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The widespread emergence of antibiotic-resistant bacteria and a lack of new pharmaceutical development
have catalyzed a need for new and innovative approaches for antibiotic drug discovery. One bottleneck in
antibiotic discovery is the lack of a rapid and comprehensive method to identify compound mode of action
(MOA). Since a hallmark of antibiotic action is as an inhibitor of essential cellular targets and processes, we
identify a set of 308 essential genes in the clinically important pathogen Staphylococcus aureus. A total of 446
strains differentially expressing these genes were constructed in a comprehensive platform of sensitized and
resistant strains. A subset of strains allows either target underexpression or target overexpression by heter-
ologous promoter replacements with a suite of tetracycline-regulatable promoters. A further subset of 236
antisense RNA-expressing clones allows knockdown expression of cognate targets. Knockdown expression
confers selective antibiotic hypersensitivity, while target overexpression confers resistance. The antisense
strains were configured into a TargetArray in which pools of sensitized strains were challenged in fitness tests.
A rapid detection method measures strain responses toward antibiotics. The TargetArray antibiotic fitness test

results show mechanistically informative biological fingerprints that allow MOA elucidation.

The emergence and widespread development of antibiotic-
resistant bacterial pathogens continue to drive the medical
need for discovering new antibiotics (48). Despite intensive
research efforts within the pharmaceutical and biotechnology
industries, the number of promising antibiotic candidates has
actually decreased in recent years. Traditionally, the most pro-
ductive approach for antimicrobial lead discovery has been
whole-cell screens for growth inhibitors, followed by optimiza-
tion of the lead to improve compound antimicrobial and phar-
maceutical properties. Most antibiotic classes were derived
from natural product extracts during the 1940s and through the
1960s. However, this strategy has produced diminishing returns
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as the readily identifiable natural products are reisolated (52).
In recent years, the advancement of microbial genomics has
renewed prospects for identifying novel antibiotics acting on
underexplored targets (12, 25, 28). However, despite intensive
efforts, the antibacterial drug development pipeline has little to
show, due to various challenges in antibiotic drug discovery
(39).

One bottleneck in antibiotic drug discovery is the lack of a
rapid and systematic approach to identify compound mode of
action (MOA). This point is accentuated because whole-cell
screening for antimicrobials is highly effective and potent an-
timicrobial hits are rapidly identified from compound libraries.
However, a major limitation is that many hit compounds kill by
nonspecific and therefore uninteresting mechanisms. More-
over, in the case of natural products, the vast majority of
screening hits represent known antibiotics. Therefore, the de-
velopment of research tools to profile antimicrobial MOA has
great value. In this regard, progress has been made with the
developments of cell-based and genomic strategies (4, 16, 57).
However, these approaches are limited, as they do not provide
comprehensive target coverage or are not a facile and accurate
means to elucidate antibiotic MOA.

A few years ago, we developed a genome-wide strategy to
identify essential genes in Staphylococcus aureus using regu-
lated antisense (AS) RNA expression (12, 19). The principle
behind this method is that conditional expression of an AS
RNA will result in binding to the cognate mRNA and block its
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expression. If the target mRNA encodes an essential function,
then bacterial growth is blocked (11, 12, 28). One advantage
that this approach offers is that conditional AS strains can be
directly configured into a cell-based assay for target-specific
inhibitors (11, 12, 19). Specifically, AS RNA expression is
titratable by addition of the inducer xylose, which exerts a
range of growth defects, from no phenotype to partial or com-
plete blockage of cell growth. The inducer concentration that
elicits a mild growth defect is determined, generating a strain
hypersensitized to that target. This strategy is highly selective
and has successfully been employed with various targets to
identify known and novel inhibitors, including the FabF inhib-
itors cerulenin, phomallenic acids, platensimycin, and platen-
cin (37, 53, 54). Although this is a proven cell-based approach
for antibiotic discovery, the strategy has a severe limitation, in
that only one cellular target can be screened at time.

An elegant and comprehensive approach to simultaneously
screen the activities of antifungal agents against cellular targets
has been developed. This approach, called haploinsufficiency
profiling or genome-wide yeast fitness testing, was first devel-
oped by Davis and colleagues (15). The principle behind this
approach relies on the observation that reducing the copy
number of the gene target of an antifungal agent specifically
hypersensitizes that strain in fitness tests. For yeast, a complete
collection of heterozygous deletion mutants was systematically
constructed and genetically bar coded, allowing rapid strain
quantification in fitness tests by microarray hybridization (45).
We have successfully adapted and developed an analogous
haploinsufficiency profiling strategy in the clinically important
fungal pathogen Candida albicans (42, 56). Given that bacteria
are obligate haploids and essential genes cannot be knocked
out, the strategy described for yeast is not applicable. However,
in principle, conditional alleles of essential genes that are the
targets for antibiotics can be similarly constructed and pooled
to profile the antibiotic MOA in fitness tests. Such an approach
is described here for the clinically importantly pathogen S.
aureus (48). The assemblage of sensitized strain sets, termed
TargetArray, is formatted for fitness tests to quantifiably pro-
file bacterial responses toward antibiotics. This TargetArray
has recently been validated for elucidating the MOA of novel
peptidoglycan and protein synthesis inhibitors (5, 23).

