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The virally encoded protease of human immunodeficiency virus (HIV) is responsible for specific cleavage
events leading to the liberation of the enzymes reverse transcriptase, integrase, ribonuclease H, and the core
proteins from the gag-pol and gag polyprotein precursors. Utilizing gag polyprotein synthesized in vitro, we
have shown that this substrate is sequentially cleaved by purified HIV protease to yield products that on the
basis of their sizes and immunoreactivities correspond to p15, p6, p7, pl7, and finally mature p24. We have
placed unique restriction sites flanking the pl7-p24 domain in order to facilitate replacement of cleavage site
sequences by utilizing oligonucleotide cassettes. Replacement of the rapidly cleaved methionine-methionine
bond at the p24-pi5 junction with tyrosine-proline or replacement of the tyrosine-proline bond at the pl7-p24
junction with methionine-methionine results in sites that cannot be efficiently cleaved. A basic amino acid at the
pl7-p24 scissile bond is not tolerated. Replacement of this cleavage site with an inverted repeat amino acid
sequence gives intermediate rates of cleavage. In an attempt to convert the pl7-p24 domain into a p24-pl5
domain, residues flanking the scissile bond were exchanged in an expanding iterative fashion. When four
residues flanking the scissile bond had been replaced, the rate of cleavage relative to that of the native pl7-p24
sequence was increased fourfold. The cleavage rate of the native p24-p1S sequence is still some 10-fold greater
than that of the pl7-p24 sequence, suggesting that more-distant residues significantly affect the cleavage rate.

The protease of the human immunodeficiency virus type 1
(HIV-1) is responsible for specific cleavage events leading to
the liberation of the enzymes reverse transcriptase, inte-
grase, and ribonuclease H, and the core proteins from the
gag-pol and gag polyprotein precursors (30). It has been
shown through genetic means that this processing by the
viral protease is essential for the production of infectious
virions (13, 29). The HIV-1 protease has been the object of
intensive investigation in the last few years; we and others
have expressed active recombinant protease in Escherichia
coli and other expression systems (2, 3, 5, 10, 11, 20).
Biochemical and crystallographic evidence has firmly estab-
lished that the protease is active as a dimer with structural
and functional analogies to the aspartyl acid family of
proteases (12, 18, 19, 27, 28, 33, 34). Cocrystals of protease
dimer with a synthetic, noncleavable peptide analog suggest
multiple contact points between substrate and enzyme in a
binding site that includes at least seven residues of the
substrate molecule (25). Because of the essentiality of the
HIV-1 protease for infectious virion production and the
relative wealth of information regarding its mechanism of
action, the HIV-1 protease has emerged as a prime target for
the development of inhibitors that might prove beneficial in
the treatment of AIDS. Recent reports indicate that such
inhibitors are antiviral through inhibition of viral polyprotein
processing (7, 23, 30).
The rational design of inhibitors of the HIV protease

requires understanding not only of the enzyme but also of
the substrate specificity. There are four cleavage sites within
the gag polyprotein precursor, which on cleavage gives rise
to the mature core proteins p17, p24, p7, and p6. Sequence
comparison does not indicate strict homology between these
sites, in terms of either the scissile bond (Met-Met, Tyr-Pro,

* Corresponding author.

Leu-Ala, and Phe-Leu) or the immediately surrounding
residues. Our goal is to determine those factors responsible
for the substrate specificity of the HIV protease. Substrate
specificity of the HIV-1 protease has been previously ad-
dressed through the use of small peptide mimics of some of
the viral cleavage sites (1, 4, 15, 26, 31). As an extension of
these studies with small peptides, it would be of interest to
determine the role of the context in which the scissile
peptide bond is presented in determining how the large
polyprotein precursors are processed.
We have previously utilized in vitro translation products

of full-length gag polyprotein precursor to study the relative
processing at the various domains in this polyprotein (8).
Our data suggested sequential processing at the amino- and
carboxyl-terminal domains of the precursor that was largely
independent of the presence of the other domain and which
differs in rate by approximately 50-fold. We report here our
attempt to alter the relative rates of processing in vitro of the
pl7-p24 and p24-p15 domains via site-directed mutagenesis.
Replacement of proximal residues is poorly tolerated in
terms of cleavage. It appears that the cleavage pair must be
viewed in the context of the surrounding residues that occur
naturally. Our results also suggest that determinants outside
the heptapeptide-binding site may play a significant role in
determining the overall rate of processing at a particular site.

