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We have defined a sensitivity profile for 22 antibiotics by extending previous work testing the entire KEIO
collection of close to 4,000 single-gene knockouts in Escherichia coli for increased susceptibility to 1 of 14
different antibiotics (ciprofloxacin, rifampin [rifampicin], vancomycin, ampicillin, sulfamethoxazole, genta-
micin, metronidazole, streptomycin, fusidic acid, tetracycline, chloramphenicol, nitrofurantoin, erythromycin,
and triclosan). We screened one or more subinhibitory concentrations of each antibiotic, generating more than
80,000 data points and allowing a reduction of the entire collection to a set of 283 strains that display
significantly increased sensitivity to at least one of the antibiotics. We used this reduced set of strains to
determine a profile for eight additional antibiotics (spectinomycin, cephradine, aztreonem, colistin, neomycin,
enoxacin, tobramycin, and cefoxitin). The profiles for the 22 antibiotics represent a growing catalog of
sensitivity fingerprints that can be separated into two components, multidrug-resistant mutants and those
mutants that confer relatively specific sensitivity to the antibiotic or type of antibiotic tested. The latter group
can be represented by a set of 20 to 60 strains that can be used for the rapid typing of antibiotics by generating
a virtual bar code readout of the specific sensitivities. Taken together, these data reveal the complexity of
intrinsic resistance and provide additional targets for the design of codrugs (or combinations of drugs) that

potentiate existing antibiotics.

The proliferation of antibiotic-resistant bacteria has reached
the point where close to 100,000 infections occur in the United
States per year that are caused by methicillin-resistant Staphylo-
coccus aureus (MRSA), leading to 18,650 deaths in 2005 (44), a
total that is greater than the 17,011 deaths the same year from
HIV/AIDS according to the CDC (http:/www.cdc.gov/hiv
/topics/surveillance/resources/reports/2005report/table7.htm).
The spread of resistance (2, 21, 51) has long stimulated efforts
to find new antibiotics by a variety of methods, such as altering
existing antibiotics, screening chemical (18) or peptide (32, 43)
libraries for specific inhibitors (18), or targeting new proteins
or processes (11, 32, 35, 47, 58). Recent efforts also have
involved detecting new targets through genomics (66, 67), such
as bioinformatics screening for novel producers of peptide
antimicrobials (8) and finding new sources of antibiotics via
metagenomics (68). Some authors have suggested that discov-
ering new molecular scaffolds for antibiotics should be a pri-
ority (29). Another approach involves potentiating existing an-
tibiotics by identifying targets for increasing susceptibility to
specific antimicrobials (for a review, see reference 19), such as
the AmgRS-mediated stress response to the action of amino-
glycosides in Pseudomonas aeruginosa (49), or bacterial nitric
oxide synthases (33). This has been achieved clinically in the
case of inhibitors of B-lactamase with B-lactam antibiotics (see
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the review by Buynak [15]). A related example is the imi-
penem-cilastatin combination (36, 38). Cilastatin is an inhibi-
tor of DHP-1, a human renal dehydropeptidase-1 that hydro-
lyzes the B-lactam imipenem (36). In the laboratory, inhibitors
of efflux pumps have been used together with tetracycline in
Escherichia coli (63) and levofloxacin in Pseudomonas aerugi-
nosa (56), but these have not been used successfully in a clin-
ical setting. Tools now are available for more extensive system-
atic searches for targets for such potentiating codrugs. A
transposon library has been used to detect genes responsible
for increased sensitivity to one of a set of antibiotics in Acin-
etobacter baylyi (31), comprehensive transposon mutant librar-
ies of Pseudomonas aeruginosa (41, 54) have been used to
screen for sensitivity to tobramycin (49) and ciprofloxacin (13),
and a somewhat less-defined transposon library has been used
to detect sensitivity to one of a set of six antibiotics (28). A
comprehensive transposon library also has been constructed
for Francisella novicida (30). In yeast, a deletion library has
been screened against a set of four DNA-damaging agents (74)
and a set of more than 400 small molecules (37). In the work
reported here, we have expanded our previous work (73) and
used the high-throughput screening of an Escherichia coli
knockout collection of close to 4,000 strains, each with a dif-
ferent gene inactivated (6), to look for mutants that are more
susceptible to 1 of 14 different antibiotics (the antibiotics and
their abbreviations are listed in Table 1). We then used a
reduced set of 283 identified strains to examine an additional
eight antibiotics with the intent of finding a core set of tester
strains. Many mutants are more susceptible to a wide range of
antibiotics and represent the basic intrinsic resistance frame-
work, but others are more specific and allow us to define
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TABLE 1. List of antibiotics

ANTIMICROB. AGENTS CHEMOTHER.

Antibiotic Category Primary target Process affected
Ciprofloxacin (CIP) Fluoroquinolone DNA gyrase DNA replication
Enoxacin (ENX)

Nitrofurantoin (NIT) Nitrofuran DNA DNA
Metronidazole (MTR) Nitroimidazole DNA DNA structure
Sulfamethoxazole (SFX) Sulfonamide Dihydropteroate synthetase Folate synthesis
Rifampin (RIF) Rifamycin RNA polymerase Transcription
Gentamicin (GEN) Aminoglycoside 30S subunit Protein synthesis
Tobramycin (TOB)

Neomycin (NEO)

Streptomycin (STR)

Spectinomycin (SPT) Aminocyclitol 30S subunit Protein synthesis
Tetracycline (TET) Polyketide 30S subunit Protein synthesis
Vancomycin (VAN) Glycopeptide NAM/NAG peptides Cell wall synthesis
Ampicillin (AMP) Penicillin Transpeptidase Cell wall synthesis
Cephradine (RAD) Cephalosporin Transpeptidase Cell wall synthesis
Cefoxitin (FOX)

