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We have developed a method for isolation of random peptides that
inhibit intracellular processes in bacteria. A library of random
peptides expressed as fusions to Escherichia coli thioredoxin
(aptamers) were expressed under the tight control of the arabi-
nose-inducible PBAD promoter. A selection was applied to the
library to isolate aptamers that interfered with the activity of
thymidylate synthase (ThyA) in vivo. Expression of an aptamer
isolated by this method resulted in a ThyA2 phenotype that was
suppressed by simultaneous overexpression of ThyA. Two-hybrid
analysis showed that this aptamer is likely to interact with ThyA in
vivo. The library also was screened for aptamers that inhibited
growth of bacteria expressing them, and five such aptamers were
characterized. Four aptamers were bacteriostatic when expressed,
whereas one showed a bactericidal effect. Introduction of trans-
lational stop codons into various aptamers blocked their activity,
suggesting that their biological effects were likely to be due to
protein aptamer rather than RNA. Combinatorial aptamers provide
a new genetic and biochemical tool for identifying targets for
antibacterial drug development.

The emergence and spread of bacterial resistance to antibi-
otics has created a crisis in medicine. Many valuable antibi-

otics are losing effectiveness against common pathogens. The
clinically useful antibiotics act on only a small number of cellular
processes in bacteria; most affect cell wall, protein, or RNA
synthesis, folate metabolism, or DNA gyrase. A number of
natural peptide antibiotics synthesized by microbial or eukary-
otic cells target bacterial cell membranes (1). However, the
majority of essential genes are not targets of any known antibi-
otic. For Haemophilus influenzae, it has been estimated that
about 20% of its genes are essential (2); clearly, most of these
gene products are not affected by currently available antibiotics.

Most classes of antimicrobials have been discovered by screen-
ing natural products, their derivatives, or synthetic chemicals for
their ability to inhibit bacterial growth. This approach has been
highly productive, but may have limited the breadth of com-
pounds discovered. Only a small number of drug classes have
been described that are able to penetrate bacterial cells and then
remain inside the cells long enough to inhibit an essential target
molecule. New methods that circumvent the permeability barrier
are needed to identify novel targets for antimicrobials and
candidate compounds that inhibit those targets. One solution to
this problem is to express inhibitory compounds directly inside
target cells. For example, a library of random peptides fused to
a carrier protein and expressed within yeast cells has been used
to screen for protein ‘‘aptamers’’ that bind to cyclin-dependent
kinase 2 (3) or the retinoblastoma protein (4) or that inhibit
signaling through several pathways (5, 6). However, application
of this approach to the identification of inhibitory peptides or
aptamers within bacterial cells has not been reported.

We have developed a method we call ‘‘aptamer-based bacte-
rial inhibition systems’’ (ABBIS), which allows the conditional
expression within bacterial cells of a library of random peptides
fused to a carrier protein. In this way, otherwise toxic aptamers
can be identified among a library of random peptides, as those
that display inhibitory activity only in the presence of inducer.

We have shown that ABBIS-based screens can focus either on a
specific molecular target (e.g., thymidylate synthase) or on a
broader phenotype (growth inhibition) that depends on the
function of multiple components. Our results indicate that it is
possible to isolate aptamers that interfere with thymidylate
synthase activity, inhibit cell growth, or cause cell death. The
latter two phenotypes provide a starting point for the identifi-
cation of potentially novel molecular targets for antimicrobial
drug design.

Materials and Methods
Strains. SM10 is a recA derivative of C600 that contains a
chromosomal copy of plasmid RP4 that allows conjugal transfer
of plasmids bearing oriT from plasmid RK2 (7). JB112 was
constructed by P1kc transduction of the pir116 gene from
BW25126 (8) and the recA1 gene from BW9301 (9) into C600
(thr-1 leuB6 thi-1 lacY1 supE44 rfbD1 fhuA21).