MATERIALS AND METHODS

Plasmid constructions. DNA manipulations were carried
out by using standard procedures (21). Plasmid pDAB72MA
encoding full-length gag polyprotein in which an internal
initiating methionine at position 142 has been mutated to an
alanine was previously described (8) and was the starting
material for all sequence manipulations. The following mu-
tations in the amino acid sequence were introduced via
site-directed mutagenesis by using the method of Kunkel et
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HIV-1 PROTEASE SUBSTRATE SPECIFICITY 923

al. (16): MMYP, Met-378 to Tyr and Met-379 to Pro; YPKP,
Tyr-132 to Lys; and YPFP, Tyr-132 to Phe. In order to
facilitate replacement of additional amino acid residues at
the p17-p24 junction (variable site 1 [vsl]), unique restriction
sites Xhol and MluI flanking the pl7-p24 junction were
introduced via site-directed mutagenesis. The XhoI site was
introduced 24 bp upstream of the junction, and the MluI site
was introduced 64 bp downstream of the junction; neither
mutation changes the amino acid sequence of the resultant
protein. Oligonucleotide cassettes encoding the desired se-
quence were created from 40-mer to 45-mer oligonucleotide
pairs with appropriate overhangs to form an 88-bp cassette
with XhoI- and MluI-compatible ends. Plasmids were then
constructed by ligation of XhoI-DraIII and MluI-DraIII
fragments together with the oligonucleotide cassette (Fig. 1).
Mutations were confirmed by sequencing.

Expression of pr55rag and mutants in vitro. Plasmids were
prepared from transformed XL-1 cells by using an alkaline
lysis procedure (21). Linear DNA template was prepared for
transcription by BamHI digestion. Alternatively, RNA en-
coding p17 and the first 78 amino acids of p24 was prepared
from PstI-digested DNA template. In vitro transcriptions
were carried out as previously described (8). In vitro trans-
lation was carried out by using a rabbit reticulocyte transla-
tion system (Promega Biotec) according to the manufactur-
er's instructions. Reaction mixtures included either [35S]
methionine or [35S]cysteine at 1 ,uCi/4l (1,100 Ci/mmol). A
portion of the total translation mixtures was analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) and fluorography.

Protease assays. Translation mixtures corresponding to
wild-type or mutant plasmids were adjusted to yield equal
concentrations of translation product in the final reaction
volume on the basis of the number of methionine residues
present and counts per minute incorporated into gag poly-
proteins. Recombinant protease was isolated from inclusion
bodies of the plasmid pET3AM as previously described (2)
and used at a final concentration of 0.5 to 5 p,g/ml. Reactions
were carried out in phosphate-buffered saline, pH 7.2, at
30°C. Individual aliquots of proteolytic reactions were
quenched with 2x Laemmli SDS-PAGE sample buffer (17),
boiled, and frozen until analysis. Peptides were added as
indicated to reactions in dimethyl sulfoxide. Cleavage of
synthetic peptides was carried out in 50 mM 2-(N-morpholi-
no)ethanesulfonic acid (MES)-1.0 mM dithiothreitol-0.1
mM EDTA-1.0 M NaCl-10% glycerol (pH 5.5). After the
indicated time, samples were quenched with an equal vol-
ume of 0.1% trifluoroacetic acid and frozen until analysis.
Samples were chromatographed on a Vydak C18 reverse-
phase column with acetonitrile as the mobile phase.

Immunoprecipitation of protease-digested proteins. Immu-
noprecipitations were carried out in a buffer containing 50
mM Tris (pH 7.4), 190 mM NaCl, 6 mM EDTA, 1.0% Triton
X-100, and 0.1% SDS. Monoclonal antibodies to p17 and p24
were reconstituted according to the manufacturer's instruc-
tions and used at an additional 25-fold dilution. Antibody to
gag p6 was obtained as a tissue culture supematant which
was concentrated 10-fold by ultrafiltration. To 10 ,ul of
protease reactions, 240 ,.l of buffer and 10 ,lI of antibody
were added. After 3 h of being shaken at room temperature,
250 ,ul of Tachysorb-immobilized second antibody (Calbio-
chem) was added. After an additional hour of incubation, the
immobilized complex was collected by centrifugation and
washed with additional immunoprecipitation buffer. The
pellet was finally resuspended in 2x sample buffer and
heated to 100°C prior to electrophoresis.

