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UvrB protein from the DNA. The repair process is completed
by DNA ligase, which seals the nick.
NER can be separated into two subpathways, global repair
and transcription-coupled repair. Global repair is the process
by which most lesions are repaired regardless of their location
in the genome. Transcription-coupled repair is characterized
by the more rapid repair of lesions in the transcribed strand
of an expressed gene than in the nontranscribed strand or in
the rest of the genome (28, 29). In E. coli, both subpathways
require the full set of NER proteins, but transcription-coupled
repair additionally requires actively transcribing RNA polymerase (RNAP) and at least one additional factor, the transcription repair coupling factor, encoded by the mfd gene (27,
42). The latter factor is thought to recruit Uvr proteins to
RNAP arrested at a lesion on the transcribed strand (41),
resulting in rapid repair of the transcription-blocking lesion. In
mfd mutants, this enhanced repair is abolished and repair of
the transcribed strand occurs at the lower but efficient global
rate (27).
In E. coli, DNA damage leads to the induction of a set of
pleiotropic genes in a process known as the SOS response (46).
This stress response is mediated by the RecA and LexA proteins, which operate as a coprotease and a transcriptional repressor, respectively. Upon damage to DNA, a signal (probably single-stranded DNA) that activates the RecA coprotease
activity is generated. Activated RecA facilitates the cleavage of
LexA repressor, which binds to the operators of several different genes, including uvrA, uvrB, and uvrD. Cleavage of LexA
leads to their derepression and results in an increase in the
amounts of these proteins in the cell, the extent of which is
determined by the persistence of RecA activity and the
strength of the inducible promoters (46). In the case of uvrA,
uvrB, and uvrD, the derepression is rapid due to the relatively
weak binding of LexA to their operator regions (1, 18, 38). The
rapid induction of these three NER proteins suggests that they
may be needed at higher levels to repair DNA damage effi-

Exposing DNA to short-wavelength UV light leads to the
formation of two major lesions, the cyclobutane pyrimidine
dimer (CPD) and the pyrimidine(6-4)pyrimidone photoproduct (6-4PP). These lesions, as well as those caused by other
environmental agents, can have deleterious cellular effects if
allowed to persist in the genome. Therefore, it is not surprising
that cells possess a variety of mechanisms to recognize and
remove damage from DNA efficiently. A common cellular
process for repairing many types of bulky DNA lesions, including 6-4PPs and CPDs, is nucleotide excision repair (NER),
which involves recognition, removal, and resynthesis of the
damaged stretch of DNA. This process has been documented
in several different organisms, but its molecular mechanism is
best understood in the prokaryote Escherichia coli.
NER in E. coli requires six proteins: UvrA, UvrB, UvrC,
UvrD, DNA polymerase I, and ligase (11, 37). In vivo, UvrA is
present as both a monomer and a dimer, the latter complexing
with UvrB to perform initial DNA damage recognition. This
UvrA2B heterotrimer may carry out limited, ATP-dependent,
processive scanning of the damaged region until the actual
damage site is encountered (14). At this point, a conformational change occurs in the protein-DNA complex, leading to
release of the UvrA dimer, stable UvrB-DNA binding, and a
local bending and unwinding of the damaged region of DNA.
UvrC then binds to the UvrB-DNA complex, unmasking the
cryptic endonuclease activity of UvrB. In the case of UV photoproducts, this activity causes an incision to be made four
bases 39 to the lesion. A second incision is made by the UvrBC
complex seven bases 59 to the lesion. UvrD, also known as
DNA helicase II, releases UvrC and the oligonucleotide between the dual incisions, leaving UvrB at a 12-base gap on one
strand. DNA polymerase I fills the gap and dissociates the

* Corresponding author. Mailing address: Department of Biological
Sciences, Stanford University, Stanford, CA 94305-5020. Phone: (650)
723-2425. Fax: (650) 725-1848. E-mail: dcrowley@leland.stanford.edu.
3345