Construction of pBMT. pBADmob was constructed by inserting
oriT from plasmid pBSL237, a derivative of RK2 (10), into
plasmid pBAD18 (11) at the ClaI site. The trxA gene of
Escherichia coli XL-1 Blue was amplified by PCR and inserted
between the EcoRI and XbaI sites of pBADmob to create
pBMT.

Construction of the Library. An oligonucleotide encoding 16 ran-
dom amino acids was synthesized. The sequence is identical to
that described previously (3), except that there are only 16
repeats of the nucleotide sequence NNK, where K is G or T. The
use of K in the third position of the codon reduces the frequency
of stop codons while preserving the diversity of amino acids. It
also ensures that all stop codons are amber (UAG) codons,
which can be suppressed in many strains, including SM10. A
second strand was synthesized as described (3), and the double-
stranded DNA was digested with AvaII. This material was ligated
to RsrII-digested pBMT, and the mixture was used to transform
DH10B (Life Technologies, Gaithersburg, MD) by electropora-
tion. Pooled plasmid from the transformants was used to trans-
form SM10 by electroporation.

Selection and Testing for ThyA2. E. coli SM10 bearing the aptamer
library was plated on M9 glycerol medium containing ampicillin
(50 mgyml), arabinose (0.2%), thymine (0.01%), and tri-
methoprim (10 mgyml). Pooled plasmid from surviving cells was
transferred into fresh E. coli SM10, and these transformants then
were subjected to a second round of selection. This process
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reduces the number of clones containing chromosomal muta-
tions (in thyA or folA) that lead to trimethoprim resistance.
Plasmid linkage of the phenotype was verified by a second
transfer of the plasmid into SM10 or JB112.

Mutagenesis of pBMT101 and pBMT101Q. Overlapping extension
PCR was used to change the amber codons in plasmids
pBMT101 and pBMT117 to GCG (alanine), CAG (glutamine),
TCG (serine), or TAATAA (two ochre stop codons). Results
were verified by sequence determination. Deletions of DNA
encoding residues 1–7 (SYLCVTP), 4–10 (CVTPASQ), 7–13
(PASQLTE), and 10–16 (QLTEFWG) of the 16-aa insert in
pBMT101Q were constructed similarly.

Construction of the a-ThyA and lcI-TrxA101Q Fusion Vectors. Plas-
mids pAClcI-TrxA101Q, pAClcI-TrxA119, and pAClcI-TrxA
express the respective lcI-TrxA fusion proteins under the con-
trol of the lacUV5 promoter. Plasmid pAClcI-TrxA101Q en-
codes lcI residues 1–236 fused to three alanine residues, which,
in turn, are fused to residues 2–127 of TrxA101Q. pAClcI-
TrxA119 encodes lcI residues 1–236 fused to three alanine
residues, which, in turn, are fused to residues 2–127 of TrxA119.
pAClcI-TrxA encodes lcI residues 1–236 fused to three alanine
residues, which, in turn, are fused to residues 2–109 of wild-type
TrxA. lcI-TrxA fusion vectors were constructed by cloning the
appropriate NotI–BamHI-cut PCR products into NotI–BstYI-cut
pAClcI32 (12). pACDcI and pBRa have been described previ-
ously (13).

Plasmid pBRa-ThyA encodes residues 1–248 of the a subunit
of E. coli RNA polymerase followed by three alanine residues
fused to residues 1–264 of ThyA. Expression of the hybrid a-thyA
gene in pBRa-ThyA is under the control of tandem lpp and
lacUV5 promoters. The hybrid a-thyA gene was created by
cloning the appropriate NotI–BamHI-cut PCR product into
NotI–BamHI-cut pBRaLN (12).

Two-Hybrid Analysis. To detect interactions between the a and lcI
fusion proteins we used a lPRM-lacZ fusion that was introduced
into E. coli strain MC1000 F9lacIq on the low-copy-number
plasmid pPRMD-50 (13). Growth conditions and b-galactosidase
assays were as described previously (13).