DRAIII/XHO1 DRAIll/MLUI
DGEST + DIGEST

+ XHO1

MLU1

ULU1
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7LIGATE
Nco ZhoX

Lvsi
UX~~~lut

~1AR
Draill

FIG. 1. Creation of altered cleavage sites in HIV-1 gag polypro-
tein. Unique restriction sites (XhoI and MIuI) were placed around
the pl7-p24 domain (designated variable site 1 or VS1) via site-
directed mutagenesis. New cleavage sites were then created by
ligation of XhoI-DraIII and MluI-DraIII fragments together with
oligonucleotide cassettes (88 bp) encoding the desired sequence.
Mutations were verified by sequencing.

Miscellaneous. Samples from protease digestion of trans-
lation products were analyzed on 9 to 18% gradient SDS-
polyacrylamide gels (0.75 mm) by using the buffer system of
Laemmli (17). Gels were fixed and treated with En3Hance
for fluorography. Quantitative analysis of protease digestion
was obtained with an Ambis Radioanalytic Imaging System
(Ambis Systems, Inc.). Reported molecular masses were
calculated by using 14C-labeled molecular mass markers.
Relative rates were established from comparison of half-life
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FIG. 2. Sequential cleavage of gag polyprotein precursors by the HIV-1 protease. [35S]methionine- or [35S]cysteine-labeled in vitro
translation products of mRNA encoding the full-length pr55gag precursor were incubated with 4 ,ug of HIV-1 protease per ml, and timed
aliquots were analyzed by SDS-PAGE and fluorography. Products which correspond in size to full-length p55gag, p39, p25-p24, plS, and pl7
are indicated. Shown below is a schematic representation of the gag precursor and the sequential processing observed in vitro. The position
of the PstI site that gives rise to truncated gag precursor is also indicated.

values obtained from linear (first-order) semilog plots of
substrate remaining versus time. Peptides were synthesized
by using 9-fluorenylmethyloxycarbonyl (FMOC) chemistry
via the RaMPS (35) technique. Oligonucleotides were made
by using phosphoramidite chemistry on an ABI synthesizer.

RESULTS

Identification of processing intermediates in the cleavage of
full-length and truncated pr559ag. The in vitro translation
products of mRNA encoding the full-length gag polyprotein
precursor or a truncated product corresponding to p17 plus
the first 78 amino acids of p24 were labeled with [35S]
methionine or [35S]cysteine. These products were incubated
with HIV-1 protease, and timed aliquots were analyzed by
SDS-PAGE (Fig. 2 and 3). Note that in order to distinguish
between processing intermediates arising from cleavage of
full-length precursor and internally initiated polypeptide,
methionine residue 142 has been replaced by alanine as
previously described (8). Material migrating at 39 and 18 kDa
appears rapidly (1 min [Fig. 2]), whereas a doublet migrating
at 24 to 25 kDa appears more slowly. Only with extended
incubation times or higher concentrations of protease does
the doublet resolve to the 24-kDa species. Mature p17
contains no methionine residues; thus, the band migrating at
18 kDa after 1 or 3 min of digestion likely corresponds to pl5
(Fig. 3). Labeling with cysteine reveals a distinct, faster-
migrating species whose appearance is coincident with the
appearance of p24-p25. The faster-migrating species is also
present in protease digests of truncated gag precursor (Fig.
3). The identification of the faster and slower 18-kDa species
as putative p17 and p15, respectively, was accomplished by
immunoprecipitation of protease digests with monoclonal
antibodies to p17, p24, and the p6 portion of p15 (Fig. 3). In