Azetreonam (ATM) Monobactam Transpeptidase Cell wall synthesis
Colistin (CST) Polymyxin Cytoplasmic membrane Cell wall permeability
Chloramphenicol (CHL) Phenicol 50S subunit Protein synthesis
Erythromycin (ERY) Macrolide 50S subunit Protein synthesis
Fusidic acid (FUS) Fusidic acid Elongation factor G Protein synthesis
Triclosan (TRI) Chlorophenol Enoyl-acyl carrier protein reductase Fatty acid synthesis

so-called bar codes for the rapid typing of antibiotics with
different target activities. These results also help to define new
combinational drug targets, as most of the mutants do not
result in growth inhibition in the absence of subinhibitory or
sublethal concentrations of an antibiotic. Moreover, combining
mutations with increased sensitivities would allow the design of
more precise tests for the persistence of antibiotics in foods,
milk, and various wastewaters.

MATERIALS AND METHODS

E. coli strains. The KEIO collection was described in Baba et al. (6) and made
from the starting strain BW25113 (20). This strain (lacI9 rmByyy AlacZwye
hsdR514 AaraBAD pyy33 ArhaBADy ) is the starting strain used in the experi-
ments reported here unless otherwise stated.

E. coli genetic methods. Unless otherwise stated, all genetic methods are as
described by Miller (62).

Use of the Deutz cryoreplicator. The Deutz cryoreplicator (23) contains 96
prongs on individual springs, allowing its frequent application to frozen glycerol
cultures. The KEIO collection (4) is maintained on 45 96-well microtiter plates
and stored at —80°C in glycerol. Material from frozen microtiter plates was
transferred to microtiter wells with 0.5 ml of LB and were incubated overnight,
and then the replicator was used to transfer a microdrop to microtiter wells with
fresh LB medium containing 50 pg/ml kanamycin to prevent the growth of
contaminants. (All of the strains in the KEIO collection are Kan"). After 3 to 4 h
of growth, these plates were printed onto LB plates with different concentrations
of different antibiotics. For the initial screening, kanamycin was present in the
plates, but for retests and MIC determinations kanamycin was not present.

Determination of MICs. MICs (5) were determined by printing, with the
Deutz replicator, approximately 2 X 10° to 4 X 10° CFU to an LB plate with the
appropriate concentration of the desired antibiotic and then examining the spots
after overnight incubation at 37°C. (This represents a minor deviation from the
standard method in that LB medium was used and that somewhat more cells
were applied to each spot.) All determinations were carried out on strain sets
that were prepared from purified colonies. The tests were repeated up to six
times in some cases and at various concentrations (see the supplemental mate-
rial). The antibiotics used in the Tamae et al. study (73) were retested along with
the new antibiotics, using additional concentrations and the somewhat different
conditions, to standardize scoring. The concentrations reported for compounds
such as the aminoglycosides might be different in the LB medium used here from
those in other media, although we did not find reproducible differences when
NaCl was left out of the LB medium in the two cases tested (tobramycin and
gentamicin). Cross-resistance between some of the aminoglycosides, particularly

neomycin and the kanamycin resistance marker in the strains used, might alter
the concentrations that are effective, but we found this to be the case only for
neomycin. We found prominent patterns for neomycin at the concentrations
reported.

Validation of the data set. A collection of 4,000 strains will contain some errors
and some impure strains. The latter problem can be minimized by repurifying
and retesting, as was done here. Also, in a number of cases, strains pick up
suppressors that will attenuate the effects of the deletion knockouts. We have
reisolated several strains to eliminate this effect. Thus, the copies of strains with
oxyR and recA are somewhat different from those reported previously (73). Mori
and coworkers (75) have subjected the KEIO collection to an intensive analysis
aimed at uncovering errors in the collection that might arise from duplications of
the target gene. They have generated a list of 14 mutants that are incorrect and
another 9 that might be incorrect. We therefore have removed coaE, glmM, parC,
prfB, polA, rpoD, and rpsU from our data sets. Ultimately, the most prudent use
of such a large collection is to verify any mutants that are particularly important
to the final results by PCR analysis and/or sequencing. We examined in detail
some of the more important assignments. We took an expanded set of 12 of the
mutants from the bar codes that are used to identify specific antibiotics (Table 2)
(recF, argO, degP, dacA, glpD, trxB, xseA, sapC, rpll, tufA, ycdZ, and dinB), as well
as recA, oxyR, figB, ppiD, and rpsF. Using two primer pairs for each mutant, we
verified in two PCR experiments for each that each carried a kan insert in place
of the correct gene and that there was no presence of the original gene sequence
elsewhere (via a duplication). In the case of rpsF, we carried out both PCR and
sequencing. Moreover, an additional two from Table 2 can be identified by their

TABLE 2. Diagnostic gene knockout strains for specific antibiotics

Antibiotic Strain

Aminoglycosides sapC ompF
TET .ycdZ

VAN .. . tufA
B-lactams ..dacA
CST.... ..vacl]
CAM.. ..argO
FUS.... . apll

TRI .... .. glpD dnaJ
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phenotypes (dam, mutator; lon, mucoid formation). This constitutes a verifica-
tion of 19 mutants, most of which are key indicators for specific antibiotics. We
had reason to suspect the recF deletion mutant, and a similar analysis revealed
that the recF deletion strain in the first copy of the KEIO strains is incorrect,
although the recF strain in the second is correct, and this has been used in the
work reported here. Regarding further validation, we have detected all four of
the genes found through biochemical experiments that, when mutated, render
the cell more sensitive to CPR (25) and all six of the genes for NIT (64).