MATERIALS AND METHODS

Bacterial strains, plasmids, and antibiotics. Genomic DNA was obtained
from S. aureus RN450 (36). S. aureus AS, integrative promoter replacement
(I-PR), and plasmid-borne overexpression (P-OE) clones were constructed in
RN4220 (32) because this strain lacks a DNA restriction system. The 236 AS
strains were derived from a prior screen (12). All plasmids were constructed in
Escherichia coli DH5a and are listed in Table S1 in the supplemental material.
Antibiotics were purchased from Sigma-Aldrich (St. Louis, MO) and include
actinomycin D, anhydrotetracycline (ATc), azithromycin, carbenicillin, cefo-
taxime, cerulenin, chloramphenicol, ciprofloxacin, clindamycin, cloxacillin,
coumermycin, doxycycline, levofloxacin, lincomycin, mupirocin, novobiocin,
oxacillin, phosphomycin, rifampin, roxithromycin, triclosan (i.e., irgasan), tri-
methoprim, and vancomycin. Indolmycin was isolated and purified from the
producing strain by Merck scientists. TR000006 (18) and iclaprim (TR000010)
were provided by Trius Therapeutics (San Diego, CA).

Construction of plasmid-borne overexpression strains. To overexpress essen-
tial S. aureus genes, full-length copies of each gene were amplified from RN450
genomic DNA by PCR using Pfu DNA polymerase (Stratagene, San Diego, CA)
and cloned into the multiple-cloning site of pTET10. This expression plasmid is
an E. coli-S. aureus shuttle vector derived from pEPSAS (12) by swapping the

ANTIMICROB. AGENTS CHEMOTHER.

XYIR P sy cassette for a tetR Proyx cassette. Each clone was verified by DNA
sequencing analysis.

Construction of S. aureus chromosomal promoter replacement strains. The
native promoters of selected essential genes were replaced in the chromosome
with heterologous ATc-inducible promoters. I-PR strains were made to either
overexpress (I-OE) or underexpress (I-UE) target genes or operons. To con-
struct I-PRs, the pEVP3 suicide plasmid, which contains the cat gene and which
is unable to replicate in S. aureus (40), was engineered by inserting a fetR cassette
expressed from its own promoter and is one of a suite of synthetic promoters/
operators divergently positioned from tetR. The regulatory regions consist of a
synthetic promoter coupled to one fetO operator (Prog and Pypy) or two tetO
operators (Proow and Prpos) to form the pEVP3RM plasmid-derived series.
The P;os and Prpos promoters were derived from the bacteriophage TS5 Py,s
promoter (14), while the other promoters were chimeric derivatives. To quantify
promoter activity and ATc regulation, these promoters were transcriptionally
fused to the E. coli lacZ reporter gene. To allow homologous recombination into
the RN4220 chromosome, the amiC gene was also cloned into these plasmids.
Vector DNA was electroporated (31) into RN4220, and transformants were
selected as Cm" colonies. Transformant genotypes were verified by PCR. Impor-
tantly, pPEVP3 had a very low rate of illegitimate recombination in RN4220 (data
not shown).

To make PR strains, a typical clone was constructed by cloning, via PCR, the
first 250 to 500 bp of the 5’ coding region of the target essential gene. The upper
size limit, ~500 bp, was employed only for large genes; most clones contained the
first ~300 bp of the coding region. The length of each insert was chosen to allow
efficient homologous recombination and to minimize the likelihood that partial-
gene duplications would create a truncated gene product that complemented the
PR allele. The lower limit, determined empirically, for efficient homologous
recombination was ~250 bp. The PCR fragments were cloned into the multiple-
cloning sites (BamHI, EcoRI, Aval, Smal, Xmal, and PpuMI1 restriction sites) of
the pEVP3RM plasmid series and were immediately ligated downstream of the
ATec-regulated promoter and a ribosomal binding site (AGGAGG). To create a
PR strain, 10 pg of a validated plasmid DNA was electroporated into RN4220.
Plasmid chromosomal integration occurred via a single crossover event; trans-
formants were selected as Cm" colonies in the presence of 25 ng/ml ATc to
ensure target gene expression. Validated clones were then tested for growth
defects by withdrawing ATc for 1 h, followed by plating of serial dilutions on
Luria-Bertani (LB) agar plates with 0, 5, 10, or 25 ng/ml ATc. A loss or significant
reduction in bacterial growth in the absence of ATc was deemed confirmatory
evidence for gene essentiality. The parental vector integrated at the nonessential
amiC locus was used as a positive control for growth. The mRNA levels of most
PR strains were measured and compared to native gene expression levels by
quantitative reverse transcription-PCR (qRT-PCR) with a TagMan instrument
and Sybr green probes. It was generally found that target mRNA levels were
significantly lower in or absent from the PR strains grown without ATc than in
wild-type cells.

Strain detection strategy and method development. Primers with calculated
melting temperatures of 51°C were designed. These primers were designed to
work in multiplex PCR sets, ranging from 10 to 16 primer pairs per group. A
common set of forward primers was designed to be specific to the synthetic
promoter sequences found either on plasmids (AS or P-OE) or in the chromo-
some and were labeled with an appropriate fluorophore (VIC or 6-carboxyfluo-
rescein; Perkin-Elmer). Depending on the element, the reverse primers were
specific either to each antisense fragment, to the cloned gene (P-OE), or to the
chromosomal gene target (I-OE or I-UE). Reverse primers were designed to
produce fragments different in length by at least 5 bp from the lengths of other
amplicons within the same multiplex PCR set. Amplicons were also designed to
be within a 150-bp range to help minimize preferential amplification. PCR
fragments were resolved by ABI 3700 capillary electrophoresis with ABI Gene-
Mapper software. When the test peak percentages were smaller than those for
the control, the calculation would serve as an indication of strain depletion
(fitness loss). Alternatively, when the test strain peak percentages were higher
than the percentage for the control, e.g., P-OE, the ratio would serves as an
indication of strain enrichment (improved fitness or resistance).