Downloaded from http://jb.asm.org/ on November 29, 2020 by guest

Nucleotide excision repair (NER) is responsible for the removal of a variety of lesions from damaged DNA
and proceeds through two subpathways, global repair and transcription-coupled repair. In Escherichia coli,
both subpathways require UvrA and UvrB, which are induced following DNA damage as part of the SOS
response. We found that elimination of the SOS response either genetically or by treatment with the transcription inhibitor rifampin reduced the efficiency of global repair of the major UV-induced lesion, the
cyclobutane pyrimidine dimer (CPD), but had no effect on the global repair of 6-4 photoproducts. Mutants in
which the SOS response was constitutively derepressed repaired CPDs more rapidly than did wild-type cells,
and this rate was not affected by rifampin. Transcription-coupled repair of CPDs occurred in the absence of
SOS induction but was undetectable when the response was expressed constitutively. These results suggest that
damage-inducible synthesis of UvrA and UvrB is necessary for efficient repair of CPDs and that the levels of
these proteins determine the rate of NER of UV photoproducts. We compare our findings with recent data from
eukaryotic systems and suggest that damage-inducible stress responses are generally critical for efficient global
repair of certain types of genomic damage.
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MATERIALS AND METHODS
Bacterial strains. E. coli K-12 HL108 is a thyA deoC derivative of W3110 (2).
Strain HL942 is a lexA3(Ind2) derivative of HL108. The relevant genotype of
GW1010 is recA441 sfiA11 (17). We constructed strain HL940 by P1 transduction
of the lexA71(Def) allele (20) from strain JL1470 (obtained from J. W. Little)
into GW1010. We obtained strain DM1187 from David Mount via Graham
Walker. The relevant genotype of DM1187 is recA441 sfiA11 lexA51(Def) (32).
Cell growth and DNA preparation. HL108 and HL942 were grown at 37°C in
Davis minimal salts supplemented with 0.4% glucose and 10 mg of thymine per
ml. To label the DNA, cells were grown in medium containing 1 mCi of [3H]thymine per ml in addition to the nonradioactive thymine. All recA441 strains were
grown at 32°C in the above medium additionally supplemented with 0.2%
Casamino Acids and 1 mg of vitamin B1 per ml. Cultures were grown to saturation and subcultured in fresh medium supplemented with 1 mM isopropyl-bD-thiogalactoside (IPTG). Cultures were grown to mid-log phase (approximately
3 3 108 cells/ml) as measured by optical density at 600 nm. Cells were collected
by filtration on 0.45-mm-pore-size Millipore filters, washed with prewarmed
Davis medium, and resuspended in TE (10 mM Tris, 1 mM EDTA [pH 7.5]) at
one-fourth the initial volume of the culture. This suspension was incubated in a
shaking water bath for 3 min, during which time the EDTA rendered cells
permeable to rifampin (21, 35). Concentrated medium was added to the cells to
produce 13 final concentration, and incubation was continued for 10 min. Rifampin (Calbiochem) was dissolved in dimethyl sulfoxide at a concentration of 50
mg/ml and added to the cultures to a final concentration of 50 mg/ml, a dose that
inhibits all transcription as measured by [3H]uracil incorporation (data not
shown). Control cultures were treated with dimethyl sulfoxide alone. After 10
min of incubation, cells were collected on Millipore filters, washed with warm
Davis medium, and resuspended in Davis medium containing 1 mM IPTG. Cells
were UV irradiated with a dose of 40 J/m2 and placed in a flask containing