Chemicals. Kanamycin, tetracycline, chloramphenicol, rifampin, vancomycin,
sulfamethoxazole, gentamicin, ampicillin, spectinomycin, cephradine, colistin,
streptomycin, aztreonam, erythromycin, fusidic acid, metronidazole, nitrofuran-
toin, neomycin, enoxacin, tobramycin, triclosan, and cefoxitin were purchased
from Sigma (St. Louis, MO). Ciprofloxacin was purchased from ICN Biomedi-
cals, Inc., Aurora, OH.

RESULTS AND DISCUSSION

Screening for antibiotic hypersensitivity. The entire KEIO
collection of close to 4,000 strains (6) was screened for mutants
that are more sensitive than the wild type to one or more of a
set of 14 different antibiotics (Table 1). We first examined CIP,
VAN, RIF, AMP, SFX, GEN, and MTR at several different
subinhibitory concentrations (73), and we have expanded this
to include an additional set of seven compounds (streptomycin,
STR; fusidic acid, FUS; tetracycline, TET; chloramphenicol,
CHL; nitrofurantoin, NIT; triclosan, TRI; and erythromycin,
ERY; see Materials and Methods for details). This generated
an initial set of close to 80,000 data points. Mutants showing
increased susceptibility then were purified and retested, result-
ing in a set of 283 strains that displayed significantly increased
susceptibility to at least 1 of the 14 antibiotics tested. We then
used this set of 283 strains to test an additional eight antibiotics
(spectinomycin, SPT; cephradine, RAD; aztreonem, ATM,;
colistin, CST; neomycin, NEO; enoxacin, ENX; tobramycin,
TOB; and cefoxitin, FOX) (Table 1), as well as additional
concentrations of the original 14 antibiotics, to show that a
sensitivity profile can be determined from this smaller set of
strains. Figures 1 and 2 give a broad overview of the data (for
quantitative details, see the supplemental material) in which
the strongest sensitivities are indicated in darker colors and
sensitivities that are less strong are indicated in lighter colors,
with different colors and numbers indicating different functions
(Fig. 1). The functions were categorized and assigned numbers
as follows: 1, DNA recombination, replication, and repair; 1A,
DNA related; 2, permeation, membranes, and transport; 2A,
chaperoning; 3, protein synthesis; 3A, RNA processing; 4, gen-
eral metabolic reactions; 5, transcriptional control; 6, prophage
encoded; and 7, unassigned functions. The intensity is shown in
three levels. The darkest level for each group represents the
strongest sensitivities. Many different types of functions are
involved, including those concerned with DNA replication,
recombination, and repair that are prevalent among the sen-
sitivity profiles for agents that interact with DNA, as well as
functions involved in the cell wall and cell membrane, chaper-
oning, protein synthesis, and general metabolism. Also, close
to 30 genes encoding transcriptional regulators appear in Fig.
1. Figure 2 groups all of the detected susceptible mutants
deleted for as-yet unassigned genes. In addition to providing a
wealth of information on different functions involved in intrin-
sic resistance, this set of 283 strains can be used to generate a
susceptibility fingerprint for antibiotics. For example, note how
clearly the two fluoroquinolones CIP and ENX give very sim-
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ilar profiles. However, as detailed below, one set of mutants in
Fig. 1 and 2 is defective in functions involved in multidrug
resistance, as the resulting phenotype includes increased sen-
sitivity to a range of different antibiotics, while another set of
hypersensitive mutants are partially or completely specific for
each antibiotic or class of antibiotic. From the data shown in
Fig. 1, it is possible to predict whether an antibiotic primarily
affects DNA-related functions or not, but it is necessary to
separate the different components of the strain set to enable
the typing of antibiotics with a simpler set of mutants display-
ing more specific patterns.

Multidrug-resistant functions. Many of the 283 mutants
shown in Fig. 1 and 2 display hypersensitivity to more than one
antibiotic. We have selected those that show increased sensi-
tivity to at least 8 of the 22 antibiotics tested (36%), as shown
in Fig. 3: a total of 61 mutants, including genes involved in
recombination and recombinational repair of double-strand
breaks (recABC), the main efflux pump in E. coli (acrA, acrB,
tolC), those involved in cell wall and cell membrane synthesis
and integrity, and transporters and chaperones. Note that yciM
mutants (Fig. 2) are more sensitive to 21 of the 22 antibiotics
tested and fo/C mutants to 19 (Fig. 1). Several genes encoding
ribosomal proteins (1pl4, rpmE, rpmJ) or their modification
(rimK) confer intrinsic resistance to a varied set of antibiotics,
as their deletion renders the cell more sensitive than the wild
type. Figure 3 includes genes encoding partially (vbgF, yfgC) or
completely (yciM, ybeY, ycbW, yjjY) uncharacterized functions.
Interestingly, some genes encode proteins that are involved in
the regulation of gene expression (dksA, fur, hfg, hns, mfd,
nusB, rseA, xapR, yciT). In some (and perhaps all) cases, these
regulators affect functions that already appear in Fig. 1, such as
the DksA transcription factor that regulates genes involved in
double-strand break repair (61), in addition to multiple target
genes associate with many processes (65). The regulatory
genes operate in different ways, such as Hfq, which binds
many small noncoding RNAs and is involved in posttran-
scriptional gene regulation (50), or HNS, a DNA-binding
protein involved in DNA topology and compaction, which
plays a role in the regulation of many unrelated genes (70
and references therein), or RseA, an anti-sigma factor that
inhibits the transcriptional activity of & (1, 72). Addition-
ally, rfaH mutants lacking an antitermination factor (7, 9)
are more sensitive to six antibiotics (Fig. 1).

