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ABSTRACT
The SOS response in UV-irradiated Escherichia coli includes the upregulation of several dozen genes

that are negatively regulated by the LexA repressor. Using DNA microarrays containing amplified DNA
fragments from 95.5% of all open reading frames identified on the E. coli chromosome, we have examined
the changes in gene expression following UV exposure in both wild-type cells and lexA1 mutants, which
are unable to induce genes under LexA control. We report here the time courses of expression of the
genes surrounding the 26 documented lexA-regulated regions on the E. coli chromosome. We observed
17 additional sites that responded in a lexA-dependent manner and a large number of genes that were
upregulated in a lexA-independent manner although upregulation in this manner was generally not
more than twofold. In addition, several transcripts were either downregulated or degraded following UV
irradiation. These newly identified UV-responsive genes are discussed with respect to their possible roles
in cellular recovery following exposure to UV irradiation.

IRRADIATION of growing Escherichia coli cultures the genes normally suppressed by LexA are more fre-
quently transcribed (Sassanfar and Roberts 1990 andwith ultraviolet light (UV) produces DNA lesions

that at least transiently block the essential processes of references therein; Friedberg et al. 1995). An interest-
ing feature of the LexA/RecA regulatory circuit is thatreplication and transcription. A large amount of work

has demonstrated that the cell responds to this stress the timing, duration, and level of induction can vary
for each LexA-regulated gene, depending upon the lo-by upregulating the expression of several genes that
cation and binding affinity of the LexA box(es) relativefunction to repair the DNA lesions, restore replication,
to the strength of the promoter. As a result of theseand prevent premature cell division. A number of other
properties, some genes may be partially induced in re-genes are known to be upregulated, yet remain function-
sponse to even endogenous levels of DNA damage, whileally uncharacterized. The changes in gene expression
other genes appear to be induced only when high orin response to DNA damage produced by UV and some
persistent DNA damage is present in the cell. In fact,other environmental agents have been collectively ter-
the SOS response may represent a continuum in themed the SOS response, after the international distress
monitoring of environmental stress, rather than simplysignal (Radman 1974 and reviewed in Friedberg et al.
operating as an emergency switch following acute injury.1995; Koch and Woodgate 1998).

The first systematic search for damage-inducible (din)Many of the DNA damage-induced genes are nega-
genes was carried out by Kenyon and Walker (1980)tively regulated by the LexA repressor protein, which
by randomly inserting a lac reporter gene into the E.binds to a 20-bp consensus sequence in the operator
coli chromosome to identify promoters that were upreg-region of the genes, suppressing their expression (Brent
ulated following DNA damage in a recA/lexA-dependentand Ptashne 1981; Little et al. 1981). Derepression
fashion. Using this same technique, subsequent studiesof these genes occurs when the RecA protein binds to
identified additional din genes and in some cases identi-single-stranded regions of DNA created at replication
fied genes previously characterized to be involved in theforks when they are blocked by DNA damage. RecA
recovery from DNA damage (Bagg et al. 1981; Foglianobound to single-strand DNA becomes conformationally
and Schendel 1981; Huisman and D’Ari 1981; Kenyonactive, serving as a coprotease to cleave the LexA repres-
and Walker 1981; Shurvinton and Lloyd 1982;sor. As the cellular concentration of LexA diminishes,
Lloyd et al. 1983; Siegel 1983; Bonner et al. 1990;
Iwasaki et al. 1990; Ohmori et al. 1995b). Analysis of
the known din genes revealed a 20-bp consensus LexA-
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from a fresh overnight culture into 200 ml Davis media andcally search and identify additional lexA-regulated genes
incubated in a 1-liter Erlenmeyer flask at 378 in a New Bruns-(Lewis et al. 1994; Ohmori et al. 1995a; Fernandez De
wick Scientific (Edison, NJ) model G76 gyrotory water bath

