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ABSTRACT In order to define the protease domain of
human immunodeficiency virus 1, various regions of the pol
open reading frame were cloned and expressed in Escherichia
coli. Antiserum directed against the conserved retroviral
protease active site was used to identify pol precursor and
processed species containing the presumed protease domain.
The smallest product that accumulates is about 11 kDa as
measured by NaDodSO,/PAGE. This size agrees with that
predicted from the presence in this region of two Phe-Pro
sequences, which is one of the cleavage sites recognized by HIV
protease. DNA encoding only the predicted 11-kDa protein
was cloned, bypassing the need for autoprocessing, and the
protein was expressed to a high level in E. coli. This form is
active as demonstrated by its ability to specifically cleave
protease-deficient pol protein in vivo in E. coli. Extracts of E.
coli containing the 11-kDa protease also process human im-
munodeficiency virus gag substrates in vitro. These results
demonstrate that the 11-kDa protease is sufficient for enzy-
matic activity and are consistent with a major role for this
form in virus maturation.

In order to combat human immunodeficiency virus (HIV),
the causative agent of acquired immunodeficiency syndrome
(AIDS), we must understand the synthesis, assembly, and
maturation pathways of retroviruses in general and of HIV in
particular. As in all retroviruses, HIV replication requires
the synthesis and processing of polyproteins encoded by the
gag and pol open reading frames (1). The HIV gag precursor
(p56, a 56-kDa protein) gives rise to the major structural
proteins pl7, p24, p9, and p7 (2-6). The pol region is
expressed initially as a gag-pol fusion protein (p170), which
most likely results from an infrequent ribosomal frameshift
(7) as in the case of Rous sarcoma virus (8) and yeast Ty
elements (9). The gag-pol fusion protein is processed to yield
the enzymatic activities of protease (PR), reverse transcrip-
tase (RT; RNA-directed DNA polymerase), and endonucle-
ase/integrase (IN). In Rous sarcoma virus, reliance on this
rare frameshifting event achieves the molar balance of 20-50
to 1 of structural gag protein to enzymatic pol protein (8).
Comparison of the assembly pathway in mammalian type
C retroviruses reveals common events that serve as a model
for HIV assembly (1, 10), including the crucial role of viral
PR in the maturation pathway. During infection, precursor
gag and gag-pol molecules accumulate at the cell membrane,
most likely targeted there by the myristic acid moiety that is
covalently linked to the precursor amino termini (11). Pre-
cursors assemble with viral RNA into viral particles, which
bud from the envelope protein (env)-studded cellular mem-
brane, and immature particles are released. Appearance of
mature particles, visualized by electron microscopy as con-
taining electron-dense cores, is correlated with the PR-
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dependent processing of gag and pol proteins in murine
leukosis virus (1, 12) and yeast Ty particles (13). In retrovi-
ruses, this morphological change correlates with the conver-
sion of noninfectious viral particles to infectious ones (14).
Some unknown stimulus presumably activates the PR do-
main of the gag-pol precursor concomitant with or after
budding, leading to the production of infectious, mature
virus.

This maturation pathway, then, raises several questions
about the form of PR that is the active species. One
possibility is that the PR domain frees itself from the gag-pol
precursor to give a small, more freely diffusible enzyme that
is better able to locate and process the more numerous gag
proteins. Determination of amino-terminal sequences of
HIV gag p24 (2-5) and RT (15, 16) proteins and knowledge of
the surrounding sequences have revealed a common se-
quence [Asn-(Phe or Tyr)-Pro-Ile] at the cleavage site. A
similar sequence (Asn-Phe-Pro-Gin-Ile) occurs within the PR
domain. If cleavage occurs here as well, then a PR species of
=11 kDa could be produced.

