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ABSTRACT: Rapid emergence of antibiotic-resistant bacterial pathogens limits the applicability of existing
drugs, which has created an urgent need for novel antibiotics preferably with entirely new mechanisms of
action. Oligodeoxynucleotides (ODNs) and their modified forms have been shown to inhibit bacterial
gene expression, representing a potential for developing highly specific and efficacious antibacterial agents.
In this study, a tetracycline (Tet)-inducible, randomized single-stranded DNA (ssDNA) expression library
was constructed and screened for conditional growth-defective or lethal phenotype&$tlarichia

coli system. From~5000 transformants screened, 12 bacterial colonies were identified with either growth-
defective or lethal phenotypes. One clone, CYO01, with a lethal phenotype was selected and sequenced,
and the ODN sequence that it generates was designated as RBL-1. Because RBL-1 shows no significant
homologies to any bacterial gene sequence, a potential RBL-1 targeting protein was isolated by affinity
purification. Using mass spectrometry analysis, this protein was identified as bacterial DNA-dependent
RNA polymerase (RNAP). RBL-1 was further shown to effectively inhibit RNA polymerase activity

vitro. The usage of this randomized ssDNA expression library screening technology to selectively modulate
production and/or function of proteins may provide a powerful strategy in both identifying novel gene
targets for antibiotic discovery and developing novel antibacterial agents.

In recent years, the emergence of bacterial pathogens withantisense mechanism in prokaryotic cei} @pplication of
resistance to antibiotics has become a major public healthODNs for regulating bacterial gene expression has been
concern {, 2). This increasingly serious problem, particularly limited. Modified ODNs such as phosphorothioate-modified
with multidrug-resistant pathogens, has spurred a resurgentODNs or DNA mimics such as peptide nucleic acids (PNAS)
interest in the search for new antibacterial agents. The and phosphorodiamidate morpholino oligomers (PMOSs) have
primary approaches in the past in addressing this problembeen used to control gene expression in prokaryotic cells
have been to seek incremental improvements in existing (7—12). These ODNs or DNA mimics suppress gene ex-
drugs. However, their benefits generally are limited. A better pression either by blocking the initiation of translation
approach involves the discovery of novel antibiotics whose process or activating endogenoB&lasél, which in turn
action(s) is not affected by the prevailing mechanisms of cleaves the targeted template mRNES).
resistance. This approach will ultimately lead to new  Jietal. (L4) and Forsyth et al16) have recently developed
chemical classes and mechanisms of action. antisense RNA technologies to identify essential genes of

The rapid advances in DNA sequencing have made it Staphylococcus aureumstead of generating antisense RNA
possible to obtain complete genome sequences at an unpreanoleculesin »ivo, we have developed a series of single-
edented speed. The first complete bacterial genome sequencstranded DNA (ssDNA) expression vectors that can gen-
was published by The Institute for Genome Research (TIGR) erate ssDNA or ODN molecules intracellularly for regulating
for Haemophilus influenzaRd in 1995 8). Since then, over  gene expression in both eukaryotic and prokaryotic cells
50 microbial genomes have been sequenced and more thaii16—21). In our previous study, we demonstrated that a
100 additional genomes are in progreds Sequencing of  “10—23" DNA enzyme generated ischerichia colicells
bacterial pathogen genomes provides a rational, target-basedising the ssDNA expression vector can inhibit the expression
approach to develop novel antibiotics. of an essential bacterial gerfesZ (21). The “10-23" DNA

Oligodeoxynucleotides (ODNS¥uch as aptamer ODNs, enzyme is an ODN that has the potential to cleave any target
antisense ODNSs, and triplex-forming ODNSs, have been usedmRNA containing a purinepyrimidine junction 22, 23).
effectively to regulate gene expression in both eukaryotic We report here the construction of an sSDNA expression
and prokaryotic cellsY). Despite the presence of a natural library that can generate randomized ODN<Eincoli cells
under the control of a tetracycline (Tet)-regulated promoter.

*To whom correspondence should be addressed. Telephone: 713-When we screened for a conditional bacterial growth
789-0070. Fax: 713-789-0702. E-mail: ychen@cytogenix.com. phenotype, an ODN, designated as RBL-1, was identified
_ " Abbreviations: ssDNA, single-stranded DNA; ODN, oligodeoxy- 1, contain antibacterial activity. Using a proteomic approach,
ribonucleotides; Tet, tetracycline; aTc, anhydrotetracycline; RNAP, .

