Peptide Hydrolysis assays. Synthetic peptides were purified by reverse
phase APLC and hydrolyzed by the protease (0.2 pg) at various concentrations
in 50 mM Na acetate, pH 5.5. The reactions {40 ul) were initiated by
addition of 5 pl protease and quenched after 30 min at 30°C with 160 ul 12%
acetic acid. Peptides were separated on either a 15 cm or a 5.0 cm reverse
phase C-18 column with linear gradients of water to acetonitrile (both 0.1%
in trifluorocacetic acid), detected by absorbance at 220 nm and the peak
areas integrated. In the case of peptides GAG 124-138, GAG 128-135, POL
59-72 and POL 162-174, synthetic product standards were independently
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synthesized and shown to comigrate with the products observed. For peptides
listed in Table II, large scale reactions were performed to greater than 33%
hydrolysis and the resulting mixture subjected to gas phase sequencing to
identify the cleavage sites (20). For each of the peptides SQNYPIV and
SQNYPIVQ, there were 2 products of the enzyme reaction, one of which had the
same retention time on HPLC and a UV absorption characteristic of tyrosine.
In the case of SQMYPIV, the second product was shown to comigrate with
synthetic PIV, thus the identity of the second product for SQNYPIVQ was
assumed to be PIVQ.

Kinetic parameters were determined from assays performed in duplicate
at 7 different concentrations of peptide. At least 2 but no more than 3 of
the concentrations employed were above the Km values reported. The extent
of loss of substrate was in no case greater than 7%. The extinction
coefficient for a product on HPLC was either determined by comparison with a
known quantity of synthetic product standard, or by preparing a reaction
mixture in which more than half of the substrate was hydrolyzed. The
quantity of the 2 products appearing in that mixture was calculated from the
Toss of substrate.

RESULTS AND DISCUSSION

Initial studies of peptide hydrolysis activity by the synthetic
protease were conducted with a substrate peptide (gag 124-138,
HSSQVSQNYPIVQNI) representing the cleavage site between pl7 and p24 (I in
Fig. 1). Following incubation of the peptide with the protease, HPLC
analysis of the reaction mixture revealed two novel peaks which comigrated
with the anticipated products, HSSQVSQNY and PIVQNI (Fig. 2). Gas phase
sequencing (20) of the reaction mixture confirmed the generation of the
predicted (10) PIVQNI sequence.

The minimal substrate recognition site for the HIV-1 protease was

explored by synthesizing a series of consecutively smaller peptides having

sequences that span cleavage site I (Table 1). The rates of cleavage
reactions listed in Table 1 are relative to that observed for the 15 residue

substrate, with all peptides tested at 1 mM. Only a 10% reduction in rate

I II III IV VIII IX
GAG o ENV
p17 p24 p7 pGI l gp120 gpat
PRT RT ENDO
POL
v VI VII

Figure 1. The major open reading frames of HIV-1. Numbered arrows indicate
proteolytic processing sites within the polyprotein products.
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Figure 2, HPLC elution profile for the hydrolysis of a peptide by the
synthetic HIV-1 protease. Tracing 1 represents a sample of protease in a
reaction solution, in the absence of substrate. Tracing 2 represents GAG
124-138 (peak a) in the absence of enzyme. 1In tracing 3, the peak area of
the substrate is decreased following treatment with the protease, and 2 new
peaks (b and c) appear that have mobilities jdentical to those of the
predicted products, GAG 124-132 (tracing 4) and 133-138 (tracing 5).
Additional small peaks are due to components of the buffer in the protease
preparation.

was observed when the 7 residue peptide corresponding to gag 129-135
(SQNYPIV) was used as a substrate. Removal of residues from ejther end of
this minimal substrate resulted in the elimination of detectable activity.
Peptides in which the serine of the 7 amino acid substrate was replaced with
an acetyl group or the seryl-glutamine dipeptide with pyroglutamic acid were
also not substrates. The Km for the hydrolysis of VSQNYPIV was determined
to be 2.5 mM with a Vmax of 275 nmol/min/mg.