Statistical analyses of fitness results. The variabilities of the individual mark-
ers for the AS and I-UE elements of the TargetArray were normalized, as
described previously (5). The strain depletion or enrichment ratio calculations
and the subsequent statistical significance (Z score) analysis using an error model
were performed as described previously (5). A Z score of >2 was deemed a
significant difference.

TargetArray assembly. A collection of 236 antisense clones was chosen for
TargetArray inclusion. Since AS RNA can potentially destabilize the expression
of other genes on polycistronic mRNA, the predicted operon structure for each
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gene target is listed in Table S2 in the supplemental material to facilitate exper-
imental interpretations.

Multiple AS clones were isolated for most essential genes (12). Consequently,
clone selection was based on several criteria. (i) AS cloned fragments that were
contained within the open reading frames (ORFs) of interest were prioritized
over fragments that spanned multiple ORFs. (ii) Cloned AS fragments that
spanned to the 5’ ends of their cognate mRNAs were prioritized over fragments
that spanned the 3’ ends, because the former fragments were found to be more
effective. (iii) Many AS clones were also tested for specific product depletion.
The validation methods included measurement of target mRNA destruction by
qRT-PCR and/or Northern blot analysis, measurement of target protein deple-
tion by Western analysis, and/or determination of sensitivities to antibiotics that
target the cognate protein or metabolic pathway in specific cell-based assays. In
sum, optimized AS cloned fragments were selected for TargetArray inclusion.

For each selected AS strain, xylose dose-response measurements were made to
group strains according to their xylose sensitivities. In general, we found that the
effective concentration that inhibits growth by 20% (EC,,) for xylose elicited
target-specific sensitization that allowed robust cell growth. To allow similar
growth kinetics, strains were binned or grouped according to their xylose EC,,
values. Thus, although the xylose concentrations varied between bins, the growth
kinetics of all strains and bins remained uniformly constant. In total, the
TargetArray consisted of 24 bins (~10 AS clones per bin) with 17 different
xylose levels, ranging from 0.75 to 22.5 mM.

To assemble a bin, representative strains were grown to early log phase (1 X
107 CFU/ml), chilled on ice, and combined with other strains that had similar
xylose EC, values. Since the numbers of strains per bin varied between 5 and 14,
the inoculating density for each strain was 1 X 10* CFU/ml, thus ensuring that
all bins started with the same numbers of cells. The resulting 24 bins were then
replica transferred into 96 deep-well plates and stored at —80°C.

For the I-PR strains, an analogous protocol was used to bin strains according
to their ATc EC,, values. Accordingly, the I-UE strains were divided into three
bins with ATc EC,s of 4, 8, and 12.5 ng/ml, respectively. For P-OE clones, no
ATc was added, as leaky expression from the P;,x promoter ensured overex-
pression.

TargetArray growth conditions. To maintain plasmids or integration con-
structs, LB medium (43) was supplemented with 34 wg/ml chloramphenicol. All
growth experiments were performed in a 384-well plate (Costar 3684; Corning,
Lowell, MA) in 50 pl at 37°C in a Kendro Cytomat 6110 incubator. Prefrozen
aliquots of cells representing bins of various types of strains (AS, I-UE, or P-OE)
were thawed on ice and diluted 100-fold into LB medium to a starting optical
density at 600 nm of 0.002. Inducer (xylose or ATc) was added at an appropriate
concentration to each bin with or without test drug (2% dimethyl sulfoxide
[DMSO] was used as a control). Bins were then incubated for ~4.5 h, or seven
generations (1 X 107 CFU/ml), and then backdiluted to a density of ~6.7 x 10*
CFU/ml. After an additional 4.5 h growth, a third backdilution was done to
ensure that the strains had grown ~20 generations. The inclusion of test antibi-
otic in the fitness tests was done at three concentrations (25% inhibitory con-
centration [IC,s], IC55 5, or ICss for underexpression tests and 1%, 2X, and 3X
MIC values for overexpression tests). Since antibiotic-treated samples grew at
lower rates, the incubation times were correspondingly increased to allow ~20
generations of growth.

RESULTS AND DISCUSSION

Essential gene identification and validation. Our initial S.
aureus screen identified growth-inhibitory AS clones for 658
unique ORFs (12). Many of these ORFs represented expected
essential genes or were genes that contained orthologs that
overlapped the minimal Mycoplasma genitalium essential gene
set (25). However, this gene set also contained hypothetical
genes or genes whose essentiality could not be easily corrob-
orated from information in the literature. In addition, some
essential genes may have been missed. To independently val-
idate gene essentiality and to ensure a comprehensive essential
gene set, gene essentiality was tested by an independent
method. Since a rapid test was not available for S. aureus, we
selected another model organism and method (33). Here, a
second clinically important Gram-positive pathogen, Strepto-
coccus pneumoniae, was chosen to conduct rapid gene knock-
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outs. In this approach, PCR gene knockout amplicons were
directly and efficiently transformed and homologously recom-
bined into the chromosome. Using this approach, ~700 prior-
itized conserved genes were tested for essentiality, and the
gene was considered essential when no viable transformants
were obtained (R. J. Haselbeck and J. D. Trawick unpublished
data). Thus, through combinatorial efforts with S. aureus AS
and S. pneumoniae gene knockouts and a literature review (M.
genitalium [25] and the Profiling of E. coli Chromosome data-
base [http://www.shigen.nig.ac.jp/ecoli/pec/index.jsp]), a com-
prehensive list of conserved essential genes was identified (see
below). On the basis of these and other results, 236 AS strains
were selected for inclusion in the TargetArray (see Table S2 in
the supplemental material).