Henestrosa et al. 2000). These studies in total have at 220 rpm to midlog (OD600 0.4, z2 3 108 cells/ml). A 15-W
identified 31 genes under lexA/recA control. germicidal lamp (254 nm, 0.66 J/m2/sec at the sample posi-

tion) provided the UV irradiation. A total of 70 ml of cultureOther genes have been reported to be upregulated
was placed into a 15-cm-diameter glass petri dish and irradi-following DNA damage but are believed to be indepen-
ated for 60 sec with gentle agitation. Two 65-ml unirradiateddent of the lexA regulon. In some cases, the induction
samples were also agitated in a 15-cm petri dish but were not

is thought to be dependent on recA, but independent exposed to UV. A total of 70 ml of irradiated culture (in a
from the LexA repressor. In other cases, genes have 500-ml Erlenmeyer flask) and 30 ml of unirradiated culture

(in a 250-ml Erlenmeyer flask) were then returned to thebeen shown to be upregulated independently from both
shaking water bath for the duration of the time course. AtrecA and lexA (Friedberg et al. 1995; Koch and Wood-
the appropriate times, 10-ml samples were placed into 20 mlgate 1998). The mechanism of regulation in these cases
of ice-cold NET (100 mm NaCl, 10 mm Tris, 10 mm EDTA),

is not understood. An additional, although as yet unex- pelleted by centrifugation, washed with 1 ml cold NET, re-
plored, possibility is that some genes may be repressed pelleted, and frozen at 2808. The limited availability of mi-

croarray chips constrained this experiment to a single timeor their transcripts may be degraded in response to
course containing seven samples (five irradiated, two unirradi-DNA damage.
ated) for each strain.It was of interest to us not only to learn whether

Microarray procedures: Relative mRNA levels were deter-
additional genes can be regulated in a LexA-dependent mined by parallel two-color hybridization to cDNA microarrays
manner but also to determine whether other cellular representing 4101 open reading frames (ORFs) representing

95.5% of E. coli ORFs according to Blattner et al. (1997).responses to UV irradiation exist that are lexA indepen-
cDNA arrays were manufactured as described in MGuide atdent. The lexA1 allele encodes an amino acid change
http://cmgm.stanford.edu/pbrown/mguide/index.html. To-at a position that is essential for the cleavage and inacti-
tal mRNA was extracted from 2–5 3 109 cells using QIAGEN

vation of LexA (Slilaty and Little 1987). Thus, in (Chatsworth, CA) RNeasy spin columns. A total of 25–30 mg
lexA1 mutants, the LexA1 concentration remains high of total RNA was labeled with Cy-3-dUTP (or Cy-5-dUTP) in
and LexA-regulated genes are not induced, even in the a standard reverse transcriptase (RT) reaction by Superscript

II (1) (GIBCO BRL, Gaithersburg, MD) with 1 mg of randompresence of high levels of activated RecA. Therefore
hexamer (Pharmacia, Piscataway, NJ) primers. Following puri-this system should allow an analysis of gene expression
fication through Microcon-30 (Millipore, Bedford, MA)that occurs independent of the LexA repressor. (MGuide), Cy-3- and Cy-5-labeled cDNA were combined with

The changes in gene expression in the entire genome SSC (2.53 final), SDS (0.25%), and 40 mg of E. coli rRNA
can be measured simultaneously using high-density (Boehringer Mannheim, Indianapolis) in a final volume of

16 ml and hybridized to a DNA microarray for 5 hr at 658.cDNA microarrays (Schena et al. 1995). DNA microar-
Slides were washed as described in MGuide and scanned usingrays contain PCR-amplified DNA fragments of known
an AxonScanner (Axon Instruments, Foster City, CA; GenPixand predicted genetic sequences that are printed on 1.0) at 10 mm per pixel resolution. Acquired 16-bit TIFF im-

the surface of a glass slide. Through the comparative ages were analyzed using ScanAlyze software, which is publicly
hybridization of two cellular RNA preparations, the rela- available at http://rana.stanford.edu/software/.