methionine-labeled digests, anti-p6-reactive species appear
in the 5- but not the 30-min samples, consistent with delayed
processing of p15 to p7 plus p6 (6). Mature p6 migrates with
the dye front in this gel system. There is no cross-reaction of
the p39 intermediate with the anti-p6 monoclonal, suggesting
that there is no significant cleavage at the p17-p24 junction of
the full-length precursor. Monoclonal antibodies to p17
precipitate material running below the 18-kDa size marker
from [35S]cysteine-labeled truncated precursor (Fig. 3) or
full-length precursor (data not shown). Together, the results
presented in Fig. 2 and 3 show that the processing at the four
cleavage sites in the gag precursor in this in vitro system is
a sequential series of events: cleavage first at the amino
terminus of p15, cleavage next at the p7-p6 junction closely
followed by cleavage at the p17-p24 junction, and finally
processing of p25 to p24 (Fig. 2). As reported previously,
cleavage at the amino terminus of p15 occurs some 50 times
faster than subsequent cleavages at the other cleavage sites
(8). Although not proven, the molecular mass, immunoreac-
tivity, and effects of single amino acid substitutions de-
scribed below suggest that the cleavages are occurring in the
in vitro translation products at or very near the sites cleaved
by the protease in virally infected cells. The relevant amino
acid sequences corresponding to these cleavage events are
shown in Table 1. The junction giving rise to the amino
terminus of p15 is termed the fast site, whereas the p17-p24
junction is termed a slow site.

Changing a fast cleavage site into a slow site. Site-directed
mutagenesis was used to change the methionine-methionine
cleavage site corresponding to the amino terminus of p15 to
a tyrosine-proline junction (designated MMYP). Compared
with a native full-length precursor, the MMYP polyprotein is
cleaved more slowly, and new intermediates with apparent
molecular masses of 43, 38 to 40, and 33 kDa are observed
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FIG. 3. Immunoprecipitation of protease-digested [35S]methionine- and [35S]cysteine-labeled pr559ag polyproteins. (Left panels) Aliquots
corresponding to 5 and 30 min of digestion of [35S]methionine-labeled full-length gag polyprotein by HIV-1 protease and samples to which
no protease was added (0 min) were immunoprecipitated with antibodies to p17, p24, or p6 and analyzed by SDS-PAGE and fluorography.
(Middle panel) Truncated gag precursor labeled with [35S]cysteine was digested with HIV-1 protease, and timed aliquots were analyzed by
SDS-PAGE and fluorography. (Right panel) Aliquots corresponding to 0, 5, or 30 min of digestion of truncated gag precursor with HIV-1
protease were immunoprecipitated with antibodies to p17 or p24 and analyzed by SDS-PAGE and fluorography.

(Fig. 4A). p15 is not observed in the MMYP digestion.
Samples corresponding to 2, 20, 40, or 0 min of incubation
with HIV-1 protease were immunoprecipitated with mono-
clonal antibodies to p17, p24, or p6, and the products were
analyzed on gels (Fig. 4B). As expected, all three antibodies
immunoprecipitate the full-length polyprotein. The material
migrating at 43 kDa is immunoprecipitated by antibodies to
p17 and p24, whereas the material migrating at 38 kDa is
precipitated by antibodies to p24 and p6. The band identified
as p33 is immunoprecipitated only by antibodies to p24.
These reactivities and molecular masses are consistent with
the following assignments: p43 = p17 plus p24 plus p7, p38 =
p24 plus p7 plus p6, and p33 = p24 plus p7. p33 can thus arise
from intermediate p43 or p38. The band intensities suggest
that the digestion pathway involving p43 is preferred. Al-
though the disappearance of p55 is significantly slower in the
MMYP digest, the final appearance of p24-p25 is quite
similar (Fig. 4A), suggesting that the overall rate-limiting
step for p24-p25 production is unchanged.

Close inspection of the autoradiogram of the material
migrating at the 24- to 25-kDa region for the MMYP mutant
suggests mature p24 has been produced from the intermedi-
ates. These results are consistent with the following overall
sequence of cleavage events for the MMYP polyprotein:
cleavage at the p7-p6 junction, followed closely by cleavage
at the p17-p24 junction, followed by cleavage at the carboxy
terminus of p24 (Fig. 5). There is no significant cleavage at
the MM-to-YP mutated junction. This suggests that the
amino acid residues making up the scissile bond per se

