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ABSTRACT Site-specific proteolysis is an important
regulatory mechanism in basic cellular and viral processes.
Using the protease of the HIV as a model, a genetic system
has been developed for the isolation and characterization of
site-specific proteases. The system utilizes the well defined
bacteriophage l regulatory circuit where the viral repressor,
cI, is specifically cleaved to initiate the lysogenic-to-lytic
switch. The model system is rapid, highly specific, and
demonstrates the ability to isolate and characterize enzymes
of limited expression or activity. In addition, the system has
a significant potential for the selection of clinically relevant
mutant enzymes and in the development of anti-protease
therapeutics.

Site-specific proteolytic processing plays a significant role in
the regulation of cellular processes as diverse as signal trans-
duction (1–4), RNA transcription (5–9), apoptosis (10–14),
and development (15–19). In addition, specific processing of
viral polypeptides is a critical stage in the replication and
maturation of infectious particles (20). Although many general
proteases have been identified, few of the enzymes responsible
for site-specific processing events have been isolated. As there
are inherent difficulties in the purification and characteriza-
tion of these proteins by classical methodologies, a genetic
screen has been developed by using a model enzyme encoded
by HIV.

The system is based on the highly characterized bacterio-
phage l lytic–lysogenic cycle (21). Expression of the phage-
encoded repressor (cI) results in repression of the bacterio-
phage’s lytic functions. Induction from the lysogenic state is
initiated by specific recA-mediated cleavage of the repressor,
reducing the steady-state levels. The subsequent expression
of cro results in the complete repression of cI expression, the
induction of the phage’s replicative functions, and the ulti-
mate lysis of the host cell. This paradigm has been adapted
as illustrated in Fig. 1. A recombinant cI repressor contain-
ing a specific proteolytic processing site is expressed in
Escherichia coli and infected with a l-cDNA expression
library. The expression of a random cDNA has no effect on
the function of the recombinant cI repressor (Fig. 1 Left),
which prohibits the expression of the phage lytic replication
functions. If, however, a phage encodes the appropriate
specific protease (Fig. 1 Right), the target repressor is
cleaved and the phage enters the lytic replication cycle,
resulting in selective isolation of the appropriate phage.
Adaptation of the l system provides several significant
advantages: (i) the structure and regulation of the l cI
repressor is well characterized; (ii) the system adapts the
dual l cI-cro regulatory circuit that is sensitively controlled

by specific proteolysis; and (iii) as l has been a valuable
research tool, an extensive array of reagents is available.

Of the known site-specific proteases, viral-encoded enzymes
have been the most extensively characterized. Therefore, the
parameters of a model system were defined by utilizing the
protease encoded by HIV. This enzyme is required for the
processing of the viral polyprotein, and its activity and spec-
ificity have been studied in vitro and in vivo (22–25). In
addition, the HIV protease is the target of novel therapeutics
and uniquely illustrates the potential applications of this
system in the characterization of site-specific proteases and in
the development of anti-protease drugs.

MATERIALS AND METHODS

Construction of Recombinant Repressors. A unique BssH2
site was created in the cI linker domain of p280AP by
site-directed mutagenesis (pcI.Bss). Prm (Promoter for Re-
pressor Maintenance) [TAGATATTTATCCCTTGCGGT-
GATAGATT (21)] and mutant Prm sequences [2S:
GATATATTTATCCCTTGCGGTGATAGATT (26); 2X:
TAAATATTTATCCCTTGCGGTAATAGATT (27)] were
generated by PCR of l DNA with the appropriate Prm or
mutant Prm oligonucleotides. cI.HIV and cI.HIVmt contain
HIV proteolytic cleavage site 1 [amino acids 129–136 of the
HIV-1 GAG-POL polyprotein (28, 29) or mutant site 1 (30),
respectively]. pcI.HIV-cro and pcI.HIVmt-cro were con-
structed in pAlterEX-2 (Promega) by substitution of the
appropriate repressor for the wild-type (WT) cI in the l MunI
fragment that encodes cro and cI.

HIV Protease and Recombinant Phage. The HIV-1 pro-
tease gene was isolated from pVK3 [HIV-1 strain Hxb2 (31)]
by PCR, inserted into pBSK2 to generate the bgal-HIV
protease fusion protein (pHIVprotease), and verified by
nucleotide sequencing. Plasmids for cotransformation were
produced by insertion of repressors expressed from the Prm
promoter into pAlterEX-2. The HIV-1 protease gene from
pHIVprotease was ligated to EcoRI-digested lambda ZapII
and packaged in vitro. Phage stocks were prepared from the
correct (l-HIVp) and inverted (l-HIVinv) insert orienta-
tion phage.

