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The 3’ end of the avian sarcoma leukosis virus (ASLV) gag gene encodes a 124-amino-acid protease (PR)
responsible for processing the gag and pol polyprotein precursors into the mature virion structural proteins and
the reverse transcriptase. Here we report the synthesis of the mature ASLV PR and a nucleocapsid (NC)-PR
gag precursor fragment in Escherichia coli. E. coli extracts containing mature PR correctly cleaved a synthetic
decapeptide homologous to a known ASLYV cleavage site. Also, the NC-PR precursor fragment appeared to be
correctly processed to produce NC and PR in the bacterial cells. This cleavage was blocked by a mutation in
the putative active site of PR. These results strongly support the hypothesis that PR is involved in cleaving itself

from the gag precursor.

The retroviral gag, pol, and env genes encode precursor
polypeptides, which are cleaved to produce the mature
forms of the proteins found in virions (6). The processing of
gag and pol precursors is directed by a virus-encoded
protease (PR) (7, 8, 18, 26-28) that belongs to the family of
aspartic proteases (20, 22, 23). (We have used the recently
proposed nomenclature for retroviral proteins [14]: PR
[avian sarcoma leukosis virus {ASLV} p15] and nucleocapsid
protein [NC] [ASLV ppl2].) The PR-directed processing
presumably occurs just before or after budding (6). PR is
essential for infectivity, although viruses that contain muta-
tions in PR are able to assemble into morphologically imma-
ture particles (4, 8, 9, 16, 29, 30).

Unlike the mammalian retroviruses in which PR is en-
coded in the pol gene and thus contained in the gag-pol
precursor (4, 13, 15), the PR of ASLV is encoded in gag.
Therefore, the PR domain is contained in both the C termi-
nus of the Pr762°¢ precursor and the Pr180#“¢-?°! precursor
(6). For both avian and mammalian retroviruses, mature PR
is released from precursor proteins by proteolysis during the
morphogenesis of viral particles. Since 20 to 50 times more
of the gag than the gag-pol precursor is produced, the bulk
of mature ASLV PR is formed as a consequence of cleavage
between PR and the adjacent NC (pp12), located upstream in
the gag precursor (21). In contrast, release of PR in mam-
malian viruses, such as Moloney murine leukemia virus and
human immunodeficiency virus, requires cleavage at both N
and C termini of the PR in the gag-pol precursor (13, 15).

It is not known exactly how PR is released from these
precursors. At least two mechanisms are possible. (i) Cellu-
lar proteases may be responsible for the initiation of the
process, resulting in the release of a few mature PR mole-
cules. The released PR might then complete the processing,
producing more PR and the other mature viral proteins as
well. (ii) PR might cleave itself from the precursor via either
an inter- or intramolecular mechanism. Similar mechanisms
of activation are known for a number of aspartic proteases,
in which an inactive zymogen is converted into an active
enzyme by autocatalysis. One example is the autocleavage
of pepsinogen to pepsin (22).

In this report, we describe the expression in Escherichia
coli of the predicted ASLV PR-coding region. A protein
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structurally and immunologically indistinguishable from PR
was produced, and a proteolytic activity analogous to the
viral PR was detected in E. coli extracts. These results
confirm the location of the ASLV PR-coding region. In
addition, we show that an NC-PR gag fragment undergoes
processing in E. coli, resulting in the formation of a mature
PR that appears to be identical to virion PR. Mutation of a
highly conserved aspartic acid residue that is thought to be
part of the PR active site eliminates proteolytic activity. This
demonstrates that the ASLV PR is responsible for releasing
itself from the NC-PR gag precursor fragment in E. coli.

MATERIALS AND METHODS

Bacterial cells. E. coli MC1061 (3) was used as a host for all
expression vectors. The cells contained the plasmid
pRK248cIts, which directs expression of a temperature-
sensitive bacteriophage lambda repressor protein (5).