Construction of pYW4thyACm and pYW4DthyACm. Plasmid pYW4
(Y. Wang and B. L. Wanner, unpublished results) contains the
rhaB promoter, which is highly dependent on rhamnose for
activity (14). The thyA gene was amplified by PCR from SM10
and then inserted between the NdeI and BamHI sites of pYW4.
The NotI-ClaI fragment conferring gentamicin resistance then
was replaced with a cassette conferring chloramphenicol resis-
tance from pIADL46 (15). Plasmid pYW4DthyACm was con-
structed by deleting two NdeI fragments encoding the N-
terminal 212 aa of ThyA from pYW4thyACm.

Screening for Toxic Aptamers. Two methods were used. In the first,
the library was plated on LB agar containing ampicillin, then
replica-plated onto the same medium with or without 0.4%
arabinose. In the second, the library was plated on LB containing
ampicillin and 0.005% arabinose. Small colonies were picked
and tested individually for growth in the presence or absence of
arabinose.

Disc Diffusion. Filter paper (Whatman no. 1) was soaked in 10%
arabinose, dried, and cut into 6-mm discs. Overnight cultures
were diluted 125-fold, and 0.2–0.3 ml was spread onto LB
ampicillin agar. The filter paper disc was placed on the plate,
which was incubated overnight at 37°C.

Growth Curves. Overnight cultures of E. coli SM10 bearing various
plasmids were diluted 104-fold into LB with ampicillin and
shaken at 37°C. Arabinose was added after 2 hr. Growth was
assessed by plating of serially diluted cultures in the absence of
arabinose.

Insertion of Stop Codon Upstream of the Inserts. To construct
plasmid pBMTO, a single A-to-T nucleotide change was intro-
duced into pBMT at codon 19 of the thioredoxin gene to produce
a stop codon. This plasmid was digested with RsrII and BglI to
remove the fragment encoding the C-terminal 74 aa of thiore-
doxin. The corresponding fragments from aptamer-encoding
plasmids, including the inserted amino acids, were ligated to this
vector to construct plasmids identical to the original aptamer-
encoding plasmids except for the stop codon at amino acid 19.

Results
Construction of the ABBIS Library. To express random peptides
within bacterial cells, we constructed a library of peptides fused
to a carrier protein, which provides stability, conformational
constraint, and targeting to a specific subcellular location. In
accordance with previous publications using analogous con-
structs in yeast (3, 4), we have adopted the term ‘‘aptamer’’ to
describe the resulting fusion proteins. To test aptamers for
activity in various assays and cell types, we have constructed a
vector that places aptamer expression under the tight control of
the E. coli araBAD promoter (11). The PBAD promoter is
positively regulated by AraC. Hence, it is in the ‘‘off state’’ when
the plasmid first enters cells, eliminating issues of zygotic
induction, which might otherwise be lethal for cells carrying
certain aptamers. The vector is derived from pBAD18 (11), with
the addition of an origin of transfer (oriT of plasmid RK2) to
allow efficient transfer by conjugation. The vector also contains
the E. coli thioredoxin gene (trxA). Thioredoxin was chosen as
a carrier protein for random peptides because of its stability, ease
of purification, and the presence of a convenient restriction site
in the region encoding the active site of the enzyme. Insertions
into this site are tolerated (16), and tethering of both ends of the
inserted peptide provides a degree of conformational constraint
to the peptide that is not present in fusions to the N or C terminus
of a protein. This may be important, given the lack of confor-
mational stability of short peptides that are not tethered (17).
Conformational stability may increase the affinity of a peptide
for its target and may eventually make structural studies more
practical by reducing the number of possible conformations of
the peptide.