Western Blots. Samples were resolved in 10–20% gradient
SDSypolyacrylamide gels, transferred to nitrocellulose or
poly(vinylidene difluoride) membranes, and blocked in PBSy
0.2% Tween-20 (PBST) with 5% milk. Primary antibodies
were preincubated in PBSTy5% milky12.5% bacterial lysate
for 10 min before use. Duplicate Western blots were processed
for chemiluminescent detection and for quantitative chemif-
luorescent imaging (Storm, Molecular Dynamics). For coex-
pression experiments, E. coli JM109 cells were cotransformed
with pAlterEx-2 repressor plasmids and pHIVprotease or
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pHIVinv. Cultures were harvested at 0 and 3 hr postinduction
with 1.0 mM isopropyl b-D-thiogalactopyranoside (IPTG) and
lysed in SDSyPAGE sample buffer, and equivalent amounts of
total cell protein were subjected to Western blot analyses as
described above.

Selections. E. coli strains containing p2X-cI.HIV or p2X-
cI.HIVmt were transformed with pcI.HIV-cro or pcI.HIVmt-

cro, respectively. The resulting strains were infected with
l-HIVp or l-HIVinv for 15 min, washed with 10 mM MgSO4,
and resuspended in Luria–Bertani medium (LB)y12.5 mg/ml
tetracycliney0.2% maltosey10 mM MgSO4y0.1 mM IPTG. At
3–5 hr postinfection, aliquots of the cultures were coplated
with E. coli XL-1 Blue cells in top agary12.5 mg/ml tetracy-
cliney0.1 mM IPTG for 6 hr. Additional cycles of selective
growth were done by resuspending the infected cells with a
fresh aliquot of pcI.HIV-cro or pcI.HIVmt-cro cells and
continued incubation as described. After two or three selective
cycles, phage from representative plaques were eluted and the
orientation of the protease gene was determined by restriction
analysis.

l-cDNA Expression Libraries. In the course of these studies,
it was observed that many commercially available libraries
contain a population of irrepressible phage that results in high
background. The frequencies of irrepressible phage in several
libraries were determined by infecting cells that express the
WT repressor from a constitutive promoter (p2X-cI). An
aliquot of the selected l-cDNA library (Corpus striatum
#936213, Stratagene) was amplified to create a high titer stock
with less than one irrepressible phage in 5.5 3 107 pfu. E. coli
cells containing pcI.HIV-cro were infected with a mixture of
l-HIVp and the amplified library (1:105, respectively). After
one selective growth cycle, the resulting phage pool was
amplified by infection of E. coli XL-1 Blue cells, and 1 3 108

pfu of this amplified pool was subjected to a second selective
growth cycle. The resulting phage population was analyzed as
describe above.

Protease Inhibitors. Indinavir sulfate (crixivan, Merck) and
saquinavir mesylate (invirase, Roche) were obtained from the
National Institutes of Health Clinical Pharmacy. The inhibi-
tors were included in the LB and the top agar at the indicated
concentrations.

RESULTS AND DISCUSSION

Function of Target cI Repressors. As shown in Fig. 2A, the
l cI repressor consists of several well characterized domains
(21). To construct a recombinant repressor for the insertion of

FIG. 1. A genetic system for the isolation and characterization of
site-specific proteases. (Left) The infecting phage encodes a random
b-gal:cDNA fusion protein that has no effect on the steady-state levels
of the target repressor containing the proteolytic processing site (PPS).
(Right) The infecting phage encodes the appropriate site-specific
protease that cleaves the recombinant repressor, ultimately resulting
in lytic replication.

FIG. 2. Construction and function of target repressors. The l cI repressor consists of a DNA-binding domain (Db), a flexible linker (Lk), and
a dimerization domain (Dz). The site of recA-mediated cleavage was altered (A-G to A-R) to create a unique site for the insertion of target
proteolytic processing sites (cI.Bss). (A) Cells expressing cI.WT or cI.Bss from the indicated promoters were infected with l in the absence or
presence of mitomycin C (32). After 15 min, the cells were washed, resuspended in LBy0.2% maltosey10 mM MgSO4, and incubated for 5 hr. The
resulting phage supernatants were titered as described. The progeny virus (pfuyml) is shown for each repressor strain in comparison to an infection
of cells that do not express a repressor. (B) HIV target repressors contain the GAG-POL site 1 (cI.HIV) or a mutant site (cI.HIVmt). A Western
blot of cells expressing the WT and recombinant repressors from the Prm promoter using anti-cI sera. (C) Repressor function was determined by
infection of strains expressing the repressors at subsaturation levels (2X promoter). (-), cells that do not express repressor.
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target proteolytic processing sites, the recA-mediated cleavage
site in the linker domain of cI was altered (A-G to A-R),
resulting in the creation of a unique restriction site (cI.Bss).
The function of cI.Bss was tested by expression in E. coli under
the control of several promoters [Prm and various Prm down-
mutants (21, 26, 27)] producing strains that expressed various
steady-state levels of the repressor. Infection with l resulted in
significant repression of phage replication in all strains as
compared with cells that express the wild-type cI (WT.cI),
indicating that the recombinant repressor was stable and
functional.