TABLE 1. HIV-1 protease cleavage sites within the
HIV-1 gag polyprotein

Sequence' Location in gag
polyprotein

Q-V-S-Q-N-Y-P-I-V-Q-N-I .................... pl7-p24 junction
H-K-A-R-V-L-A-E-A-M-S .................... p24 COOH terminus
N-S-A-T-I-M-M-Q-R-G-N-F .................... p7 NH2 terminus
G-R-P-G-N-F-L-Q-S-R-P-E .................... p7-p6 junction

a Sequences are given in one-letter code and are taken from reference 4.
Boldfaced residues indicate the pair of residues at which cleavage occurs.
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FIG. 4. Replacement of methionine-methionine bond at the

p25-p7 junction with tyrosine-proline creates a noncleavable site.
(A) Full-length gag polyprotein corresponding to wild-type (control)
or mutant (MMYP) sequence was digested with HIV-1 protease, and
timed (in minutes, shown below lanes) aliquots were analyzed by
SDS-PAGE and fluorography. The various digestion products are

indicated to the right of the figure. The lower band of the doublet at
38 to 40 kDa is present in all samples and is likely to be a degradation
product. (B) Immunoprecipitation of digestion products of MMYP
by HIV-1 protease. Samples corresponding to 0, 2, 20, and 40 min
were immunoprecipitated with antibodies to p17, p24, or p6 and
analyzed by SDS-PAGE and fluorography.
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926 TRITCH ET AL.

impart a large part of the specificity for cleavage at a
particular junction. The fact that the sequence of cleavage
events is unchanged for the mutant (excluding the lack of
cleavage at the amino terminus of p15) suggests that gross
conformational changes that would alter the cleavage se-
quence have not occurred, although localized misfolding at
the mutated site cannot be ruled out. It is possible that the
final cleavage event to liberate mature p24 from intermedi-
ates is enhanced in the case of the MMYP mutant. If so, it
implies that the presence of p7 in mutant intermediates
imparts a more favorable environment for binding or cleav-
age or both at the p24-p25 junction.

Effects of mutations at the p17-p24 junction. In order to
provide a vector suitable for the rapid construction of
mutations at the pl7-p24 domain, unique XhoI and MluI
restriction sites were placed flanking the cleavage site resi-
dues at this junction. The strategy utilized is diagrammed in
Fig. 1. We previously showed that the rate of cleavage at the
p17-p24 junction from a truncated gag precursor corre-
sponding to all of p17 and the first 78 amino acids of p24 was
similar to the cleavage at this site in the full-length polypro-
tein (8). Therefore, we utilized the truncated precursor in the
comparison of mutants. The time course of cleavage of
mutant in vitro translation products and their relative rates
of cleavage are shown in Fig. 6. Replacement of the tyrosine-
proline residues with methionine-methionine (designated
YPMM) results in a substrate that is cleaved only very
slowly. Mutation of the tyrosine to a charged residue, lysine
(designated YPKP), also results in a poorly cleaved sub-
strate. Replacement of the tyrosine residue with phenylala-
nine (designated YPFP) doubles the cleavage rate. We also
compared two palindromic sequences corresponding to the
two possible inverted repeats of the residues surrounding the
tyrosine-proline cleavage site. These are designated invert A
(QVSQNYPNQSVQ) and invert B (INQVIYPIVQNI). Al-
though neither substrate is cleaved as well as the natural
sequence, the cleavage rate for invert B is significantly
greater than that for invert A, suggesting that residues which
in the natural sequence are present downstream of the
cleavage site are better able to interact with protease than
their upstream counterparts. When decapeptides corre-
sponding to the YPMM and YPKP mutants were examined
for their abilities to serve as substrates for protease or to
inhibit processing of gag polyprotein, it was found that
though neither was cleaved appreciably by protease as
measured in a high-performance liquid chromatography
(HPLC) assay, the YPMM peptide was able to totally inhibit
processing of gag precursor when present in excess (Table
2). Therefore, it is likely that the YPMM sequence is able to
bind enzyme but not undergo cleavage (i.e., act as a com-
petitive inhibitor), whereas YPKP may not bind to enzyme
at all or only very weakly.

yp

p17 p24

FIG. 5. Schematic representation of cleavage pal
mutant gag precursor. The order of cleavage event
indicated by radioimmunoprecipitation are indicated

LA YP FL

l p7 p61
3 1

ttern of MMYP
Ls and products
i.

a

U9
a5 (0.3)

(0.7)

(1.0)

TIME

FIG. 6. Protease digestion of gag polyprotein mutants. Trun-
cated gag precursor containing the indicated sequence at the ty-
rosine-proline junction was digested with HIV-1 protease, and timed
aliquots were analyzed by SDS-PAGE and fluorography. Bands
corresponding to substrate were quantified by an Ambis scanner.
The relative rates of cleavage (control tyrosine-proline sequence
was assigned a value of 1.0) were derived from comparison of
half-life values from log substrate versus time plots. Data shown are
the averaged curves for two to four experiments for each mutant
sequence.