Although the AS technology proved to be a highly effective
means to knock down the expression of S. aureus genes, there
are limitations. First, some essential genes were not captured
by screening for AS expression. For example, the dnaB gene
was missed. This may be due to a combination of an extremely
low level of DnaB expression (10 to 20 monomers per cell) (51)
and leaky AS vector expression, precluding dnaB AS clone
isolation (12). Second, the majority of bacterial genes are
grouped in operons. Consequently, AS induction may result in
polar effects on downstream genes, complicating phenotype
analysis. Therefore, to circumvent these problems, promoter
replacement (PR) strains were sought to supplement AS
strains.

Construction of a promoter suite to allow physiologically
relevant gene expression. Regulatable promoters that allow
essential gene expression over biologically relevant expression
ranges were sought. To help ensure that the levels of gene
expression in engineered strains would recapitulate those in
native strains, a panel of promoters that covers low, middle,
and high expression levels was developed. To regulate expres-
sion, the tetracycline system derived from transposon Tn/0 was
selected. The fet system allows a wide range of dynamic ex-
pression of the ATc inducer, which does not inhibit bacterial
growth, at nanomolar concentrations (30, 59).

To develop a baseline for endogenous gene expression, a
series of transcriptional fusions between S. aureus essential
gene promoters and the E. coli lacZ reporter were constructed.
Example levels of expression from three promoters covering an
~50-fold dynamic range are shown in Fig. 1A. Thus, fol4
represents a promoter expressed at a low level, while fabl and
rpsF represent promoters expressed at moderate and high lev-
els, respectively. Efforts to construct and test synthetic promot-
ers resulted in the selection of three core promoters. To dif-
ferentially regulate expression, each promoter was engineered
with one or two fet operators (tetO, and tetO,) (49), resulting in
six promoter-operator configurations (Fig. 1B). These promot-
ers ranged from having very tight low-level expression (P;o0on)
to having high-level expression (P;oy). In fact, the Proon
(weak) promoter did not drive detectable levels of B-galacto-
sidase activity, a poor reporter in S. aureus. However, as de-
scribed below, P,y provided tight repression of gene ex-
pression; hence, P,y Was effective for PR construction, as
bacterial growth was often dependent on ATc (see Table S3 in
the supplemental material). In addition, the levels of expres-
sion of P,y and P,y are significantly enhanced when they
are placed on multicopy plasmids (data not shown). In sum,
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FIG. 1. S. aureus promoters. (A) Representative spectra of activity for the native folA, fabl, and rpsF promoters fused to the lacZ reporter are
shown. The activities of four synthetic promoters under repressed (—) and ATc-induced (+) conditions are shown. The P,y and Proon
promoters did not elicit detectable activity (data not shown). All constructs are integrated at the amiC locus. Promoter activity was measured in
Miller units (35). (B) Sequence and regulatory elements for a suite of synthetic promoters. The —10 and —35 boxes are underlined, and tetO

sequences are in boldface.

this promoter suite allows a wide dynamic expression range in
S. aureus.

Construction of chromosomal I-UE promoter replacement
strains. Gene prioritization for PR construction, discussed
above, included genes that were not present in the AS collec-
tion and thus represent important new additions, while other
genes were represented by AS. In general, the development of
a built-in redundancy between AS and PR strains was deemed
prudent to ensure that key genes were represented by different
elements. In addition, I-PR of downstream genes within oper-
ons allows operon gene expression to be decoupled, whereby
the expression of the upstream gene(s) was not perturbed,
while the downstream gene(s) was conditionally expressed
(Fig. 2), as the suicide vector contains a transcriptional termi-
nator. This process, called “operon depolarization,” was not
possible with AS.

In our effort, approximately 150 genes were originally tar-
geted for PR. Since it typically was not known what promoter
should be used for a given gene, we routinely constructed three
different PRs per gene (>400 total constructs). Surprisingly,
over half of these broadly conserved candidate essential genes
targeted for I-UE PR did not elicit a growth dependence on
ATc, suggesting that those genes are not essential or, alterna-
tively, that residual leaky expression from the PR was sufficient

to support growth. In either case, such strains were generally
set aside, as there was no phenotypic validation of gene essen-
tiality. However, in a few cases these genes were studied in
greater detail. For instance, [-UE constructs targeting asnsS, a
gene that encodes asparaginyl-tRNA synthetase and that at the

Suicide vector
cat

[ AL

P, native ><
B

orfA H orfB chromosome
Select Cm"
Pnatlve e m 1 Prer
ofA [orfB*} /- Ve v [T orfB ]

FIG. 2. Schematic representation of promoter replacement con-
struction. One of the fet-regulated synthetic promoters, generically
indicated P,,, was fused to the 5’ end of a target essential gene. Upon
transformation, the suicide plasmid homologously recombines into the
chromosome. A two-gene operon where the expression of the down-
stream gene was decoupled from the native promoter and is under
heterologous ATc control is illustrated.



VoL. 54, 2010

time of construction was predicted to be essential, did not elicit
a growth defect in the absence of ATc. Furthermore, asnS was
not hit by our global AS screen (12). Interestingly, as was found
in a number of bacteria, S. aureus has two alternative pathways
for charging tRNA molecules with asparagine and glutamine;
therefore, the asparaginyl-tRNA synthetase is dispensable be-
cause an amidotransferase can convert Asp-tRNA”" to Asn-
tRNA™ in S. aureus (9).