growth supplements. Samples of the culture were removed at various times and
mixed with an equal volume of ice-cold NET (100 mM NaCl, 10 mM Tris [pH
8.0], 10 mM EDTA) buffer. Cells were pelleted by centrifugation at 4°C and
resuspended in TE (pH 8.0). A sample of cells was taken for preparation of cell
extracts for Western blotting. The remaining cells were lysed by addition of
lysozyme (to 1 mg/ml) and RNase A (to 100 mg/ml) and incubation for 15 min
at 37°C. Proteinase K (to 100 mg/ml) and Sarkosyl (to 0.5%) were then added,
and the mixture was incubated at 50°C for 1 h. The DNA was extracted with
phenol-chloroform and precipitated with 2.5 M ammonium acetate and 2 volumes of 95% ethanol. Purified DNA was resuspended in TE (pH 8.0). A portion
of each DNA sample was incubated with SstII and ApaI restriction enzymes as
instructed by the manufacturer (Gibco-BRL). The remaining DNA was lightly
sonicated in a Branson sonifier, and the concentration was determined by fluorometry using Hoechst 33258 (4). The radioactivity in 3H-labeled DNA was
quantified by scintillation spectrometry.
Repair of CPDs in lactose operon. The frequency of CPDs in the individual
strands of the lactose operon was determined by an established method (27, 28).
DNA restricted with ApaI and SstII was quantified as described above, and 300
ng of each sample was treated or mock treated with T4 endonuclease V in NET
buffer containing 1 mg of bovine serum albumin per ml. Samples were electrophoresed overnight in alkaline gels containing 1% agarose. DNA was transferred
to Hybond N1 membranes by Southern blotting and hybridized with 32P-labeled
probes. Strand-specific RNA probes were generated according to the protocol of
Promega, using plasmid pZH10 (28) as a template. Detection was performed
with a Bio-Rad phosphorimager and its associated Molecular Analyst software.
The frequency of CPDs per 6.6-kb restriction fragment was calculated from the
percentage of fragments with no CPDs (zero class), using the Poisson expression
(2ln of the zero class 5 average number of dimers per fragment).
Immunoassay for global NER. The repair of CPDs and 6-4PPs was measured
by using an immunoassay (19). Following denaturation by boiling, 50 ng (CPD)
or 500 ng (6-4PP) of each DNA sample was loaded in triplicate onto a Hybond
N1 membrane, using a slot blot apparatus. The membrane was incubated for 2 h
in the presence of a mouse antibody against either CPDs (TDM-2) or 6-4PPs
(64M-2) diluted 1:2,000 in phosphate-buffered saline (PBS) (antibodies were a
generous gift of Toshio Mori [31]). Horseradish peroxidase-conjugated secondary antibodies were used at a dilution of 1:5,000 and detected with an enhanced
chemiluminescence detection system (Amersham) and subsequent phosphorimager (Bio-Rad) analysis. Following detection, the amount of 3H-labeled DNA
loaded in each slot was confirmed by scintillation counting.
Western blots. Extracts were made from equal amounts of cells following UV
irradiation and incubation (see above) as described previously (36). The cells
were washed and concentrated in a small volume of water. A sample of cells was
lysed by freeze-thawing, and the amount of DNA was determined by fluorometry
as described elsewhere (4). To the remaining cell suspension, an equal volume of
23 sodium dodecyl sulfate (SDS) loading buffer (100 mM Tris [pH 6.8], 200 mM
dithiothreitol, 4% SDS, 0.2% bromophenol blue, 20% glycerol) was added, and
the mixture was boiled for 5 min. The resulting extracts were vortexed and
centrifuged to pellet DNA. Equal volumes of extract were loaded onto SDS–
7.5% polyacrylamide gels and electrophoresed, and the proteins were transferred
to nitrocellulose membranes. Known amounts of purified UvrA and UvrB (gift
of B. Van Houten) were run on each gel and used as standards for protein
quantification. Membranes were incubated for 1 h with polyclonal rabbit antibodies against UvrA (1:32,000 dilution in PBS) or UvrB (1:16,000 in PBS)
followed by incubation in horseradish peroxidase-conjugated anti-rabbit antibodies (1:10,000 in PBS). Proteins were detected by enhanced chemiluminescence
(Amersham), and their amounts were quantified by phosphorimager analysis and
associated software.

