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We have introduced mutations into the region of the genome of human immunodeficiency virus type 1
(HIV-1) that encodes the cleavage sites between the viral protease (PR) and the adjacent upstream region of the
polyprotein precursor. Segments containing these mutations were introduced into plasmids, and the retroviral
proteins were expressed in Escherichia coli. The mutations prevented cleavage between the PR and the adjacent
polypeptide; however, other PR cleavage sites in the polyprotein were cleaved normally, showing that the
release of free PR is not a prerequisite for the appropriate processing of HIV-1 precursors.

The mature gag and pol proteins found in virions are
cleaved from polyprotein precursors by a viral protease (PR)
(1). The PR of the human immunodeficiency virus type 1
(HIV-1) is encoded at the beginning of the pol gene and is
synthesized only as part of thegag-pol polyprotein (2, 9, 10).
The synthesis of the gag-pol polyproteins of HIV-1 requires
specific frameshift events that occur approximately 5% of
the time that unspliced viral RNA is translated (5).

All known retroviral PRs are dimers, and it is generally
accepted that the requirement for dimerization plays an
important role in the regulation of PR function (8, 13-15, 17,
19). The gag and gag-pol polyproteins are cleaved during or
after the process of virion assembly (1, 6, 7, 18). It is
believed that the delay in the processing of the viral poly-
proteins is an essential feature of the assembly process; the
pol proteins are directed to the interior of the virion because
they are a part of agag-pol polyprotein. Since viral assembly
is dependent on sequences present in gag, premature cleav-
age would result in a virion deficient in pol proteins (22).
The three-dimensional structure of the mature HIV-1 PR

is known, and there is considerable information about the
biochemical properties of this enzyme (for reviews, see
references 10 and 18). Much less is known about the struc-
ture and the function of PR in the polyprotein precursors. It
has been suggested that the adjacent polypeptides influence
the structure and function of the retroviral PRs (11, 21). It is
also possible that a significant amount of the processing of
the polyproteins is done not by free PR but by a form (or
forms) of the PR that is still linked to gag-pol polypeptides.
To investigate the structure and biochemical properties of
partially processed precursors of the PR of HIV-1, we have
made mutations in the region of the HIV-1 genome that
encodes the cleavage site between PR and the adjacent
upstream polypeptide transframeshift protein (TF) (3, 4).
Segments of the HIV-1 genome containing the mutations

were introduced into Eschenchia coli expression vectors.
Although the mutations in the cleavage site prevented cleav-
age between PR and the adjacent polypeptides, other sites in
the polyprotein were cleaved normally.
The organization of the HIV-1 genome in the region near

the boundary between gag-pol and the relationship of this
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region to the segments we inserted into the expression
plasmids are shown in Fig. 1. Since we wished to express
HIV-1 gag-pol fusion proteins efficiently in E. coli, it was
necessary to modify the region where frameshifting usually
occurs (5). Using the polymerase chain reaction, we intro-
duced a mutation that would give rise to a polyprotein with
Asn Phe Leu Arg at the gag-pol junction into this region.
This is the sequence that is believed to be present at the
gag-pol junction in the major frameshift read-through poly-
protein (5).
The polymerase chain reaction was used to convert the

segments of the HIV-1 genome that encode the N terminus
of capsid protein (CA), TF, and PR into NcoI sites. The
NcoI site (CCATGG) contains an ATG that can serve as an
initiator in eukaryotic and prokaryotic expression systems.
To preserve the NcoI site, a second codon (GTC, Val) was
also introduced upstream of the codons that specify the
N-terminal amino acids of CA, TF, and PR normally pro-
duced by proteolytic cleavage. To express PR by itself, the
amplification reaction introduced the Met-Val codons imme-
diately upstream of the Pro codon at position 1832. A
termination codon was introduced just downstream of the
Phe codon at position 2116. To express the TF protein, the
Met-Val codons that contain the NcoI site were inserted
immediately in front of the Arg codon at position 1634 (20).
To permit efficient translation through the gag-pol junction,
a frameshift mutation was introduced just downstream of the
A at position 1634 by inserting a single base, A. This
single-base insertion puts gag andpol into the same reading
frame. The Phe codon normally found at the C terminus of
T.F (position 1829) was converted to Ile. The termination
codon for TF was supplied by the T7 expression plasmid
pT5. The CA/NC fusion protein truncated at the frameshift
site (CA-ANC) was linked to NcoI Met-Val at a Pro codon
(position 729). The last HIV-1 codon was Phe (position
1649). The T7 expression plasmid supplied the termination
codon.
These three amplified DNA segments were all cleaved

with NcoI. The CA-ANC, TF, and PR segments were also
cleaved with EcoRI, SacI, and BamHI, respectively. The
segments were initially cloned into pUC12N (16, 24). For
expression, these segments were subcloned in the T7 expres-
sion plasmid pT5. Larger segments were built up by com-
bining the individual cloned segments. Appropriate choice of
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FIG. 1. Expression of HIV-1 proteins in E. coli. The upper part
of the figure shows the organization of the genome of HIV-1 in the
region near the junction (arrow) of gag and pol. The relative
positions of the encoded polypeptides (CA, NC, P6, TF, and PR)
and the molecular weights (in thousands) of the polypeptides (24, 7,
6, and 11) are indicated. The lower part of the figure depicts the
various proteins that were expressed in E. coli and indicates the
approximate positions of the mutation that was introduced in the
cleavage site between TF and PR (CS) and the mutation that puts
gag andpol in the same reading frame (FS). The reactions of specific
antisera with polypeptides contained in the extracts are shown on
the right. Immunological detection in Western transfers of proteins
of the expected molecular weights are indicated (+). Immunological
detection of a precursor in the absence of free immunoreactive
product is indicated (PC).

