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Abstract

DNA damage from exogenous and endogenous sources can promote mutations and cell death.
Fortunately, cells contain DNA repair and damage signalling pathways to reduce the mutagenic and
cytotoxic effects of DNA damage. The identification of specific DNA repair proteins and the
coordination of DNA repair pathways after damage has been a central theme to the field of Genetic
Toxicology and we have developed a tool for use in this area. We have produced 99 molecular bar-
coded Escherichia coli gene-deletion mutants specific to DNA repair and damage signalling
pathways, and each bar-coded mutant can be tracked in pooled format using bar-code specific
microarrays. Our design adapted bar-codes developed for the Saccharomyces cerevisiae Gene
Deletion Project, which allowed us to utilize an available microarray product for pooled gene-
exposure studies. Microarray-based screens were used for en masse identification of individual
mutants sensitive to methyl methanesulfonate (MMS). As expected, gene deletion mutants specific
to direct, base excision, and recombinational DNA repair pathways were identified as MMS-sensitive
in our pooled assay, thus validating our resource. We have demonstrated that molecular bar-codes
designed for S. cerevisiae are transferable to E. coli, and that they can be used with pre-existing
microarrays to perform competitive growth experiments. Further, when comparing microarray to
traditional plate-based screens both over-lapping and distinct results were obtained, which is a novel
technical finding, with discrepancies between the two approaches explained by differences in output
measurements (DNA content verse cell mass). The microarray-based classification of Atag and
AdinG cells as depleted after MMS exposure, contrary to plate-based methods, led to the discovery
that Atag and AdinG cells show a filamentation phenotype after MMS exposure, thus accounting for
the discrepancy. A novel biological finding is the observation that while AdinG cells filament in
response to MMS they exhibit wild-type sulA expression after exposure. This decoupling of
filamentation from SulA levels suggests that DinG is associated with the SulA-independent
filamentation pathway.
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Introduction

DNA damage from endogenous and exogenous sources can promote increased mutation rates
and cell death, two processes implicated in diseases such as cancer and neurodegeneration
[1-10]. Fortunately, cells contain a number of dedicated and functionally conserved DNA
repair and damage signaling proteins that promote cell survival. Lesions as diverse as
methylated purines, cross-linked pyrimidines, single, and double strand breaks all can be
detected and repaired by cellular DNA repair machinery, and adduct repair is vital to cell
survival [2]. Over the last 50 years scientists in the field of Genetic Toxicology have dedicated
considerable time and effort to the identification of activities that promote the repair of DNA
lesions, as well as understanding the regulation of repair activities after DNA damage.
Importantly, it has been demonstrated that activities belonging to direct, base excision,
mismatch, nucleotide excision, and recombination repair pathways are present in organisms
ranging from bacteria to humans, with many of the initial mechanistic and genetic studies
performed in E. coli [9,11-45].

One of the first genetic screens to identify DNA damage induced genes utilized a randomly
integrated reporter construct to identify five damage inducible (din) loci in E. coli. The
regulation of the identified din loci was recA dependent and one of the loci mapped to the gene
for the nucleotide excision repair protein UvrA [46], supporting a role for din genes in the DNA
damage response. Later, computational and wet-bench experiments greatly expanded the list
of DNA damage response genes, and after the E. coli genome was sequenced it was
demonstrated that 115 of the ~4,288 identified genes could be classified in DNA replication,
recombination, modification, and repair pathways [47]. Like most model organisms, E. coli
has a substantial percentage (38%) of its genes classified as of unknown function, suggesting
there is still much to be learned about the activities and regulation of DNA damage signaling
pathways. Further, the coordination and integration of DNA damage signaling pathways with
each other and the rest of the cellular proteome are still relatively uncharacterized. Systems
biology based approaches that utilize global transcriptional profiling or high-throughput
screening of gene-deletion mutants, in conjunction with computational approaches, have been
used to identify and characterize novel damage signaling pathways in S. cerevisiae [48-53],
and systems based approaches are attractive methods to help decipher signaling processes in
E. coli.

Gene knockout libraries contain thousands of mutants that have specific genes disrupted or
deleted by either transposition events or targeted homologous recombination [54,55]. High
throughput screening methodologies using deletion libraries include robotic spotting of
individual strains on agar plates (plate-based screens) and pooled approaches that use
microarrays to quantitate mutant specific molecular bar-codes (microarray-based screens)
[54-57]. The basic goal of high-throughput screens has been to identify gene products that are
important for growth or viability after pharmacological or environmental exposures, and
components of the S. cerevisiae cell cycle machinery [48,58] have recently been identified
using high throughput screens. The largest number of high throughput screens has been
reported for S. cerevisiae, which is mainly due to the existence of a bar-coded deletion library
and the efficiency of microarray-based screens [59-63].

Microarray-based screens utilize two unique molecular bar-codes in each gene deletion mutant
to identify those mutants that are depleted after perturbation, relative to an untreated pool. The
microarray readout can quantitate thousands of molecular bar-codes at a time, which in theory
allows for many screens to be performed in a single day. In contrast a plate based screen of

4,000 E. coli mutants would require weeks of intense work using a 96 well format. In addition
plate based screens would require approximately 100 plates for a 96 well format, as opposed
to two flasks for the microarray format. Molecular bar-codes not only allow for an efficient
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and quantitative measure of the number of each mutant in a pool but they are also convenient
markers to verify the identity of individual gene deletion mutants stored in 96-well plates.