An oligonucleotide with restriction sites at the ends and a
central segment encoding 16 random amino acids was then
cloned into a restriction site that corresponds to the active site
of thioredoxin (the disulfide loop). Similar constructions have
been used to make thioredoxin fusions that have been selected
for several biological activities (3, 16, 18). A 16-aa random
peptide has approximately 6.6 3 1020 possible sequences. Based
on the number of bacterial transformants, our construction
resulted in a library of approximately 107 different peptides
expressed as internal fusion proteins in thioredoxin. This rep-
resents a tiny fraction of the possible sequence diversity; thus,
there should be virtually no duplication of sequences within the
107 clones.

Selection for Thymidylate Synthase (ThyA) Inhibitors. We used the
library to isolate aptamers that inhibit the function of ThyA of
E. coli. Cells that lack ThyA activity are resistant to trimethoprim
(TMP) and require exogenous thymine for growth (19). To select
for cells that were phenotypically ThyA2 in the presence of
arabinose, the library was plated on M9 glycerol containing
arabinose, thymine, and trimethoprim. Two clones were isolated
that showed both arabinose-dependent thymine auxotrophy and
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arabinose-dependent trimethoprim resistance. These were des-
ignated pBMT101 and pBMT117. Because pBMT117 conferred
a weaker phenotype than pBMT101, we characterized the latter
plasmid further. Growth test results for SM10 carrying
pBMT101 on various media are shown in Table 1. Cells con-
taining pBMT101 require thymine and are trimethoprim-

resistant only in the presence of arabinose. Neither a control
aptamer (encoded by pBMT119) nor thioredoxin without an
insertion produced these phenotypes, even though these were
expressed at levels similar to the active aptamer (data not

Fig. 1. Increased expression of ThyA blocks the effect of the ThyA inhibitory aptamer. E. coli JB112 bearing the plasmids indicated below were plated on M9
glycerol containing carbenicillin (50 mgyml) and chloramphenicol (20 mgyml). Additions to the medium were rhamnose (0.32%), ara (arabinose, 0.02%), thy
(thymine, 0.01%), or TMP (trimethoprim, 2 mgyml). Plasmids pBMT101Q and pBMT119 express aptamers in response to arabinose, and plasmid pYW4thyACm
expresses thymidylate synthase in response to rhamnose. Plasmid pYW4DthyACm is a derivative of pYW4thyACm, in which most of the thyA coding sequence
has been deleted. Grid: 101Q, anti-ThyA aptamer plasmid pBMT101Q; 119, control aptamer plasmid pBMT119; thyA, plasmid pYW4thyACm expressing ThyA;
DthyA, control plasmid pYW4DthyACm.

Table 1. Effects of aptamers on growth in selective media

Additions to medium pBMT119 pBMT101

None 1 1

ara 1 2

ara, thymine 1 1

Thymine, TMP 2 2

ara, thymine, TMP 2 1

E. coli SM10 bearing the indicated plasmids were streaked onto minimal
medium and incubated at 37° for 2–3 days. Plasmid pBMT119 encodes a
control aptamer, and pBMT101 encodes the inhibitor of ThyA. 1, growth; 2,
no growth; ara, arabinose; TMP, trimethoprim.

Table 2. Effects of various aptamers on the ThyA phenotype

Plasmid

Additions to growth medium

InterpretationAra Ara1Thy Ara1Thy1TMP

pBMT 1 1 2 No effect
pBMT101 2 1 1 ThyA inhibitor
pBMT101Q 2 1 1 ThyA inhibitor
pBMT101A 2 1 1 ThyA inhibitor
pBMT101S 2 1 1 ThyA inhibitor
pBMT101Oc2 1 1 2 No effect

E. coli SM10 bearing the indicated plasmids were streaked onto minimal
medium and incubated at 37° for 2–3 days. 1, growth; 2, no growth; ara,
arabinose; Thy, thymine; TMP, trimethoprim. Cells bearing any of these plas-
mids grew in minimal medium without additions.
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shown). Because expression of the active aptamer causes the cell
to have both phenotypes, it is likely that the aptamer inhibits
thymidylate synthase activity.