segments allowed us to build versions of the T7 expression
plasmids which expressed wild-type versions of the HIV-1
proteins and versions that had the mutation at the proteolytic
cleavage site between TF and PR (Fig. 1). The resulting
plasmids were transferred into a BL21 strain of E. coli which
contains an inducible T7 polymerase (23). Induction of T7
polymerase expression results in the production of an HIV-1
polyprotein which is cleaved by the PR it contains (see Fig.
2). Individual gag and pol proteins (CA and PR) were
identified with specific antisera, showing that the frameshift
mutation we introduced gives rise to a polyprotein that can
be appropriately processed in E. coli. (The anti-PR serum, a
generous gift of Lily Babe and Charles Craik [University of
California, San Francisco], is a rabbit polyclonal antiserum
made against recombinant HIV-1 protease; monoclonal an-
tibody against HIV-1 CA was kindly provided by S. N.
Nigida [PRI]). The precursor-product relationship between
the larger precursors and the smaller cleavage products was
confirmed by analyzing samples at various times after induc-
tion (data not shown).
Although other researchers have previously shown that

the appropriate processing of HIV-1 precursors is absolutely
dependent on the presence of active HIV-1 PR (for reviews,
see references 10 and 18), we have expressed CA linked to a
truncated form of NC as a control (CA-ANC). Although this
fusion protein is made in E. coli, it is not cleaved to produce
free CA (Fig. 2A). We have also made strains that synthesize
free TF, free PR, and a TF-PR fusion protein. These strains
produce proteins that serve as size markers and provide
controls to demonstrate the specificities of the antisera we
have used.
To test the enzymatic activity of the TF-PR fusion protein,

a mutation was introduced into the PR cleavage site that
joins these two polypeptides in the polyprotein. The Phe
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FIG. 2. Expression and processing of HIV-1 polypeptides in E.
coli. Lysates of E. coli strains that express the indicated polypep-
tides (see text and Fig. 1 for a more complete description of the
HIV-1 polypeptides) were fractionated on sodium dodecyl sulfate-
15% polyacrylamide gels and transferred to nitrocellulose paper.
HIV-1 polypeptides were detected by reaction with a monoclonal
antibody to CA (A) or antiserum specific for PR (B). Reaction
products were detected chemically with alkaline phosphatase. Mo-
lecular weights (in thousands) are indicated on the left.

residue at the C terminus of TF was changed to Ile (TTC to
ATC). This mutation was introduced into the plasmid that
expresses a large polyprotein that includes the sequences
between CA and the PR. Although CA is released by specific
PR cleavage, just as it was with the expression plasmid
containing the normal cleavage site, the HIV-1 PR remains
linked to TF (Fig. 2B). The TF-PR fusion protein can be
identified because it specifically reacts with anti-PR antise-
rum. This same antiserum did not detect any free PR in the
extract.
These data suggest, but do not prove, the hypothesis that

the PRs would be active in the context of the complete gag
or gag-pol polyprotein. The PR of HIV-1 is part of the
gag-pol polyprotein, so it remains possible that the linkage
to pol protein(s) would interfere with PR function.
Loeb et al. (11) produced HIV-lpol polyproteins in E. coli

and showed that mutations that interfered with cleavage
between PR and reverse transcriptase or between reverse
transcriptase and integration protein prevented PR from
cleaving other sites in the polyprotein. Louis et al. (12) found
that an HIV-1 fusion protein that contained the E. coli
maltose-binding protein and the HIV-1 pol gene was not
properly processed if PR was prevented, by a mutation in the
cleavage site, from releasing the maltose-binding protein.
However, Loeb et al. (11) found that some (but not all) of
their polyproteins, which contain 23 N-terminal amino acids
from E. coli lacZ and a polylinker, show PR activity even
when PR is not allowed to cleave off the N-terminal segment
which contains the lacZ-polylinker sequences. We suggest
that the difference between the results of Louis et al. (12) and
those of Loeb et al. (11) may have to do with the sizes of
foreign sequences fused to PR. Since both sets of experi-
ments involved the addition of foreign sequences, it was not
possible to decide on the basis of the published data whether
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to expect a gag fusion protein which contains PR to have
significant proteolytic activity.
Although we can now say that an HIV-1 gag-PR fusion

protein is enzymatically active, our data do not allow us to
decide whether the PR of HIV-1 is as active when linked to
gag proteins as it is when it has been released from the
polyprotein. We have monitored the accumulation of the
cleaved HIV-1 CA protein at various times after induction,
and there is no striking difference in the rate of accumulation
of CA whether or not the HIV-1 PR can be cleaved from TF
(data not shown). Unfortunately, monitoring the time course
of the accumulation of the free CA protein does not neces-
sarily provide an accurate measurement of the activity of the
PR, since other factors, for example, the folding or the
dimerization of the precursor, could be the rate-limiting step
in processing the polyprotein.
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