Microarray based screens are fast and efficient, but quite expensive due to the cost of producing
a custom made bar-code microarray. A custom microarray resource developed by the Yeast
Bar Code Consortium (YBC) is available to read S. cerevisiae bar-codes, and we decided to
use this platform to launch pooled microarray screens in E. coli. While a valuable library of
gene-deletion strains is available for E. coli [64], it is limited by the absence of molecular bar-
codes. As such, this library is useful only in plate-based screens. We have developed a prototype
set of 99 molecularly bar-coded gene deletion mutants of E. coli, with bar-codes borrowed
from the S. cerevisiae deletion library, for use in pooled microarray-based screens. The gene
deletion mutants are mostly specific to known DNA repair pathways and are compatible with
the Keio gene deletion library, due to the use of a different antibiotic marker. This compatibility
allows for the facile construction of double mutants using kanamycin and chloramphenicol
selections. We have demonstrated that our bar-coded library can be monitored with the existing
YBC microarray resource, thus eliminating the costly production of a microarray platform de
novo. In addition, we have validated our library by performing a pooled MMS screen, and
demonstrated that we can classify mutants deficient in direct, base excision, and recombination
repair as MMS sensitive. We have addressed the question of overlap between the results of
microarray- and plate-based screens, and demonstrated that microarray based screens can
identify both overlapping and novel results. Further, follow up studies have demonstrated that
both tag and dinG mutants filament extensively in response to DNA damage, with the
filamentation phenotype effectively identified using a comparison of microarray to plate based
studies. The MMS induced filamentation of 4dinG cells is unique because MMS induced
sulA levels are similar to wild-type, and our study suggests that DinG plays a role in the SulA
independent filamentation pathway.

1. Materials and methods

1.1 Media and strains

Luria Bertani broth (LB) (BP1426-3, Fisher Scientific, Waltham, MA) was used to culture all
E. coli used in the study. BW25113 was the parental strain [65] used to construct each individual
bar coded variant.

1.2 Molecular bar-coded targeting constructs

There were two sets of primers per gene targeting construct, with the first set (bar-code primers)
used to add the molecular bar-codes, and the second set (gene-targeting primers) used to add
the homologous sequence specific to the gene of interest. All primers were ordered from
Integrated DNA Technologies (Coralville, 1A), and dissolved in 50 mM HEPES-NaOH, pH
7.5, 100 mM NacCl at a final concentration of 50 mM. Bar-code primers were first used to
amplify the chloramphenicol transacetylase cassette from pKD3 [65]. The general design of
each bar-code primer was 5’ — universal priming site — barcode — universal priming site —
cassette homology — 3’ (76-mer). PCR reactions were performed using the following
conditions, 100 ng template DNA, 2.5 mM MgCly, 0.2 mM dNTP’s, 0. 2uM primers, 2.5 units
of Taq Polymerase (Fermentas, Glen Burnie, MD), and 0.125 units Pfu polymerase (Stratagene,
La Jolla, CA). Amplification occurred over 30 standard cycles, with a 55°C annealing t
emperature. The PCR products were tested for appropriate size on a DNA agarose gel and
purified by ethanol precipitation. PCR products were dissolved in 50 pl dH»0. The next round
of PCR was used to add gene targeting sequences. The general design of the primers was 5° —
40 base pairs of homology to the gene of interest — universal priming site — 3* (60-mer). All
primer sequences can be found in Supplemental Table S1. The PCR product from the first
round of PCR was diluted 1:1000 for use as template DNA in the second round of PCR, with
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amplification occurring as described above. The PCR products were checked for appropriate
size on a DNA agarose gel and purified by ethanol precipitation.

1.3 Transformation, selection, and verification of individual gene-deletion mutants

PCR products were dissolved in 10 pul of dH,0 and half was used for transformations.
Electrocompetent cells primed for homologues recombination were prepared as reported [65]
and transformed with 5 pl of each purified PCR product by electroporation (BTX ECM 630,
1.8Kv, 25uF, 200 ohms, Imm cuvets). Transformed cells were selected on LB-
chloramphenicol (30 ug/ml) plates. Individual transformants were picked and grown over-night
in LB-chloramphenicol liquid medium, and then streaked on LB-chloramphenicol plates to
obtain individual isolates free of un-transformed E. coli. Each gene-deletion mutant was
validated by PCR and DNA sequencing. PCR primers up- and down-stream of the putative
insertion site were designed and obtained from Integrated DNA Technologies. PCR reactions
were performed using the Fail- Safe PCR kit (Epicenter, Madison, WI) using DNA obtained
from cells treated with the Lyse-N-Go kit (Pierce, Rockford, IL). PCR products were visualized
on a 1% DNA agarose gel and where applicable, size was used to make an initial assessment
on the presence or absence of a deletion cassette in a gene of interest. In addition, all PCR
products were purified using the QIAquick PCR purification kit (Qiagen, Valencia, CA) and
subjected to DNA sequence analysis at the Center for Functional Genomics (University at
Albany, Rensselaer, NY). DNA sequence analysis of the PCR product specific to each targeting
construct was performed and used to demonstrate the proper placement of the deletion cassette
and to validate the identity of the molecular bar-codes.