DNA-dependent RNA polymerase; Cm, chloramphenicol; Spec, spec- the bacterial DNA-dependent RNA polymerase (RNAP) was
tinomycin. further identified as the target protein of RBL-1.
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A partial double-stranded DNA thus formed was filled using
the Klenow fragment ofe. coli DNA polymerase (New
DNA - |pR\ RT hSILIBIPBSITE | England Biolabs, Beverly, MA). The reaction was carried
out in a buffer containing 0.16g/uL partial double-stranded
I] DNA, 0.16 unitiL Klenow, 10 mM Tris-HCI (pH 7.5), 5
RNA - mM MgCl,, 7.5 mM DTT, and 33uM dNTP. After
IVl incubation at 25C for 15 min, the mixture containing the
—_ double-stranded DNA was ethanol-precipitated, resuspended,
ssDNA | I and ligated into the prepared pssXGb vector, which was
predigested witiPad and Xbd and blunt-ended using the
Klenow fragment. The ligation products were subsequently
transformed into DH&pro cells by electroporation using the

Protein -

B Putet0-1 MicroPulser apparatus (Bio-Rad, Hercules, CA) according
to the instructions of the manufacturer.
Screening of Antibacterial ODN$he transformants were

RT recovered on LB plates containing 34/mL Cm and 50

ug/mL Spec after overnight incubation at 3C. The LB
plates were then replica-plated onto inducing [200 ng/mL
anhydrotetracycline (aTc), a modified form of Tet] and
PBS 118 TS noninducing (without aTc) LB plates and incubated overnight

at 37°C. Colonies that grew normally on noninducing LB
plates but did not grow or showed growth defect on the
inducing plates were selected and confirmed by resuspending

5’ CTCTCACTCC (N) ,, ACTGTTGARAGGC 3’ the colonies in LB medium and retesting cell growth on both
3’ GAGAGTGAGG (N) ,, TGACAACTTTCCG 5’ . . . . .
inducing and noninducing plates. DNA sequencing of the

Ficure 1: Randomized ssDNA expression library. (A) Schematic expression vector isolated from a selected clone CY01

representation of the ssDNA expression library. PR, inducible Showed a coding sequence for an ODN designated as
promoter, Peo-1; RT, moloney murine leukemia virus reverse RBL-1. CYOLc is a control containing an expression vector
transcriptase gene; TS, reverse transcription termination signal; LIB, coding for a complementary sequence of RBL-1, designated
random ODN library; PBS, primer binding site; and TE, terminator pg| -1c.

sequence. |, transcription; I, translation; and Il and IV, reverse .
transcription. (B) Tet-inducible randomized ssDNA expression ~Measurement of Cell GrowtiAn overnight culture (200

library vector. (N)o represents randomized 40-mer ODNS. uL) of CYOL1 cells was inoculated into 10 mL of LB media

with 34 ug/mL Cm and 5Qug/mL Spec. Various concentra-

MATERIALS AND METHODS tions of aTc (0, 10, 50, 100, or 200 ng/mL of aTc) were
added. A total of 1 mL of culture was removed after incu-

Bacterial Strain and Plasmid. E. co8train, DH%xpro bation fa 1 h at 37°C for a cell growth assay by measuring
(deoR endAl yrA96 hsdR17(rmc"), recAl relAl viable cells. Viable cell counts were determined by serially
SUpE44 thi-1, A(lacZYA-argF)U169 ¢80dlacZM15 F~, diluting the cells and plating them in triplicate on LB plates

A7, ProdtetR Pigc¥laci, and Sp), a derivative of DH& with the appropriate antibiotics. The plates were incubated
capable of producing Tet repressor protein, was purchasedovernight at 37°C, and the number of colonies was enum-
from Clontech (Palo Alto, CA). To maintain the selection erated by visual inspection.