RESULTS
Inhibition of transcription reduces global repair of CPDs
but not 6-4PPs. Treatment of EDTA-permeabilized E. coli
with the antibiotic rifampin leads to a rapid cessation of both
RNA and protein syntheses (34). This drug binds irreversibly
near the active center of RNAP, specifically interacting with
amino acid residues in the b subunit. This binding locks the
RNAP in an abortive initiation cycle, preventing transcription
elongation (15). Since transcription-coupled repair requires
actively transcribing RNAP, we expected that rifampin treatment would eliminate all repair occurring by this subpathway.
Wild-type HL108 cells rapidly removed CPDs from the transcribed strand of the IPTG-induced lactose operon (Fig. 1A),
reaching 50% removal in the first 5 min after UV treatment.
The nontranscribed strand was repaired more slowly, not
reaching 50% repair until 20 min after UV. Treatment of the
same cells with rifampin not only eliminated the strand bias as
we had expected (Fig. 1B) but also dramatically decreased the
rate of repair in both strands to a level significantly below the
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ciently and, ultimately, to allow the cell to recover from
genomic injury.
Studies of the relevance of SOS-dependent protein induction to NER have produced conflicting results. Castellazzi et
al. (5) showed that recA441 mutants, grown at 41°C to induce
the SOS response, had an enhanced UV survival compared to
an isogenic recA1 strain under the same conditions. The enhanced survival depended on de novo protein synthesis and the
presence of wild-type uvrA. Similarly, Ganesan and Hanawalt
(12) found enhanced repair of CPDs when cells possessing a
thermolabile LexA repressor were grown at the restrictive temperature. The same study also showed that lexA1 cells with a
deletion of recA had a significantly lower rate of CPD repair
than an isogenic wild-type strain. These results suggest that the
SOS response is required for efficient repair of CPDs and
provide evidence for an inducible repair system dependent on
wild-type excision repair activity. In contrast, Masek et al. (25)
showed that cells carrying the SOS noninducible lexA3(Ind2)
allele had only a small reduction in the rate of repair of CPDs
induced by UV at 70 J/m2 compared to wild-type cells. Similarly, others have reported no reduction in the rate of CPD
removal when cells were treated with the protein synthesis
inhibitor chloramphenicol after UV (7, 22).
Our initial observation that treating wild-type cells with the
RNAP inhibitor rifampin not only eliminated transcriptioncoupled repair but also reduced global repair of CPDs led us to
undertake a detailed examination of the effects of SOS induction on NER of both CPDs and 6-4PPs. Our results revealed
that efficient repair of CPDs in nontranscribed regions of the
genome depended on the induction of the SOS response. However, neither transcription-coupled repair of CPDs nor global
repair of 6-4PPs required SOS induction. We measured the
basal and induced levels of UvrA and UvrB proteins and found
that their SOS-dependent induction was coincident with the
repair of CPDs. Correlating repair protein levels with the kinetics of both transcription-coupled and global repair of UV
lesions illustrated that cells selectively repaired 6-4PPs and
transcription-blocking lesions compared to global CPDs when
NER capacity was low. We consider this damage recognition
hierarchy and the implications of global stress responses for
NER in both bacteria and eukaryotic systems.
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normal rate of the nontranscribed strand (compare Fig. 1A
with Fig. 1B). Since the rate of repair of the nontranscribed
strand is an indicator of the rate of global repair, this result
suggested that rifampin treatment inhibited not only transcription-coupled repair but also global repair of CPDs. This surprising result led us to perform additional experiments to in-
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vestigate whether rifampin treatment also affected the
efficiency of repair of both CPDs and 6-4PPs throughout the
genome.
We measured the global repair of both CPDs and 6-4PPs in
wild-type cells by using monoclonal antibodies specific for each
lesion. Untreated cells removed CPDs at an efficient rate,
achieving 50% removal in 20 min and more than 80% after 40
min (Fig. 2A). This global repair rate of CPDs was very similar
to the kinetics of nontranscribed strand repair in the lactose
operon (Fig. 1A). The same cells treated with rifampin exhibited a significant reduction in the global repair rate of CPDs
(Fig. 2A). Only 20% of CPDs were repaired in 20 min, and less
than 50% were repaired in 40 min. This result paralleled that
obtained from the lactose operon of the rifampin-treated cells
(Fig. 1B). Thus, rifampin not only directly eliminated transcription-coupled repair but, as shown by two independent
assays, also significantly reduced the rate of global repair of
CPDs. In contrast, removal of 6-4PPs was not affected by
rifampin treatment (Fig. 2B). Both the rifampin-treated and
untreated cells rapidly removed 6-4PPs from their genome,
reaching 50% repair within 5 min after UV. No repair of CPDs
or 6-4PPs was detected in an isogenic uvrA mutant strain (data
not shown).
Constitutive expression of the SOS response eliminates rifampin inhibition of CPD repair. We hypothesized that the
inhibitory effect of rifampin on global repair of CPDs was due
to the drug’s indirect inhibition of protein synthesis. Since the
NER recognition proteins UvrA and UvrB are induced as part
of the SOS response following DNA damage, we reasoned that
the inhibition of their induction by rifampin might account for
the less efficient global repair of CPDs that we observed in
treated wild-type cells. To test whether the presence of induced protein levels prior to UV circumvented the effect of
rifampin observed in wild-type cells, we used cells that constitutively express high levels of SOS-regulated proteins, including UvrA and UvrB. We analyzed two strains, HL940 and
DM1187, in which the SOS response is constitutively derepressed due to the lack of functional LexA repressor (20, 32).
We found that global repair of CPDs in DM1187 (and HL940
[data not shown]) occurred more rapidly than in wild-type cells
and was not affected by rifampin (Fig. 3A). Rifampin also had
no effect on the rate of global repair of 6-4PPs in either lexA
(Def) strain (Fig. 3B; HL940 data not shown). These results
illustrate that the factor or factors necessary for efficient global
repair of CPDs in wild-type cells are induced as part of the