In order to address these questions, we sought to define
the limits of the PR domain within pol and to study its
catalytic activity. Since Escherichia coli successfully served
as a host for production of active Rous sarcoma virus PR
(17), it was used as the host for HIV PR production. Several
sections of the HIV pol gene were cloned and expressed in
E. coli, and we report here the intra- and intermolecular
proteolytic activity of the resulting HIV proteins.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions. E. coli
K-12 strain MC1061 transformed with plasmid pRK248clIts
was used for the work described. pRK248clts is compatible
with pBR322 derivatives and encodes a temperature-
sensitive A repressor (18). The pEV-vrf plasmids used below
are pBR322 derivatives containing the bacteriophage A P
promoter and translation initiation signals (19). Transfor-
mants were grown in supplemented M9 medium and heat-
induced at 40°C (19) for the times indicated. Cells were
stored at —20°C at a concentration of 20 ODg,, units per ml
in 10 mM Tris-HCI, pH 8.0/10% sucrose. '

Plasmid Constructions. DNA preparations, transforma-
tions, and analyses were performed as described (20). Re-
striction enzymes were from Boehringer Mannheim, and
Klenow fragment of DNA polymerase I, bacteriophage T4
DNA ligase, and T4 polynucleotide kinase were from New
England Biolabs. Plasmid pPol3 encodes most of the pol
open reading frame (Fig. 1) and was constructed by ligating
the 2433-base-pair (bp) Bgl II-Xmn 1 fragment of the
AHXB-3 HIV genome (ref. 21; nucleotides 2094—-4526) to the
2570-bp Pvu II-BamHI DNA of the pEV-vrf3 expression

Abbreviations: HIV, human immunodeficiency virus; PR, protease;
RT, reverse transcriptase; IN, endonuclease/integrase.
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FiG.1. Construction of PR expression plas-
mids and peptides. (a) Top map represents a
section of the AHXB-3 HIV genome. Part of the

4 x pol region (encoding PR, RT, and IN) is ex-
panded to show relevant restriction sites (Bg,
Bgl 1I; Be, Bcl I; X, Xmn 1) and previously

—'  mapped sites of protease cleavage (arrows) that
generate the amino termini of RT and IN. A

— 1 cryptic cleavage site in RT, not indicated, gen-
erates two RT forms of about 66 and 51 kDa
with identical amino termini (15, 16). Bold lines
indicate the pol region inserted into expression
vectors. (b) Amino acid sequence of HIV PR
region. The FFRE sequence is encoded in the
intact pol open reading frame but is absent in
the plasmids above. The conserved aspartyl
active site residues are shown by L91 to G95.
P69 is the proposed amino terminus and F167
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the carboxyl terminus of the 11-kDa PR form,
1 pll. Peptides defined by sequences I and II
were used to raise antisera as described in

1 5 39 62 67 70 86 91
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plasmid. The Bgl II/BamHI hybrid site thus generated is no
longer recognized by either restriction enzyme, and the
plasmid retains a single Bgl II site 5’ to the P, promoter.
pPT3, a derivative of pPol3, contains pol information up-
stream of the RT sequence and was made in the following
manner. pPol3 was treated with Bg! II and Dra I restriction
endonucleases to produce a 780-bp fragment containing the
P, promoter and all but the final 7 nucleotides of the PR
coding region. Complementary oligonucleotides were syn-
thesized to regenerate the missing nucleotides, provide a
translational termination codon, and add a Sal I restriction
site. This 785-bp DNA was then ligated to the 3711-bp Sal
I-Bgl 11 fragment of pEV-vrfl. pPT3 was modified to create
pPTAN, which encodes only an 11-kDa protein that includes
the consensus aspartyl protease active site. It was con-
structed by the oligonucleotide-directed deletion of pPT3
double-stranded DNA (22) to delete pol sequences between
Phe-4 and Pro-69 (Fig. 1). pBcpol3 was constructed from
pPol3 and contains most of the pol region except for the
sequence encoding the PR active site. It was produced by
digesting pPol3 with Bcl I and Pst I and ligating the 3608-bp
fragment to the 1033-bp Pst I-BamHI DNA of pEV-vrf3.
pBcpol3 was modified to produce pBPT11, which includes
information for the 11-kDa (pll) form of PR. This was
accomplished by digesting pBcpol3 with Bgl 11, treating with
Bal-31 exonuclease (IBI) to create blunt ends, and digesting
with Pst 1. The resulting 3893-bp fragment was ligated to the
2748-bp Pst 1-Pvu 11 DNA of pPTAN, which contains the
entire pl1 transcriptional unit.