Construction of the bacterial expression clones. The bacte-
rial expression clones were constructed by using the pEV-
vfr expression vectors which supply a lambda phage promot-
er-operator region (P, Oy), a ribosome-binding site, and a
translational initiation codon (5). The pANC-PR clone was
constructed by replacement of a pEV-vrf2 BamHI-Pvull
fragment with a viral 817-base-pair BamHI-Hpal fragment
(Fig. 1) derived from an infectious clone of the avian
sarcoma virus PrC strain, pATV-8 (11). The viral DNA
fragment contains the C-terminal two-thirds of the NC-
coding region, all of the PR-coding region including the
translational termination codon for Pr76 #“¢, and the 5’ end
of the pol gene. The construction of pNC (formerly called
pRKP12) was described previously (10). The pNC-PR plas-
mid was constructed by substitution of a ca. 1-kilobase-pair
pNC-derived PstI-BamHI fragment into pANC-PR (Fig. 1).
This fragment contained the P; O; region and the ribosome-
binding site ATG region properly aligned for expression of
the native N terminus of NC (10). The pPR expression clone
was constructed from pANC-PR by using oligonucleotide-
directed, site-specific mutagenesis (10, 19) to delete the NC
region and to precisely align the ATG codon in the vector
with the first codon of the mature PR, a strategy used
previously to construct pNC (10). The oligonucleotide used
for deletion mutagenesis was 5'-AGGAGGAATTAAT
ATGTTAGCGATGACAATGG-3'. A mutation was intro-
duced into the putative active site region of PR (20, 23) by
using site-directed oligonucleotide mutagenesis (19). The
construct coding for the mutant PR [pNC-PR(S-I)] was
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FIG. 1. Maps of PR, NC-PR, and NC E. coli plasmid expression clones. All clones are derivatives of pEV-vrf vectors (5). A partial map
of the viral DNA clone pATV-8 (11), from which PR and NC sequences were derived is shown at the top; the flanking capsid (CA) and reverse
transcriptase (RT) regions are indicated. Nucleotide positions indicated correspond to the avian sarcoma virus sequence described by
Schwartz et al. (21). Symbols: — — —, pBR322-derived vector sequences; #m, bacteriophage lambda promoter-operator region (P Oy ) (not
drawn to scale). The initiation codon provided by the expression vector is indicated (ATG). The position of the termination codon for the
PR-coding region is indicated (TAA). The site of the Asp—Ile mutation introduced into the putative active site of PR is shown. Numbers

indicate nucleotide positions.

provided by V. M. Vogt. It was derived by site-directed
mutagenesis at the GAC codon that encodes aspartic acid 37,
which converted this codon to an ATA (isoleucine). In this
construct, a portion of NC-PR sequences are derived from
the Schmidt-Ruppin strain of avian sarcoma virus. A wild-
type version of this clone was also constructed [pNC-PR(S)].

Analysis of NC and PR expressed in E. coli. The ASLV NC
and PR expressed in E. coli were detected by immunoblot-
ting with rabbit sera directed against NC (10) and PR.
Anti-PR antibody was prepared by immunization of rabbits
with purified viral PR provided by J. Leis. Expression in
cells containing the various vectors was induced by shifting
cultures from 30 to 42°C for 2 to 4 h, and virus-related
proteins were detected by immunoblotting as described
elsewhere (1, 10, 24).

Preparation of bacterial extracts. Induced and uninduced
E. coli cultures (1.75 ml) were pelleted and suspended in 400
wl of 1% toluene-10 mM Tris hydrochloride (pH 8.0)-5 mM
mercaptoethanol-0.1 mM EDTA-0.1% Triton X-100. Bacte-
rial cell suspensions were vigorously agitated by vortexing (3
min) and were incubated for 20 min at 37°C. Unbroken cells
and cell debris were pelleted by centrifugation. Supernatants
were freeze-dried and dissolved in 50 pl of water, from
which 2 pl was assayed.