1.4 Pooled microarray based screens for MMS-sensitivity

Initial screening conditions were adjusted so that 4alkB mutants did not grow in MMS
containing media, relative to untreated media. The 4alkB strain was chosen because it is
deficient in the repair of 1-methyladenine and 3-methylcytosine lesions induced by MMS, and
the strain is noticeably growth impaired at relatively low concentrations of MMS. To initiate
the microarray based screen, each of the 99 gene-deletion strains were grown overnight in LB-
chloramphenicol, and combined in equal cell numbers to generate a pooled sample. The pooled
sample was diluted 1:500 and split into (1) LB and (2) LB + 0.015% MMS samples. Cells were
grown at 37°C for ~ 6-hours and harvested by centrifugation when they attained an ODggg
=~1.0. DNA from each pool was purified by phenol extraction and used in PCR reactions to
generate Cy3 or Cy5 tagged PCR products. Cy3 and Cy5 labeled oligonucleotides included
5’-UP (5’ GATGTCCACGAGGTCTCT 3’), 3’-UP (5 CGGTGTCGGTCTCGTAG 3), 5’-
DWN (5 GTCGACCTGCAGCGTACG 3’), and 3’-DWN (5’
CGAGCTCGAATTCATCGAT 3’) [66]. PCR reactions were performed using Taq
Polymerase (Fermentas) with the following conditions; 250 ng template DNA, 1.5 mM
MgCl,, 250uM dNTP’s, 0.05 uM unlabeled (UP) primer, 0.5 uM labeled (DWN) primer. Bar-
code amplification occurred over 30 cycles, with an annealing temperature of 50°C. PCR
products were th en verified on a 2% agarose gel and supplied to the microarray core facility
of the University at Albany for hybridizations. The microarray we used was designed by the
Yeast Bar-Code Array Consortium and is available from Agilent (Santa Clara, CA).
Hybridization and wash steps were performed as reported [67]. Microarray scanning was
performed using an Axon Instruments scanner model GenePix 4000B running GenePix Pro
v5.1 scanning software. For both untreated and MMS treated pools, dye swap experiments
were preformed. In addition a control set of experiments that compared untreated to untreated
pools was performed to identify probes that displayed variable hybridization under untreated
conditions. Data analysis consisted of a global normalization step to equalize the average Cy3
and Cy5 fluorescence levels in each samples, followed by log2 transformation of untreated /
MMS treated intensities. Gene deletion mutants were classified as MMS sensitive if both
upstream- and downstream bar-codes showed > 2-fold increase in the untreated pool, relative
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to the MMS treated pool. In addition, we performed a T-test on each set of bar-codes that met
our criteria to determine the probability that MMS depleted bar-codes were significantly
different than the entire group of hybridized products.

1.5 Plate-based and liquid based growth assays after MMS treatment

MMS plate based assays were performed in 96 well format using a 96-syringe Thermo
Scientific Hydra Robot (Hudson, NH). Briefly, gene deletion mutants were grown overnight
in 96 well plates containing LB-chloramphenicol and robotically spotted onto LB-
chloramphenicol plates containing increasing concentrations of MMS. Plates were incubated
at 37°C for 16 hours, imaged using the Alphaimager (Alpha Innotech, San Leandro, CA), and
MMS-sensitive gene deletion mutants were identified visually relative to wild-type and gene
deletion mutants grown on LB alone. MMS-plate based dilution assays were performed using
overnight cultures grown in LB-chloramphenicol. These overnight cultures and 10-fold serial
dilutions over 6 logs were manually spotted onto LB-chloramphenicol plates supplemented
with 0.00, 0.045, 0.060, or 0.075% MMS. Plates were incubated at 37°C overnight and imaged
using an Alphaimager (Alpha Innotech, San Leandro, CA). Untreated and MMS treated plates
were compared visually to identify gene deletion strains that grew more poorly on agent
containing plates, relative to control strains. Liquid growth experiments were performed in LB
broth and LB broth supplemented with 0.015% MMS. Overnight cultures grown in LB broth
plus chloramphenicol were diluted 1:500 into fresh medium and cell density was measured by
monitoring absorbance at 600 nm over six hours. Cells were visualized by light microscopy
after six hours and pictures were taken using a Nikon TS100 camera and analyzed using Spot
V4.5 diagnostic software.

1.6 SOS-reporter assays

2. Results

Each gene-deletion mutant and wild-type BW25113 were made chemocompetent using 2X
TSS, transformed with a sulA-GFP reporter (pbMS201_sulA_GFP, Open Biosystems,
Huntsville, AL), and selected on TY-kanamycin (40 ug/ml) plates. Individual isolates were
cultured overnight in LB-kanamycin liquid medium, diluted 1:500 and grown to an Aggg = 0.4.
Cultures were then split in half and either left untreated or treated with 0.015% MMS for 30
minutes. Cultures were then placed on ice, spun down, washed with phosphate buffered saline,
and analyzed by fluorescent activated cell sorting (FACS) analysis. The intensity of the GFP
reporter was analyzed in a population of 30,000 cells using a Becton Dickinson LSRII Benchtop
Flow Cytometer. All assays were performed in duplicate.

2.1 99 unique molecular bar-coded gene deletion mutants were developed

To generate molecular bar-coded gene deletion mutants in E. coli BW25113 we first used PCR
based methods to produce targeting constructs (Fig. 1A). Two rounds of PCR were used to
(1) add molecular bar-codes to the 5” and 3’ ends of a chloramphenicol resistance cassette, and
(2) add homologous targeting sequences. The two targeting sequences were exact sequence
matches to 40 bases 5’ and 3’ to the start and stop codons of targeted genes, respectively, and
allowed for the complete ablation of a specific gene (Supplemental Table S1). The design of
the knockout cassette was based on those used to generate S. cerevisiae gene deletion mutants,
with differences in the antibiotic marker and the presence of FLP recombinase target (FRT)
sites to facilitate removal of the marker at a latter time. We generated 120 targeting constructs,
electroporated electrocompetent cells, and selected transformants on LB-chloramphenicol
plates to produce candidate colonies representing molecular bar-coded gene deletion mutants.
In all 120 constructs were designed and 99 potential knockouts were generated. The
construction of 21 mutants failed due to PCR or transformation failures (yeaR, xseB, ykgA,
dnak, ftsK, xthA, dnaB, dnaG, slyD, topA, purB, ihr, yfjY, ybbl, ygjF, gmk, reqQ, katG, guaA,

DNA Repair (Amst). Author manuscript; available in PMC 2009 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rooney et al.

Page 6

guaB, and ruvA); however guaA and guaB bar-coded mutants were eventually obtained when
the selection medium was supplemented with guanine.