of the Tet-inducible sSDNA expression vector, Difffo Bacterial Infection of HeLa Cell$deLa cells were cultured
cells were grown in LB medium containing 34g/mL in Dulbecco’s modified Eagle’s medium (DMEM) (Invitro-
chloramphenicol (Cm) and §@y/mL spectinomycin (Spec).  gen, Carlsbad, CA) supplemented with 10% fetal bovine
To generate the plasmid pssXGb, a double-stranded ODNserum (FBS) (Hyclone, Logan, UT), 10@/mL penicillin

insert was formed by annealing two ODN$:TAAGCTA- G sodium, 10Qug/mL streptomycin sulfate, and 34/mL
GCTCTAGATGGTGCGTCCGAGTGGACCGGGAGACC- Cm and incubated at 37C in a humidified 5% CQ@

CCTGCTCGAGC-3and 3-CTAGGCTCGAGCAGGGG-  incubator. HelLa cells were seeded in 6-well plates at a
TCTCCCGGTCCACTCGGACGCACCATCTAGAGCTAGC-  density of 1x 10P cells per well the day before infection. A
TTAAT-3' (Integrated DNA Technologies, Coraville, IA).  total of 1¢ CFU/mL of freshly grown CYO1 cells and
This insert was subcloned into thiad and Xbal sites of various concentrations of aTc (0, 50, 100, or 200 ng/mL)
pssXGa 21). The newly created plasmid pssXGb was used were added to the culture medium. The plates were incubated
for constructing the randomized ssDNA expression library. overnight at 37C, and bacterial growth was visualized using
Construction of a Tet-Inducible Randomized ssDNA light microscopy.
Expression LibraryThe structure of the sSDNA expression Purification of RBL-1 Binding Protein5'-biotinylated
vector and randomized ssDNA library are shown in Figure RBL-1 was synthesized by Integrated DNA Technologies
1. To generate the randomized ssDNA library insert, two (Coraville, I1A) and used to purify RBL-1 binding protein(s)
ODNs, CY(Sadl)-40, 5-CTCTCACTCC-(N)o-ACTGT- according to Codost2@) with some modifications. Briefly,
TGAAAGGC-3 (N4 represents 40 random nucleotides) and 130 uL of a packed volume of streptavidin agarose (Invit-
CY(Sadl)-R, 5'-CTTTCAACAGT-3 (Integrated DNA Tech-  rogen, Carlsbad, CA) was collected by centrifugation for 2
nologies, Coraville, IA) were annealed by mixing them at min. The collected agarose was incubated with BQ0of
the molar ratio of 1:20 (CY3adl)-40/CY(Sadl)-R). The blocking buffer (10 mM Tris-HCl at pH 7.5, 100 mM NacCl,
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without aTc

200ng/ml aTc

FiGurRe 2: Screening of a Tet-inducible randomized ssDNA aTc(ng/ml)
expression library. (A) Transformants were recovered on LB plates

containing 34ug/mL Cm and 50ug/mL Spec after overnight
incubation at 37C. The LB plates were then replica-plated onto
the inducing (200 ng/mL aTc) and noninducing (without aTc) LB
plates. Clone CYO01, marked by an arrow, grew normally on
noninducing LB plates but did not grow on the inducing plates,
which were selected for further characterization. (B) Confirmation
of lethal phenotype of clone CYO01. The phenotype of clone CY01
cells was confirmed by resuspending cells in LB medium and
retesting growth on both inducing and noninducing plates. Control
cell contains pssXGb vector only.

4% glycerol, and 20:g/mL salmon sperm DNA) on ice
for 30 min and then washed 3 times with 500 of binding
buffer (10 mM Tris-HCl at pH 7.5, 100 mM NacCl, and 4%
glycerol). To prepare cell lysates, 5 mL D#ipro cells of
log-phase culture~ODgoo = 1.0) was collected by centrifu-
gation. Cell pellets were resuspended in 2000f binding
buffer and lysed by ultrasonification using Virsonic 100
(VirTis, Gardiner, NY) on ice for 40 s. Cell lysates were
collected by centrifugation and then incubated with 500 ng
of biotinylated RBL-1 or biotinylated RBL-1c (Integrated
DNA Technologies, Coraville, IA) on ice for 30 min. After
precipitated protein was removed by centrifugation, the

pretreated streptavidin-agarose beads were added to tht
reaction. The protein-bound streptavidin-agarose beads were

