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Thymidylate synthase (TS) is an essential enzyme of
DNA metabolism. We have carried out an extensive in-
sertional mutagenesis of the Escherichia coli TS gene
(thyA) using three different methods. Insertion of exog-
enous sequences at unique restriction sites or at random
positions produced defective mutants, whereas compar-
ison of TS sequences from different species allowed us to
identify six zones permissive for insertions of exogenous
sequences. The insertion of Human immunodeficiency
virus type 1 (HIV-1) protease substrate sequences into
the permissive sites converted TS to an HIV-1 protease
substrate, and the in vivo cleavage of these insertions by
the cloned HIV-1 protease conferred a thymidylate syn-
thase-deficient phenotype in some of our E. coli mutant
strains. In agreement with crystallographic data, these
results show that the permissive sites are located in
regions of the TS protein not essential for enzyme activ-
ity and accessible to cleavage by HIV protease. These
results also show that it is possible to control a growth
phenotype in E. coli through the protease-mediated de-
struction of an essential metabolic enzyme. Because
both wild type and thymidylate synthase-deficient phe-
notypes are selectable on the appropriate growth me-
dium, these thyA mutants could be used for genetic se-
lections of protease inhibitors and analysis of protease
specificities.

Cleavage of a precursor polypeptide by a protease is a gen-
eral mechanism for the regulation of physiological processes
(1-4). Human immunodeficiency virus (HIV-1)* provides an
example. In retroviruses a viral protease is responsible for
cleavage of the polyproteins encoded by the gag and pol genes,
producing mature structural and enzymatic proteins. This
process is essential for generating infectious virus particles (for
review see Ref. 5). At the junctions of the protein domains,
within the precursors, lie peptide target sequences that are
recognized and cleaved by the virally encoded protease. Al-
though some degree of similarity exists between these target
sequences, no consensus sequence has been found to predict
cleavability. Moreover, other sequences in cellular proteins
have also been found to be cleaved by HIV-1 protease (Ref. 6
and references therein). In order to study the determinants of
this substrate specificity, a system allowing the genetic selec-
tion of HIV protease activity is much needed. Therefore, we

* This work was supported by grants from Agence Nationale pour la
Recherche sur le SIDA and SIDACTION. The costs of publication of this
article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

F To whom correspondence should be addressed. Tel.: 33-1-40516438;
Fax: 33-1-40517210.

1 The abbreviations used are: HIV-1, human immunodeficiency virus
type 1; TS, thymidylate synthase.

This is an open access article under the CC BY license.

decided to insert HIV-1 protease target sites into thymidylate
synthase (TS), which is a selectable marker in Escherichia coli.
This could make possible the genetic selection of protease mu-
tants with altered specificities or protease inhibitors and sub-
strates from large libraries of random peptides (see Fig. 1 for a
detailed explanation). In fact, it has already been shown that
HIV-1 Gag and Gag-Pol precursor polyproteins are correctly
processed by HIV-1 protease when they are co-expressed in E.
coli (7, 8) and that an HIV-1 protease target sequence could be
inserted into E. coli B-galactosidase (9). In this latter case, the
enzyme retained its activity, and when the cloned HIV-1 pro-
tease was coexpressed in the same strain, B-galactosidase was
cleaved and inactivated. However, conditional growth has not
been reported with this system. Similarly, HIV-1 protease,
human rhinovirus protease 3C, or zucchini yellow mosaic virus
protease target sequences have been inserted into E. coli pro-
teins responsible for resistance to tetracycline or sensitivity to
streptomycin (10-12). In these cases, coexpression of these
mutants with their cognate protease impaired bacterial growth
in the presence of the appropriate antibiotic. We thought that
insertion of protease target sequences into TS could provide a
valuable system because positive and negative selection media
are available allowing the selection of both wild type and thy-
midylate synthase-deficient phenotypes (13, 14). These two
types of selection should not only permit to search for inhibitors
as in the case of previous systems based on antibiotic sensitiv-
ity phenotypes but also to study protease specificity (see Fig. 1
for an overview). TS is an essential enzyme of DNA metabolism
catalyzing dTMP synthesis. Although TS has been character-
ized by various techniques, including x-ray crystallography (15,
16), insertional mutagenesis has not been done.