Building a fast cleavage site at the pl7-p24 junction. Since
it was clear that the pair of methionine residues per se was
not sufficient to yield a rapid cleavage site when in the
context of the p17-p24 junction, we attempted to achieve the
rapid rate of cleavage characteristic of the methionine site by
successive replacement of flanking residues with the cognate
sequence. Figure 7 illustrates the rate enhancement obtained
with the successive addition of proper context residues
compared with the control pl7-p24 sequence (measured as
the cleavage of truncated precursor) and the control p25-p7
sequence (measured as the cleavage of pr559ag precursor).
The relative rates of cleavage of these mutants are shown in
Table 2 along with the relative rates of cleavage of peptide
mimics of the mutations and the abilities of the peptide
mimics to inhibit cleavage of the gag polyprotein precursor.
Even after mutations that create the cognate context for 9 of
10 amino acids surrounding the methionine-methionine junc-
tion, the degree of rate enhancement observed is still an
order of magnitude short of that observed for the natural
methionine-methionine domain. Peptide mimics of the vari-
ous mutations show differences in rate that are less than that
observed for the methionine-methionine site within the poly-
protein environment. The inhibition of gag polyprotein
cleavage observed with mutant sequences that are cleaved is
transient, presumably reflecting disappearance of peptide
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TABLE 2. Rate of cleavage of pl7-p24 mutant
peptides and polyproteins

Relative cleavage Inhibition of gag
Sequence

b plpoen
gag polyproteina Peptide mimicb polyproteinc

VSQNYPIVQN 1.0 1.0 Slight
VSQNMMIVQN 0.1 0.0 100
VSQIMMQVQN 4.0 ND Transient
VSTIMMQRQN 1.3 1.2 Transient
VATIMMQRGN 2.6 2.0 Transient
SATIMMQRGN 48.0 2.0 Transient
VSQNKPIVQN 0.1 0.1 0

a Relative rates were derived from comparison of half-life values from
semilog plots of substrate versus time from data such as is shown in Fig. 7.
Rates of cleavage were determined by using the truncated gag precursor,
except for SATIMMQRGN, which represents cleavage of the control p25-p7
sequence within the full-length gag precursor.

b Reactions contained 0.5 mM peptide and 10 ,ug of HIV-1 protease per ml
in a buffer containing 50 mM MES (pH 5.5), 1 M NaCl, 10o glycerol, 0.1 mM
EDTA, and 1 mM dithiothreitol. After 10 or 30 min, reactions were quenched
with an equal volume of 0.1% trifluoroacetic acid and chromatographed on a
Vydak C18 reverse-phase column. Rates were determined by measuring
remaining substrate. ND, Not determined.

c Truncated gag polyprotein precursor was incubated with HIV-1 protease
in the presence of 100 p.M of the indicated peptide. After 5, 20, or 40 min or
before addition of the gag precursor, aliquots were removed for analysis by
SDS-PAGE and fluorography. The rate of disappearance ofgag precursor was
compared with that in a reaction in which only peptide vehicle (dimethyl
sulfoxide) was included. Transient, Inhibition of substrate cleavage observed
after 5 or 20 min of incubation, but cleavage observed between 20 and 40 min
of incubation. Values are reported as percentages.

during the experiment. Only the poorly cleaved YPMM
mutant peptide is able to inhibit gag processing essentially
completely throughout the experiment.

DISCUSSION

The rational design of potent, specific inhibitors of the
HIV-1 protease requires understanding not only of the three
dimensional structure of the protease but also of the features
involved in its complex substrate specificity. From studies
with peptide mimics of various cleavage sites as well as
crystal structure data, several features of the cleavage site
specificity have emerged. (i) Studies with peptide mimics of
the seven recognized cleavage sites within the gag and
gag-pol precursor polyproteins have indicated a minimum
recognition length of seven residues (4). Seven residues
also defines the minimal substrate for the myeloblastosis-
associated helper virus protease (32). (ii) A heptapeptide-
binding site can be accommodated within the protease dimer
as indicated by X-ray crystallography and modeling studies
(18, 25, 33, 34). (iii) Comparison of viral cleavage site
sequences suggests that hydrophobic residues are required
at the scissile bond and immediately adjacent residues, but
amino acids at the P3 and P3' positions and beyond can be
acidic, basic, or hydrophobic (for an example, see Table 1).
(iv) These requirements are mirrored in the amino acids
located at the corresponding positions in the subsites within
the protease dimer (18, 25, 33, 34). (v) Several reports
attempting to rank the various cleavage sites for their
relative efficiencies of cleavage by the HIV-1 protease have
appeared (1, 4, 14, 15, 26, 31). With the caveats about the use
of different reaction conditions and peptide lengths, it is
clear that peptide sequences corresponding to the amino
terminus of protease within the pol gene, the pl7-p24 junc-
tion of gag, and the amino terminus of p7 of gag are cleaved