We used both PCR and DNA sequence analysis to verify that each insert was in the correct
genomic position and contained the correct molecular barcode (Fig. 1B). In general, the PCR
product of a properly inserted targeting construct was ~ 1,300 base pairs, and contained the 5’
and 3’ insertion sites (Fig. 1B), both molecular bar-codes and the chloramphenicol resistance
gene. Most targeted genes were either smaller or larger than 1,300 base pairs and we used the
size of the PCR product to initially validate gene deletion mutants. Next, all PCR products
were sequenced to identify the exact sequence context of the 5° and 3” insertion points and to
verify that each mutant contained universally primed molecular bar-codes. The molecular bar-
codes are unique DNA sequences that can be PCR amplified from universal priming sites. We
have been able to generate bar-coded PCR products of 60 base pairs from both E. coli (untreated
and MMS treated) pools, as well as pooled S. cerevisiae gene deletion strains (not shown); thus
demonstrating that this PCR product is viable for microarray analysis. In all we sequence
validated 99 unique molecular bar-coded gene deletion mutants (Table 1), and stored them in
96-well plates for further validation studies.

2.2 Competitive growth experiments identify seven sets of bar-codes depleted from MMS
treated pools

Experiments utilizing libraries of pooled bar coded yeast and human mutants or knock-downs
have been used to identify gene products vital to growth after some perturbation [55,59,62,
68]. The basic premise is that in a pooled sample containing bar-coded gene deletion mutants
those mutants whose growth is reduced by the presence of a chemical agent will be depleted
relative to a reference sample (Fig. 2A). Depletion is monitored by PCR amplification of
molecular bar-codes from both untreated and treated pools, using Cy3 and Cy5 labelled
primers, followed by hybridization to a bar-code specific microarray. We performed proof of
principle experiments using our molecular bar-coded E. coli gene deletion mutants to
demonstrate that this approach is feasible in bacteria. E. coli gene deletion mutants were pooled,
splitin two, and then grown in liquid media for six hours, with either mock or chronic exposure
to0 0.015% MMS. The microarray we used was designed for use in the analysis of ~11,000 bar-
codes found in the S. cerevisiae gene deletion library, but because we used yeast bar-codes in
our E. coli gene deletion strains, this resource was compatible. We mixed amplified Cy3 and
Cy5 labelled PCR products derived from both untreated and treated pools, which in theory
were 198 total bar-codes, and performed microarray analysis to identify mutants that grew
poorly in MMS, relative to untreated samples. 319 bar-code specific spots hybridized to the
microarray, with 2 to 12 features specific to each set of deletion mutants bar-codes. Mutants
that grew equally well in both the untreated (green) and treated (red spot) pools were
represented as yellow spots on the microarray, while those that grew poorly in MMS were
indicated by green spots (Fig. 2B; Supplemental Table S2).

We normalized the data to adjust for intensity differences between the fluors and we used the
following criteria to identify MMS sensitive strains; both up and down molecular bar-codes
were required to have log2 fold differences >2 (untreated / MMS-treated), and reside in probes
that showed minimal fluctuation in self-self hybridizations. Those spots (41) that were variable
(>2-fold) in untreated vs. untreated hybridizations were scattered among the mutants such that
only one was affected in our initial MMS sensitivity analysis (4uvrD, 2 total probes, 1 reliable
and 1 variable) and two were removed from the final analysis (4recB and 4gsk, two probes
each, with both variable). The log2 change >2 (Fig. 3A) equates to a 4-fold change on the linear
scale. We identified ArecA barcodes that had log2 values of untreated / treated = 6.6 +/— 0.7,
which is ~100-fold change on the linear scale. In all we identified seven gene deletion strains
that were significantly (T-test < 10~7) depleted in the MMS treated pool, relative to the
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untreated pool, with ArecA > ArecG > Atag > AdinG > AalkA > Adam > A4alkB (Fig. 3B). The
corresponding proteins participate in direct (AlkB), base excision (Tag and AlIkA),
recombination (RecA, RecG, and DinG) and mismatch repair (Dam) pathways, all of which
are known to repair alkylated DNA [2]. We have designated AartM [log2 (untreated / treated)
=0.19], 4nrdD [log2 (untreated / treated) = —0.01], and 4sodB [log2 (untreated / treated) =
—0.07] as our wild-type surrogates, due to their ability to grow equally well in untreated and
MMS treated conditions, in both pooled liquid and plate-based formats, which is similar to
wild-type. It is important to realize that pooled experiments do not use an authentic wild-type
strain, because bar-codes are added upon the deletion of a gene; thus we performed individual
liquid growth and plate based MMS assays to identify wild-type surrogates.

2.3 Microarray- and plate-based screens identified overlapping and distinct gene-deletion
strains sensitive to MMS

In order to perform a global comparison of plate based sensitivity to microarray classified
MMS-sensitivity we have robotically spotted all 99 bar coded mutants on agar plates containing
increasing concentrations of MMS (Fig. 4A). Our robotic spotting approach on plates identified
14 MMS sensitive mutants (4alkA, A4alkB, Adam, ArecA, ArecG, AgyrA, ApurR, ArecN, AruvB,
ArecC, ArecF, ArecO, ArecR, and AuvrD). In all we determined that if we relaxed our
microarray cut-off to a log2 change >1 (i.e. 2-fold on a linear scale) there was a 95% overlap
in the data. In contrast to the microarray results, the plate based screen identified AgyrA, ApurR,
ArecN, and AruvB mutants as MMS sensitive, with classification discrepancies attributed to
different growth conditions for each assay (Fig. 4B). Using our robotic spotting approach we
did not identify Atag or A4dinG bar-coded mutants as MMS sensitive. We have further validated
this finding using the four Atag or AdinG mutants from the Keio library in plate based MMS
assays (data not shown).