In order to obtain an E. coli strain with a thymidylate syn-
thase-deficient phenotype conferred by HIV-1 protease activity,
the first steps consist of mapping tolerant sites for insertion of
exogenous sequences within the TS protein and to determine,
among these sites, those that are accessible to the HIV-1 pro-
tease. We report here that we have proceeded to an extensive
insertional mutagenesis of the E. coli TS gene (thyA) and found
several regions permissive to insertions of HIV-1 protease tar-
get sequences. Further analysis showed that these insertions
converted TS to an HIV-1 protease substrate and that the in
vivo cleavage of these insertions conferred a thymidylate syn-
thase-deficient phenotype in some of the E. coli mutated
strains.

MATERIALS AND METHODS
Cloning, sequencing, site-directed mutagenesis, and immunoblotting
were done according to standard procedures.
Plasmids
pTZthyA—The 1300-base pair thyA fragment was first subcloned
from pBTAH2 (17) into the phagemid pTZ 18R (Pharmacia Biotech Inc.)

using HindlIl sites. The Hindlll sites were destroyed and replaced by
Xhol sites by site-directed mutagenesis.
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Fic. 1. Genetic selection of protease inhibitors and substrates. Insertion of a protease target sequence within an essential protein and
expression of the cognate protease confers a protease-dependent phenotype. Insertion within TS allows selection of both wild type and thymidylate
synthase-deficient phenotypes on positive and negative selection media, respectively (see “Materials and Methods” for a description of these media).
These two types of selection allow a wide range of applications. For example: 1) Protease inhibitors could be directly selected on the positive
selection medium from an endogenously expressed library of random peptides. The expression of the protease confers a thymidylate synthase-
deficient phenotype, but those cells expressing a protease inhibitor will revert to a wild type phenotype and grow as colonies. 2) Protease substrates
could also be selected from random sequences but this time inserted into TS itself. Those cells carrying a substrate sequence inserted into TS will
have a thymidylate synthase-deficient phenotype and grow as colonies on the negative selection medium. By means of this method, exhaustive
collections of protease substrate sequences could be collected, allowing the analysis of proteases specificity and the design of inhibitors. 3) Protease
mutants could also be easily analyzed. For example, substrate specificity could be analyzed for protease mutants that are resistant to a currently

known inhibitor, allowing the design of a new and specific inhibitor.

pSUthyA—thyA was also cloned into pSU 18 (18) by subcloning the
Xhol insert from pTZthyA into the Sall site of pSU 18.

pTZprt* and pSUprt*—The 2865-base pair HIV-1 pol gene frag-
ment, corresponding to the protease and reverse transcriptase domains,
was subcloned from pBRT1prt* (7) into pTZ 19 (Pharmacia) and pSU 19
(18), using the EcoRI and Sall sites.

pTZprt~ and pSUprt —The 1470-base pair HIV-1 pol fragment,
corresponding solely to the reverse transcriptase domain, was also
subcloned from pBRT3prt™ (7) into pTZ 19 and pSU 19 using the EcoRlI
and Sall sites. pBRT1prt* and pBRT3prt clones were kindly provided
by the National Institutes of Health (AIDS Research and Reference
Reagent Program).

HIV-1 Protease Target Sequences

Complementary oligonucleotides corresponding to HIV-1 protease
target sequences were synthesized, hybridized, and cloned into thyA.
The sequence for S1 is VSFNFPQITL (P6/protease junction of the HIV-1
Gag precursor); the DNA coding for this sequence has a Hindlll site.
The sequence for S2 is DRQGTVSFNFPQITLWQRPL (P6/protease
junction of the HIV-1 Gag precursor). S3 is 50 amino acids from the
P6/protease junction of the HIV-1 Gag precursor, encompassing S2. The
sequence for S4 is IRKVLFLDGI (reverse-transcriptase/integrase junc-
tion of the HIV-1 Gag precursor).

Nomenclature of thyA Mutants

The three first letters designate the site of insertion (i.e., ISE means
insertion at site E) and the two following characters designate the
sequence inserted (i.e., ISES1 means S1 inserted at site E).

Oligonucleotide-directed Mutagenesis

Mutagenesis was made according to Kunkel et al. (19). Oligonucleo-
tides were synthesized to introduce an Hpal site into thyA at sites A-G
(Fig. 2). Annealing and extension reactions were performed on the
single stranded form of the pTZthyA phagemid DNA. Mutants were
termed ISA-ISG, respectively.