then collected by centrifugation and washed twice with 500
uL of binding buffer. The protein was eluted from the
agarose beads by incubation with bD of elution buffer
(50 mM Tris at pH 7.5, 100 mM NaCR M KCI, and 4%
glycerol) on ice for 30 min. The supernatant was collected
by centrifugation and subjected to SBBAGE analysis. The
protein was visualized by silver staining using the Silver-
Quest kit (Invitrogen, Carlsbad, CA) according to the
instructions of the manufacturer.
Nano-HPLC/Electrospray Mass Spectrometry Analysis.
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Ficure 3: Inhibition of bacterial growth byin vivo generated
RBL-1. (A) Inhibition of bacterial cell growth. CYO1 cells were
grown in the presence of 0, 10, 50, 100, or 200 ng/mL of aTc for
1 h. Bacterial cell growth was shown in squares (CYOL1 cells) or
circles (control CYOLlc cells). (B) Inhibition of bacterial infection
of HeLa cell cultures byn vivo generated RBL-1. (Left column)
Hela cell cultures withouE. coliinfection. (Right column) HelLa
cell cultures infected with FOCFU/mL of CYO01 cells. CFU:
colony-forming unit. HeLa cell cultures were incubated overnight

Nano-HPLC/electrospray mass spectrometry analysis wasi, the presence of 0, 50, 100, or 200 ng/mL of aTc.

performed by Yinming Zhao of Mass Spectrometry Facility
Lab at University of Texas Southwestern Medical Center
(25, 26). Briefly, after separation by SDSPAGE, the RBL-1
binding protein band~160 kDa) was visualized by silver
staining. The protein band was excised and digestesitu
with porcine trypsin overnight at 37C. The peptide mixture

ion trap mass spectrometry instruments with a nanospray

source. The resulting profiles were then searched against the

NCBI-nr protein sequence database for protein identification.
In Vitro RNA Polymerase Aclity Assay.The ODN inhib-

itory activity against RNA polymerase was determined using

was then dissolved and injected into reversed phase HPLC/anin vitro transcription assay. Briefly, the activity assay was
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Ficure 4: Identification of RBL-1 binding protein. RBL-1 binding
protein was purified using the avidin-biotin method. Do cell
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1 U2+ B < B BT

DNA template -
RNA products [

FiGUre 5: Inhibition of RNAP activities by RBL-1In vitro RNA
polymerase activity assays were performed as described in the
Methods and Materials. RNA products were separated on a 1%
agarose gel. Lane 1; control, without RBL-1; lane 2, ¢4
RBL-1; lane 3, 0.25%M RBL-1; lane 4, 0.125M RBL-1; lane 5;
0.05u4M RBL-1; and lane 6, 0..M control RBL-1c.

ug of linearized DNA template, pTRI18(ICP47)-1, 2b6M
NTP, 40 mM Tris-HCI (pH 7.5), 250 mM KCI, 10 mM
MgCl,, 0.01% Triton X-100, and 10 mM DTT. Various
concentrations of RBL-1 or truncated RBL-1 ODNs were
added to the reaction. After incubation at 7 for 40 min,

3), RBL-1c (lane 2), or none (lane 1), and then streptavidin-agarose
beads were added to the reaction. Proteins that bound to the bead

were then eluted (50 mM Tris at pH 7.5, 100 mM NaZM KCl,
and 4% glycerol) and subjected to SBBAGE analysis. The

§1e inhibitory activity was scored by visualization of band
Intensity.

protein was visualized by silver staining using a SilverQuest kit RESULTS

(Invitrogen, Carlsbad, CA) according to the instructions of the
manufacturer. The protein with a molecular weight~af60 kDa

Construction and Screening of a Tet-Inducible Randomized

(lane 3), marked by an arrow, was excised for sequence identifica- SSDNA Expression Libraryln our previous study, we

tion as described in the Material and Methods.