Having observed that the §9 amino acid HIV-1 protease had the ability

to cleave a peptide of the sequence corresponding to the known cleavage site

Table 1. Length dependence of Hydrolysis Rates for Gag pl7/p24 Peptide

Substrates

Sequence Relative Rate of Hydrolysis
HSSQVSONY-PIVQNI 1.0
VSQNY-PIV 1.0
SQNY-PIVQ 0.95
SQNY-PLV 0.90
SQNY-PI <0.05
QNY-PIV <0.10
Acetyl-ONY-PIV <0.10
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Table 2. Hydrolysis of peptides corresponding to peptide cleavage sites

{nmoT/
Site Sequence Km (mM)  Vmax min/mg)
PEPTIDES HYDROLYZED
HIV-1 sites® b
1 TGAG 124-138 HSSQVSQNY-PIVQNI N.D. >275
IT GAG 357-370 GHKARVL-AEAMSQV 2.3 100
II1 GAG 370-383 VTINTATIM-MQRGNF 0.16 682
IV GAG 440-453  SYKGRPGNF-L.QSRP 13.9 382
V POL 59-72 DRQGTVSFNF-PQIT 0.70 954
VI POL 162-174 GCTLNF-PISPIET N.D >120
VII POL 721-734 AGIRKIL~FLDGIDK 6.1 145
HIV-2 site
~142 SEKGGNY -PVQHVGG 2.3 295
PEPTIDES NOT HYDROLYZED
HIV-1 site
IX ENV 511-524 RVVQREKR~AVGIGA - <2
AMV site
p12/p15c PAVS~LAMTMEHK - <2
ﬁ Numbering according to ref. 15.

Km not determined due to low solubility.
Sequence from ref. 22.

between gag pl7 and gag p24, we examined its activity against a series of
peptides listed in Table 2, where the peptides designated I-IX have
sequences corresponding to several residues on either side of each of the
cleavage sites I-IX shown in Fig. 1. Seauences were chosen to favor aqueous
solubility while including at least 4 residues N-terminal and 3 residues
C-terminal to the in vivo cleavage site. The protease was capable of
cleaving all of the peptides corresponding to the 4 cleavages of gag (I-IV),

the site at the N-terminus of the protease (V), the sites between the
protease, reverse transcriptase and integrase (VI, VII), but not the site
between env gpl120 and gp4l (IX). Because of Tow solubility, we were unable
to examine the peptide that corresponds to the cleavage of the signal
peptide of the env precursor (VIII).

The specificity of the protease was further explored using peptides
that had sequences for known in vivo cleavage sites of the closely related
HIV-2 (21) and the more distantly related AMV virus (Table 2). The HIV-2
peptide was a substrate comparable to some of the HIV-1 substrates, while

the AMV peptide, shown to be cleaved by the AMV protease (22), was not. The

peptides where no cleavage was observed were tested at 2 mM. Increasing the
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quantity of protease 10 fold (to 2 ug) or the time of reaction to 6 hr
produced no loss of substrate or detectable products.

The peptide cieavages observed are efficient enough to suggest that all
of these sites are processed by the HIV protease in vivo. Similarity among
the retroviral polyprotein cleavage sites has been noted previously, with
the deduction of a consensus sequence Ser{or Thr)-Xaa-Xaa-Tyr(or Phe)-Pro
(7). We confirm that peptides (I and V) sharing this sequence are
substrates, while noting that the dissimilar peptide III is also very
effective. It is unusual that a single peptidase is able to cleave
N-terminal to proline as well as N-terminal to primary amino acids. In this
study, the utilization of enzyme derived by chemical synthesis avoids
possible artifacts arising from contaminating activities and offers
convincing evidence that the diverse cleavages are intrinsic to the HIV-1
protease sequence. Although a common feature of the cleavage site is the
occurrence of hydrophobic amino acids on either side of the scissile bond,
protease treatment of HIV-1 gag p55, which contains numerous hydrophobic
residue pairs, has been previously shown to result in the highly specific

cleavage at sites I and II (19).

On the basis of limited sequence similarity, the retroviral proteases
have been compared to the family of aspartyl proteases that include pepsin
and renin (14). The minimal length of 7 residues that we observe for an HIV
protease substrate agrees closely with the minimal length for a renin
substrate (23). In addition, a recent report on the peptide substrate
specificity of avian sarcoma-leukosis virus protease (24) demonstrates that
while a decamer is a substrate, a hexamer is not. Whereas renin has a high
degree of sequence specificity for peptides as substrates, pepsin is much
less stringent (25). The HIV protease activity characterized here is much
Tess specific in its substrate sequence than renin, but a more detailed
analysis is necessary before the structure-function determinants of an HIV-1
protease substrate will be known.

In conclusion, we have shown for the first time that the 99 amino acid

HIV protease will function in vitro to cleave peptide substrates having the
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sequences for 7 of the 9 known processing sites of HIV-1 polyproteins. The
versatility of this protease reflects its importance in the Tife cycle of
the virus and highlights its potential as an anti-viral target.
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