A-thyA E. coli Strains, Selection Media, and Phenotypes

B-1083 is the HB101 A-thyA::Em. auxotroph for leucine, proline, and
thymidine. It grows at 30 °C. 8-1308 is the A-thyA::Em derivative of the
wild type MG 1655 E. coli K12 (F~ A7). Minimal medium contains citric
acid (1.6 g/liter), MgSO, (0.4 g/liter), b-Mannitol (10 g/liter), NH,CI (2
g/liter), and K,HPO, (17.4 g/liter). Mueller Hinton medium (Difco) is a
rich medium devoid of thymidine. Positive selection medium is minimal
or Mueller-Hinton medium. Negative selection medium contains mini-
mal or Mueller-Hinton medium complemented with thymidine (100
wng/ml) and trimethoprim (20 ug/ml in minimal medium and 200 ug/ml
in Maeller-Hinton medium). Nonselective medium is minimal or Muel-
ler-Hinton medium complemented with thymidine (100 pg/ml). Wild
type and thymidylate synthase-deficient phenotypes grow on positive
and negative selection media, respectively. Mixed phenotypes grow on
both media.

Antibodies and Protein Extracts for Immunoblotting Experiments

Antibody A is a polyclonal serum from a rabbit injected with the
whole TS protein (kindly provided by Dr. F. Maley, Albany, NY). We
also prepared antibody B, a polyclonal serum from a rabbit injected
with a synthetic peptide corresponding to amino acids 241-264 of the E.
coli TS protein. Protein extract preparation contained 1-1.5 ml of bac-
teria (OD = 0.6-1) were washed in ice-cold Tris-HCI, pH 7.4, resus-
pended in 50 ul of distilled water and mixed with 50 ul of 2 X Laemmli
buffer. This suspension was then boiled for 5 min and centrifuged at
12,000 X g for 10 min, and the supernatant was stored at —80 °C.

Measurement of Thymidylate Synthase Activity

We measured tritium released from [*H]dUMP after the enzyme
reaction was terminated, as described by Roberts (20). For protein
extract preparation, pellets corresponding to 30-ml cultures of 3-1083
bacteria transfected with one of the pTZthyA mutants (OD = 1) were
resuspended in 2 ml of buffer (0.04 mm phenylmethylsulfonyl fluoride,
4.8 mm 2-mercaptoethanol, 2 mm Tris-HCI, pH 7.5) and sonicated until
all the cells were disrupted (4 X 30 s). Cellular debris was removed by
centrifugation (5 min at 13,000 X g), and 50 ul of glycerol were added.
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Fic. 2. Position of permissive insertion sites along the E. coli TS protein. A, multiple alignment of TS sequences from 17 species.
Sequences were extracted from the Swissprot Data Bank, and the alignment was performed using the clustal software. Asterisks indicate conserved

amino acids. Ecoli, E. coli;

Bsubt, Bacillus subtilis; TN4003, transposon 4003 (Staphylococcus aureus); Lcasei, Lactobacillus casei;

Bphi3t,

bacteriophage phi-3T; BT4, bacteriophage T4; Rnorv, Rattus norvegicus; Athal, Arabidopsis thaliana; Scere, Saccharomyces cerevisiae; VZvir,
varicella-zoster virus; Pcari, Pneumocystis carinii; HVatel, herpesvirus ateles; Lmajor, Leishmania major; Calb, Candida albicans; Pchab,
Plasmodium chabaudi. The seven sites (A—G) where insertions have spontaneously occurred in some species were chosen for insertion of HIV
protease target sequences in E. coli TS. B, insertions map. IS means insertion. Numbers indicate the amino acid immediately preceding the
insertions. E. coli TS is 264 amino acids long.

Protein concentration was determined in the extracts by the Biuret

method (BCA Kit, Pierce).

Mapping of Sites Permissive for Insertion of Exogenous Se-
guences within Thymidylate Synthase—Insertions of a S1 pep-
tide coding sequence (corresponding to a 10-amino acid-long
target sequence in the Gag-Pol precursor; see “Materials and
Methods”) were made at unique restriction sites within the
thyA gene, but all the mutants thus generated by this method
had a thymidylate synthase-deficient phenotype (data not
shown). Wild type mutants were also screened in libraries
made by insertion of a S1 peptide coding sequence into double

stranded breaks created at random position in thyA DNA by

DNase | digestion. One wild type mutant was obtained by using
RESULTS this procedure (see below). Finally, we analyzed alignments of