Antibody Production. Two peptides corresponding to two
hydrophilic regions of the probable PR domain were synthe-
sized using a Vega model 1000 peptide synthesizer and
purified by HPLC. Peptide I (Thr-Arg-Arg-Glu-Leu-Gln-
Val-Trp-Gly-Arg-Asp-Asn-Asn-Ser-Pro-Ser-Glu-Ala-Gly-
Ala-Asp-Arg-GIn-Gly) represents amino acids 39-62, and
peptide II (GIn-Leu-Lys-Glu-Ala-Leu-Leu-Asp-Thr-Gly-
Ala-Asp-Asp-Thr-Val-Leu-Glu-Glu-Met-Ser-Leu-Pro-Gly)
represents amino acids 86—108 of the pol open reading frame
(Fig. 1b). Peptide II includes the consensus sequence found
in aspartyl protease active sites. Each peptide was conju-
gated to a carrier protein, keyhole limpet hemocyanin (23).
Antisera were raised in rabbits and used without purifica-
tion. Polyclonal rabbit serum against a RT precursor was

108 167 Experimental Procedures. One-letter amino
acid symbols: F, Phe; R, Arg; E, Glu; D, Asp;

L, Leu; T, Thr; G, Gly; N, Asn; P, Pro; Q, Gln.

kindly provided by J. Mous and S. LeGrice and gag p24
monoclonal antibody was obtained from J. J. Burckhardt, all
of F. Hoffmann-La Roche (Basel).

Gel Analysis of Proteins. pol protein synthesis and pro-
cessing in E. coli were examined by NaDodSO,/PAGE and
subsequent immunoblotting. Cell suspensions were mixed
with an equal volume of sample buffer (24) and treated at
100°C for 3 min. The indicated amounts were subjected to
NaDodSO,/PAGE (24) in 10% or 15% gels as noted in the
figure legends. Proteins were electrophoretically transferred
to nitrocellulose (Schleicher & Schuell) and probed with the
indicated antibody. In some cases, rabbit serum was pre-
treated to remove endogenous anti-E. coli antibodies by
incubating the serum with a 20-fold excess of an E. coli
lysate (containing 10 mg of protein per ml and obtained from
Bio-Rad) for 30 min at 4°C and then diluting prior to use.
Second antibody was the appropriate IgG coupled to horse-
radish peroxidase (Boehringer Mannheim). Development
was with 4-chloro-1-naphthol (Sigma) and H,0,.

In Vitro Assay for PR Activity. Bacterial cultures contain-
ing pRK248clIts with or without pPTAN were induced for 80
min and stored as described above. A 200-ul aliquot of each
was brought to 1 mM dithiothreitol, 1 mM EDTA, 50 mM
NaCl, and 2.3 mM phenylmethylsulfonyl fluoride in a final
volume of 220 ul. The cells were broken by five 20-sec
sonication bursts, and cellular debris was removed by cen-
trifugation at 15,000 x g for 15 min in a microcentrifuge at
4°C. HIV gag precursor was produced in E. coli as described
(25). After purification, gag consists primarily of three spe-
cies as observed by NaDodSO,/PAGE: full-length p56, p53,
and p44. The amino termini of p56 and p53 are identical (25).
Upon immunoblotting with monoclonal antibody to virally
produced gag p24, many more species are apparent (Fig. 4,
lane A). The antibody reacts most strongly with a truncated
p26, which is barely visible on Coomassie blue-stained gels.
Poor reactivity of the antibody to the major species is most
likely due to masking of the p24 epitope in the larger
proteins. Protease digestions were carried out with 12 ug of
gag protein and 50 ug of crude extract protein in 100 mM
sodium phosphate, pH 6.0/5 mM dithiothreitol for 2 hr at
37°C, fractionated by NaDodS0O,/15% PAGE, and immuno-
blotted as above with monoclonal antibody recognizing gag
p24.
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RESULTS