Synthesis and cleavage of decapeptide substrates. The syn-
thesis and purification of the decapeptides Thr-Phe-Gln-Ala-
Tyr-Pro-Leu-Arg-Glu-Ala (wild type) and Thr-Phe-Gln-Ala-
Ala-Pro-Leu-Arg-Glu-Ala (variant) are described elsewhere
(M. Kotler, R. A. Katz, W. Danho, J. Leis, and A. M.
Skalka, Proc. Natl. Acad. Sci. USA, in press). ASLV PR
cleaves the wild-type peptide between Tyr and Pro (Kotler et
al., in press). Proteolytic reactions were carried out in 10 pl
of 0.1 M sodium citrate buffer (pH 5.5) containing 1.1 mM of
decapeptide substrate and 2 pl of bacterial extract. The
reactions were incubated at 37°C for 10 h. The cleavage
products were analyzed by a thin-layer electrophoresis assay
(Kotler et al., in press). Samples of 4 pl were spotted on
cellulose plates (Art 5577, 20 by 20 cm; E. M. Reagents,

Federal Republic of Germany). Plates were subjected to 45
mA for 1 h in pyridine-acetic acid-acetone-distilled water
(volume ratio, 1:2:8:40). They were then air dried and
sprayed first with 1% triethylamine (Pierce Chemical Co.,
Rockford, Ill.) in acetone and then with fluorescamine (Hoff-
mann-La Roche Inc., Nutley, N.J.) at 0.1 mg of acetone per
ml. Photographs were taken under UV light.

RESULTS

Expression of PR in bacteria. ASLV PR is an abundant
virion protein formed by proteolytic processing; it is derived
from the C terminus of the Pr76%“# precursor. For expression
of the mature PR in E. coli, a translational initiation codon
provided by the expression vector was introduced immedi-
ately preceding the PR reading frame (Fig. 1, PR). No
alteration was necessary at the 3’ end, since the termination
codon of PR can also function in bacteria (Fig. 1). The same
vector was also used for expression of a viral NC-PR gag
precursor fragment derived from SR-A avian sarcoma virus
[pNC-PR(S)] or PR-C avian sarcoma virus (pNC-PR) (Fig.
1). A truncated version of the pNC-PR clone which is
missing the N-terminal one-third of NC was also constructed
(pPANC-PR).

E. coli transformed with pPR was grown to mid-log phase
at 30°C. Expression from the P, promoter was then induced
by shifting the cultures to 42°C. Cells were harvested 3 to 4
h postinduction, and proteins were analyzed by polyacryl-
amide gel electrophoresis and immunoblotting, with antisera
directed against the purified ASLV PR and NC. A protein
that comigrated with viral PR was produced in the induced
but not in the uninduced cells (Fig. 2A, lanes 1 and 2).
Neither the viral PR nor the bacterially produced PR reacted
with anti-NC serum (Fig. 2B, lanes 1 and 2), as expected.
From Coomassie blue staining, it can be estimated that PR
represents 5 to 10% of the total protein in induced bacteria
(data not shown).

Synthesis and cleavage of NC-PR in bacterial cells. Immu-
noblot analysis of the proteins produced after induction of
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FIG. 2. Immunoblot analysis of PR and NC products expressed in E. coli. E. coli lysates were fractionated on a 15% polyacrylamide-
sodium dodecyl sulfate gel, and virus-related proteins were detected by using rabbit antiserum directed against ASLV PR (A) or NC (B) and
125]_labeled protein G as described elsewhere (1). Lysates were prepared from E. coli containing pPR (lanes 1 and 2), pANC-PR (lanes 3 and
4), pNC-PR (lanes 5 and 6), and pNC (lanes 7 and 8). Lanes 1, 3, 5, and 7, lysates from uninduced (U) cultures; lanes 2, 4, 6, 8, lysates from
cultures induced (I) for 3 h at 42°C. Molecular size markers are indicated in kilodaltons. Viral NC and PR markers are shown. The anti-PR
serum (A) cross-reacts with a number of E. coli proteins, as seen in lysates from uninduced cultures (lanes 1, 3, 5, and 7). The anti-NC serum

(B) cross-reacts with an E. coli protein of ca. 35 kilodaltons.