In order to further validate our microarray data we performed plate-based MMS sensitivity
studies on all the MMS sensitive mutants identified by microarray analysis (4alkA, 4alkB,
Adam, AdinG, ArecA, ArecG, and Atag) and wild-type surrogates (4artM, 4nrdD, and
4sodB)(Fig. 4C). We spotted 5 ul of a ten-fold dilution series of saturated cultures on LB plates
and LB plates containing MMS, incubated the plates for 16 hours and identified the last dilution
in which each mutant grew on the MMS containing plates. The 16 hour time point image is
the earliest image where the control strains show growth at the highest dilution. In addition,
the 16-hour image is representative of all the time points recorded (20 and 24 hours, data not
shown). We demonstrated that A4alkA, 4alkB, Adam, ArecA, and ArecG are sensitive to MMS,
relative to wild-type surrogates. Similar to our microarray screen AalkA, ArecA and ArecG
mutants appear to be highly sensitive to MMS. Surprisingly, both AdinG and 4tag mutants
appear to grow normally on MMS-pates, further supporting our observed discrepancy between
the results generated by microarray and plate-based screening methods.

2.4 MMS-growth curves validate microarray based classifications of MMS-sensitive mutants

The discrepancy between plate- and microarray-based results warranted further investigation.
To investigate the cause of this discrepancy we randomly picked 10 mutants (4hscA, AnrdF,
AcysM, gemrK, AradC, 4corA, dkatE, Ahpt, AdmsA, and Adcd) (data not shown) and measured
growth in liquid medium in the absence or presence of MMS. These conditions mimic those
used for pooled microarray screens, except that the growth of all mutants was individually
analyzed using absorbance measurements at 600 nm. Each of the ten randomly picked mutants
(4hscA, AnrdF, AcysM, demrK, AradC, AcorA, dkatE, Ahpt, 4dmsA, and Adcd) grew equally
well in the presence and absence of MMS (data not shown). Next we analyzed all of the MMS
sensitive mutants identified by microarray analysis (4alkA, 4alkB, Adam, AdinG, ArecA,
ArecG, and Atag) and wild-type surrogates (4artM, AnrdD, and 4sodB). Each of the ten strains
grew at a similar rate in untreated medium. This was not the case for mutants exposed to MMS.
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We determined that in MMS containing medium the growth rates of AalkA, 4alkB, Adam,
AdinG, ArecA, ArecG, and Atag strains were reduced relative to wild-type surrogates (Fig. 5A).
The six hour time point is representative of the conditions under which DNA was isolated for
microarray analysis, thus our growth data supports the microarray results. The kinetics of
growth for the Atag and AdinG cells indicated that after ~5 hours of chronic MMS-treatment
these cells re-initiate growth, as measured by absorbance measurements. Both mutants appear
to partially adapt to MMS treatment at 5 hours and the increase in absorbance is indicative of
more or larger cells. None the less, the MMS-growth curves agree with our microarray results
and indicate that 4dinG and Atag cells display markedly reduced growth in liquid medium
containing MMS relative to wild-type surrogates.

2.5 Atag and AdinG cells filament in response to MMS

The rapid increase in absorbance for AdinG and Atag cells after five hours of MMS exposure
suggested that these cells adapt to DNA damage in some way. We analyzed the morphology
of Atag and 4dinG cells, and the wild-type like control 4artM, for 5 hour mock and MMS
treated cells. The morphology of all cells grown in untreated medium was similar, and they all
exhibited the rod shaped morphology of E. coli. We determined that in the presence of MMS
Atag and 4dinG cells filament extensively (Fig. 5B), with filamentation a process by which
cell size increases at the expense of DNA content. The MMS-induced filamentation of
AdinG and 4tag cells can account for the increase in absorbance observed at 5-hours post MMS
treatment, and suggests a mechanism by which these cells survive DNA damage. Importantly,
the MMS-induced filamentation phenotype observed in the Atag and 4dinG cells can explain
the discrepancy between plate- and microarray-based screens, as plate based screens use visual
analysis of colony size after 16-hours of growth to assign phenotype, while microarray screens
utilize DNA concentration at 6-hours.

2.6 Atag mutants were hyper-SOS after MMS treatment

The MMS-induced filamentation phenotype observed for Atag and AdinG cells prompted us
to examine the induction of the SOS response in each cell type (Fig. 6). We reasoned that
unrepaired DNA damage should be promoting filamentation. We used a sulA-GFP reporter to
demonstrate that Atag cells have a hyperactive SOS response after MMS treatment and induce
GFP levels 2-fold higher than wild-type and the wild-type surrogates used in our study. This
result is in agreement with a published study which suggested that unrepaired 3-methyladenine
lesions are potent inducers of the SOS response [69]. We also analyzed the MMS induced SOS
response in 4dinG cells and determined that AdinG cells have wild-type like activation of the
SulA-GFP reporter. It is surprising that in AdinG cells the MMS induced level of the sulA
reporter is similar to wild-type, as 4dinG cells undergo extensive filamentation after MMS
treatment.

3. Discussion

Previous studies in both liquid and plate-based assays have demonstrated that components of
direct, base excision, mismatch and recombinational repair are needed for survival after MMS-
induced DNA damage [16,18,49,56,70-74]. Using a microarray based screen and highly
stringent criteria (> 2-fold, on the log2 scale) we classified strains deficient in direct repair
(4alkB), base excision repair (4tag, 4alkA), mismatch (4dam) and recombinational repair
(drecA, ArecG, and 4dinG) as MMS-sensitive. If we relaxed the stringency and included those
bar-codes in the MMS treated pool that decrease > 1-fold on the log2 scale (i.e. 2-fold reduction
on the liner scale) we can increase the number of MMS sensitive mutants by including ArecD,
ArecF, ArecO, ArecD, and AuvrD; with a majority belonging to DNA recombination pathways.
Experimentally we have demonstrated that pooled competitive growth experiments are feasible
using our set of 99 bar-coded strains and we have been able to exploit an existing microarray
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resource for our analysis. Further, our results demonstrate that molecular bar-codes originally
designed for S. cerevisiae can be transferred into E. coli en masse and used to tag gene deletion
mutants. The fact that we could buy pre-made arrays, which were originally made for S.
cerevisiae, afforded a significant cost savings and provides a model for bar-code based
experiments in other microbes used in systems biology studies.