Comparative measurements of transcript abundance: Timetive difference between transcript levels of any gene
course samples were analyzed directly by comparing the abun-in these preparations can be determined. Using the
dance of each gene’s transcripts relative to the t0 sample. RNAcomplete sequence of the E. coli genome (Blattner et
samples taken during the time course were labeled with Cy-5,

al. 1997), DNA microarrays were prepared containing and RNA from the t0 sample was labeled with Cy-3.
PCR products corresponding to 95.5% (4101 out of Sequence analysis: Nucleotide sequences in the regions of
4295) of all annotated open reading frames in the E. induced genes were examined using the COLIBRI program

provided by the Pasteur Institute at http://genolist.pasteur.fr/coli genome (Khodursky et al. 2000). We utilized these
colibri/. Regions surrounding induced genes were searchedmicroarrays to follow the changes in gene expression
for the consensus sequence CTG(N)10CAG, allowing for oneoccurring during the first hour following UV irradiation mismatch. Matching sequences that fell between 2400 and

in the wild-type strain, MG1655, and in an isogenic lexA1 1100 bp of a start codon were then examined for their heterol-
mutant. ogy index. The heterology index was determined as reported

in Lewis et al. (1994) on the basis of the formula developed
by Berg and von Hipple (1988). Heterology index 5
o ln[(n(consensus) 1 0.5)/(n(actual) 1 0.5)], where n(consensus)MATERIALS AND METHODS
refers to the number of times that the most common, or
consensus, base occurs at a given position in the set of knownBacteria: Strain MG1655 was used as the wild-type strain
binding sites, and n(actual) refers to the number of times thatin this study since its genome has been completely sequenced
the base being analyzed occurs at the same position in the(Blattner et al. 1997). The MG1655 lexA1(Ind2) malB::Tn9
set of known binding sites. n values for each position of thewas constructed by P1-mediated transduction of the lexA1 al-
20-bp LexA binding site were determined using the knownlele from strain GC2281 (Taddei et al. 1995) into strain
LexA-binding sites shown in Figure 1A and their respectiveMG1655. Transfer of the lexA1 allele was verified by resistance
complementary sequences.to chloramphenicol and hypersensitivity to UV irradiation.

Nomenclature: All genes are named according to the RuddGrowth and irradiation: Cells were grown in Davis medium
plus 0.4% glucose. Cultures were inoculated at a 1:200 dilution system at http://bmb.med.miami.edu/ecogene/ecoweb (Rudd
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2000). In cases where we found no corresponding Rudd gene plotted in Figure 2A. For most of the LexA-regulated
for the open reading frame examined, the original identifica- genes, the level and timing of the induction observed
tion numbers of Blattner, b#### (Blattner et al. 1997), were

in our experiments are in good agreement with previousused.
observations. In confirmation of previous studies, weRaw data: The raw data from these experiments are avail-

able for download at the following web address http://www2. find that recN, recA, and sulA are heavily induced within
msstate.edu/zjcc129. the first 5 min of irradiation whereas the uvrD induction

is much less robust (Casaregola et al. 1982; Arthur
and Eastlake 1983; Salles and Paoletti 1983; Pick-

RESULTS AND DISCUSSION
sley et al. 1984; Sandler 1994). umuCumuD are also
known to be strongly induced; however, full inductionWe examined the response of E. coli strain MG1655

following a dose of 40 J/m2 (254 nm). Previous studies of these genes is not observed until 20 min after UV
irradiation (Woodgate and Ennis 1991). We were un-in our laboratory have shown that exposing an exponen-

tially growing culture of E. coli to 40 J/m2 of UV produces able to assay ftsK induction in wild-type cells due to
a problem amplifying the ftsK fragment when con-approximately one cyclobutane pyrimidine dimer on

each strand per 6 kb of DNA (Mellon and Hanawalt structing the bacterial microarray. However, some lexA-
dependent induction is observed in lolA, possibly repre-1989; Crowley and Hanawalt 1998). This dose tran-

siently inhibits both replication and transcription, and senting some transcriptional readthrough from the ftsK
gene. In some cases, we observed co-upregulation ofinduces a strong SOS response (Courcelle et al. 1997;

Crowley and Hanawalt 1998). More than half of the the neighboring ORFs that are transcribed in the same
orientation. This effect can clearly be seen in the induc-cells survive and genomic replication fully recovers

within z45 min following UV irradiation. Within that tion of dinB transcription, which also renders an in-
crease in yafN, yafO, and yafP mRNA. Similarly, yebF andtime, most of the DNA lesions have also been repaired