Specific sensitivities. While the data in Fig. 1 and 2 portray
a sensitivity profile that is diagnostic for each antibiotic, the
charts are complex. However, we can simplify this by selecting
only those mutants that display more specific sensitivities to a
particular antibiotic or class of antibiotic. Figure 4 shows the
results from the latter set of mutants and displays a more
useful set of mutants for typing antibiotics (also see the fol-
lowing sections). This selected set or subsets can be used to
generate a bar code signature for each antibiotic; as more
antimicrobial compounds are tested, they can be added. From
Fig. 3 and 4, we can see both general and specific sensitivities
within each functional category. For example, with regard to
the sensitivities of knockouts of genes related to recombination
and repair, the recABC genes appear general (Fig. 3), but many
genes in the RecF pathway, as well as those involved in other
DNA-related functions, are more specific. One should note
that the RecBCD pathway carries out the repair of double-
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Gene | CIP[ENX|NIT [MTR[SFX| RIF [GEN|TOB[NEO[STR[SPT|TET[VANAMP[RAD[FOX]ATM[CST[CHL|ERY]| FUS| TRI] Categ|Gene Product Description
dam 1 |DNA adenine methylase
dinB 1 |DNA polymerase IV
dinG ATP-dependent helicase
recA DNA strand exchange and recombination protein
recB DNA helicase, dsSDNA/ssDNA exc 1
recC DNA helicase, dSDNA/ssDNA I
recF ssDNA and dsDNA binding, subunit of RecFOR complex
recO DNA repair protein; subunit of RecFOR complex
recR Recombination and repair . subunit of RecFOR complex
recG DNA helicase, resolution of Holliday junctions
recJ Single-stranded-DNA-specific 1
recN Recombination and repair protein
recQ ATP-dependent DNA helicase
ruvA Holliday junction DNA helicase
ruvC Holliday junction
uvrd Excision nuclease subunit A
uvrC Excinuclease ABC, subunit C; UV damage repair
uvrD DNA-dependent ATPase I and helicase I
xerC - Integrase/site-specific recombinase
xsed Exodeoxyribonuclease VII large subunit
xseB Exodeoxyribonuclease VII small subunit
cmk Cytidylate kinase
is DNA-binding protein - chromosome compaction
isP Cell division protein required during stress (sufl)
or Glutathione reductase (NADPH).
gshA Gl ysteine ligase
gshB. Glutathione synthetase subunit
hrpA ATP-dependent helicase
1dK Thymidine kinase / deoxyuridine kinase
lufeD Predicted oxidoreductase
lvgra Putative ligase
LvgfS Predicted oxidoreductase, 4Fe-48S ferredoxin-type subunit
minC Septum site determining protein; cell division inhibitor
acrA AcrAB-TolC Multidrug Efflux transport, periplasmic lipoprotein subunit
acrB AcrAB-TolC Multidrug Efflux transport, inner-membrane pump
10lC AcrAB-TolC Multidrug Efflux transport, outer membrane subunit
argO Arginine outward transport
bamB Lipoprotein- outer membrane protein assembly (yfgL)
cpxA Sensor kinase-phosphotransft
csgG Putative curli production protein
cvpA Membrane protein required for colicin V production
dacA D-alanyl-D-alanine carboxypeptidase: penicillin-binding protein 5
deuC Dicarboxylate transporter
mrcB Penicillin-biding protein 1B
ddIB D-alanine-D-alanine ligase, B subunit
dedD Putative lipoprotein - inner membrane
ecnB Subunit of entericidin toxin-antitoxin complex
emtA Lytic murein transglycosylase E
envC Cytokinesis - murein hydrolase (yibP)
envZ Osmolarity sensor protein
exbD ExbD uptake of enterochelin
fepB subunit of ferric enterobactin ABC transporter
fepC Ferric enterobactin transport, ATP-binding subunit
gl Flagellar basal-body rod protein FlgF
ruB. Subunit of fructose PTS transporter
glcA GlcA glycolate transporter
glt] Subunit of GItIJKL glutamate ABC transporter
leuE Leucine RhtB transporter
IpxL Lipid A biosynthesis lauroyl acyltransferase
IpxM Mpyristoyl-acyl carrier acyltransferase (msbB)
mdtJ subunit of MdtJI spermidine SMR transporter (ydgF)
nipC NIpC-putative lipoprotein hydrolase
omplF Outer membrane protein F precursor; Porin
pal Peptidoglycan-associated lipoprotein precursor.
[phoU PhoU phosphate transport system protein
IsX Fatty acid/phospholipid synthesis protein
ppiB - Peptidyl-prolyl cis-trans isomerase B
piD Peptidyl-prolyl cis-trans isomerase D
roV Proline ABC transporter
roW Proline ABC transporter, inner membrane subunit
| pstA Phosphate transport system permease, membrane subunit
stC Subunit of phosphate ABC transporter
StS Phosphate-binding periplasmic protein precursor
mcA Predicted protease, membrane anchored (ybbK)
rfaC Lipopolysaccharide heptosyltransferase-1
rfaD ADP-L-glycero-D-manno-heptose-6-epimerase
rfakl Heptose 1-phosphate adenyltransferase
rfaG Lipopolysaccharide glucosyltransferase I
rfaP Lipopolysaccharide core biosynthesis protein
rfaQ Lipopolysaccharide core biosynthesis protein; heptosyl transferase III
rfaY Lipopolysaccharide core biosynthesis protein
rffA dTDP-4-0x0-6-deoxy-D-glucose transaminase
|sapC Peptide uptake ABC transporter
secG Protein-export membrane protein; Protein Secretion Complex
smpA Outermembrane lipoprotein/Protein Assembly Complex
tatB Sec-independent protein translocase