Several lines of evidence place the coding region of the PR
domain in pol (Fig. 1) just 5’ of the RT sequence. First, a
region identical to the active site of known cellular, retrovi-
ral, yeast Ty, and hepatitis B virus aspartyl protease (26-28)
is encoded just upstream of the Bcl I site (Fig. 1b). Also,
several groups have demonstrated that PR-dependent pro-
cessing requires information between the Bgl 11 site and the
RT coding region (29-32). Our initial plasmid, pPol3, in-
cludes the coding region of the PR domain and begins pol
sequences at the Bgl I1 site just four codons into the pol open
reading frame; four different codons are contributed by the
vector 5’ to the pol sequences. The primary product includes
PR, RT, and part of IN in a p96 precursor.

Additional plasmids were made to help define the limits of
the PR domain (Fig. 1a). In pBcpol, the region encoding the
consensus aspartyl protease active site has been deleted,
thereby retaining pol sequences that presumably are incapa-
ble of autoproteolysis (see below). pPT3 contains a transla-
tional stop codon following the codon for Phe-167, the site of
cleavage that produces Pro-168 as the RT amino terminus,
and thus encodes an 18-kDa protein. Within this 18-kDa
region is another sequence similar to the common cleavage

67 71
site mentioned above (Asn-Phe-Pro-Gln-Ile). If PR recog-
nizes this site, then the conserved aspartyl protease region
would remain on a protein with a predicted M, = 10,780
(Pro-69 to Phe-167; Fig. 1b). Another plasmid, pPTAN, was
constructed that encodes only this 10.8-kDa peptide pre-
ceded by an amino-terminal methionine.

Analysis of Processed PR Species. Using the set of PR
expression plasmids, we determined the size of precursor
and processed pol species and directly assayed for PR
activity. In order to identify PR species in E. coli extracts,
rabbit antisera were raised to two synthetic peptides (Fig.
1b) located on either side of the putative cleavage site
(Phe-69/Pro-70). Peptide II antiserum (serum II) is predicted
to recognize precursors, intermediates, and the limit diges-
tion product that contain the conserved PR active site.
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Serum I should recognize any protein that contains the
region just preceding the putative cleavage site at Phe-69.
E. coli harboring the PR plasmids were heat-treated for
various times to induce transcription. PR precursor—product
relationships were analyzed by immunoblotting of E. coli
cellular proteins resolved by NaDodSO,/PAGE. As ex-
pected, p56 and p18 precursors and several smaller products
crossreact with the two sera (Fig. 2). The rabbit sera also
react with many E. coli proteins, resulting in a background
pattern in every lane. The most obvious product is the
abundant 10- to 11-kDa protein that is recognized by serum
II but not by serum I (p11; Fig. 2a, arrow 5). Note that the
immunoblot was purposely overdeveloped with respect to
this species in order to visualize intermediates. Large
amounts of pll accumulate regardiess of whether the pre-
cursor was p96 (lanes A-E), pl8 (lanes F-J), or just pll
(lanes K-0). pl1 takes longer to appear from the p%6 pol
precursors (80 min; Fig. 2a, lane D) than in the other two
cases (20 min, lanes H and M), as one would expect for a
precursor—-product relationship. It is produced to the highest
level from pPTAN plasmid and represents a few percent of
the total cellular protein as judged by Coomassie blue
staining of polyacrylamide gels (data not shown). The stable
pll species in the three strains appear to comigrate (this is
more obvious in normally developed immunoblots).
Several other intermediates are observed in the pPol3
stain but are labile (Fig. 2a, lanes B-E, arrows). Note the
rapid disappearance of proteins containing peptide I (Fig.
2b). This observation suggests that cleavage between pep-
tide I and peptide II occurs rapidly or that proteins contain-
ing peptide I are unstable in E. coli (see Discussion).
Activity of p11 PR. Although the smallest stable protein
containing the putative PR active site is 11 kDa, is it the
active form or only a remnant lacking activity? To determine
whether pl1 is active on viral substrates, we examined the
PR activity in the pPTAN strain on pol and gag substrates
both in vivo and in vitro. For the in vivo analysis, the
substrate was a portion of the pol molecule defined by the
Bcl 1-Xmn 1 fragment (Fig. 1, pBcpol3). A mutation at this
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Identification of the 11-kDa form of PR. pPol3 (lanes A-E), pPT3 (lanes F-J), and pPTAN (lanes K-O) strains were induced for