(Mellon and Hanawalt 1989; Courcelle et al. 1999). yebE are also induced along with LexA-regulated yebG.
In the case of recN, the downstream genes smpA and smpBTo examine the changes in gene expression in re-

sponse to this dose of UV irradiation, we compared also appear to be upregulated following UV irradiation.
However, for b2619 and b2618 it is actually the antisensesamples of total RNA taken 5, 10, 20, 40, and 60 min after

irradiation to samples made just prior to irradiation. To strand that would be transcribed following UV irradia-
tion if this induction represents transcriptional read-control for UV-independent changes, total RNA prepa-

rations from nonirradiated samples at 20 and 60 min through. The actual mechanism of such coregulation
could be produced by: (1) transcriptional readthroughwere also prepared. This analysis was carried out with

the wild-type MG1655 strain as well as the isogenic lexA1 resulting from inefficient transcriptional termination;
(2) the actual operon spanning across the entire groupderivative and represents the changes in transcript levels

of each gene from up to seven independent comparative of neighboring genes; or (3) a regional effect conferred
through protein factors or DNA structural conforma-hybridizations for each cell line, which were observed

within the same experiment. tions within the region under consideration.
Some of the transcripts from documented LexA-regu-The average change in transcript level in the irradi-

ated samples compared to those in the unirradiated lated genes, dinG, molR, uvrD, and uvrA, did not signifi-
cantly rise following UV irradiation. However, in eachsamples for each gene along the E. coli chromosome is

plotted sequentially in Figure 1. In some cases, no data of these cases, the samples of these transcripts in the
unirradiated (control) culture were significantly de-were plotted for a gene, because either the PCR reaction

failed during microarray construction or the fluorescent creased during the time course. The reason for this
observation is unclear. However, both initial and unirra-signal in the unirradiated samples was too low for reli-

able detection. However, raw data for any or all genes diated samples were “mock” UV treated by gentle agita-
tion for 60 sec in a 15-cm glass petri dish and it isare available for downloading at the web addresses indi-

cated in materials and methods or upon request to possible that some genes were affected by this treatment.
Importantly, however, when comparing the net changethe authors.

Genes induced in a LexA-dependent manner follow- in irradiated and unirradiated samples, the lexA-depen-
dent induction of these genes is clearly evident: 1.77-,ing UV irradiation: Twenty-six functional LexA-binding

regions controlling at least 31 genes have been pre- 1.78-, 2.51-, and 3.85-fold increases, respectively.
Of the reported LexA-regulated genes, we did notviously demonstrated to be functionally active following

irradiation. At the time at which these bacterial microar- detect significant induction of either hokE or ssb in our
experiment. recA/lexA-dependent transcription fromrays were constructed, 3 of these genes, ysdAB, dinQ,

and dinS, had not yet been identified as open reading hokE has previously been shown to occur in the E. coli
strain RW118 following mitomycin C treatment (Fer-frames (Fernandez De Henestrosa et al. 2000) and

were not included in our analysis. The time courses nandez De Henestrosa et al. 2000). However, the
SOS induction of ssb is less clear. Although a plasmid-observed for all other genes/operons known to be regu-

lated by LexA and that contain LexA-binding sites are encoded ssb has been shown to be slightly upregulated
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Figure 1.—Changes in gene expression within the E. coli genome following UV irradiation. The average change in transcript
levels in the irradiated samples compared to unirradiated samples for each gene along the E. coli chromosome is plotted
sequentially. Open squares, wild type; solid circles, lexA1. The location of genes on the chromosome, in kilobase pairs, is indicated
along the top of each graph. The average change in transcript levels was calculated as the (average change in irradiated samples)/
(average change in unirradiated samples). The data for all plotted genes represent an average of between 3 and 5 irradiated
time points and at least one unirradiated time point. Time points for which the PCR or hybridization failed, or the fluorescent
signal generated by the unirradiated sample was ,30% above the background level of fluorescence, were not included in the
averages.
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Figure 1.—Continued.
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Figure 1.—Continued.
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Figure 1.—Continued.
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Figure 1.—Continued.
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Figure 1.—Continued.
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following SOS induction, no induction of the chromo- lation, or through other regulatory proteins that are
inactivated by a similar RecA-catalyzed proteolysis. Thesomally encoded ssb has been reported and SOS induc-

tion does not lead to higher levels of SSB protein (Brand- activated form of RecA is also known to induce proteo-
lytic cleavage of other proteins containing “LexA-like”sma et al. 1983; Perrino et al. 1987).