TS sequences from different species. Although this protein is
highly conserved, seven sites can be identified where insertions
have spontaneously occurred during the evolution of some spe-
cies (see Fig. 2 and Ref. 15). We thought that these sites might
also accommodate artificial insertions. Thus, seven E. coli thyA
mutants containing one Hpal restriction site at each of these
seven sites were constructed by site-directed mutagenesis.
These sites, termed A to G, correspond to different regions of
TS from the N to the C terminus, respectively (Fig. 2). Subse-
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TaBLE |
Phenotypes of thyA mutants carrying one insertion

These phenotypes were analysed in the 3-1083 E. coli strain grown on
minimal medium. ISA-G, insertion sites (Fig. 2). S1 and S4, 10-amino
acid-long inserts. S2, 20-amino acid-long insert. S3, 50-amino acid-long
insert (see “Materials and Methods” for a description). wt, wild type
phenotype. thyA—, thymidylate synthase-deficient phenotype.

pTZ pTZ pTZ pTZ pPBR
Sequence S1 S2 S3 S4 S1
ISA,B,C,E.F mixed mixed thyA— mixed thyA—
ISD wt wt mixed wt mixed
ISG thyA—  thyA— thyA— thyA-  thyA-

guently, these Hpal restriction sites were used to introduce
various inserts.

Two double stranded adapters corresponding to two distinct
10-amino acid HIV-1 protease target sequences, termed S1 and
S4, were separately introduced into each of these mutants (see
“Materials and Methods”). Fourteen mutants were therefore
constructed. The phenotypes of these mutants, carried by the
high copy number pTZ 18 plasmid, were determined in the
B-1083 E. coli strain grown on minimal medium (see “Materials
and Methods”). Three phenotypes were obtained (Table I). In-
sertions at site G caused a thymidylate synthase-deficient phe-
notype. This site is probably too close to the C terminus, which
has been shown to be critical for thymidylate synthase activity
(Ref. 21 and references therein). Mutants carrying an insert at
sites A, B, C, E, and F displayed a “mixed” phenotype charac-
terized by the capacity to grow on both negative and positive
selection media. These mutants are thus able to synthesize
enough dTMP to ensure bacterial growth in the absence of
exogenous thymidine. They have, however, a thymidylate syn-
thase activity sufficiently reduced to avoid growth inhibition in
the presence of trimethoprim. Finally, only mutants carrying
an insert at site D displayed an unambiguous wild type phe-
notype. The wild type mutant isolated after random insertion
of S1 into thyA is also located in this region. The phenotypes of
these three types of mutants seem to be determined mainly by
the position and not the sequence of the insertion, because
similar phenotypes were obtained with the two inserted
sequences.

Extent of Thymidylate Synthase Plasticity—We then evalu-
ated the maximum length of peptides that could be inserted
into TS. In this heterologous context, increasing the insert size
might increase the efficacy of cleavage by the HIV-1 protease or
decrease the activity of uncleaved TS, thereby facilitating the
switch to a thymidylate synthase-deficient phenotype. For this
purpose, an oligonucleotide termed S2, corresponding to a 20-
amino acid substrate peptide encompassing the S1 target se-
guence (see “Materials and Methods”), was introduced into
thyA at each of the seven Hpal sites. The phenotypes of these
new mutants are similar to those of the mutants carrying the
10-amino acid coding insert (Table 1), indicating that doubling
the size of the insert had a little effect on the activity of the
proteins. A 50-amino acid coding sequence, termed S3 (see
“Materials and Methods”), was next inserted into thyA. Except
insertions at site D, which induced a mixed phenotype, all the
other mutants display a thymidylate synthase-deficient pheno-
type (Table 1). Thus the permissiveness of TS seems to be
limited to 50-amino acid-long insertions.

In order to construct an E. coli strain with a thymidylate
synthase-deficient phenotype conferred by HIV-1 protease ac-
tivity, it is important to know the extent of TS destruction that
must be achieved. pTZ 18 is a high copy number plasmid
(approximately 500 copies/cell). All of the mutants bearing the
10-amino acid-long S1 insert were subcloned into the low copy
number pBR plasmid (approximately 20 copies/cell), leading in
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theory to at least a 25-fold reduction in the production of TS
protein. As shown in Table I, all of the mutants that had a
mixed phenotype when carried by the pTZ vector had a thymi-
dylate synthase-deficient phenotype when carried by the pBR
vector. Those bearing an insert at site D, which had a wild type
phenotype when carried by pTZ 18, had a mixed phenotype
when carried by pBR. These results show that the TS mutants
have a reduced thymidylate synthase activity. They also dem-
onstrate that it is possible to change the phenotype of E. coli by
adjusting, within reasonable limits, the level of expression of
the mutants. In fact, subcloning the mutant sequences from
pTZ 18 into pBR 322 reduced the level of thymidylate synthase
activity below the threshold necessary for growth on a positive
selection medium, with the exception of mutants with an insert
at D site.