FIG. 1. Strains with sensitivity to one or more of the 22 antibiotics with three levels of intensities: stronger susceptibilities are in darker shades,
medium susceptibilities are in lighter shades, and weak susceptibilities are in the lightest shade. The categories (categ.) are the following: 1, DNA
replication, recombination, and repair; 1A, functions indirectly affecting category 1; 2, transport, efflux, cell wall, and cell membrane synthesis; 2A,
chaperones and functions related to category 2; 3, protein synthesis; 3A, RNA processing; 4, central metabolic reactions; 5, regulation; and 6,
prophage-carried genes and cell adhesion.
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ENX| NIT IMTR| SFX | RIF |GEN|TOB|NEO|STR | SPT | TET| VAN AMPRAD[FOX|ATM| CST|CHL|ERY| FUS| TRI| Categ|Gene Product Description
2 |Sec-independent protein translocase

Colicin transport: Tol-Pal Cell Envelope Complex
Colicin transport; Tol-Pal system component
Cytoplasmic membrane protein; energy transducer
Thioredoxin I

Thioredoxin reductase

LPS biosynthesis/GTP-binding protein

Predicted lipoprotein

Lipopolysaccharide biosynthesis protein, N-ter fragment
Predicted inner membrane protein

Subunit of The Tol-Pal Cell Envelope Complex
Predicted transporter

Predicted inner membrane protein

Predicted lipoprotein

Predicted inner membrane protein

2
2
2
2
2
2
2
2
2
2
2
2
2
2
ceK -__- - 2 |Predicted lipoprotein
2
2
2
2
2
2
2
2
2
2
2
2
2

H

chM Sulfate SulP transporter

ciS Conserved inner membrane protein

yejG. L-Ala-D/L-Glu epimerase

deS Putative ABC transporter periplasmic binding protein
Predicted inner membrane protein.

Transporter activity, membrane protein
Subunit of sulfur transfer protein complex

16S rRNA m5C1407 methyltransferase (yebU)
Sulfur transfer protein

iad Conserved inner membrane protein
iaD Predicted outer membrane lipoprotein
idE Predicted transporter
mfA Predicted inner membrane protein
mekl H Conserved inner membrane protein
mhG L.,D-transpeptidase YnhG
degP 2A |Periplasmic serine protease and chaperone
dnaJ 2A _|Chaperone with DnaK: heat shock protein
dnaK - ] 2A _|Chaperone protein Hsp70; DNA biosynthesis and heat schock
pB L | I 2A |FKBP-typepeptidyl-prolyl cis-trans isomerase
hipA - i | i 2A _|Periplasmic chaperone (skp)
hscA 2A _|Chaperone, member of Hsp70 protein family
hscB A | 2A |Hsc20 co-chaperone, Hsc66 IscU iron-sulfur cluster
ibpB 2A _|Small heat shock protein
lon 2A |DNA-binding, ATP-dependent protease
surd | 2A |Peptidyl-prolyl cis-trans isomerase and chaperone
cbR 2A _|Predicted periplasmic pilin chaperone
geG 2A |Predicted chaperone
\yral 2A _|Putative chaperone
dusB 3 [tRNA dihydrouridine synthase (yhdG)
elaD 3 |Deubiquitinating protease
hfIK 3 |Regulator of FtsH protease
mnmG 3 |Protein involved in a tRNA modification pathway (gidA)
\pgpB 3 [Phosphatidylglycerophosphatase B.
rfC 3 [Peptide chain release factor 3
rhiB 3 |ATP-dependent RNA helicase of the RNA degradosome
rimK 3 [Ribosomal protein S6 modification protein.
rplA 3 |508S ribosomal protein L1.
rpll 3 |50S ribosomal protein L9.
rpIR 3 [Subunit of 50S ribosomal subunit_and ribosome
rpmE 3 |50S ribosomal protein L31.
rpmF _ 3 |50S ribosomal protein L32.
rpmG 3 |Subunit of 50S ribosomal subunit
rpmJ - 3 [50S ribosomal protein L36
rpsE 3 [30S ribosomal protein S6.
sgA _ 3 [Ribosome small subunit-dependent GTPase A (yjeQ)
rsmE 3 |16S rRNA m3U1498 methyltransferase (vgg/)
3
3
3
3
3
3
S
3
3

tufA Elongation factor Tu
1ufB Elongation factor Tu
heM tRNA modification, sulfur transfer prot. Complex (tusC)
vheN tRNA modification, sulfur transfer prot. Complex (tusD)
fgC Predicted peptidase
dgD Predicted peptidase
ibK Subunit of predicted rRNA methylase
cnB 3A |poly(A) polymerase I
np - - 3A _|Subunit of polynucleotide phosphorylase and degradosome
rbn 3A _|Subunit of RNase BN
rimE 3A [23S rRNA m2U2552 methyltransferase
rimH 3A 23S rRNA m3¥W1915 methyltransferase (ybeA)
rppH 3A |RNA pyrophosphohydrolase (nudH)
aceE 4 |Subunit of pyruvate dehydrogenase
aceF H 4 [Subunit of pyruvate dehydrogenase multienzyme complex
ackA 4 [Propionate kinase / acetate kinase
acpT 4 |Holo-[acyl carrier protein] synthase 2
amiA 4 |N-acetylmuramoyl-L-alanine amidase 1
aipG - 4 |ATP synthase, F1 complex, y subunit
cis 4 |Cardiolipin synthetase
cof 4 [Pyridoxal phosphatase / HMP-PP hydrolase
cyad 4 [Adenylate cyclase
cydB 4 |Cytochrome bd-I terminal oxidase subunit II
|dapl 4 __|Diaminopimelate epimerase
ded | | | [ | 4 [Deoxycytidine triphosphate deaminase