We have demonstrated that microarray-screens can yield both overlapping and distinct results
when compared to plate-based methods. These two complementary screening approaches have
been extensively used in S. cerevisiae, with microarray based screens being a faster and more
quantitative approach, while plate-based screens allow for high-throughput deletion mutant
analysis in isolation. The main differences between these two methods lies in testing conditions
(liquid vs. agar plate) and output measures (DNA content vs. colony size). Liquid medium and
agar plates provide distinct environments in which to study E. coli, differing in bacterial growth
rates and aeration. In theory the differences in growth rates, relative to MMS stability, could
account for some discrepancies. Importantly, the output measures of DNA content and colony
size can account for the discrepancy by which microarrays classified 4dinG and 4tag as MMS
sensitive, relative to plate-based results. Both AdinG and 4tag deletion strains are associated
with known DNA alkylation repair pathways (RR and BER) [2,75], so we were quite surprised
that neither was identified in plate-based MMS experiments. These results are supported by
similar findings using the four mutant deletion strains (two 4tag and two 4dinG) found in the
Keio library. Filamentation after MMS treatment provides a means by which 4dinG and
Atag cells would not be detected on MMS plates, by growing bigger without replication of
DNA, and the filamentation phenotype most likely accounts for the classification discrepancy
between microarray and plate-based screens. Microarray analysis utilized DNA content to
classify A4dinG and 4tag strains as MMS sensitive, a result validated by growth curves. Unlike
plate-based screens, microarrays are not influenced by morphological changes and serve as a
reminder that multiple technologies should be used when performing high throughput screens.

Our use of comparative approaches to study the DNA damage response in E. coli have now
provided us with atool to efficiently identify genes products that influence growth after damage
and a method to identify gene products that are required to prevent filamentation after DNA
damage. Importantly it has allowed us to demonstrate that Atag and AdinG cells filament in
response to DNA damage. In general the disruption of DNA replication by damage will initiate
an SOS response to repair or tolerate DNA damage and this will activate SulA to inhibit cell
division. SulA, also known as Sfi, causes filamentation by binding to FtsZ to prevent septation
[76]. A second pathway to promote filamentation has also been described and this SulA
independent filamentation pathway is RecA and LexA dependent. The observation that this
SulA independent filamentation pathway is LexA and RecA dependent suggests that the
pathway will be comprised of damage inducible (din) genes, and Smith and co-workers have
ruled out DinB, DinD, DinE and DinF as being components of the SulA-independent
filamentation pathway [76]. We observed that 4dinG cells and wildtype cells have a similar
level of induction of sulA after MMS damage yet AdinG cell filament extensively. In addition,
we have also shown that while Atag and AdinG cells filament to similar levels after MMS
damage, sulA expression in the Atag cells is 2 fold higher than in 4dinG cells. The decoupling
of filamentation from sulA expression in the A4dinG cells suggests that DinG is associated with
the SulA-independent filamentation pathway. DinG could be a negative regulator of the SulA-
independent filamentation pathway or DNA damage distinct to AdinG cells could be activating
the sulA-independent filamentation pathway.

In conclusion we have developed a tool that can be used to study DNA repair and damage
signalling pathways in E. coli. We have shown that microarray based screens can be used to
derive distinct results in high throughput screens, and that tracking DNA content is an important
parameter when measuring strain growth. Our bar-coded gene deletion mutants are compatible
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for use with the complete kanamycin based Keio gene deletion library, due to the use of a
different selectable marker, and our resource has the potential to be used in epitasis and
synthetic lethal studies. In addition, we believe that a complete bar-coded library will be a
valuable and complimentary tool for microbe based System Biology studies. Importantly, our
analysis has matched data from to two different growth assays, validated a set of gene deletion
mutants, and demonstrated that AdinG cells display a distinct filamentation phenotype after
DNA damage.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Molecular Bar-code Design and Validation in E. coli
(A) Primers containing sequences (P1, P2, light blue arrows) specific to the CAMR gene were
designed to also contain unique molecular bar-codes (UT, DT, purple lines) between two
universal priming sites (yellow lines). A second round of PCR was used to add gene specific
targeting sequences (H1, H2, red lines). The two different molecular bar codes (purple
rectangles) in each gene deletion strain are unique in the set of 99 gene deletion strains, and
each bar code is surrounded by universal priming sites (yellow rectangles). The green

rectangles represent FRT sites, which are FLP recombinase target sites that can facilitate
removal of the marker at a latter time. Targeting constructs were transformed into E. coli
BW25113 cells induced for Ared recombination, and transformants were selected on LB-
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chloramphenicol plates to create gene deletion mutants. (B) DNA sequence analysis was
performed on deletion mutant specific PCR products containing the insertion sites and
molecular bar-codes for each integrated targeting construct. The DNA sequence results for
molecular bar-coded AalkB and AuvrA demonstrated that the universal priming sites were
identical in each gene deletion mutant while the bar-codes are unique to each. Each
oligonucleotide can be tagged with Cy3 or Cy5 (green sphere) for use in microarray
experiments.
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Figure 2. Pooled Experiments with a Microarray Readout