Taken together, the results of the insertional mutagenesis of
thyA show that site D is more permissive for the insertion of
exogenous sequences than any other site we have identified.

Finally, to test the plasticity of TS further, we made two
insertions in the same molecule, each of them at a different
permissive site. This could also improve TS cleavage by the
HIV-1 protease and/or modulate the activity of TS. For this
purpose, we constructed seven “double mutants” that carry two
HIV-1 target sequences. All these double mutants have a thy-
midylate synthase-deficient phenotype (data not shown). The
structure of TS proteins with two insertions is probably too
profoundly perturbed to maintain the integrity of the catalytic
site.

Effect of Insertions on the Activity of Thymidylate Syn-
thase—In order to get a more quantitative estimate, thymidy-
late synthase activity was measured in crude extracts of pro-
teins prepared from bacteria expressing the different thyA
mutants. (see “Materials and Methods”). Twelve thyA mutants
bearing S1 or S4 inserts were tested. They all had a very low
activity estimated to be <1% compared with the wild type. This
loss of activity must be attributed to a reduction in enzymatic
activity of the mutated enzymes rather than to a reduction in
their half-life. Indeed, immunoblotting experiments (see below)
did not show a reduction in the quantity of TS expressed by the
thyA mutants. These thyA mutants were overexpressed be-
cause of the plac promoter and because pTZ 18 vector is a high
copy number plasmid (500 copies/cell). Thus, it is not surpris-
ing that in spite of their highly reduced activity, they ensured
growth on the positive selection medium. Moreover, other mu-
tants with <1% activity relative to wild type have already been
shown to grow on the positive selection medium (13, 22).

In Vivo Cleavage of Insertions by HIV-1 Protease—Protein
extracts were prepared from E. coli cells expressing the various
thyA mutants with or without HIV-1 protease (prt* or prt~
respectively; see “Materials and Methods”) and analyzed by
immunoblotting with TS-specific antibodies (Fig. 3). In all the
tested mutants, the 30.5-kDa TS band showed a high reduction
in intensity in cells expressing HIV-1 protease, whereas this is
not the case with wild type TS used as a control (Fig. 3C). In
some experiments the cleavage products were not detected
(Fig. 3A), probably due to their rapid degradation, as is often
the case in E. coli (11, 23). However, bands of 21 and 20 kDa,
corresponding to one of the two expected cleavage products,
could be seen in several other experiments with ISB and 1SC
mutants, respectively (Fig. 3, B and C). The other cleavage
product was not detected; either the product was not recog-
nized by the antibodies or it was degraded. These data indicate
that HIV-1 protease is able to recognize and cleave, in this
heterologous context, the two target sequences at various po-
sitions within the TS protein.

Thymidylate Synthase Cleavage by HIV-1 Protease Confers a
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FiG. 3. In vivo cleavage of insertions within thymidylate syn-
thase. $-1083 cells were transformed by two constructs, a pTZ thyA
mutant and a pSU prt plasmid expressing either an active (+) or a
defective (=) HIV protease protein. For each thyA mutant, as well as for
thyA wild type, the quantity of cells was normalized in prt+ and prt—
strains. Proteins were extracted (see “Materials and Methods”) and
analyzed by immunoblotting using antibody A (A) or B (B and C).

Thymidylate Synthase-deficient Phenotype—Finally, we ana-
lyzed the phenotypes of A-thyA E. coli strains cotransfected
with a plasmid expressing one of the thyA mutants and a
second plasmid expressing either active HIV-1 protease or, as a
control, the same construct with a deleted protease. A first
series of experiments carried out on minimal medium with the
B-1083 strain gave negative results. Because $-1083 is a very
slow growing strain, we repeated the experiments in a faster
strain for which the selection based on thymidylate synthase
activity should be more efficient. 8-1308 cells were transformed
with the same plasmids as in the first series of experiments,
and phenotypes were analyzed on Mdueller-Hinton medium.
Under these conditions 8-1308 cells grew four times faster than
B-1083 on minimal medium. In this context ISES1 and ISFS1
mutants exhibited a protease-dependent phenotype on the neg-
ative selection medium. On the plus medium the plating effi-
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TasLE 11
HIV-1 protease-dependent phenotypes of thyA mutants in the 3-1308
E. coli strain