Table 1: Peptide Sequences of RBL-1 Binding Protein, RNAP

sequence region
KITQGDDLAPGVLK 1046—1059
DLSEELQILEAGLFSR 976-985
AVAVDSGVTAVAK 718 =730
VAFMPWNGYNFEDSILVSER 813-832
ITQGDDLAPGVLK 1047-1059
VDLSTFSDEEVMR 1176-1182
LGEPVFDVQECQIR 86-99
ALEIEEMQLK 956—965
SPGVFFDSDK 163172
ALNYTTEQILDLFFEK 223238
RIETLFTNDLDHGPYISETLR 343-363
EAAESLFENLFFSEDR 396405
EFFGSSQLSQFMDQNNPLSEITHK 51538
WLELGLTDEEK 1008-1018
IETLFTNDLDHGPYISETLR 344-363
EAAESLFENLFFSEDRYDLSAVGR 396413
DQVDYMDVSTQQVVSVGASLIPFLEHDDANR 659-689
RGGVVQYVDASR 731742
GMPIATPVFDGAK 1190-1202
SVFPIQSYSGNSELQYVSYR 6685
EEIEGSGILSKDDIIDVMK 423-441
MNIGQILETHLGMAAK 1118—1133
VPNGVSGTVIDVQVFTR 931-947
LDESGIVYIGAEVTGGDILVGK 876—897
SKGESSLFSR 549658
INPIEDMPYDENGTPVDIVLNPLGVPSR 10961117
LNHLVDDK 1246—-1253
VDHPTHYGR 560-568
VNEDEMYPGEAGIDIYNLTK 747—-766
GETQLTPEEK 902-911
MMRPGEPPTR 386389
LPATIILR 215—-222

performed in a 2QL reaction containing 1 unit oE. coli
holo RNA polymerase (RNAP, Epicentre, Madison, WI), 1

demonstrated that the Tet-inducible ssDNA expression
vector, pssXGb, is able to generate sufficient copies of DNA
enzyme molecules to suppre$sZ gene expression, which
leads to the inhibition of bacterial cell proliferatio21).
Under the control of a Tet-regulated promoterB-1 (27),

this vector includes coding sequences for (1) the moloney
murine leukemia virus reverse transcriptase gene (RT), (2)
a reverse transcription termination signal (TS), (3) the random
ODN library (LIB), and (4) a primer binding site (PBS). Once
the vector is delivered into the cell, RT is synthesized in the
presence of aTc and the newly synthesized RT then uses
the endogenous tRNA as a primer, which binds to the PBS
on the 3 end of the RNA transcript, for ssSDNA synthesis.
The reverse transcription reaction will be terminated by the
TS (Figure 1A).

In this study, we constructed an sSsSDNA expression library
by inserting randomized double-stranded ODNs (40-mers)
into the pssXGb vector (Figure 1B). The randomized ssDNA
expression library was then transformed into Dtpo cells
and screened by replica-plating onto the aTc inducing and
noninducing LB plates. Colonies that grew normally on the
noninducing plates but did not grow or had a growth-
defective phenotype on inducing plates were selected. From
~5000 transformants screened, a total of 12 colonies were
selected. One clone, CY01, shown in Figure 2A, had a lethal
phenotype, while the remaining 11 colonies were growth-
defective (not shown). The lethal phenotype of the clone
CYO01 was further confirmed by resuspending cells in LB
medium and retesting growth on both inducing and nonin-
ducing plates (Figure 2B). DNA sequencing of the plasmid
isolated from CYO1 cells revealed the coding sequence for
an ODN, TTTGATGACCTTTGCTGACCATACAATTGC-
GATATCGTGG, designated as RBL-1.
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Table 2: Identification of the Minimal Functional Region of RBB-1
ODN activity

TTTGATGACCTTTGCTGACCATACAATTGCGATATCGTGG

RBL-1 A+
RBL1(01-35) -
RBL1(01-30) -+
RBL1(01-25) -

RBL1(01-20) -

RBL1(01-15) -

RBL1(06-40) ++++
RBL1(11-40) ++++
RBL1(16-40) +H
RBL1(21-40) -+

RBL1(26-40) -
RBL1(21-30) S -

RBL1(21-32) - +
RBL1(21-34) - ++
RBL1(21-36) N
RBL1(21-38) N
RBL-Ic -

a@ODN inhibitory activities against RNA polymerase were determined by visualization of band intensity in gel. Scbiet, 100%;+++,
~75%; ++, ~50%, +, ~25%; —, ~0%.