(A) Theoretical pooled competitive growth experiments using eight molecular bar-coded gene-
deletion mutants. In theory the two MMS sensitive mutants will be depleted from the pool after
exposure. DNA purified from untreated and MMS-treated pools can then be used in conjunction
with Cy3 and Cy5 labeled primers to amplify molecular bar-codes from each pool. The amount
of each bar-code in the pools can then be determined by mixing the amplified products,
followed by hybridization to a bar-code specific microarray. Green spots on the microarray
represent bar-codes depleted in the MMS treated pool relative to untreated samples. (B) We
exposed a pool containing 99 molecular bar-coded gene deletion mutants to 0.015% MMS for
six hours and then purified total DNA for use in PCR reactions. Cy3 and Cy5 labeled products
from the untreated (green) and treated (red) pools were then mixed and hybridized to an Agilent
custom array. (Left) A close up of the hybridized microarray with a ArecA specific bar-code
indicated by a box. (Right) Results for ArecA, AnrdD, 4dinG, and 4artM from hybridizations
of untreated vs. untreated (untreated) and untreated vs. MMS treated (MMS) pools. Yellow
spots represent bar-codes found at equal levels in each pool, while green spots represent bar-
codes enriched in the untreated pool relative to MMS. Note that most spots on the microarray
are blank, as only a small fraction of the potential bar codes were utilized by the 99 strains in
the E. coli deletion set.
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Figure 3. Bar-codes Depleted After MMS Treatment

(A) Normalized intensity values for Cy3 and Cy5 tagged bar-codes were used to generate
average fold change [log2 (untreated / MMS-treated)] data for all bar-codes used in MMS-
competitive growth experiments. Fold changes specific to features on the microarray are
plotted with each set of bar-codes represented by 2 to 12 features. The up and downstream bar-
codes that were > 2-fold enriched in the untreated vs. MMS treated pool were used to identify
seven MMS-sensitive mutants. (*) Two bar codes specific to uvrD mutants that show a greater
than 2-fold change, with one bar code being highly variable in untreated verse untreated
hybridizations. (B) Bar-code specific fold changes and standard deviations for the seven
identified MMS sensitive mutants (4alkA, dalkB, Adam, 4dinG, ArecA, ArecG, and Atag).
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Figure 4. Classification of MMS Sensitive Gene Deletion Mutants Using Plate-based Assays

(A) Robotic spotting of bar-coded mutants on increasing concentrations of MMS. The plate
key can be found in supplementary table S3 with rows labelled A to H and columns 1 to 12.
Representative MMS sensitive mutants; AgyrA (green box) and AalkB (white box) as well as
well two no phenotype mutants Atag (red box) and 4dinG (yellow box), which surprisingly
exhibited no phenotype in this assay. (B) A Venn diagram illustrating the overlap of results
from plate and microarray based screens. Mutants displayed in blue represent MMS sensitive
mutants identified with a relaxed criterion [log2 (untreated / MMS-treated) > 1-fold] in the
microarray screen. (C) Overnight cultures of each microarray classified MMS sensitive mutant
were 10-fold serially diluted and 5 ul aliquots were spotted on LB-chloramphenicol plates (—/
+ 0.015% MMS). Plates were incubated for 16 hours at 37°C and then digitally imaged. Gene
delet ion mutants classified as MMS sensitive on plates were identified using the three wild-
type surrogates (AnrdD, 4artM, 4sodB) and verified against wild-type BW25113 (not shown).
Gene deletion strains classified as MMS-sensitive on these plates were 4alkA, 4alkB, Adam,
ArecA, and ArecG.
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Figure 5. Measures of Growth and Filamentation in Identified MMS-Sensitive Mutants

(A) The growth of MMS sensitive mutants identified by microarray analysis and wild-type
surrogates was analyzed in LB-chloramphenicol —/+ 0.015% MMS. The growth of individual
gene deletion mutants in untreated (solid lines) and MMS-treated media (dashed lines) was
measured spectrophotometrically (Aggg) and plotted as a function of time. The six hour time
point coincides with the endpoint used for microarray analysis and demonstrates that each of
the MMS sensitive mutants identified by microarray analysis (4alkA, 4alkB, 4dam, AdinG,
ArecA, ArecG, and Atag) was growth impaired in MMS containing media. (B) The cellular
morphology of the MMS sensitive gene deletion mutants (4dinG and Atag) and a wild-type
like control (4artM) were analyzed from samples grown for 5 hours in LB-chloramphenicol
—/+ 0.015% MMS. Cells were imaged on a Nikon TS-100 microscope at 40X magnification
and demonstrated that AdinG and Atag cells filament in response to MMS damage.
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Figure 6. MMS Induced SOS Reporter Studies in Atag and 4dinG Mutants

Wild-type (BW25113), the wild-type surrogates (4nrdD, 4artM), ArecA, Atag and AdinG were
transformed with the SOS reporter plasmid (SulA-GFP) and transformants were grown in LB
to exponential phase and either mock or MMS treated (0.015% MMS) for 30 minutes. Cells
were washed in PBS and 30,000 cells were analyzed by FACS analyses to quantitate GFP
levels. Intensity levels were determined for each sample and all changes were determined
relative to untreated wild-type. The results of replicate experiments are plotted with error bars
representing standard deviations.
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Table |