Nearly half of the selected broadly conserved genes with
predicted essential functions (50) elicited a growth defect in
the absence of ATc. Specifically, for 101 individual I-UE PR
strains representing 64 different genes, a clear growth defect
was observed when no or low levels of ATc were present in the
medium, supporting the assertion that these genes are essen-
tial. These genes, cloning primers, and promoter types are
listed in Table S3 in the supplemental material. The ATc
growth dependence of a representative glmS (encodes amino-
transferase) I-UE PR strain is shown in Fig. S1 in the supple-
mental material. As shown, the P,,¢-glmS engineered strain
does not grow in the presence of ATc at low levels (2.35
ng/ml); however, as the ATc concentrations increase, there was
a corresponding increase in the growth rate, until the growth
kinetics plateaued when ATc was present at ~37.5 ng/ml.
Lastly, for a subset of I-UE PR strains, qRT-PCR was used to
measure mRNA levels. As expected, the target mRNA was
depleted as ATc levels were lowered, and this was tightly
correlated with strain growth (data not shown).

Construction of chromosomal I-OE promoter replacement
strains. In a complementary approach to strain sensitization,
strains that overexpressed essential targets were also con-
structed as a means to confer antibiotic resistance and, hence,
to serve as a reciprocal MOA tool (34, 38). Two approaches
were pursued; integrative overexpression via PR and P-OE.
Important distinctions exist between these strategies. First,
I-OE can drive complete or partial operon overexpression (de-
pending on the insertion site), while the plasmid-borne system
described below allows overexpression of only a single gene.
For proteins assembled into multiprotein complexes, operon
overexpression can be advantageous, as the corresponding
genes are often organized in operons. Second, multicopy P-OE
allows inherently higher levels of expression than single-copy
I-PR. As described above (Fig. 1), the P;,, promoter ex-
presses at exceptionally high levels and was used for the con-
struction of 54 I-OE PR strains (see Table S4 in the supple-
mental material). P,y PR strains typically allowed bacterial
growth, albeit poorly, in the absence of ATc because of leaky
expression (Fig. 1). Upon induction with a modest amount of
ATc, e.g., 3 ng/ml, bacterial growth was fully restored to a
prototypic P,y grB PR strain (see Fig. S2 in the supplemen-
tal material). Overexpression of the target gene or operon
mRNA could therefore be achieved at 90 ng/ml ATc. The
I-OE constructs were experimentally tested by qRT-PCR to
compare the mRNA levels driven by P, and those driven by
the native promoters. In nearly all cases tested, target mRNA
levels were found to be higher when expression was driven by
Prox (90 ng/ml ATc) than when it was driven by the native
promoters (data not shown).

Construction of plasmid-borne overexpressers. A set of
P-OE strains was constructed to extend the repertoire of over-
expressers. Target gene selection intentionally excluded gene
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products involved in large multiprotein complexes, e.g., ribo-
somal proteins. Here, a total of 55 genes were cloned into the
pTET10 E. coli-S. aureus shuttle vector containing the power-
ful Prox promoter. The essential gene set and PCR primers
used for amplification are listed in Table S5 in the supplemen-
tal material. Each plasmid contains a full-length ORF, deter-
mined on the basis of the PathoSeq annotation (55). S. aureus
recombinant clones were tested for a dominant negative inhi-
bition of growth by spot dilution on LB agar plates with ATc
concentrations increasing from 5 to 90 ng/ml. Interestingly,
~90% of these clones elicited an S. aureus growth inhibition
phenotype at high ATc levels. Growth inhibition was indepen-
dent of ATc or a vector effect because an empty plasmid
control did not inhibit growth. These results corroborate those
of lacZ expression studies (Fig. 1) that P,y is indeed a strong
S. aureus promoter.

Comprehensive collection of strains differentially express-
ing essential gene elements. A total of 446 strains validated to
differentially express genes were made in strain RN4220, and
308 essential genes or essential genes within operons were
targeted (see Table S6 in the supplemental material). All to-
gether these four promoter elements target 131 predicted
operons. To help ensure an accurate and robust platform,
many of these targets are represented by more than one ele-
ment. AS strains represent the largest element class (236
strains, or 53%). These AS clones both directly and indirectly
(operon) target 277 essential genes, of which 225 are direct AS
hits. I-PR strains represent the second largest group (101
strains, or 23%). These element classes allow target-specific
knockdown expression. A reciprocal set of strains allows target
overexpression. Overexpressers consist of I-OE (54 strains, or
12%) and P-OE (55 strains, or 12%).

Selective AS strain sensitization. Growth-inhibitory AS
clones were identified from a screen conducted at high xylose
(2%) concentrations (12). For a given AS strain, the growth
kinetics were inhibited to various extents by simply titrating
xylose concentrations (11). Next, cell sensitization tests were
conducted with antibiotics that target a cognate AS clone. As
a representative example, an fmhB AS strain was titrated
against xylose. The FmhB transferase catalyzes the incorpora-
tion of the first residue of the pentaglycine bridge of pepti-
doglycan (1). Strain sensitization to a cell wall inhibitor, cefo-
taxime, was tested in the presence of various concentrations of
xylose. The fimhB AS strain was incrementally sensitized to
cefotaxime at increasing xylose concentrations (Fig. 3), dem-
onstrating AS-mediated sensitization.

Prior studies showed target-specific drug sensitization of AS
clones to the rpsR and fabF genes (11, 12), which, importantly,
were also employed to discover new antibiotics (27, 46, 54). To
expand these studies, other AS clones were tested. Here, AS
clones for the gyrB and ileS genes were chosen and tested
against a panel of 22 antibiotics. Indeed, a gyrB AS clone
rendered a selective hypersensitivity phenotype (>8-fold) to-
ward a known inhibitor of the B subunit of DNA gyrase, no-
vobiocin (see Fig. S3 in the supplemental material) (13). Hy-
persensitivity of the gyrB AS strain to several quinolones was
not detected, possibly reflecting the possibility that quinolone-
target complexes actively poison cells. Thus, target underex-
pression may actually lead to quinolone resistance (26).
Similarly, selective sensitization of the ileS AS clone to
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S. aureus fmhB AS strain grown without xylose or in the presence of

xylose at various concentrations. The sensitivity toward cefotaxime is

titratable as a function of the xylose concentration. The maximal ICs,
shift was >5-fold at 11 mM xylose.

mupirocin (>20-fold), an inhibitor of isoleucine-tRNA syn-
thetase (IleRS), was found (Fig. 4). Thus, AS cell sensitiza-
tion elicits a highly specific and selective response toward
cognate antibiotics.