The amino acid sequences of the inserts were: SYLC-
VTPAS*LTEFWG (pBMT101) and SGNPYACL*SGPNLCV
(pBMT117), where * is an amber stop codon. The translational
stops in these two aptamers were predicted to be partially
suppressed by insertion of glutamine in strain SM10 because this
strain expresses a supE suppressor tRNA. We therefore used
site-directed mutagenesis to change the amber codon in
pBMT101 to glutamine (pBMT101Q), serine (pBMT101S), ala-
nine (pBMT101A), or two nonsuppressible ochre stop codons
(pBMT101Oc2). Results of growth tests with these plasmids are
shown in Table 2. These data show that the aptamer encoded by
pBMT101 can inhibit ThyA with glutamine, alanine, or serine
present at position 10 in the 16-aa insert. Interruption of the
aptamer with a chain-terminating ochre codon abolishes ThyA
inhibitory activity.

To determine whether only a portion of the 16-mer insert is
required for inhibition, a series of overlapping deletions in
pBMT101Q, each of which removed 7 of the 16 inserted amino
acids, was constructed and analyzed. When residues 1–7, 4–10,
7–13, or 10–16 of the inserted amino acids were deleted, no
inhibition of thymidylate synthase was observed in vivo (data not
shown). Thus, most, if not all, of the 16-aa insert is required for
activity.

Excess ThyA Expression Suppresses Effects of the ThyA Inhibitor.
Rapid genetic methods for identifying the target of an inhibitory
aptamer would provide additional utility for the ABBIS method.
For example, overexpression of an aptamer’s target might be
predicted to reverse the phenotype attributed to the aptamer
(20). To demonstrate the feasibility of this approach, and to
verify that ThyA is the target of the aptamer encoded by
pBMT101Q, we set up a system for inducing expression of both
ThyA and the aptamer in the same cells under independent
control. The thyA gene of E. coli SM10 was inserted into a vector
(pYW4thyACm) that allowed its expression under the control of
exogenous rhamnose. Expression of thymidylate synthase
blocked thymine auxotrophy and partially blocked trimethoprim
resistance induced by the aptamer, as would be expected if the
aptamer exerts its effects through thymidylate synthase (Fig. 1).
The control plasmid pYW4DthyACm, from which most of the
coding sequence of thyA had been deleted, did not confer this
effect.

Two-Hybrid Detection of Interaction Between ThyA and Aptamer.
Aptamer targets could also be identified by using powerful
genetic methods for detecting protein–protein interactions,
termed two-hybrid screens (5, 12, 21, 22). To test this concept,
we measured the protein–protein interaction between ThyA and
the TrxA101Q aptamer, using an E. coli-based, two-hybrid
system (13, 23). This system is based on the finding that a
sufficiently strong interaction between two proteins can activate

transcription of a reporter gene if one of the interaction partners
is fused to a DNA-binding protein and the other partner is fused
to one of the subunits of RNA polymerase (RNAP). Accord-
ingly, we replaced the C-terminal domain of the RNAP a subunit
with ThyA and fused the TrxA101Q aptamer to lcI (a DNA-
binding protein). We compared the level of reporter gene
expression in cells containing the lcI-TrxA101Q fusion protein
in the absence or presence of the a-ThyA fusion protein. Table
3 shows that lcI-TrxA101Q stimulated transcription from the
reporter (a PRM-lacZ fusion) six times more efficiently in the
presence of the a-ThyA protein than in its absence. This effect
was specific for lcI-TrxA101Q, because the presence of the
a-ThyA fusion protein did not alter the ability of the lcI-TrxA
fusion protein to activate transcription. Two fusion proteins
(lcI-Gal4 and a-Gal11P) previously shown to interact efficiently
(23) served as a positive control for this experiment. These data
indicate that the aptamer probably binds directly to ThyA,
although this interaction is weaker than the interaction between
the positive control proteins.