FIG. 2. Rifampin inhibits global repair of CPDs but not 6-4PPs. Monoclonal antibodies specific for CPDs (A) and 6-4PPs (B) were used in an immunoassay with
DNA isolated at the indicated times after UV irradiation with 40 J/m2. h, HL108 cells; {, HL108 cells treated with 50 mg of rifampin per ml. Points represent the
average repair calculated from at least two immunoslot blots of samples from each of three independent biological experiments. Each error bar represents 1 standard
deviation calculated from the averages of three independent experiments. Error bars not shown are obscured by the datum points.
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FIG. 1. Rifampin inhibits transcription-coupled repair and reduces the efficiency of repair of CPDs in the nontranscribed strand of the lac operon. Quantitative Southern hybridization of strand-specific RNA probes to the IPTGinduced lac operon was performed on DNA isolated from wild-type strain
HL108 not treated (A) or treated with 50 mg of rifampin (RIF) per ml (B). The
average number of CPDs was measured in each strand of the 6.6-kb restriction
fragment in DNA isolated at the indicated times after UV irradiation with 40
J/m2. Each point represents the average repair calculated from three independent experiments. D, transcribed strand; E, nontranscribed strand.
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SOS response following DNA damage. It also demonstrates
that highly efficient repair of both UV photoproducts can be
attained even in the absence of actively transcribing RNAP.
The increase in the rate of global repair of CPDs in cells
constitutively expressing the SOS response is also reflected in
the rate of repair of CPDs in the nontranscribed strand of the
induced lactose operon (Fig. 4A). This rate is not only higher
than that for the normal nontranscribed strand (compare to

FIG. 4. Constitutive expression of the SOS response leads to rapid repair of
CPDs in both strands of the lactose operon regardless of rifampin treatment.
Transcription-coupled repair assays were performed on DNA isolated from
DM1187 lexA51(Def) cells not treated (A) or treated with 50 mg of rifampin
(RIF) per ml (B). For experimental details, see Materials and Methods and the
legend to Fig. 1. Points represent the average repair calculated from two independent experiments. D, transcribed strand; E, nontranscribed strand.

Fig. 1A), but it is also indistinguishable from the rate of repair
in the transcribed strand. This result shows that an increase in
the efficiency of global repair can mask transcription-coupled
repair, eliminating the ability to detect the normal bias for the
transcribed strand. In the presence of rifampin, where transcription-coupled repair was directly inhibited, repair of both
strands was rapid, with kinetics similar to those in the untreated cells (Fig. 4B). Therefore, even in the absence of any
transcription, CPDs in both strands of the lactose operon were
efficiently repaired.
Cells unable to induce the SOS response do not repair
CPDs efficiently. Because the data shown above suggested that
the SOS response was necessary for efficient global repair of
CPDs, we predicted that mutant cells unable to induce this
response would show a lower rate of repair than wild-type cells.
E. coli HL942 carries a lexA3(Ind2) mutation and is unable to
induce the SOS response after DNA damage due to the presence of a noncleavable LexA repressor (32, 45). We found that
these cells did repair CPDs less efficiently than the isogenic
lexA1 cells; also, treatment of lexA3(Ind2) cells with rifampin
yielded an additional impairment of global repair of CPDs, the
resulting rate being almost exactly the same as that found for
rifampin-treated wild-type cells (compare Fig. 5A to Fig. 2A).
Based on the lack of an effect of rifampin on 6-4PP repair in
wild-type cells, we predicted that the repair of these lesions
would also be unaffected by the lexA3(Ind2) mutation. Indeed,
our data showed the kinetics of global 6-4PP repair in these
cells was the same with or without rifampin treatment (Fig. 5B)
and exhibited no difference from the wild-type rate (Fig. 2B).
We wanted to test whether elimination of the SOS response
also inhibited transcription-coupled repair of CPDs in the induced lactose operon. We found that lexA3(Ind2) cells did
perform transcription-coupled repair, removing 50% of the
CPDs from the transcribed strand 5 min after UV (Fig. 6A).
However, the rate of repair of the nontranscribed strand was as
low as the global repair rate that we measured by the immunoassay (compare to Fig. 5A). Rifampin treatment eliminated
the strand bias, and the repair of CPDs occurred at the low rate
characteristic of rifampin-treated wild-type cells (Fig. 2A). We
conclude from these results that induced levels of one or more
of the proteins of the SOS response is required for efficient
removal of CPDs from nontranscribed regions of the genome
but not for repair of 6-4PPs or for transcription-coupled repair
of CPDs.
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FIG. 3. Constitutive expression of the SOS response results in rapid repair of CPDs and 6-4PPs and eliminates rifampin inhibition of genomic CPD repair.
Monoclonal antibodies specific for CPDs (A) and 6-4PPs (B) were used in an immunoassay with DNA isolated from DM1187 lexA51(Def) cells at the indicated times
after UV irradiation with 40 J/m2. h, untreated cells; {, cells treated with 50 mg of rifampin per ml. Points represent the average repair calculated from at least two
immunoslot blots of samples from each of two independent biological experiments. Each error bar represents 1 standard deviation calculated from the averages of two
independent experiments. Error bars not shown are obscured by the datum points.
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Uvr protein levels correlate with efficient global repair of
CPDs. To account for the SOS-dependent variations in global
repair of CPDs, our model predicts that one or both of the
NER recognition proteins should be significantly induced in
wild-type cells within the time period that repair was measured. Previous studies of mRNA levels (24) or b-galactosidase
activity of tagged uvrA or uvrB (18, 38) suggested that these are