Proof-of-concept fitness tests with differentially expressing
strains. As shown above, induction with the AS sequence elic-
its strain sensitization to specific antibiotics (Fig. 4). Next,
pools of differentially expressing strains were challenged in
fitness tests to determine their specific responses. In these
tests, sensitized strains would be depleted, while resistant
strains would be enriched. An outline of how the TargetArray
was built and run is depicted in Fig. 5. A schematic represen-
tation of how the PCR amplicons were amplified is shown in
Fig. 6.

In a first, early fitness test, a pool of 23 AS strains, which
constituted a bin of strains with similar xylose sensitivities, was
grown for ~20 generations, followed by multiplex PCR and

30

204

104

Fold Sensitization

Antibioctics

FIG. 4. Expression of AS RNA toward ileS preferentially sensitizes
S. aureus to mupirocin (~25-fold). Twenty-two different antibiotics
were tested. Fold sensitization represents the change in antibiotic ICy,s
upon AS induction.
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FIG. 5. Flowchart for AS TargetArray development and imple-
mentation.

capillary electrophoresis to measure the relative abundance of
each strain grown in the presence of an antibiotic (indolmycin)
or mock treated (DMSO) (Fig. 7A). Indolmycin is a known
inhibitor of TrpS, the tryptophanyl-tRNA synthetase (24). As
predicted, the #7pS AS strain was specifically depleted by in-
dolmycin treatment compared to the amount of growth for a
no-drug control. This and related experiments provided the
first evidence that AS cell sensitization could be used to profile
specific antibiotic responses in fitness tests.
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FIG. 6. Design strategy for detecting AS, P-OE, and I-PR elements
in recombinant strains. All markers within a marker set are produced
by a common forward primer and uniquely designed reverse primers
for multiplex PCR amplification. Markers are resolved by both their
unique size and fluorescent label via capillary electrophoresis.
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FIG. 7. Proof-of-concept S. aureus fitness tests. Following growth
in the presence of various antibiotics, S. aureus strains were detected by
multiplex PCR and capillary electrophoresis. The ABI 3700 signal
intensity is graphed on the vertical axis, and the migration length (in
base pairs) is shown on the horizontal axis. (A) AS fitness test with a
mixture of 23 strains grown in 6 mM xylose. Samples were mock
treated with DMSO or were treated with indolmycin at 0.5X ICs.
Indolmycin treatment depleted the target #pS AS strain. (B) I-UE
fitness tests with a mixture of seven strains grown with 12.5 ng/ml ATc.
Samples were mock treated or treated with actinonin at 0.5X ICs,.
Actinonin treatment partially depleted the pdfl strain. (C) P-OE fit-
ness test with a mixture of 10 strains that overexpress different genes.
Samples were mock treated or treated with trimethoprim at the MIC
value (6 pg/ml). Trimethoprim treatment resulted in the loss of all
strain markers except for the target dfr4-overproducing strain.

In a second round of fitness tests, I-UE PR strains were used
in liew of AS clones. Although conceptually similar, it was
experimentally found that I-UE PR fitness tests were more
challenging. The first technical problem was developing robust
primer sets that allowed reproducible multiplex PCR amplifi-
cation from a single-copy template. This problem was miti-
gated from AS pools as template DNA was derived from plas-
mids containing ori pC194, present at ~40 copies per cell (17).
A second problem was that I-UE PR strains were typically
more difficult to grow and stably maintain than AS strains. This
problem was attributed to the fact that native promoter
strength and temporal cell cycle regulation were difficult to
predict and recapitulate with heterologous promoters. This
problem was compounded when many PR strains were pro-
cessed in parallel. Given these caveats, I-UE PR fitness tests
were nevertheless pursued. The results from an I-UE PR fit-
ness test are shown in Fig. 7B, where actinonin, an antibiotic
that inhibits peptide deformylase (Pdfl) (3), was used. As
illustrated, a moderate level of depletion was observed for the
pdfl I-UE PR strain. This experiment was conducted at 0.5X
the ICs, for actinonin (2.6 wg/ml). At higher concentrations of
actinonin, the pdfl I-UE PR strain was completely depleted
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(data not shown). However, as was generally found, high an-
tibiotic concentrations elicit nonspecific PR strain depletions.
In sum, although I-UE strains offer limited utility in fitness
tests, they clearly have utility when used in secondary single
strain assays to confirm compound MOA (4, 59).

Lastly, we tested target overexpression as a means to enrich
strains in fitness tests. First, a set of 10 P-OE strains was
pooled, grown in the presence of increasing concentrations of
the antibiotic trimethoprim, and again assayed by multiplex
PCR and capillary electrophoresis analysis. This strain pool
includes a clone of dfrA (folA4), encoding dihydrofolate reduc-
tase, the target of trimethoprim (22). When this strain pool was
grown in the presence of the MIC level (6 pg/ml) or above, the
dfrA-overexpressing strain was strongly enriched (Fig. 7C).
However, when the concentration of trimethoprim was less
than the MIC level, the dfrA strain was not enriched (data not
shown). Second, in an experimental reciprocal whose results
are shown Fig. 7A, where a rpS AS strain was sensitized to
indolmycin, a P-OE #pS§ strain conferred the opposite pheno-
type and the strain was strongly enriched (data not shown).
These results show that target overexpression can confer a
selective advantage in S. aureus fitness tests to profile antibi-
otics.