Identification of Aptamers that Block Bacterial Growth. Most clini-
cally useful antibacterials inhibit growth or kill bacteria. Iden-

Fig. 2. Effects of aptamers that block cell growth. (A) Arabinose-impregnated
discs were placed on a lawn of E. coli SM10 containing plasmids expressing the
indicated aptamers. (B) Arabinose (final concentration, 0.1%) was added at 2 hr
to exponentially growing cultures of SM10 containing plasmids expressing the
indicated aptamers. Samples were withdrawn and viable counts in colony-
forming units (cfu) were determined. h, No arabinose; e, arabinose added.

Table 3. Two-hybrid analysis of aptamer–ThyA interaction

a Fusion partner lcI fusion partner b-Galactosidase

ThyA TrxA101Q 299 (610)
None TrxA101Q 46 (60.6)
ThyA TrxA 100 (61)
None TrxA 118 (60.2)
Gal11P Gal4 739 (65)

Cells expressing RNA polymerase a-subunit and l cI fused to the indi-
cated proteins were induced with 20 mM isopropyl b-D-thiogalactoside, and
b-galactosidase activity was determined. Data shown are the mean and
range of duplicates.
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tification of molecules that are toxic to bacteria, or identification
of the cellular targets on which the toxic molecules act, may be
valuable in the development of new antibacterial compounds.
We therefore screened a portion of the library for aptamers toxic
to the cells. In contrast to the selection for inhibitors of thymi-
dylate synthase, no knowledge of the aptamer’s cellular target
was needed for this screen. Two methods were used. In the first,
colonies were replica-plated onto medium with or without 0.4%
arabinose, and colonies inhibited by arabinose were chosen for
further study. In the second, the library was plated on medium
with 0.05% arabinose, which gives incomplete induction of
aptamer expression, and small colonies were picked. We
screened approximately 1.8 3 104 colonies and tested candidates
by placing a filter paper disc impregnated with arabinose on a
lawn of bacteria. The diameter of the zone of inhibition around
the disc indicates the sensitivity to growth inhibition by arabinose
(Fig. 2A). After eliminating those clones that contained frame-
shift mutations, we obtained five clones that were severely
inhibited by arabinose. Three had a single 16-mer insert, and two
had a pair of inserts in tandem (for a total of 34 aa, because the
restriction sites at the ends of the inserts encode another 2 aa).
The deduced amino acid sequences of the inserts are: FRSVC-
WALTLLGTTFL (JM7), IRMCLRWSCFCLLTLV (JB63),
LWFTEVRGHGWRYKVG (KO1), AAYLPRVSMFSWSG-
CLGPCLLWLFLSLVLCAYLF (KO19), and VTLKASVRW-
YGGGGDTGPRVSWAWVVMLVWAVTL (KO52). Exami-
nation of these sequences did not reveal consistent trends in
hydrophobicity, nor did they differ substantially from a random
sample of sequences from the library.

To quantify the effects of aptamer expression on cell growth,
arabinose was added to exponentially growing cultures, and
growth was followed (Fig. 2B). A control aptamer had no effect
on growth. Some of the toxic aptamers caused arrest of growth,
whereas one caused cell death. Microscopical examination of the
cultures revealed that some of the toxic aptamers caused fila-
mentation of the bacteria (data not shown).

Translational Termination Prevents Aptamer Activity. Selection of
libraries of random RNAs, as well as proteins, has yielded
biologically active molecules. Our library was constructed to
identify proteins with biological activities, but expression of the
aptamer requires expression of a messenger RNA that also has
the potential for activity. To confirm that the effects of aptamer
expression were due to the protein rather than the mRNA, we
constructed plasmid pBMTO, which contains an A-to-T change
at codon 19 of trxA, creating a UAA stop codon at amino acid
19. DNA encoding the random peptide insertions and the
C-terminal portion of the thioredoxin gene from three of the
toxic aptamer genes and from plasmids pBMT101Q (the ThyA
inhibitor) and pBMT119 (the control aptamer) were introduced
into this vector. In each case, induction with arabinose did not
reproduce the activity associated with the aptamer before the
introduction of the stop codon (data not shown). In addition, a
pair of ochre codons inserted in a different location (within the
synthetic insert) in pBMT101 also blocked its function (Table 2).
Together with our two-hybrid results, these data suggest that the
biological effects of the aptamers are mediated by aptamer
protein rather than RNA. However, we cannot rule out the
possibility that translational termination prevents aptamer ac-
tivity by reducing mRNA stability.