the pNC-PR vector identified a protein of the mass predicted
for the NC-PR precursor fragment (ca. 23 kilodaltons); it
reacted with both anti-PR and anti-NC (Fig. 2A and B, lanes
5 and 6). Two smaller proteins which had migration coeffi-
cients corresponding to those of proteins produced by pNC
and pPR and those of the analogous purified viral proteins
were also identified. One of these two proteins reacted with
anti-NC, while the other reacted with anti-PR, indicating
that the NC-PR precursor underwent cleavage at (or near)
the site recognized during virus maturation (Fig. 2A and B,
lanes S and 6). Analysis of proteins produced after induction
of pANC-PR gave similar results (Fig. 2A and B, lanes 3 and
4). As expected, both the precursor fragment and the NC-
related product were shorter than those produced by pNC-
PR, while the PR product was unaffected. This result con-
firmed the identities of the small anti-NC and anti-PR
reactive bands.

One explanation for the production of small, discrete-
sized products is that the NC-PR and ANC-PR precursors
were cleaved specifically by PR. To test this hypothesis, we
used a mutated clone in which the codon for the highly
conserved Asp residue (amino acid 37 in PR) located in the
putative active site of PR (20) was changed to an Ile codon
[pPNC-PR(S-I), Fig. 1]. Expression of proteins from this
plasmid was assayed by immunoblotting with the anti-NC
serum. The results showed that the NC cleavage product
was produced from the wild-type construct, pNC-PR(S), but
not from the mutant, pNC-PR(S-I) (Fig. 3, compare lanes 6
and 8). Thus, we conclude that bacterially produced PR
activity is responsible for specific cleavage of the NC-PR
gag precursor fragment. The protein which contained the
Asp to Ile mutation migrates more rapidly than the wild-type
NC-PR protein (Fig. 3, lane 6; see arrows), indicating that
this change may have a significant effect on the protein
conformation.

Detection of PR activity in cell extracts. To confirm that an
active PR was produced in E. coli, proteolytic activities
encoded by all six plasmids described in Fig. 1 were tested in
cell extracts by using a synthetic peptide cleavage assay
(Kotler et al., in press). We have previously shown that
decapeptides which are composed of a known ASLV prote-
olytic processing site in pol (between the a and pp32°*

domains) are precisely cleaved by ASLV PR in vitro. A
change in one of the amino acids which flanks the cleavage
site (e.g., Tyr to Ala) abolishes this cleavage (Kotler et al., in
press).

Extracts prepared from induced cells which express proc-
essed PR [from plasmids pPR, pNC-PR, pANC-PR, and
pNC-PR(S)] contained activities which cleaved the suscep-
tible peptide. Extracts from cells which express pNC or
pNC-PR(S-I), which do not produce processed PR, showed
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FIG. 3. Immunoblot analysis of NC-PR proteins expressed in E.
coli. Analysis was carried out as described in the legend to Fig. 2,
except that cultures were induced for 4 h. NC-related proteins were
detected by incubation with rabbit anti-NC, followed by '?°I-labeled
protein G. Lysates were prepared from cells containing pNC-PR
(lanes 3 and 4), pNC-PR(S-I) (lanes 5 and 6), and pNC-PR(S) (lanes
7 and 8). Lanes 4, 6, and 8 contain lysates from cells that were
induced for expression (I); lanes 3, 5 and 7 contain lysates from
uninduced (U) cells. Lanes 1 and 2 contain authentic viral proteins.
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no cleavage (Fig. 4A). As a control, a peptide containing a
single amino acid change at the cleavage site (Tyr to Ala)
was incubated with the same E. coli extracts. No cleavage
was seen even after a 10-h incubation. By using this sensitive
peptide assay, low levels of PR activity could be detected in
some extracts prepared from uninduced cells which con-
tained plasmids with the wild-type PR sequence, although no
PR-related proteins could be detected by immunoblotting
(Fig. 2 and 3). We presume that this is due to low expression
(leakiness) of the respective plasmids under uninduced con-
ditions. Since the peptides are quite stable in crude extracts,
the reaction mixtures can be incubated for very long periods
of time, thus further increasing the sensitivity of the assay.