FIG. 1—Continued.
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Gene | CIP[ENX| NIT [MTR] SFX| RIF [GEN[TOB|NEO[STR[SPT|[TET[VANAMP[RAD[FOX]ATM] CST[CHL]ERY| FUS[ TRI] Categ[Gene Product Description

eutM 4 |Predicted carboxysome structural protein, ethanolamine utilization
fabF B-ketoacyl-ACP synthase

fdx Ferredoxin

fidB Flavodoxin 2

fol B Dihydroneopterin aldolase

glnD uridylyltransferase / uridylyl-removing enzyme

2lpD Subunit of glycerol-3-phosphate dehydrogenase

gmhB D.D-heptose 1,7-bisphosphate phosphatase (yaeD)

gntK Superpathway of gluconate degradation

gntY Protein involved using DNA as carbon source

gpmM H:q Phosphoglycerate mutase, cofactor independent (gpmI)

hyfF Hydrogenase-4 component F

hytJ Hydrogenase 4 component J, putative protein processing element
iscS Cysteine desulfurase monomer

Scaffold protein involved in iron-sulfur cluster assembly (nifU)

Lipoamide dehydrogenase, Glycine cleavage

S-adenosyl-dependent methyltransferase

N-acetylglucosamine-6-phosphate deacetylase

Dihydroneopterin triphosphate pyrophosphohydrolase

Subunit of NADH:ubiquinone oxidoreductase I

UDP-N-acetyl-D-glucosamine B-1,6-N-acetyl-D-glucosaminyl transferase

Phosphate acetyl

Ribulose-phosphate 3-epimerase

Ribose-5-phosphate isomerase A

Predicted coenzyme N5.10-methylenetetrahydromethanopterin reductase

Predicted isochori (yedL)

Subunit of succinyl-CoA synthetase

Transketolasel subunit, pentose phosphate pathway

Periplasmic trehalase

3-demethylubiquinone-8 3-methyltransferase

Esterase/thioesterase

Predicted FAD-binding phosphodi

B-phosphoglucomutase

Protein involved in detoxification of methylglyoxal

Predicted aldolase

Predicted 4Fe-4S cluster-containing protein

Folate-binding protein

FMN phosphatase

Predicted pyruvate formate lyase activating enzyme

Phosphoglycerate mutase 2 (gpmB)

Glucose-6-phosphate 1-dehydrogenase.

Cell division modulator

Transcription antiterminator and regulator of RNA stabilit;

Transcriptional dual regulator

Cold-shock DEAD-box protein A (RNA helicase)

RNA polymerase-binding transcription factor

Subunit of FIhDC transcriptional dual regulator

Ferric uptake regulation protein.

GevA transcriptional dual regulator

HdfR transcriptional repressor

RNA Chaperone involved in post-transcriptional regulation

Subunit of HipB transcriptional repressor

H-NS transcriptional dual regulator

Integration host factor transcriptional dual regulator

Transcriptional dual activator

Transcription-repair coupling factor

Transcription antitermination protein

Transcriptional dual regulator

PdhR transcriptional dual regulator

Transcriptional regulatory protein

Transcriptional antiterminator

RNA polymerase sigma 54 factor.

Negative regulator of sigma E

Negative modulator of initation of replication

SlyA transcriptional activator

Transcriptional activator

Putative transcriptional regulator LY SR-type

DNA-binding transcriptional regulator (deoT)

Predicted DNA-binding transcriptional regulator

Protein with similarity to transcriptional regulators

Predicted DNA-binding transcriptional regulator
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yihL YihL putative transcriptional regulator

zapB Cell division factor (yiiU)

(ybeN DLP12 prophage; DNA base-flipping protein

ybeW DLP12 prophage; predicted protein

AL CP4-57 prophage: predicted DNA-binding transcriptional regulator
ylcG DLP12 prophage; predicted protein

ymfT e14 prophage; predicted DNA-binding transcriptional regulator

strand DNA breaks, while the RecF pathway is involved prin-
cipally in the repair of single-strand breaks and gaps (4, 17, 54,
55, 71). The RecF pathway mutants recF, recO, recR, recQ, and
rec/, along with dinG and uvrC mutants, are specifically sensi-
tive to NIT and, usually to a lesser extent, MTR, the only two
agents that are converted to forms that directly damage DNA.

FIG. 1—Continued.