Discussion
The method described here (ABBIS) provides a simple approach
to the isolation of combinatorial peptides (aptamers) that display
biologically interesting activities when expressed inside bacterial
cells. Although similar methods have been developed success-
fully for use in yeast (3–6), these methods lacked features that
facilitate their use in bacterial systems, such as positively con-

trolled, inducible expression of aptamer production. This prop-
erty allowed inhibitory and blatantly toxic aptamers to be
identified with comparative ease. Furthermore, by expressing
aptamers within the cells, we have bypassed the permeability
barrier imposed by the cell wall and membrane. This may lead
to the identification of targets that have not come out of screens
in which the drugs are applied to the outside of cells. We have
also used ABBIS to isolate an aptamer that activates the Pho
regulon in E. coli (J.H.B., J.J.M., B. Wanner, and M. Perez,
unpublished data). Thus, aptamers can be used either to inhibit
or to activate selected bacterial cellular processes.

In the case of the aptamer that inhibits thymidylate synthase,
a selection was available that was highly specific for a particular
molecular target, enabling us to isolate a molecule that inhibited
that enzyme. Inhibitors of thymidylate synthase are of interest
for several reasons. First, this system serves as a model to validate
the feasibility of aptamer-based intracellular enzyme inhibition.
Second, thymidylate synthase serves an important physiologic
role in bacterial cells. In addition to being required for growth
on minimal medium, it is required for virulence in several
species, including the intracellular pathogens Shigella flexneri
(24) and Legionella pneumophila (25). The requirement for
thymidylate synthase function in vivo probably accounts for the
finding that most trimethoprim-resistant clinical isolates have
mutations in folA (dihydrofolate reductase) rather than thyA
(26). Thus, thymidylate synthase is a potential target for anti-
biotics. Finally, thymidylate synthase is also a target for anti-
cancer drugs such as 5-fluorouracil. Because a human thymidy-
late synthase gene can complement an E. coli thyA mutant (27),
ABBIS could be used to identify peptide inhibitors of human
thymidylate synthase as well. Similarly, thymidylate synthase
genes from such diverse sources as Trypanosoma brucei (28),
Cryptococcus neoformans (29), and varicella zoster virus (30) can
complement an E. coli thyA mutant, raising the possibility of
using ABBIS to develop inhibitors of thymidylate synthase from
these important pathogens.

The aptamer encoded by plasmid pBMT101Q clearly inhibits
ThyA in vivo. This is shown by two features of cells expressing
this aptamer. First, these cells require exogenous thymine, which
reflects the failure of the cells to make dTMP from dUMP.
Second, they are resistant to trimethoprim. These two charac-
teristics reflect different aspects of the pathway. Because ex-
pression of the aptamer causes the cell to have both phenotypes
(trimethoprim resistance and thymine requirement), it is very
likely that the aptamer acts on thymidylate synthase. An alter-
native possibility, that the aptamer inhibits production of dUMP,
the substrate of thymidylate synthase, is unlikely because there
are two pathways for the production of dUMP (31).

Two-hybrid analysis suggests that the aptamer that inhibits
thymidylate synthase may act by binding directly to the enzyme. It
is not clear whether the effect on enzymatic activity is mediated by
competitive or noncompetitive inhibition or whether binding of the
aptamer might simply accelerate degradation of the enzyme. In
addition, it is possible that the interaction detected by this method
is mediated by a third, intermediary protein. Confirmation of
binding of the aptamer to the enzyme will require direct biochem-
ical analysis of the interaction.