Interestingly, in the presence of mitomycin C, a gratuitous
inducer of the recA-mediated cleavage of the phage repressor
(32), only strains expressing the WT repressor from the mutant
promoters (2S and 2X) allowed significant phage replication
(Fig. 2 A). This indicated that it is critical to express the
repressor in a manner that efficiently represses nonspecific
phage while still allowing for the replication of a phage
encoding a protease of modest activity. Finally, the addition of
mitomycin C to cells that express the recombinant Bss repres-
sor had no effect, confirming that the altered repressor is not
a target for recA-mediated cleavage.

For the construction of HIV protease-specific target
repressors, processing site 1 from the viral GAG-POL
polyprotein (28, 29) or a control mutant site (30) was
inserted into the Bss repressor (cI.HIV and cI.HIVmt,
respectively). These repressors were expressed at steady-
state levels equivalent to WT.cI and cI.Bss (Fig. 2B) and
efficiently repressed the infecting phage (Fig. 2C), even
when expressed from the 2X promoter at subsaturating
levels. Although the repression mediated by cI.HIV was less
efficient than the controls, it was significant in comparison
to cells that did not express a repressor.

The target specificity of the HIV repressors was determined
by coexpression of these repressors or the control cI.Bss with
a b-galactosidase (b-gal)–HIV protease fusion (HIV protease,
Fig. 3A). As illustrated (Fig. 3B), expression of the HIV
protease resulted in nearly complete cleavage of cI.HIV (80%
reduction in steady-state level) while having no effect on the
control cI.HIVmt or Bss repressors.

Selective Growth of a Site-Specific Protease Encoding
Phage. The selective degradation of cI.HIV demonstrates
that this system exhibits a high level of specificity; an
important consideration for the isolation of the appropriate
site-specific protease. However, as previously indicated, the
target repressor must be expressed in a manner that effi-
ciently represses nonspecific phage but that allows for the
replicative isolation of a phage encoding a protease of
modest expression or activity. To accomplish this, the l
cI-cro regulatory circuit was utilized because this dual-gene
system amplifies a relatively small decrease in the steady-
state level of cI by induction of cro-mediated repression of
cI transcription (21). Adapting the l cI-cro circuit would
theoretically allow the system to respond to relatively low
levels of specific proteolytic activity, thereby significantly
increasing the sensitivity of the screen.

As shown in Fig. 4A, E. coli cells were cotransformed with
plasmids encoding the cI.HIV-cro and the b-gal–HIV protease
fusion. Upon infection of this strain, phage replication was as
efficient as in cells that did not express cI. In contrast,
replication was efficiently repressed in control cells that did not
express the protease, strongly suggesting that the cI.HIV-cro
system would allow selective replication of a phage encoding
the HIV protease. Therefore, E. coli strains containing the
HIV repressor-cro constructs were infected with a recombi-
nant phage encoding the b-gal–HIV protease (l-HIVp) or a
control antisense phage (l-HIVinv). In these experiments,
l-HIVp replicated up to 7,000-fold more efficiently than
l-HIVinv in cells expressing cI.HIV (Fig. 4B). In addition,
l-HIVp replication was specific for the cI.HIV strain because

both phages were repressed in cells expressing cI.HIVmt. The
selection of l-HIVp was further enhanced (up to 74,000-fold)
by successive infection of cells expressing cI.HIV, clearly
indicating that the system is capable of isolating a site-specific
protease from a library pool. Furthermore, as the activity of
the HIV protease [1.7 3 104 s21M21 (25)] is significantly lower
than that of other characterized site-specific enzymes including
CPP32 [2.3 x 106 s21M21 (33)], lep [2.3 3 106 s21M21 (34)],
subtilisin [2.6 3 105 s21M21 (35)], and Kex2 [2.5 3 107 s21M21

(36)], this system has the potential and sensitivity to isolate
novel enzymes of limited activity.