Among these, recQ mutants are absolutely specific for NIT.
Also, xseA gene knockouts, lacking an exonuclease, exo VII
large subunit (16), and, to a somewhat lesser extent, xseB
knockouts, are particularly sensitive to fluoroquinolones. In-
terestingly, mutants lacking the glutathione reductase system
are fairly specific in their hypersensitivity to MTR. However,
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CST|CHL|ERY|FUS| TRI| Categ|Gene Product Description

7 |Hypothetical

Gene | CIP [ENX| NIT [MTR| SFX| RIF |GEN|TOB|NEO|STR| SPT |TET|VANAMP|RAD|FOX[ATM|
rss4
gfeC

JW2207]
JW5115
JW3169

-I-

Conserved protein (ymcB)

JW3360

JW5474

yail

Predicted protein

baB

Hypothetical

bdD

Conserved

1bdN

Conserved

I-_-

Hypothetical
Hypothetical
Conserved

Hypothetical

Hypothetical

Hypothetical

Predicted protein

Hypothetical

Hypothetical
Conserved
Hypothetical

Predicted peptidase

Hypothetical

Predicted protein

Conserved protein

Conserved

Predicted protein

Predicted endonuclease

ymbA | [ 1

= e

Conserved
Predicted protein
Conserved
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FIG. 2. Hypothetical strains with sensitivity to one or more of the 22 antibiotics. All belong to category 7 for unassigned gene products.

mutants lacking the thioredoxin/thioredoxin reductase system
(trxA, trxB) are sensitive specifically to RIF.

Antibiotic identification. We can designate a minimal set of
13 to 15 strains that allowed the identification of almost all of
the antibiotics used here, as depicted in Table 2. In some cases,
further testing with other mutants from Fig. 4 can distinguish
between members of general groups (fluoroquinolones, amino-
glycosides, and B-lactams). Of course, other combinations of
strains are possible for a list of this type. The one exception is
ERY, for which no single strain is specifically sensitive. How-
ever, one can use strains such as pnp or rep, which are hyper-
sensitive to ERY, and then identify the other possibilities, such
as RIF, with strains diagnostic for RIF.

Targets for codrugs or potentiators. Considering the studies
reported here and elsewhere (13, 28, 31, 37, 73), can we use
this type of information to design codrugs that potentiate ex-
isting antibiotics? The data in Fig. 1 to 4 offer an expanded set
of targets for finding compounds that act by inactivating pro-
teins that provide intrinsic resistance and, thus, could be used
in combinational therapy with existing antibiotics. There is an
emerging emphasis on considering combinational strategies
(19), of which there are several types. One category includes
combinations of antibiotics that are either in the same pathway
(e.g., cotrimoxazole [14]) or in different pathways (e.g., isoni-
azid plus rifampin, pyrazinamide, and streptomycin for the
treatment of tuberculosis; http://www.cdc.gov; also see refer-
ence 19) to yield a more effective treatment and often to
overcome resistance to a single drug. Recently, Kishony and
coworkers have described the functional classification of drugs
according to their pairwise interactions (76). An additional
class is represented by synercid (quinupriostin-dalfopristin), a
combination of two bacteriostatic drugs that together produce
a bactericidal effect (3). A third category comprises drugs used
with a codrug that inhibits a resistance pathway, as has been
used clinically (15, 36, 38) and in the laboratory (56, 63).

Additional targets for codrugs (either small molecules or en-
gineered bacteriophages [57]) involve different pathways of
intrinsic resistance or persister cell formation or maintenance
(52, 53). Of particular interest in the work reported here are
targets for potentiators that involve specific responses to a
particular antibiotic or class of antibiotic; focusing on these
might yield a useful set of compounds to be used with specific
antibiotics. These include the following.

(i) Rifampin. Finding inhibitors of the trxA4- or #rxB-encoded
enzymes (thioredoxin 1 and thioredoxin reductase, respec-
tively) (10, 22), the rhlB-encoded RNA helicase, or the coaE-
encoded dephospho-coenzyme A kinase would sensitize cells
to lower levels of RIF or increase the potency of RIF at higher
levels.

(i) Triclosan. TRI works by specifically inhibiting the fabl
gene product that catalyzes a key step in fatty acid biosynthesis
(60). Mutants with deletions of the dam gene lack adenine
methylase and are almost uniquely sensitive to TRI. Mash-
hoon, Reich, and coworkers have identified a number of com-
pounds that specifically inhibit bacterial methylases, including
the Dam methylase (58, 59). Using these inhibitors in the
presence of TRI on the wild-type strain would be equivalent to
using a dam mutant strain with TRI and, thus, could be an
effective drug combination. Because glpD mutants are specifi-
cally inhibited by TRI, the inhibitor of the GlpD enzyme,
glycerol-3-phosphate dehydrogenase, also would be an effec-
tive codrug for TRI. Interestingly, Lewis has shown that GlpD
is a key protein involved in the generation of persister cells in
the population (52, 53).

(iii) Nitrofurantoin. An inhibitor of the RecQ helicase, a
homolog of the human helicase lacking in Bloom’s Syndrome
patients (27), would be an effective and specific codrug for
NIT. Yet another codrug candidate would be an inhibitor of
the MdtJI spermidine SMR transporter.
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FIG. 3. Sixty-one strains with sensitivity to eight or more of the 22 antibiotics.

(iv) Aminoglycosides. There are numerous functions that
are specifically involved in protecting the cell from aminogly-
cosides (Fig. 4), and perhaps SapC and SecG are the best
targets. (SecG has been suggested as a target for potentiators
of aminoglycosides in experiments by others [46]).

(v) B-Lactams. Inhibitors of some of the penicillin binding
proteins pinpointed in Fig. 4 (e.g., the dacA- and mrcB-en-
coded functions) would potentiate 3-lactams.