If the LexA-binding site is located within the operator cleavage motifs such as those found in UmuD, the plas-
mid-encoded MucA, and the repressor proteins of sev-regions of two diverging transcripts, it is possible that

a single site may regulate the transcription of both oper- eral bacteriophage (Little 1984; Perry et al. 1985).
This possibility is especially attractive considering thatons. This is presumed to be the case at uvrA and ssb

and also appears to occur between ybiA and dinG as well several of the newly identified genes, borD, the lit-intE
region, and ogrK, share homology with cryptic prophageas umuCD and hylE.

In addition to the previously reported lexA-regulated genes. The borD gene product is a homolog of the phage
l Bor protein, a lipoprotein expressed during lysogenygenes, we observed several other genes that appeared

to be upregulated in a LexA/RecA-dependent manner that is present in the outer membrane. The borD gene
product shares homology to other bacterial virulence(Figure 2B). However, to determine whether these

genes are directly under LexA control will require fur- proteins and its expression increases E. coli survival in
animal serum (Barondess and Beckwith 1990, 1995).ther investigation. Some of these genes do appear to

have potential candidate LexA boxes (Table 1B). One lit, intE, and several genes of unknown function in
this same region are expressed at relatively late timesmethod of predicting whether a LexA-like sequence will

bind LexA is to examine its heterology index (HI), following UV exposure (Figure 3). lit encodes a prote-
ase specific for elongation factor EF-tu. Expression ofwhich is a value derived from a mathematical formula

ranking the relatedness of a potential sequence to that lit is induced at late times following phage T4 infection
and prevents late phase phage amplification throughof known LexA-binding sequences (Lewis et al. 1994).

Low HI values predict that a potential sequence is more its EF-tu proteolysis (Georgiou et al. 1998). Following
T4 infection, the endogenous lit gene has been sug-likely to bind LexA protein. Previous studies found that

lexA sequences with an HI value of ,15 generally bound gested to trigger an apoptotic-like death of the infected
cell, thereby thwarting the reproduction of the virus andLexA (Lewis et al. 1994) and recently this method was

used to identify seven new lexA-regulated genes (Fer- precluding the widespead infection of the population.
Further characterization is required to know whethernandez De Henestrosa et al. 2000). However, there

are exceptions to the predictions from HI values. On this activity or any of the genes in this region affect
recovery following DNA damage.the basis of earlier calculations that were based upon a

smaller set of lexA sequences, Fernandez De Henes- ogrK is a prophage gene from a phage P2. Ogr has
been shown to regulate late P2 gene transcriptiontrosa et al. (2000) found that although dinJ had an HI

value of 7.06, it did not bind LexA. Yet ybfE, which they through an interaction with the host RNA polymerase
(Wood et al. 1997). Additionally, an ogr-like gene, regCcalculated to have an HI value of 14.07, did bind LexA

(Lewis et al. 1994). This observation suggests that all in Serratia marcescens, has been shown to be induced
following mitomycin C treatment in an SOS-dependentfactors comprising a functional LexA box have not yet

been identified. Therefore, we have recalculated the HI manner (Jin et al. 1996).
grxA is a glutoredoxin that acts as a hydrogen donorvalues using all 28 functional LexA sequences found on

the chromosome and we have included any potential for the E. coli ribonucleotide reductases. Several thiore-
doxin and glutoredoxin genes in E. coli are coregulatedLexA-binding sequence with an HI value of ,20 in

Table 1B. with ribonucleotide reductase gene expression (Prieto-
Alamo et al. 2000). From this perspective, it is interestingWhile some of these newly identified genes appear

to have potential LexA-binding sequences, many of the to note that the ribonucleotide reductase genes nrdA
and nrdB are among the strongest lexA-independentinduced genes do not, suggesting that in some cases

the regulation may occur indirectly. Indirect lexA-depen- induced genes following UV exposure (Figure 4). grxA
is also induced in an oxyR-dependent manner underdent induction of these genes might occur through

regulatory proteins that are themselves under lexA regu- some conditions (Prieto-Alamo et al. 2000).