0, 5, 20, 80, or 200 min as indicated above each lane. Aliquots (25 ul) of E. coli carrying one of the indicated plasmids were subjected to
NaDodSO,/15% PAGE and immunoblotted. Lane P: E. coli lacking a PR expression plasmid. The primary antibody used was 1:5000 dilution
of serum Il (a) or a 1:2000 dilution of serum I (b). Arrows indicate processed intermediates and products of PR as described in the text.

Mobilities of molecular size standards are noted.
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Bcl 1 site abolishes PR activity (7). The consensus PR active
site is not contained in this region, but several processing
sites are (PR/RT and RT/IN junctions and the unmapped
additional site in RT; Fig. 1). Expression of the pol region of
pBcpol3 over time was examined by using antibodies to HIV
RT (Fig. 3a). By 15 min (lane B) a predominant 83-kDa
precursor and minor fragments are evident. The proteins are
relatively stable as reflected by only minor changes until a
generalized proteolysis is observed at 120 min (lane E).
When the pBcpol3 plasmid is modified (pBPT11, see Exper-
imental Procedures) to include the independent PR tran-
scriptional unit from pPTAN, the pll PR is expressed as a
separate protein (Fig. 3b). In E. coli containing pBPT11, the
fate of the p83 precursor is quite different: the precursor is
quickly processed (<15 min), and major species at 66 and 51
kDa appear to be stable. These sizes are consistent with
those for authentic active RT previously shown to be pro-
duced in HIV virions (15, 16), E. coli (29-31), Bacillus
subtilis (32), and yeast (33). In fact, when expressed in this
fashion, all RT products are indistinguishable from those
made in pPol3 strains (Fig. 3a, lane L).

The activity of pll PR also was detected in vitro by
incubation of E. coli crude extracts with HIV gag substrate
(Fig. 4). gag purified from E. coli consists primarily of p56

a pBcpol pBPT11 pPol3
ABC D E FGHIUJ L
kDa
97.4 —
w\"w ~
68 - e e ——— . —— ey -
- e — = -
43 - e
25.7 -
b ABCDEVFGH I J L
14.3 -
6.2 —
FiG. 3.  pol precursor is processed in trans by p11 PR. (a) The

indicated strains were induced and treated as before. Aliquots (15
ul) were electrophoresed in 10% gels and immunoblotted with a
1:1500 dilution of anti-RT rabbit antiserum (pretreated to reduce
background as outlined in Experimental Procedures). Cells were
induced for 0 min (lanes A and F), 15 min (lanes B and G), 30 min
(lanes C and H), 60 min (lanes D, I, and L), or 120 min (lanes E and
J). Arrows mark the positions consistent with the size of authentic
RT. (b) pl1 PR is expressed from pBPT11 but not from pBcpol.
Aliquots (5 ul) of the above cells were electrophoresed in 15%
minigels. Serum II was pretreated as described prior to being used in
a 1:5000 dilution. Lane designations are the same as in a. Mobilities
of prestained molecular size standards are noted.
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precursor and two truncated forms, p53 and p44 (ref. 25 and
Experimental Procedures). They carry gag p24 epitopes but
react poorly with a p24 monoclonal antibody (lane A). A
family of minor species are also visualized by reaction with
p24 monoclonal antibody; the smaller gag species may arise
from cryptic premature termination and/or internal reinitia-
tion events during protein synthesis or by proteolysis during
purification. When control extracts of heat-induced E. coli
are incubated with gag, only minor degradation is observed
(Fig. 4, lane B). On the other hand, extracts containing PR
specifically process gag (arrows), most notably the full- and
near-full-length precursors. The full-length p24 (top arrow)
and other p24 truncated proteins are stable under these
conditions up to 20 hr at 37°C, as are the vast majority of E.
coli proteins (data not shown), again attesting to the speci-
ficity of PR and the general lack of nonspecific proteolysis
by bacterial proteases. Similar observations on the stability
of avian retroviral precursors synthesized in E. coli were
made by Alexander et al. (34).