DISCUSSION

In this report, we describe expression of a retroviral
protease in bacteria. This enzyme is active in bacterial cells
as well as in cell extracts. A mutation in the putative active
site of PR (Asp to Ile) in the pNC-PR construct resulted in a
failure to release NC and PR. This result suggests that PR is
responsible for releasing itself from the gag precursor.
However, the experiments with the mutated PR cannot
exclude limited participation of cellular proteases. For ex-
ample, it might be imagined that limited proteolysis by a
cellular protease could release some mature PR molecules,
and these might then be responsible for additional processing
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FIG. 4. Detection of PR-specific activity in bacterial extracts by
using a thin-layer electrophoresis assay. Synthetic decapeptides
containing Tyr-Pro (wild type) (A) or Ala-Pro (mutant) (B) cleavage
sites were incubated with bacterial extracts prepared from induced
(lanes I) and uninduced (lanes U) cultures. As a control, the Tyr-Pro
peptide was subjected to purified viral PR (lane PR) or was incu-
bated with no PR (lane S). The extracts were prepared from cultures
containing the indicated clones. After incubation of peptides with
extracts, the mixtures were fractionated by thin-layer electrophore-
sis (see Materials and Methods). The mobilities of peptide substrates
(S), products (P1 and P2), and an unidentified spot associated with
the bacterial extract (B) are indicated. The origin is indicated (O). P1
is a pentapeptide cleavage product corresponding to the N terminus
of the decapeptide substrate. P2 (dark spot) corresponds to a
pentapeptide derived from the C terminus. Products were located by
staining with fluorescamine, followed by visualization with UV light
(see Materials and Methods). The P2 spot appears dark because of
the N-terminal Pro which produces chromophores that absorb UV
light. Details of the methodology and characterization of the prod-
ucts identified by the thin-layer electrophoresis assay are provided
elsewhere (Kotler et al., in press).
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which would release more active PR molecules. If the
processing is due entirely to PR activity, it would be of
interest to determine whether the first mature molecules are
released as a consequence of inter- or intramolecular inter-
actions. Introduction of mutations into the NC-PR cleavage
site may provide some insight into this question.

Our finding that the PR-NC gag precursor fragment is
cleaved intracellularly is consistent with earlier reports of
proteolytic processing of the ASLV gag precursor in E. coli
(17) and human immunodeficiency virus gag-pol precursors
in yeast cells (13). In contrast, the ASLV Pr764“¢ precursor
synthesized in vitro by using a rabbit reticulocyte system
does not undergo processing unless PR is added (28). Also,
Pr764“¢ is not processed in mammalian cells infected by
avian sarcoma virus (25), and these cells are unable to
support assembly of infectious particles (2, 12). There are
several possible explanations for these differences. (i) Avian,
bacterial, and yeast cells, but not mammalian cells, might
contain a protease which is able to activate PR by releasing
it. The active PR molecules might then complete the proc-
essing as mentioned above. (ii) Mammalian cells may con-
tain an inhibitor of ASLV PR which prevents autocleavage
or subsequent enzymatic activity. (iii) The release of PR may
require dimerization of the precursor (20) or an intermolec-
ular reaction which occurs only when a high concentration of
precursor is present, as in bacteria, yeast cells, and the
permissive avian cells. Threshold concentrations may not be
achieved in vitro or in mammalian cells. (iv) The Pr76%¢¢
may be folded in a specific structure which prevents auto-
cleavage until the time of virion budding. Subsequent acti-
vation of the protease might occur in virions produced in
avian cells but not in mammalian cells. Precursor proteins
produced in bacteria might not fold in the manner required to
prevent cleavage. Some of these models may be testable by
using methods described in this paper.

The bacterial expression systems described here will allow
us to produce large amounts of normal and altered ASLV PR
proteins. These should be useful for studying the biochemi-
cal properties of PR and for providing material for biophys-
ical analyses. The gag precursor fragment (NC-PR) will be a
useful substrate to test the effect of various cleavage site
mutations. Since cleavage occurs in bacteria, it should be
possible to study the effect of such mutations without
purification of the PR or substrates.
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