Inhibition of Bacterial Cell Growth by In \VZio Generated instead of MRNA, RBL-1 may directly target critical proteins
RBL-1. To further characterize the antibacterial effect of or other structural molecules.
RBL-1, we then investigated the aTc dose response for cell- To identify potential RBL-1 binding protein(s), an affinity
growth inhibition by RBL-1 generateith vivo. CYO1 cells purification procedure was developed. Didsell lysates
were grown in the presence of various concentrations of aTcwere incubated with biotinylated RBL-1 ODNs and then
(0, 10, 50, 100, or 200 ng/mL) for 1 h, and viable cells were immobilized onto streptavidin-agarose beads. The beads
enumerated as described in the Materials and Methods.complexes were washed, and bound proteins were eluted and
CYO0lc cells, containing a plasmid for generating a RBL-1 fractionated by SDSPAGE. Cell lysates incubated with
complementary sequence, RBL-1c, were used as the controlRBL-1c or agarose beads alone were used as controls. As
Figure 3A shows that cell-growth inhibition by RBL-1 is shown in Figure 4, the affinity profile of RBL-1 binding
aTc concentration-dependent. However, there is no signifi- proteins was different from both controls and a least one
cant inhibition of cell growth when RBL-1c is generated in protein with a molecular weight of160 kDa (marked by
control CY01c cells, indicating that the inhibition is RBL-1 an arrow) binds specifically to RBL-1. This protein band
sequence-specific and not caused by aTc. was excised and analyzed by nano-HPLC/electrospray mass
To examine the antibacterial potential of RBL-1 in the spectrometry. Table 1 shows that 34 of the identified peptides
presence of eukaryotic cells, we tested CYO01 cell growth in localize to 29 regions of bacterial RNAP in the Genbank
Hela cell culture medium. HeLa cell cultures were infected database, suggesting the RNAP as a potential RBL-1
with 10 CFU/mL of CYO0L1 cells in the presence of various targeting protein.
concentrations of aTc (0, 50, 100, or 200 ng/mL). As shown Inhibition of RNA Polymerase Aetty by RBL-1We then
in Figure 3B, RBL-1 were generated to fully cure the Hela assessed the effect of RBL-1 on RNA polymerase activity
cell culture of the infection when 100 ng/mL of aTc or higher in uitro on the presumption that RBL-1 binds to RNA
was used. polymerase (Figure 4 and Table 1). The inhibitory effect of
Identification of RBL-1 Targeting Protein(s)o identify RBL-1 on RNA polymerase was determined usingranitro
potential gene target(s) of RBL-1 ODNs, we searched the transcription assay as described in the Materials and Methods.
NCBI Genbank database. However, we failed to identify Figure 5 shows that, at the concentrations of 0.5, 0.25, or
matches that were complementary to RBL-1, although three 0.1254M, RBL-1 can effectively inhibit RNA polymerase
E. coli genes, btuE, CaiB, and dgt, contained sequencesactivity.
that were partially complementary to different portions of  Identification of the Minimal Functional Region of RBL-
RBL-1. We then constructed expression vectors to generatel. To identify the minimal functional region of RBL-1 for
these partial RBL-1 sequences in bacterial cells, but noneinhibition of RNA polymerase activity, a series of truncated
of them showed any inhibitory activities (data not shown). RBL-1 ODNs were synthesized (Table 2) and their inhibitory
These results are consistent with some earlier reports thatactivities were assessed using theitro RNA polymerase
all three genes are not essenti2aB{30) and suggest that, activity assays. We first synthesized truncated RBL-1 with
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3 deletions of various lengths. At the concentration of 5  In conclusion, this study demonstrated the utility of the
uM, only RBL1(1-35) and RBL1(%+30) showed inhib- ssDNA expression library screening technology for the
itory activities, but not RBL1(%+25), RBL1(1-20), and isolation of both RNAP as a target and a novel RNAP
RBL1(1-15) (Table 2). We then investigated the effects of inhibitory ODN. However, in comparison to other screening
the B-end sequence on the activity of RBL-1. Except methods {4, 15), the efficiency of this library screening
RBL1(26—40), all B-truncated RBL-1, RBL1(640), technology still needs to be improved.

RBL1(11-40), RBL1(16-40), and RBL1(2%+40), were

shown to be active (Table 2). These results indicate that theACKNOWLEDGMENT
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