Figure 2.—Transcriptional induction following UV irradiation in the genes surrounding known LexA boxes. The change in
transcript levels for the indicated gene is plotted over time. The arrows indicate the direction of transcription within the operon
relative to the LexA box. Arrows pointing left are transcribed on the minus strand and arrows pointing right are transcribed on
the plus strand. The locations and distances, in base pairs, of the LexA box from the initial ATG codon are indicated in the
boxes. The graphs of genes that are directly adjacent on the chromosome are joined together. The location of the gene(s) on
the chromosome, in kilobase pairs, is indicated along the top of each plot. Solid squares, irradiated wild type; open squares,
unirradiated wild type; solid circles, irradiated lexA1; open circles, unirradiated lexA1. Time points in which the PCR or hybridization
failed, or the fluorescent signal generated by the unirradiated sample was ,30% above the background level of fluorescence,
are not plotted.
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TABLE 1 TABLE 1

Known and potential LexA boxes surrounding induced genes (Continued)

HI Bases
A. Known genes LexA box sequence valuea HI from

B. Potential LexA box valueb start
ysdAB tactgtttatttatacagta 1.81
umuDC tactgtatataaaaacagta 2.12 intE region
sbmC tactgtatataaaaacagta 2.12 intE ggctgctgaaaaatacagaa 16.94 2195
pcsA aactgtatataaatacagtt 2.19 ymfI ttctgtaccagaaaacagtt 15.48 84
recN no. 1 tactgtatataaaaccagtt 3.53 ymfM agctgcaggagcatgcagca 19.32 2122
dinQ tactgtatgattatccagtt 3.92 lit tgatgacagagtgtccagtg 20.32 2193
urvB aactgtttttttatccagta 4.26 ymfE cactggacactctgtcatca 20.32 2280
dinI acctgtataaataaccagta 4.84 intE ggcggtataagcatccagtg 14.76 84
hokE cactgtataaataaacagct 4.92 intE tgctgaaaaatacagaagta 20.81 2192
recA tactgtatgctcatacagta 4.98 ymfM ggcagttattcaaaacagat 19.98 2222
sulA tactgtacatccatacagta 5.39 ymfM aaccgcatgagaagacagca 18.91 2173
uvrA tactgtatattcattcaggt 6.23 ymfN aactgattgcgcttcctgta 16.89 2312
ssb acctgaatgaatatacagta 6.23 ymfN cgctggttcaaagatcacta 20.90 2152
yebG tactgtataaaatcacagtt 6.26 ymgF region
lexA/denF no. 2 aactgtatatacacccaggg 7.25 ymgF cggtgtaattatagacagct 15.08 2105
ydjQ cactggatagataaccagca 7.42 ymgH aactgaaaaaactccccggg 19.13 6
lexA/dinF no. 1 tgctgtatatactcacagca 7.45 ydeO region
ruvAB cgctggatatctatccagca 7.59 ydeO aaatgcatgcgaccacagtg 20.68 2272
yjiW tactgatgatatatacaggt 7.92 ydeT region
molR aactggataaaattacaggg 8.14 ydeS tactgaaccagcagacagca 16.79 243
dinS agctgtatttgtctccagta 8.24 yneL cactgcatacgaaaacacca 18.21 257
uvrD atctgtatatatacccagct 8.46 yoaA region
recN no. 2 tactgtacacaataacagta 8.50 yoaB ccctgttgatttgaacaggg 13.32 2123
dinG tattggctgtttatacagta 8.65 yoaA ccctgttcaaatcaacaggg 13.32 224
yigN aactggacgtttgtacagca 8.82 ogrK region
ydjM1 tactgtacgtatcgacagtt 9.05 ogrK cattgtcctttatgccagca 19.29 8
ftsK tcctgttaatccatacagca 9.18 ogrK gactggacaatcactaaggt 19.35 2193
dinB cactgtatactttaccagtg 9.40 yqgC region
recN no. 3 taatggtttttcatacagga 10.08 yqgC acatggattttccagcagtg 18.78 2193
ydjM2 cactgtataaaaatcctata 10.85 yqgC ctcagtaactgtaaccagct 20.65 241
ybfE aactgattaaaaacccagcg 10.92 yhiL region
polB gactgtataaaaccacagcc 12.55 yhiL atctgtttttcagacaagta 18.22 263