Genes Targeted and Represented in Bar-Coded Deletion Set

Name Gene Function
ade Cryptic adenine deaminase
alkA 3-mentyl-adenine DNA glycosylase 1, inducible; repairs by single-and double-strand excision of 3-methyl adenine
alkB Alkylated DNA repair enzyme; alpha-ketoglutarate- and Fe(l1)-dependent dioxygenase
arsB Arsenite pump, inner membrane; resistance to arsenate, arsenite, and antimonite
artl Periplasmic binding protein of Arg transport system
artJ Periplasmic binding protein of Arg transport system
artM Arg periplasmic transport system; similarity to transmembrane proteins, BPC ATPases
artP Arg periplasmic transport system; similarity to transmembrane proteins, BPC ATPases
artQ Arg periplasmic transport system; similarity to transmembrane proteins, BPC ATPases
01841 Function unknown
COrA Mg2+ (and other divalent metals) uptake transporter
cysK Cysteine synthase A, O-acetylserine sulfhydrylase A
cysM Cysteine synthase B, O-acetylserine sulfhydrylase B
dam DNA-(adenine-N6)-methyltransferase
dcd dCTP deaminase; mutants suppress lethal dut mutants
dinF Induced by UV and mitomycin C, function unknown
dinG ATP-dependent DNA helicase; putative repair and recombination enzyme
dinl Stabilizes RecA filaments
dmsA DMSO reductase subunit A, anaerobic, periplasmic
dnal Dnak co-chaperone; stress-related DNA biosynthesis
emrA EmrAB-TolC multidrug resistance pump
emrB EmrAB-TolC multidrug resistance pump
emrK EmrKY-TolC multidrug resistance efflux pump
emrY. EmrKY-TolC multidrug resistance efflux pump
endA DNA-specific endonuclease |
exoX Exonuclease X; 3'-5' DNase
gpt Guanine-xanthine phosphoribosyltransferase phosphotransferase
gsk Guanosine kinase
gquaA GMP synthase
avrA DNA gyrase, subunit A
helD ATP-dependent DNA Helicase IV
hpt Hypoxanthine-guanine phosphoribsoyltransferase
hscA Hsc66, Dnak-lie chaperone
katE Catalase hydroperoxidase |1
mdtM| Multidrug resistance efflux protein
mntH Mn(2+) transporter, role in bacterial response to reactive oxygen species
moeA Molybdopterin (MPT) synthesis; incorporation of molybdenum into MPT; chlorate resistance
moeB Molybdopterin-synthase sulfurylase; probable adenylation/thiocarboxylation of MoaD C-terminus
mog Molybdochelatase incorporating molybdenum into molybdopterin
mutH Methyl-directed mismatch repair
mutlL Methyl-directed mismatch repair
mutM Formamidopyrimidine-DNA glycosylase/AP lyase; 5'-terminal deoxyribophodiesterase; DNA repair; GC to TA
mutS Methyl-directed mismatch repair protein
mutT 8-ox0-dGTPase, antimutator; prevents AT-to-GC transversions; dGTP pyrophosphohydrolase
mutY adenine glycosylase, G-A repair, 2-hydroxyadenine DNA glycosylase
nei DNA glycosylase/apurinic lyase, deoxyinosine-specific; endonuclease VIII
nfi Endonuclease V. specific for single-stranded DNA or duplex DNA with damage
nfo AP endodeoxyribonuclease IV; member of soxRs requlon; endonuclease 1V
nrdD Ribonucleoside triphosphate reductase, class 111, anaerobic
nrdE Ribonucleoside diphosphate reductase 2, subunit alpha, class |
nrdF Ribonucleoside diphosphate reductase 2, subunit beta, class |
nrdG Ribonucleotide reductase activase, generating glycyl radical
nth Endonuclease I11. DNA glycosylase/apyrimidinic (AP) lyase
oqgt 06-methylguanine-DNA methyltransferase
oxyR Bifunctional requlatory protein sensor for oxidative stress
polB DNA polymerase 11, capable of translesion synthesis; role in the resumption of DNA synthesis after UV irradiation
purA Adenylosuccinate synthase, purine synthesis
purR Purine regulon repressor
recA Gerneral recombination and DNA repair; pairing and strand exchange; role in cleavage of LexA repressor, SOS mutagenesi
recB RecBCD Exonuclease V subunit
recC RecBCD Exonuclease V subunit
recD RecBCD Exonuclease V subunit
recE RecET recombinase, exonuclease VII1, Rac prophage; recombination and repair; degrades one strand 5'-3" in duplex DNA
reck Recombination and repair
recG Junction-specific ATP-dependent DNA helicase
rec) ssDNA 5'-3' exonuclease involved in recombination
recN Recombination and repair
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recO Conjugational recombination and DNA repair
recR Recombination and DNA repair
recT RecET recombinase, annealing protein, Rac prophage; recombination and repair
rihC Ribonucleoside hydrolase
rob OriC-binding protein, binds to right border of oriC
rusA Endonuclease, Holliday structure resolvase, DLP 12 prophage
ruvB DNA helicase driving branch migration during recombination; hexameric ring
sbcB Exonuclease |
sbcC DNA hairpin dSDNA 3'-exonuclease SbcCD
sbcD DNA hairpin dsDNA 3'-exonuclease ShcCD
sodA Superoxide dismutase
sodB Superoxide dismutase
sodC Superoxide dismutase, Cu, Zn. periplasmic
SoxR Requlatory protein of soXRS regulon; induces sox regulon when superoxide levels increase
tag 3-methyladenine DNA glycosylase |
topA Topoisomerase |
topB Topoisomerase 111
tus DNA contrahelicase, terminus utilization substance
ung Uracil DNA alycosylase (UDG), excise uracil from DNA by base flipping mechanism; prefers sSSDNA over dsSDNA
upp Uracil phosphoribosyltransferase
UvrA Excision nuclease subunit A; repair of UV damage to DNA
uvrB Excision nuclease subunit B, ATPase | and helicase 11
uvrC Excision nuclease subunit C; repair of UV damage to DNA
uvrD ATP-dependent 3'-5' DNA helicase 11
uvrY Response requlator
xerC Tyrosine recombinase XerCD resolves chromosome dimers
xerD Tyrosine recombinase XerCD resolves chromosome dimers
XseA Exonuclease VI, large subunit
vadG Ssh-binding protein
yafo Xanthine transporter
yafy Function unknown
vkfG Function unknown, CP4-6 putative prophage remnanta
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