Building an AS TargetArray and fitness tests. Proof-of-con-
cept experiments established that AS-sensitized and P-OE-
resistant strains elicit robust, predictable, and informative re-
sponses in antibiotic fitness tests. To further build an array,
efforts focused on the AS clones because those strains behave
robustly and a comprehensive collection was in hand. The AS
TargetArray was built in three stages, where increasing num-
bers of validated and reliably behaving AS clones were incor-
porated into the array (Fig. 5).

The stage I AS TargetArray consisted of seven xylose bins
that contained a total of 66 AS clones that were reliably de-
tected by multiplex PCR. A number of fitness tests were con-
ducted, and a representative result is shown in Fig. 8. Here,
indolmycin was added to the seven AS bins at 0.5X and 0.75X
the ICs,. After ~20 cell generations, the pools were assayed
and the depletion ratios of the treated strains to mock treat-
ment were calculated. The fold depletion values for each AS
strain were plotted, and as is evident, the AS clone to #7pS was
depleted 15- to 23-fold. Importantly, no other strain was de-
pleted more than 2-fold.

The stage II TargetArray consisted of 160 AS clones in 12
xylose bins. A number of fitness tests were again conducted. To
simulate a more complex condition, e.g., the use of a natural
product extract with multiple antibiotics, a fitness test was done
where two antibiotics were simultaneously added. Here, both
cerulenin, which targets FabF (B-ketoacyl-acyl carrier protein
synthase II) in fatty acid biosynthesis (41), and mupirocin, were
each added at 0.25X and 0.5X their respective 1Cs,s. The
fitness results reveal a highly specific response (Fig. 9). Both of
the expected AS target strains, the fabF and ileS AS clones,
were reproducibly depleted by between 12- and nearly 40-fold.
Minor depletion of two other AS strains, the yacA and rpsQ AS
clones, was also detected. Interestingly, the yacA (tilS) gene
product, involved in tRNA™ modification, was independently
found to be essential in S. aureus (2, 47); thus, ayacA AS strain
may sensitize cells to mupirocin by depleting the pool of func-
tionally modified tRNA"®, the enzymatic target of isoleucine
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FIG. 8. Fitness tests with stage I AS TargetArray. The array consists of 66 AS clones in seven bins. The array was treated with indolmycin extract
at two concentrations, 0.5X or 0.75X the 1Css. The fold strain depletion is color coded and plotted for each strain.

tRNA synthetase. In addition, the rpsQ AS clone, whose target
gene lies within a large ribosomal operon predicted to consist
of 29 genes (see Table S6 in the supplemental material), was
weakly depleted by the mupirocin-cerulenin mixture. Here,
mupirocin, which acts as a protein synthesis inhibitor, might act
in an additive manner with an rpsQ AS strain that is depleted

in ribosome function. In any event, these results again show
that AS fitness tests are highly reproducible and selective.
These results also suggest that the TargetArray has utility to
deconvolute natural product extracts.

Application of AS TargetArray for antibacterial target iden-
tification. With pilot proof-of-concept results in hand, a fully
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FIG. 9. Fitness tests with stage II AS TargetArray. The array consists of 160 AS elements in 12 bins. The array was challenged with two
antibiotics, cerulenin and mupirocin, at 0.25X and 0.5X their respective ICsys. The fold strain depletion is color coded and plotted for each strain.
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built AS TargetArray (stage III) that consisted of 236 AS
strains placed into 24 xylose bins was made (Fig. 5). This array
was then tested as described above with a number of known
antibacterial inhibitors as well as novel inhibitors (Fig. 10; see
also Fig. S4 and S5 in the supplemental material). In each case,
antibiotics were added at three concentrations (IC,s, IC5 5,
and IC,) to ensure reproducibility and the use of experimen-
tally relevant antibiotic concentrations. In the first test, ceru-
lenin was used, and the fabF (SAV(0984) AS clone was again
the most prominently depleted strain (~6 log units; Fig. 10A).
This was expected, as FabF is the target of cerulenin, and this
result confirms the stage II array findings (Fig. 9). The second
AS clone that was prominently depleted was one with AS
toward the hmrB gene, an ortholog of the E. coli acpP gene
(60), which in S. aureus contributes to methicillin resistance
(21). Since hmrB encodes an acyl carrier protein predicted to
serve as a FabF substrate in fatty acid biosynthesis in S. aureus,
the depletion of the imrB AS strain by cerulenin is a mecha-
nistically informative response. A second fatty acid synthesis
inhibitor, triclosan, which targets Fabl (enol-acyl carrier pro-
tein reductase) (20), was used in fitness tests. Again, a very
specific response was found: the fabl AS clone was the most
prominent and reproducibly depleted strain (~3 log units; Fig.
10B). As was seen with cerulenin, the ~mrB AS clone was again
depleted by triclosan treatment.

The stage III array was tested against fosfomycin, an antibi-
otic known to target UDP-N-acetylglucosamine enolpyruvyl
transferase (MurA) (8, 29). As shown in Fig. S4A in the sup-
plemental material, the mur4 AS clone was the most severely
(~5 log units) and reproducibly depleted strain. Interestingly,
S. aureus encodes two murA genes, murAl and murA2 (murZ),
which are 59% identical at the nucleic acid level; neither is
essential, although a double mutation is lethal (7). The murA
AS clone apparently inactivates both mur4 loci (12), conse-
quently sensitizing cells to fosfomycin. Although other AS
strains (infC, hprK, and SAV0248-SAV(0249-SAV(250) were
also depleted, they were not as significantly or as reproducibly
depleted as the mur4 AS strain.