yhiL tgctgttgttttttacaatt 12.30 2187
Concensus taCTGtatatatataCAGta glvB region

glvG tcctgaagtggcattcagcg 17.45 211
(continued) glvG taatgaccaaattctcagtg 19.17 0

glvB tgctggtgggaattaccgaa 20.04 2174
glvC ggctggccaaaagtacaaat 20.85 578
glvC tgctgtcggtttacccattg 15.97 214glvB induction is unusual in that glvB lies in the mid-

ipbA regiondle of a predicted operon and encodes a portion of a
ibpA tgctgaaaataacatcatca 17.25 2249protein transport system. Nevertheless, glvB induction

yigN region
was also observed following exposure to gamma irradia- yigN aactggacgtttgtacagca 8.82 261
tion (data not shown) and may be driven from an alter-

a HI values were calculated from all sequences reported bynative promoter or alternative open reading frame in
Lewis et al. (1994) and Fernandez de Henestrosa et al.the region.
(2000). The HI values reported here were calculated to in-

In the case of yigN, a previous study has demonstrated clude the results of Fernandez de Henestrosa et al. (2000)
that it contains a functional LexA binding site; however, and therefore differ from the values used in their previous

study.no further increase in yigN expression was observed
b No sequences with HI values ,20 were found for grxA,following treatment with mitomycin C in wild-type,

borD, ybiN, arpB, yccF, or yifL.lexA51 (deficient), or lexA1 (uninducible) E. coli cul-
tures. We have no clear explanation of this difference.
However, alternative promoters proximal to yigN could ibpA (hslT) and ibpB (hslS), encoding heat-inducible
have allowed for full expression to occur in these previ- chaperonins, were also induced in a LexA-dependent
ous studies prior to mitomycin treatment since yigN manner.
appeared to be heavily expressed under all conditions There has been little functional characterization of

the remaining induced genes. yoaA shares homologyin that study (Fernandez De Henestrosa et al. 2000).
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Figure 3.—Genes that displayed the largest LexA-dependent transcriptional induction following UV irradiation are plotted.
The change in transcript levels for the indicated gene is plotted as in Figure 2. Solid squares, irradiated wild type; open squares,
unirradiated wild type; solid circles, irradiated lexA1; open circles, unirradiated lexA1.
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Figure 4.—Representation of genes dis-
playing a LexA-independent transcription-
al induction following UV irradiation. The
change in transcript levels for the indicated
gene is plotted as in Figure 2. (A) The
largest LexA-independent inductions. (B)
Typical profiles of genes with an early UV-
dependent transcriptional induction. (C)
Typical profiles of genes with a slow UV-
dependent transcriptional induction. Solid
squares, irradiated wild type; open squares,
unirradiated wild type; solid circles, irradi-
ated lexA1; open circles, unirradiated lexA1.

with other ATP-dependent helicases. The gene products ularly impressive considering that these nucleotide me-
tabolism genes are often found in very small operonsof ydeT, ydeS, and ydeR share homology to other fimbrial

proteins. b1169 ycgH has homology with other ATP-bind- spaced throughout the genome. Other categories of
genes that appeared to be upregulated included heat-ing subunits of transport systems. Both ydeO and ydiW

have motifs that suggest they may function as transcrip- shock or chaperone proteins as well as several of the
genes involved in RNA metabolism. It is notable thattional regulators. No significant homology between

ybiN, yqgC, yhiJL, or yifL and any other characterized nearly half of the genes that were upregulated have had
little or no functional characterization.proteins has been reported.