among the most rapidly derepressed of all genes in the SOS
response. We performed Western blotting on cell extracts from
the lexA1, lexA3(Ind2), and lexA(Def) strains, using polyclonal
antibodies raised against UvrA and UvrB (Fig. 7 and 8). We
measured the rates of induction and relative amounts of these
proteins in each genetic background. We found that lexA1 cells
possessed approximately 200 UvrA and 400 UvrB molecules
per cell equivalent of DNA (2.1 chromosomes [33]) prior to
irradiation. Our Western blot analyses revealed an induction
of both proteins after irradiation with a 40 J/m2 dose of UV
(Fig. 7A and 8A). The time course of induction was relevant to
the repair data, as both UvrA and UvrB were induced twofold
in 10 min and over four- and threefold, respectively, in 20 min.
Within 40 min, over 1,200 UvrA molecules (sixfold induction)
and approximately 2,000 UvrB molecules (fivefold induction)
were present per cell equivalent. By comparison, extracts from
rifampin-treated lexA1 cells showed no evidence of induction
of either protein, and the total number remained at or slightly
below the basal level measured in the untreated cells. The
lexA(Def) strains exhibited a constitutively high level of both
proteins in the presence or absence of rifampin treatment (Fig.
7B and 8B). The agreement between the 1,000 to 2,000 UvrA
molecules and 2,000 to 3,000 UvrB molecules per cell equivalent in the lexA(Def) strains and the levels of these proteins
after 40 min of induction in wild-type cells suggests that these
NER proteins reach maximal induction within 40 min after
UV irradiation, coincident with completion of the majority of
global repair of UV photoproducts. As expected, the lexA3
(Ind2) cell extracts showed very limited induction of both proteins both in the presence and absence of rifampin treatment
(Fig. 7C and 8C). We did find, however, that untreated lexA3
(Ind2) cells showed a modest accumulation of both UvrA and
UvrB and maintained a higher level of these proteins than the
rifampin-treated cells.
DISCUSSION

FIG. 6. Cells unable to induce the SOS response perform transcription-coupled repair of CPDs but exhibit a reduced rate of CPD repair in the nontranscribed strand in the presence or absence of rifampin. Transcription-coupled
repair assays were performed on DNA isolated from HL942 lexA3(Ind2) cells
not treated (A) or treated with 50 mg of rifampin (RIF) per ml (B). For experimental details, see Materials and Methods and the legend to Fig. 1. Points
represent the average repair calculated from two independent experiments. D,
transcribed strand; E and L, nontranscribed strand.