Cells were cotransformed by two plasmids, one carrying either an
active or a defective HIV-1 protease gene cloned in a pTZ vector and
another expressing a thyA mutant cloned in a pSU vector. These cells
were plated on positive and negative selection media (called plus and
minus in this table, respectively) as well as nonselective medium and
titrated by serial dilutions. The values are the numbers of colonies
growing on the different selective media, relative to the number of
colonies growing on the nonselective medium. thyA—, thyA deleted.
thyA+, wild type. ND, not determined.

plus medium minus medium

%

prt+, ISES1 ND 42
prt—, ISES1 ND 0.3
prt+, ISFS1 ND 70
prt—, ISFS1 ND 0.3
prt+, thyA— <0.001 100
prt—, thyA— <0.001 100
prt+, thyA+ 100 <0.001
prt—, thyA+ 100 <0.001

ciency was very low and prevented us from estimating growth
differences. This could be due to the combination of two factors:
the reduced viability of cells with a thyA mutant and the
toxicity of HIV protease in E. coli (11, 24). As illustrated in
Table 11, there was a 230- and 140-fold induction of prt™ ISFS1
and prt* ISESL1 cell growth on the negative selection medium.
The other mutants did not exhibit the thymidylate synthase-
deficient phenotype, probably because the levels of thymidylate
synthase activity and/or cleavage by the protease were
insufficient.

DISCUSSION

Comparison of TS sequences from different species enabled
us to identify six sites permissive for insertions within the TS
protein. We were able to insert 20 or even 50 amino acids in the
case of site D, showing that insertions at these sites allow a
residual enzymatic activity that is still sufficient for bacterial
growth. These results are in agreement with crystallographic
data that show that the natural insertions that occurred spon-
taneously during the evolution of some species correspond to
surface loops and do not contribute to the active site (15, 16).
All the insertions made in other regions of TS protein failed to
produce an active TS. Because TS is a highly structured and
conserved protein, it is likely that the insertions markedly
disturbed the core structure of the protein and therefore abol-
ished enzymatic activity. We also observed the in vivo cleavage
of TS by HIV-1 protease for two different target sequences
inserted at the six different permissive sites, whereas wild type
TS was unaffected. This result demonstrates that these inser-
tions are accessible to HIV protease and that cleavage of the
natural substrate sequences can occur in this heterologous
context. In vivo cleavage in a heterologous context has already
been reported for the S1 sequence (9) but not S4. It is remark-
able that cleavage occurred in six different contexts, suggesting
that accessibility is the only parameter important for cleavage
besides the target sequence itself. This cleavage conferred a
protease-dependent phenotype for two of these mutants. In the
other mutants the extent of TS cleavage is probably too low for
phenotypic switch. A nonspecific toxic effect of HIV-1 protease
on E. coli growth has been reported (11, 24). This nonspecific
toxic effect of HIV-1 protease cannot account for growth induc-
tion on the negative selection medium. ISFS1 and ISES1 prt™
cells exhibited background growth between 4 x 102 and 7 X
1073, respectively, on the negative selection medium. These
values are in the same range as the background growth re-
ported in another study using HIV-1 protease and the tetracy-
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cline resistance protein as a target (10) but higher than the
10~¢ background observed with the zucchini yellow mosaic
virus protease (12). The background in our TS system could
probably be considerably reduced by optimizing the ratio of
expression of TS relative to HIV-1 protease and therefore im-
proving the rate of TS cleavage.

At a more general level our data show that it should be
possible to induce a selectable phenotype in E. coli through the
protease-mediated destruction of an essential metabolic en-
zyme and therefore that the genetic selection of bioactive mol-
ecules from large libraries of peptides is feasible. E. coli strains
with a protease-dependent growth phenotype have previously
been described (10-12). In these systems the proteases induce
antibiotic-sensitive phenotypes that provide a means of select-
ing protease inhibitors, as is the case with TS on the positive
selection medium (Fig. 1). In this type of selection the destruc-
tion of a target by a protease inhibits bacterial growth. As we
have shown in this study, TS destruction induces bacterial
growth on the negative selection medium. Because of this prop-
erty, our engineered E. coli strain could be used not only for the
selection of protease inhibitors but also for the study of prote-
ase specificity.
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