Potential challenges to the TargetArray technology for elu-
cidating antibiotic MOAs are inhibitors of large macromolec-
ular complexes, such as ribosomes. In principle, the depletion
of one subunit within a ribosome, for example, may abolish
complex formation and function and the resulting sensitiza-
tion. With this caveat in mind, a macrolide antibiotic, erythro-
mycin, which targets the ribosomal large subunit (50S) 23S
rRNA (6) and the ribosomal proteins L4 (rpID) and L22 (rplV)
located around the peptide exit tunnel (58), was profiled.
When erythromycin was tested in the TargetArray, only the
rpsR (which encodes 30S rRNA subunit S18) AS strain was
sharply and reproducibly depleted (see Fig. S4B in the supple-
mental material). Interestingly, under these experimental con-
ditions, the AS clones with AS sequences directed toward 23S
rRNA, D, or rplV were not significantly depleted, even
though mutant L4 and L22 proteins can confer erythromycin
resistance (58). This result suggests a possible direct or indirect
interaction between erythromycin and ribosomal protein S18.
Alternatively, the 7psR gene product could play a role in in-
trinsic antibiotic resistance, as rpsR overexpression in E. coli
was recently found to confer broad-spectrum antibiotic resis-
tance (38).
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Indolmycin was again tested in the fully assembled AS
TargetArray. As seen with the stage II array, the #7pS AS strain
was again depleted (~5 log units). Not surprisingly, indolmycin
treatment also strongly depleted an AS clone targeting an
operon rich with tRNA genes (see Table S6 in the supplemen-
tal material), including the tRNA gene for tryptophan (Fig.
S5A in the supplemental material). Thus, AS depletion of both
the direct indolmycin target (TrpS) and its substrate, which
would logically further deplete levels of charged tRNAT',
results in fitness loss. A novel tRNA synthetase inhibitor
(TR0O00006) known to specifically target methionyl tRNA syn-
thetase (MetS) was also tested (10, 18). Confirming prior find-
ings, the metS AS strain was the most severely depleted (see
Fig. S5B in the supplemental material, which shows the struc-
ture).

Iclaprim, a new selective inhibitor of dihydrofolate reductase
(DfrA) undergoing clinical trials by Arpida Ltd. (Switzerland)
for the treatment of serious hospital infections caused by
Gram-positive pathogens and respiratory tract infections, was
tested (44). Prior proof-of-concept fitness tests found that dfrA
overexpression resulted in strong enrichment of the dfr4 P-OE
clone in the presence of trimethoprim, a DfrA inhibitor (Fig.
7). When iclaprim (TR000010) was tested, the dfrA AS strain
was the most severely and reproducibly depleted over a range
of concentrations (see Fig. S5C in the supplemental material).
An analog of iclaprim was also tested and found to elicit a
nearly identical TargetArray fingerprint, with the dfr4 AS
strain again being the sole strain depleted and was depleted by
4 to 7 log units (data not shown). These results show that the
TargetArray can be used as a tool to confirm that chemical
analogs act by a mechanism similar to that for the parent
compound. In sum, we demonstrate the utility of the Target-
Array for elucidating antibiotic MOA.

Conclusion. This paper describes the comprehensive identi-
fication of 308 essential genes in the clinically important patho-
gen S. aureus. Most of these essential genes are broadly con-
served in a wide range of bacterial pathogens. Since antibiotics
target essential genes and processes, the genes in this gene set
represent key targets for antibiotic drug discovery. For these
308 essential genes, a total of 446 conditionally expressing
alleles were constructed. For a subset of these elements, the
AS clones, a TargetArray that consists of 236 sensitized strains
and that allows rapid and global profiling of antibiotic MOAs
was built. In most cases, this resulted in accurate identification
of the molecular target or at least the cellular pathway that the
antibiotics inhibit. Moreover, TargetArray fitness tests proved
to be information rich, as not only the molecular targets were
identified but also potential interacting proteins were identi-
fied. For example, mupirocin treatment identified the ileS and
yacA AS clones (Fig. 9). It should also be noted that nonse-
lective compounds, such as membrane disrupters, denaturants,
and others, which commonly arise from whole-cell screens can
be profiled. Thus, nuisance compounds, which kill by nonse-
lective mechanisms, can be identified and deprioritized. This
platform therefore represents a new and powerful tool to aid
with antibiotic drug discovery and has indeed been validated
with novel agents (23).

We and others have independently found that AS RNA
expression is an effective means to inactivate gene expression
in S. aureus (12, 28). In order for AS to work, the AS RNA
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must pair with its cognate mRNA to block expression or in
some cases the activity of an RNA gene product. Primary
mechanisms of inhibition include degradation of the antisense-
mRNA complex and/or steric hindrance of translation. Criteria
for successful implementation of AS include a strong inducible
promoter and stable antisense RNA that allows high-level ac-
cumulation at steady state. These criteria were met in S. au-
reus, as the resulting AS RNA was readily detected as a distinct
band on ethidium bromide-stained agarose gels whose inten-
sity rivals the intensities of the 16S and 23S rRNA bands. We
have tried AS knockdown expression in a variety of Gram-
positive and Gram-negative bacteria. These efforts were met
with mixed results, particularly in Gram-negative bacteria. One
striking difference in RNA metabolism between Gram-nega-
tive organisms, such as E. coli and S. aureus, is the lack of an
RNase E homolog in S. aureus. On the basis of this informa-
tion, an AS screen was conducted with an E. coli RNase E
mutant and resulted in a significant improvement in the fre-
quency of isolation of expected clones with AS RNA toward
essential genes (unpublished data). In sum, the combination of
our expression system and S. aureus RNA metabolism makes
this species particularly amenable to antisense gene inactiva-
tion.
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