120
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FIG. 7. Effects of context sequence on rate of cleavage of

p17-p24 junction with YPMM mutation. Truncated precursor poly-
proteins corresponding to the native gag polyprotein or pl7-p24
mutants were digested with HIV-1 protease, and timed aliquots
were analyzed by SDS-PAGE and fluorography. Bands correspond-
ing to substrate were quantitated by an Ambis scanner. The curve
for the control p25-p7 sequence was derived from quantitating the
disappearance of pr55gag in reactions containing the full-length gag
precursor.

more efficiently than sequences corresponding to the car-
boxy terminus of p24 in the gag polyprotein or the carboxy
terminus of protease within the pol gene. When Km and Vmax
values are considered, there is no more than a factor of 5 in
efficiency between peptide mimics corresponding to the
pl7-p24 junction (a tyrosine-proline bond) and the p25-p7
junction (a methionine-methionine bond) of the gag poly-
protein (4, 15). In agreement with these findings, when
noncleavable peptide mimics of these two cleavage sites
are compared for their ability to inhibit processing of
gag polyprotein precursor, apparent Ki values of about 1
,uM are observed for both analogs (31a). (vi) Substitutions at
the P2' site of gag p17-p24 of hydrophobic residues other
than the naturally occurring isoleucine are poorly tolerated
(22).
Although much can be learned through the use of small

peptide mimics, the context in which the scissile peptide
bond is presented may have important consequences in
determining how the large viral precursors are processed. By
utilizing full-length and truncated versions of the viral gag
precursor in an in vitro system, we have attempted to
explore, via selective mutagenesis, the relative importance
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of the scissile peptide bond and the surrounding context of
amino acids.

Previously (8), we compared the rate of appearance of
intermediates and p24-p25 from full-length and truncated
gag polyprotein precursors and suggested that the process-
ing of the precursor in vitro was sequential. However, the
lack of methionine in mature p17 precluded an unequivocal
assignment of p17 and p15 products. We show here that the
full-length viral gag precursor synthesized in vitro is cleaved
in a sequential fashion as demonstrated through differential
labeling of in vitro translation products and immunoprecip-
itation with antibodies to the various domains of the precur-
sor (Fig. 2 and 3). Cleavage at the methionine-methionine
bond to liberate p15 occurs first, is followed much more
slowly by cleavage at the p7-p6 junction and at the pl7-p24
junction, and is then followed finally by cleavage of p25 to
yield mature p24. This ordered cleavage is in contrast to the
initial cleavage products observed by Gowda et al. (9) by
utilizing cells infected with a recombinant vaccinia virus. In
that study, the authors observed a small amount of inter-
mediate of approximately 39 kDa that immunoprecipitated
with antibodies to p24 and p15, which led the authors to
conclude that cleavage of full-length precursor was random,
with initial cleavage occurring both at the p17-p24 junction
and at the p25-p7 junction. Alternatively, such intermediates
could arise from de novo synthesis at a methionine residue
located at position 142, 10 amino acids downstream of the
p17-p24 junction. We have shown that this methionine
residue can serve as an initiation signal in vitro, giving rise to
an intermediate of 40 kDa immunoprecipitable by antibodies
to p24 but not p17 (8). Such alternative initiation has also
been suggested to explain intermediates observed in HIV-
infected H9 cells on the basis of the comparison of tryptic
digest patterns of full-length and p40 species of gag precur-
sors (24).