Some of the functions identified in Fig. 1 and 2 represent
pathways that are not directly connected to the presumed pri-
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Gene | CIP[ENX] NIT [MTR] SFX]| RIF [GENJTOB|NEO[STR] SPT[TET[VANAMP[RAD[FOXJATM| CST[CHL]ERY] FUS| TRI] Categ[Gene Product Description
DNA-related
xsed 1 |Exodeoxyribonuclease VII large subunit
xseB 1 |Exodeoxyribonuclease VII small subunit
recN 1 |Recombination and repair protein
1 |DNA helicase, resolution of Holliday junctions
1A |DNA-binding protein - chromosome compaction
1 [DNA-dependent ATPase I and helicase II
7__[Hypothetical protein
1 |ATP-dependent DNA helicase
1 [Single-stranded-DNA-specific exonuclease rec]
1 |ATP-dependent helicase
1 [Subunit of RecFOR complex
1 [DNA repair protein RecO
1 [Recombination and repair , subunit of RecFOR complex
1 [Excision nuclease subunit A
1 |Excinuclease ABC, subunit C; UV damage repair
- - 1 |DNA adenine methylase
1A |Glutathione reductase (GRase).
gshA 1A _|Glutamate--cysteine ligase
gshB 1A |Glutathione synthetase
dinB 1 |DNA polymerase IV
Aminoglycoside Senstivi
sapC 2 |Peptide uptake ABC transporter
secG 2 |Protein-export membrane protein SecG
hfIK 3 |Regulator of FtsH protease
JW5360 7
ompF 2 |Outer membrane protein F precursor; Porin ompF
prfC 3 |Peptide chain release factor 3 (RF-3).
rffA 2 |dTDP-4-ox0-6-deoxy-D-glucose tr
idD 7 |Predicted protein YidD
leuO 5 [Transcriptional dual activator
0lB 4 [Dihydroneopterin aldolase
ginD 4 |uridylyltransferase / uridylyl-removing enzyme
nudB 4 [Dihydroneopterin triphosphate pyrophosphohydrolase
idD 7 |Predicted protein
idP 5 [Predicted DNA-binding transcriptional regulator
B-lactam Senstivity
emtA 2 |Lytic murein transglycosylase E
dacA 2 |Penicillin-binding protein 5 precursor
rsgA 3 |Ribosome small subunit-dependent GTPase A (yjeQ)
mrcB 2 |Penicillin-biding protein 1B
fiH 7 _|Conserved Protein
chK 7 |Conserved protein Ycbk
Other Specific Sensitivity
lon 2A |DNA-binding, ATP-dependent protease
gntY 4 [Protein involved using DNA as carbon source
deaD 5 |Cold-shock DEAD-box protein A (RNA helicase)
mdtJ 2 [subunit of MdtJI spermidine SMR transporter (ydgF)
degP 2A |Periplasmic serine protease and chaperone
cedA - 5 |Cell division modulator CedA.
trxA4 2 |Thioredoxin I
trxB 2 | Thioredoxin reductase
rpmG 3 |Subunit of 50S ribosomal subunit
dfH 5 |Predicted DNA-binding transcriptional regulator
rhiB - 3 |ATP-dependent RNA helicase of the RNA degradosome
beN 6 [DLP12 prophage; DNA base-flipping protein
cdZ 2 |Predicted inner membrane protein
piD F 2 [Peptidyl-prolyl cis-trans isomerase D
tufA 3 |Elongation factor Tu
\pepB 3 |Phosphatidylglycerophosphatase B.
vacJ 2 [Predicted lipoprotein
gl 2 [Flagellar basal-body rod protein FlgF
argO 2 |Arginine outward transport
rpll 3 |50S ribosomal protein L9.
dnaJ 2A [Chaperone with DnaK; heat shock protein
glpD 4 [Subunit of glycerol-3-phosphate dehydrogenase
rsmE 3 [16S rRNA m3U1498 methyltransferase (yge/)

FIG. 4. Strains with sensitivities unique to a particular class of antibiotics and strains with specific sensitivities.

mary target of some of the antibiotics and reflect the complex-
ity of antibiotic action (34). Studying some of these pathways in
depth should provide additional insights regarding antibiotic
action. For instance, Collins and coworkers have argued that
the generation of hydroxyl radicals leading to double-strand
breaks is a major contributor to cell death for bactericidal
antibiotics (26, 45, 46). From Fig. 1 it is evident that a number
of strains lacking some aspect of the RecBCD system involved
in the recombinational repair of double-strand breaks (recA,
recB, or recC) are more sensitive to many antibiotics, and

mildly increased sensitivity to some of the four aminoglyco-
sides tested is exhibited by mutants lacking the ability to re-
spond to DNA damage or damaging agents (e.g., dinG, xseB,
gshB). We can use the specific sensitivity profiles defined here
to type new antibiotics with significantly less effort than that for
microarray studies, particularly if we employ the reduced set of
strains shown in Fig. 4 or in Table 2. In principle, these data
complement the data from microarrays (12, 40, 42, 69), since
each method has a different, although not totally independent,
basis for scoring. Microarrays measure the change in gene
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expression in response to a subinhibitory concentration of an
antibiotic, whereas the profiles such as those in Fig. 1 to 4
measure specific phenotypes. Moreover, some of the strains
shown in Fig. 4 can be used in the initial screening for specific
antibiotics. Previous workers have used engineered strains to
aid in the detection of antibiotics from soil isolates (24, 39).

As noted above, the data in this work further define the
intrinsic resistome, as has work with other microorganisms (13,
28, 31, 37); as we dismantle the cell’s intrinsic protection, the
cell becomes more sensitive. We have shown that certain dou-
ble mutants are even more sensitive than their parents alone
(73). We can apply the knowledge of the property of double
and triple mutants to construct improved strains that are useful
for detecting the presence of antibiotics in the environment,
such as in milk or hospital wastewater, as is done with the
Delvotest SP-NT and the Copan milk test (48), and have al-
ready developed some preliminary tests.
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