Genes induced independently of LexA following UV Loss of gene expression following UV irradiation:
Whereas several studies have focused upon the need toirradiation: The time courses of the largest lexA-inde-

pendent inductions are plotted in Figure 4A. Most strik- upregulate certain gene products following UV irradia-
tion, it has remained relatively unexplored, yet very pos-ing is precisely how few lexA-independent changes occur

following UV exposure. In general, lexA-independent sible, that repression or even active degradation of some
gene transcripts will also be an important factor in cellu-inductions, with the exception of nrdA, nrdB, and yeeF,

are in the range of twofold effects. Furthermore, many lar recovery. The bacterial microarray offers an opportu-
nity to address this very question. Indeed, repressionof these lexA-independent profiles appear to rise very

rapidly (within the first 5 min) and then either subside was observed in a large number of genes following UV
irradiation. However, our results do not allow us toor plateau. A large number of genes and regions were

observed to be regulated in this manner and some gen- determine whether the decrease in a given transcript
represents diminished transcription or accelerated deg-eralizations are apparent from both Figure 1 and Table

2. Many proteins associated with the replication machin- radation in response to UV irradiation. Nevertheless, a
large number of genes in the wild-type, but not in theery are slightly induced following UV irradiation. Addi-

tionally, several genes associated with purine and pyrimi- lexA1, samples were reduced in their transcript levels at
the 5-, 10-, and 20-min time points following irradiation.dine metabolism seem to be upregulated in a similar

manner. Although not dramatic, these results are partic- This observation may suggest that some inhibition of
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Figure 5.—Representation of genes that displayed a reduced level of transcripts following UV irradiation. The change in
transcript levels for the indicated gene is plotted as in Figure 2. (A) A typical operon in which the transcript from both wild-
type cells and lexA1 mutants was observed to be reduced. (B) An operon in which the transcript from wild-type cells was observed
to be severely reduced at the 59 end. (C) Three operons in which transcripts were reduced in wild-type cells throughout the
operon.

transcription or degradation of transcripts occurs in a gat operon, the decrease in transcript levels following
UV irradiation was observed in both wild-type and lexA1lexA-dependent manner, and it may point to a lexA-

dependent mechanism for inhibition of transcription cells (Figure 5A). In the wild-type cells, the time at which
transcripts recovered to preirradiation levels varied butor enhanced degradation of these transcripts. Due to

the small sample size of this experiment, we are inclined generally occurred prior to 40 min postirradiation. In-
terestingly, whereas transcripts recovered to pretreat-to interpret these findings cautiously. However, further

investigation of these observations is clearly warranted. ment levels in the wild-type cells, transcripts of several
genes failed to recover in lexA1 mutants within the pe-The phenomenon of downregulation is also interest-

ing to consider with respect to DNA repair. Actively riod observed in these experiments, suggesting that lexA-
regulated genes have an important role in this transcrip-transcribed genes in E.coli are repaired preferentially

compared to nontranscribed genes (Mellon and Hana- tional recovery (Figure 5A).
The gat operon, controlling galactitol uptake and me-walt 1989). When the lac operon is actively transcribed

at the time of UV irradiation, repair of the transcribed tabolism, is one of several operons involved in the me-
tabolism of different carbon sources, which were foundstrand occurs within 5 min after irradiation. While it is

assumed that this response allows for the rapid transcrip- to have reduced transcript levels following UV irradia-
tion. Other carbon metabolism operons whose tran-tional recovery of expressed genes, little is known about

the actual inhibition or recovery of transcription for script levels decreased include fru, man, wwb, glg, and
mal . Our cultures were grown with glucose as the soleoperons other than lac in E. coli.

Diminished transcript levels were clearly evident in carbon source. It may be interesting to know how these
metabolic pathways are regulated when cells are grownsome operons. Several different temporal profiles were

observed (Figure 5). In some cases, exemplified by the in the presence of their respective carbon sources.
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