It is of interest to compare the processing scenario ob-
served by using in vitro translation products with that
surmised from steady-state and pulse-labeling measurements
of virally infected cells. Processing intermediates corre-
sponding to p17 plus p24 and internally initiated p24 plus p15
have been observed (24). Slow conversion of p25 to p24 has
been observed both in HIV-infected H9 cells (24) and in
vaccinia virus recombinant-infected cells (9). p6 has been
observed in HIV-infected cells only through radiolabeling;
Western immunoblot of cell lysates revealed only p15, which
has led to the suggestion that p15 processing to p7 and p6
occurs only after virion maturation. Thus, the sequential
cleavage pattern observed with the in vitro transcription-
translation system mimics that observed in virally infected
cells with regard to the early and late steps in the sequence
but may differ with regard to the processing of p15. This may
reflect a compartmentation of the viral p15 within the in-
fected cell such that it is inaccessible to protease action or
some other property of a cellular environment. In the
present study, the effects of mutations at the pl7-p24 and
p25-p7 junctions should be compared with the sequence of
events observed in the wild-type precursor in vitro. In an
ongoing study, we are attempting to assess the effects of
some of these mutations in cells transiently transfected with
wild-type and mutant gag provirus.
The importance of the pair of amino acid residues that

make up the scissile bond per se is demonstrated by the lack
of cleavage of mutant gag precursors in which the pl7-p24
junction was exchanged with the p25-p7 junction (mutants
MMYP and YPMM) (Fig. 4 and 6). In the case of MMYP,
the remaining sequence of cleavage events appears to occur

essentially normally, indicating that the mutation has not
created gross misfolding that would render the various
cleavage sites inaccessible to the protease (Fig. 4 and 5).
These results indicate that the proper context or environ-
ment for the scissile bond is an absolute requirement for
cleavage (and by inference, recognition) by the HIV-1 pro-
tease.

In agreement with the lack of charged residues present at
any of the seven recognized cleavage sites within gag and
pol genes, a precursor protein or peptide mimic with a
lysine-proline junction cannot serve as a substrate. Phenyl-
alanine, which is present together with proline at two of the
recognized cleavage sites, is well tolerated when substituted
for tyrosine at the p17-p24 junction. A symmetrical sequence
as regards positions P5-P2 and P2'-P5' when derived from
the carboxy-terminal sequence of gag p17-p24 is cleaved
efficiently (invert B, INQVIYPIVQNI) (Fig. 6). The corre-
sponding amino-terminal symmetrical sequence (QVSQNY
PNQSVQ) is a poor cleavage site. Strop et al. (32) compared
symmetrical peptide mimics of the myeloblastosis-associ-
ated helper virus pol p63-p32 cleavage site and observed a
relative cleavage rate for the amino-terminal palindromic
sequence of 0.6 compared with that of the natural sequence,
while the carboxy-terminal palindrome was not cleaved to
any extent. Whether these differences reflect a preference
for a particular amino acid (e.g., isoleucine versus aspara-
gine) or more complicated reciprocal interactions between
subsites as proposed by Strop et al. (32) remains to be
established.
The importance of environment is most clearly demon-

strated by the relatively slow cleavage rate observed for
mutations in which residues at the P4 to P5' site for the
p25-P7 junction were placed into the context of the p17-p24
domain (Fig. 7; Table 2). Mutation of residues corresponding
to the P2 and P2' positions in addition to the YPMM
mutation (VSQIMMQVQN) yielded a substrate with a four-
fold rate enhancement relative to that of the control tyrosine-
proline sequence. Subsequent addition of p25-p7 junction
amino acids at positions corresponding to P3 and P3' (VS
TIMMQRQN) actually decreased the cleavage rate to a
value near to that of the control sequence. This may reflect
poor binding contacts resulting from three adjacent bulky
residues (glutamine, arginine, and glutamine) in the P2'-P4'
positions. Subsequent addition of P4 and P4' residues (VA
TIMMQRGN) yields a precursor that is cleaved at an
enhanced rate relative to that of the control sequence but
that is still far less than that observed for the totally natural
sequence present at the p25-p7 junction. Peptide mimics of
the various mutations also do not demonstrate large differ-
ences in their cleavage rates under the experimental condi-
tions utilized. Therefore, additional conformational features
of the natural sequence and/or additional binding determi-
nants outside the actual heptapeptide binding site of the
protease must be responsible for the more efficient cleavage
of the p25-p7 domain. If such binding determinants exist,
they would represent additional targets for the identification
of adjunct protease inhibitors that may act to prevent good
association of viral substrate with enzyme through action at
sites other than the enzyme's active site cleft.
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