In contrast, screening for aptamers that inhibit colony forma-
tion led to the isolation of multiple aptamers with unknown
targets. We have not yet identified any of the targets of the toxic
aptamers, but this problem should be amenable to genetic or
biochemical analysis. The demonstration that a phenotype
(ThyA2) induced by an aptamer can be suppressed by overex-
pression of the target (ThyA) suggests that multicopy suppres-
sion may be a useful approach to this problem. The demonstra-
tion of an interaction between ThyA and its inhibitory aptamer
in a two-hybrid system also raises the possibility of using this
method to identify proteins that interact with aptamers with
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unknown targets. Such an approach has been used successfully
to identify the target of aptamers that affect signal transduction
pathways in yeast (5).

A number of limitations apply to the ABBIS method. First, it is
not intended to produce useful antibacterial drugs directly. Aptam-
ers are proteins, which would have poor entry into cells, poor oral
bioavailability, potential immunogenicity, and high cost. Although
it is possible that synthetic cyclic peptides that correspond to the
combinatorial peptide in an aptamer might have the same bio-
chemical activity as the protein-based aptamer, these, too, might
not penetrate bacterial cells. Rather, ABBIS provides inhibitory
aptamers that are intended to be used to identify potential targets
for antimicrobials. These targets then can be used in more con-
ventional screens for novel drugs that specifically bind to or inhibit
the target. Alternatively, once a target is identified, structural
information on the target (obtained through x-ray crystallography)
may allow the application of molecular drug design techniques to
identify small molecules that bind to and inhibit the target. In this
application, the inhibitory aptamer can be thought of as a ‘‘lead
compound’’ in the context of structural studies. Thus, by studying
the structure of an aptamer–target complex, one might identify a
likely binding site for a drug and, possibly, drug side chains and
stereochemistry that might be appropriate to explore. Converting a
protein lead compound to a ‘‘drug-like’’ chemical with good activity
and acceptable cell penetration is a complex task, but considerable
progress has been made in this area (32). First, small molecules have
been discovered that are able to mimic the effects of large polypep-
tides (33) or interfere with protein–protein interactions (34). Sec-
ond, efforts to develop small-molecule drugs by starting with a
peptide and converting it to a ‘‘peptidomimetic’’ have succeeded in
a number of cases, most notably HIV protease inhibitors (35–37)
and angiotensin II receptor antagonists (38).

It also is worth noting that we do not yet know what contribution
thioredoxin makes to the activity of the aptamer. This protein was
chosen partly because it should hold the aptamer in a constrained

conformation, so it is possible that the combinatorial peptide’s
activity will be lost if it is produced alone or fused to a different
protein. In addition, thioredoxin might contribute to an aptamer’s
activity by participating directly in interactions with a target mol-
ecule. Even if this is the case, it should not interfere with the
applications of aptamers that we have described.

Because the ABBIS approach involves screening or selecting
for arabinose-dependent phenotypes, the affinities of the aptam-
ers for their targets must be defined by the quantities of the
aptamer present in the cells in their induced (with arabinose) and
uninduced (without arabinose) states. Although this promoter is
tightly regulated (11), the residual low level of expression in the
absence of arabinose may limit the potency of compounds that
come out of our screens. There is a positive side to this problem,
in that the relatively high level of expression of the aptamers in
the induced state means that we should be able to detect
aptamers even if they have weak activity (low affinity for their
targets), which presumably are more abundant in the library than
those with strong activity. Such weak aptamers then can be
optimized by mutagenesis to obtain more active ones.

In conclusion, ABBIS provides a powerful, new genetic tool
for the design of custom inhibitors of bacterial cellular processes,
including those required for growth, viability, virulence, or other
nonessential phenotypes of interest. We anticipate the use of
biologically active aptamers to define targets for the develop-
ment of new classes of antimicrobial agents.
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