DISCUSSION

The important role of retroviral PR in the maturation of
infectious virus is clear; however, we do not yet understand
how the intrinsic protease activity in gag-pol is suppressed
prior to viral assembly or how it is subsequently activated
after budding. Identifying the requirements for PR activity
and specificity may help to elucidate these mechanisms. The
data presented here demonstrate that pol can be synthesized
and processed in E. coli to produce an 11-kDa protein
possessing an activity similar to that responsible for pro-
cessing gag and pol in HIV. This size is similar to that
reported for PR from murine leukemia virus (35) and avian
leukosis virus (36). The HIV p11 PR demonstrates apparent
fidelity and specificity both in vivo and in vitro on viral
substrates. Correct pol processing in vivo in E. coli is
dependent on HIV PR and is identical whether PR is
provided in cis (intramolecular cleavage) or in trans (inter-
molecular cleavage) as pll.

The same p11 is responsible for specific proteolysis of gag
substrates in vitro. E. coli-derived pll specifically cleaves
synthetic peptide substrates containing the Phe-Pro con-
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served sequences (M.C.G. and M. Kotler, unpublished
observations). The information presented here leads us to
conclude that p11 corresponds to the active form present in
virions and that pl11 produced in E. coli may serve as a viable
model system for further studies. This conclusion is sup-
ported by the observation of 11.5-kDa (6) and 10-kDa (33)
species in HIV virions that are recognized by serum directed
to peptides in the PR domain.

The appearance and disappearance of immunoreactive
intermediates in pPol3 strains may suggest the temporal
order of processing of gag-pol protein; however, any inter-
pretation must be viewed with caution because the precursor
is not the full-length gag-pol found in virions. Furthermore,
differential stability of intermediates in E. coli will affect
their relative levels. For instance, the p18 precursor encoded
in pPT3 (Fig. 2, lanes G and H, arrow 3) reacts with both
sera, as expected. Processing should yield equimolar
amounts of pll and an additional p7 product carrying
peptide I. However, p7 is not visualized by serum I in either
pPT3 or pPol3 strains, suggesting either that it is unstable or
that it is poorly recognized by the polyclonal antisera (low
amounts have been observed in other immunoblots; data not
shown).

Further experiments will be needed to confirm the struc-
ture of the 11-kDa form. Amino- and carboxyl-terminal
sequencing of pll purified from the PR strains described
here will unequivocally determine whether p11 is identical to
PR found in HIV particles. In addition, it will be interesting
to determine the oligomeric structure of the active form.
Cellular aspartyl PR analogs require two copies of the
conserved active region in order to bind one molecule of
substrate, as recently confirmed by x-ray crystallographic
data (37). Retroviral PR and yeast Ty PR (26), on the other
hand, only contain a single consensus sequence. However,
evidence has been observed in murine leukosis virus for PR
dimer formation (38), which would yield a form reminiscent
of the cellular proteases. A model for retroviral PR dimers
has recently been proposed (28), in agreement with these
observations.

In conclusion, the HIV PR expressed in E. coli is active in
the 11-kDa form or a multiple form thereof. The activity is
specific and can be observed on viral substrates both in vivo
and in vitro. Such results will aid in the purification and
eventual elucidation of the mechanism of this important
enzyme.

Note Added in Proof. C. Debouck et al. (39) have shown that HIV
pol precursor synthesized in E. coli can autocatalytically produce a
10-kDa species that is immunoreactive with PR antiserum.
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McComas and Fran Erlitz for oligonucleotide synthesis, Moshe
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