Our results demonstrate that the DNA damage-inducible
SOS response plays a role in upregulating NER capacity in
E. coli. The existence of such an upregulation after DNA damage has been previously postulated for several reasons, including (i) the demonstration that uvrA, uvrB, and uvrD were under
Rec/Lex control and were induced rapidly after DNA damage
(1, 18, 24, 38); (ii) the dramatic increase in phage (5, 48) and
bacterial (5, 12) survival if cells were preinduced by low flu-
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FIG. 5. Global repair of CPDs, but not 6-4PPs, is attenuated in cells unable to induce the SOS response. Monoclonal antibodies specific for CPDs (A) and 6-4PPs
(B) were used in an immunoassay with DNA isolated from HL942 lexA3(Ind2) cells at the indicated times after UV irradiation with 40 J/m2. h, untreated cells; {,
cells treated with 50 mg of rifampin per ml. Points represent the average repair calculated from at least two immunoslot blots of samples from three independent
biological experiments. Each error bar represents 1 standard deviation calculated from the averages of three independent experiments. Error bars not shown are
obscured by the datum points.
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ences of UV or by genetic means; (iii) the reduced rate of CPD
repair in recA mutants and the subsequent rapid rate of CPD
repair when the SOS response was derepressed in the same
cells (12); and (iv) the decrease in cell survival when protein
synthesis treatments were given immediately following UV (13,
39, 40).
Our results are consistent with these observations and support the hypothesis that efficient NER requires upregulation of
the constitutively low level of repair capacity present before
UV in wild-type cells. We used a dose of 40 J/m2, which
generates approximately 4,000 CPDs and 1,000 6-4PPs in the
DNA of an E. coli cell containing two chromosomes (3, 30).
We found that uninduced wild-type cells possessed approximately 200 UvrA and 400 UvrB molecules and upregulated
these proteins five- to sixfold in the first 40 min following UV
irradiation (Fig. 7 and 8). In the same period of time, we measured a high rate of global 6-4PP repair and a lower but efficient rate of global repair of CPDs in these cells (Fig. 2). The
relative rates and extents of global repair that we measured
agree with previous data obtained by using a similar procedure
(19). Treatment of wild-type cells with rifampin prevented the
upregulation of repair proteins (Fig. 7A and 8A) and led to a
significant decrease in the rate of global CPD removal (Fig.
2A) but had no effect on the repair of 6-4PPs (Fig. 2B). These
results are consistent with the idea that 6-4PPs in the DNA
preferentially attract the limited resources available for repair
under these conditions. Since the 6-4PP is a much better substrate than the CPD for Uvr proteins (44), the limited number
of repair complexes are targeted to these lesions, which are
then rapidly removed from the genome. Only upon completion
of the majority of 6-4PP repair (between 10 and 20 min) is any
substantial repair of CPDs observed in the presence of rifampin (compare Fig. 2A and B).

We used two strains carrying different lexA mutations to test
our hypothesis that induced levels of repair enzymes are necessary for efficient CPD removal. Strain DM1187 possesses a
lexA51(Def) allele that causes this strain to express high levels
of SOS-regulated proteins constitutively. These cells possessed
1,000 to 2,000 UvrA and 2,000 to 3,000 UvrB molecules, levels
which were equal to or above those that we measured in wildtype cells 40 min after UV (compare Fig. 7A and B with Fig.
8A and B). The fact that these cells not only repaired CPDs
rapidly compared to wild-type cells but did so in both the
presence and the absence of rifampin (Figure 3) confirms that
the effect of rifampin on global repair of CPDs in wild-type
cells was due to the inability to upregulate repair protein levels.
Cells with a lexA3(Ind2) mutation are unable to induce the
SOS response and therefore should not be able to upregulate
cellular NER capacity. We found that these cells had a greatly
attenuated induction of both UvrA and UvrB after UV, although they possessed higher levels of both proteins than did
cells treated with rifampin (Fig. 7C and 8C). In accordance
with our hypothesis, the rate of in these cells was significantly
lower than that in the isogenic wild-type cells but not as low as
that in either cell type treated with rifampin (Fig. 2 and 5). The
higher level of repair proteins in the untreated cells may allow
for slightly more efficient global repair of CPDs compared to
that in the rifampin-treated cells. The lexA3(Ind2) cells repaired 6-4PPs efficiently in both the presence and the absence
of rifampin (Fig. 3B), confirming that these lesions are essentially unaffected by the induction level of the SOS response.
We have confirmed previous results (27, 28) showing rapid
repair of CPDs in the transcribed strand of the induced lac
operon of wild-type cells (Fig. 1A). By performing both strandspecific and global repair assays on DNA isolated from cells of
differing repair capacities, we have also been able to verify that