Selective Isolation of a Site-Specific Protease from a Com-
plex Pool. To demonstrate the isolation of a rare phage
encoding a site-specific enzyme, cells expressing cI.HIV were
infected with a mixture of l-HIVp and control l-HIVinv
(1:105, respectively). After successive rounds of selection,
l-HIVp represented 12.5% (two rounds, 12,500-fold selec-
tion) and 40% (three rounds, 40,000-fold selection) of the final

FIG. 3. The HIV protease specifically reduces the steady-state
levels of cI.HIV. (A) The b-gal–HIV protease fusion contains amino
acids 444–605 of HIV-1 GAG-POL polyprotein (31) fused in-frame to
the amino-terminal 38 aa of b-gal. Autocatalytic cleavage at sites 5 and
6 releases the mature viral protease (28, 29). The control contains the
identical sequences inserted in the noncoding orientation (HIVinv).
(B) The cI repressors were coexpressed with the HIV protease fusion
under the control of the lac promoter. Expression of the protease was
induced with IPTG for 3 hr, and equivalent amounts of total cell
protein were blotted with anti-cI and anti-HIV protease sera. Control,
HIV protease gene inserted in the antisense orientation. The steady-
state levels of the HIV protease in cells which express cI.HIV was
consistently higher than in cI.HIVmt cells, possibly because of the
stabilization or the reduced toxicity of the protease in the presence of
the appropriate target substrate.
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phage population (Fig. 5). In a subsequent experiment, cells
expressing cI.HIV were infected with a similar mixture of
l-HIVp and a l human brain cDNA library to simulate the
isolation of a site-specific protease from a complex cDNA
library pool. After two rounds of selection, l-HIVp consti-
tuted 8% of the resulting phage population (8,000-fold selec-
tion, data not shown).

The Isolation and Characterization of Site-Specific Pro-
teases: Applications to Therapeutics. As previously noted,
viral enzymes are significant both as models of basic cellular
processes and as targets of antiviral therapeutics. For HIV,
specific protease inhibitors have recently become important
components of clinical treatments (37). As shown in Fig. 6, the
described system may also be applicable to the rapid charac-
terization of novel anti-protease drugs. Cells expressing
cI.HIV were infected with l-HIVp in the presence of various
concentrations of HIV-specific protease inhibitors. Although
these drugs had no effect on the growth of l-HIVp in control
cells, micromolar concentrations significantly inhibited the
growth of this phage in cI.HIV cells. Notably, the inhibition of
l-HIVp growth correlated well with the effective clinical drug
concentration range [indinavir sulfate (crixivan; Merck, pub-
lication 7979800); saquinavir mesylate (invirase; Roche, pub-
lication 25974580–0197C)]. In addition to further illustrating

the specificity of this model system, these experiments dem-
onstrate the potential of the screen for the rapid character-
ization of anti-protease drugs. More significantly, treatment
with specific protease inhibitors has recently shown indications
of the selection of drug-resistant virus isolates in the clinical
population (38, 39). The potential ability to rapidly select and
analyze drug-resistant enzymes in this system may aid in the
prediction of important clinical isolates and provide targets for
further drug development.

Site-specific proteolysis is an important regulatory mecha-
nism in many basic biological processes (1–20). In addition,
specific proteolysis is critical to the replication of many viruses
and may also play a role in the development of other disease
states such as Alzheimer’s (40–43) and hypocholesterolemia
(9, 44–47). Although the characterization of site-specific pro-
teases is of significant interest, many of the enzymes are
unknown. A genetic screen therefore has been developed that
provides a rapid methodology for the isolation and character-
ization of these enzymes.

It is important to note that the isolation of a novel enzyme
utilizing this system depends on the representation of the
cDNA in the library, the expression of catalytically active
protein, and the recognition of the appropriate target site in
the heterologous cI repressor substrate. However, as demon-

FIG. 4. Selective growth of l-HIVp in cells expressing cI.HIV. (A) The structure of the repressor-cro plasmid is illustrated. The expression
of the cotransformed HIV protease was induced with IPTG (1 and 2 hr), and the cells were infected with l. The graph illustrates the resulting
phage titeryml of culture supernatant. (B) Cells transformed with cI.HIV-cro or cI.HIVmt-cro cells were infected with l-HIVp or l-HIVinv
for 5 hr. C1 and C2 are control infections of cells expressing cI.HIVmt. Experiments 1–4 and 5 and 6 are the resulting phage titers after one
or three rounds of infection–selection in cI.HIV-cro cells, respectively. Fold-selective growth, pfu l-HIVpyl-HIVinv. As shown, selection in
cI.HIV cells resulted in maintenance replication of l-HIVp, whereas the replication of l-HIVinv was inhibited more severely with each
successive selection cycle.
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strated by the selective isolation of a phage encoding the
HIV-1 protease, the l cI-cro dual regulatory circuit responds
to a low level of specific proteolytic activity, allowing selective
growth of the appropriate phage. Thus, this system clearly has

significant potential to specifically amplify and isolate enzymes
of low catalytic activity. In addition, adaptations of this system
can be used to characterize known enzymes with respect to
their activity, specificity, and structure.
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