Downloaded from http://jb.asm.org/ on November 29, 2020 by guest

FIG. 7. Western blot analyses of UvrA protein levels in HL108 lexA1 (A), DM1187 lexA51(Def) (B), and HL942 lexA3(Ind2) (C) in the presence or absence of
rifampin (RIF). Cultures were sampled prior to UV irradiation (No UV) and at the indicated times after UV irradiation with 40 J/m2. Cell extracts were prepared as
described in Materials and Methods. Known amounts of purified UvrA protein were loaded onto each gel to generate a standard curve for quantitation. The Western
blots shown were generated from phosphorimager scans and associated Molecular Analyst software. Associated graphs depict the average levels of UvrA/cell equivalent
prior to irradiation and at each time point as determined from at least three independent experiments. These levels were calculated by using the UvrA standard curve
and by measuring the amount of DNA in each cell extract to determine approximate cell number (assuming 2.1 chromosomes/cell). h, UV-irradiated cells (no
rifampin); E, UV-irradiated cells treated with rifampin; {, unirradiated cells (no rifampin); D, unirradiated cells treated with rifampin.
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the rate of repair of CPDs in the nontranscribed strand is a
consistent, valid estimate of the rate of global repair of CPDs
(19, 27).
We found that the ability to detect transcription-coupled
repair is affected by the extent to which a cell can perform
global repair. The high level of repair proteins present in
lexA(Def) cells eliminated the normal bias of repair to the
transcribed strand by raising the rate of repair of the nontranscribed strand (Fig. 4A). The lack of an effect of rifampin on
repair of either strand (Fig. 4B) suggests that the transcriptioncoupled repair of CPDs occurring in untreated lexA(Def) cells
does not make a significant contribution to the overall removal
of CPDs.
The lexA3(Ind2) cells performed transcription-coupled repair of CPDs (Fig. 6A) but had a reduced capacity for global
repair. The transcription-coupled repair of CPDs that occurs in
these cells may account for the more efficient removal of these
lesions that we observed in the untreated cells relative to the
rifampin-treated cells (Fig. 5A). This finding suggests that cells
unable to induce NER proteins after UV depend on transcription-coupled repair for a larger fraction of total NER of CPDs.
Transcription-coupled repair may be a critical process in cells
with a limited capacity for global repair because it serves not
only to clear transcription-blocking lesions but also to target
NER proteins to lesions that would otherwise be poorly recognized. The effect of rifampin on NER of CPDs in wild-type
cells may be due to a combination of the inhibition of SOS
induction and the elimination of transcription-coupled repair.
Parallel evidence from eukaryotic systems suggests that a
suboptimal cellular repair capacity may specifically compromise global repair of CPDs while having little effect on the rate
of transcription-coupled repair of CPDs or the global repair
of 6-4PPs. The xeroderma pigmentosum group A revertant
XP129 exhibited normal repair of 6-4PPs and efficient repair of
CPDs in the transcribed strand of the dihydrofolate reductase
gene but was completely deficient in the global repair of CPDs
(6, 23). Western blots of extracts from these cells revealed that

the level of XP-A protein, the major NER recognition protein
in mammalian cells, was only 30% of normal (16). In Saccharomyces cerevisiae, leaky or partial-function mutant alleles of
the NER genes rad1, rad3, and rad14 showed only a small
reduction in the normally high 6-4PP repair rate but exhibited
a marked decrease in the rate of CPD repair (26).
Eukaryotic cells may also depend on damage-induced stress
responses for efficient global repair of CPDs. Studies of UVirradiated human fibroblasts homozygous for mutations in the
p53 tumor suppressor gene indicated that a p53-dependent
response was necessary for efficient global repair of CPDs (9,
10). In normal cells, p53 plays a central role in the cellular
responses to DNA damage including cell cycle checkpoints and
apoptosis. It is not clear how p53 is involved in NER, but part
of its role could be to activate, stabilize, or induce NER proteins. Recent data from other investigators are consistent with
these findings (8, 43). Others have shown that irradiation of
Saccharomyces cerevisiae with a low dose of UV increases the
rate of excision of CPDs from both inactive and active loci
following a subsequent, higher dose (47). This enhancement of
repair was eliminated by treatment with a protein synthesis
inhibitor during incubation between the two doses, suggesting
that yeast activate or upregulate the levels of repair proteins in
response to DNA damage. The RAD2, RAD7, RAD16, and
RAD23 genes all possess inducible promoters and may play a
role in the proposed inducible response. Interestingly, the
RAD7, RAD16, and RAD23 proteins are involved specifically
in the repair of bulky lesions in nontranscribed regions of the
genome (11), which our data suggest are the main targets for
inducible NER in E. coli.
In conclusion, we have shown that E. coli depends on an
inducible response to upregulate NER capacity and remove
the major UV-induced lesion, the CPD, from the genome
efficiently. Although other SOS-dependent proteins may be
necessary for efficient global repair, induction of UvrA and
UvrB in wild-type cells is coincident with efficient repair of
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FIG. 8. Western blot analyses of UvrB protein levels in HL108 lexA1 (A), DM1187 lexA51(Def) (B), and HL942 lexA3(Ind2) (C) in the presence or absence of
rifampin (RIF). Experiments were performed as described in the legend to Fig. 7. h, UV-irradiated cells (no rifampin); E, UV-irradiated cells treated with rifampin;
{, unirradiated cells (no rifampin); D, unirradiated cells treated with rifampin.
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CPDs. Basal levels of these enzymes are sufficient to repair
6-4PPs and to perform transcription-coupled repair of CPDs.
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