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ABSTRACT

DNA interstrand crosslinks are complex lesions that covalently link both strands
of the duplex DNA. Lesion removal is proposed to initiate via the UvrABC nucleotide
excision repair complex, however less is known about the subsequent steps of this
complex repair pathway. In this study, we characterized the contribution of nucleotide
excision repair mutants to survival in the presence of psoralen-induced damage.
Unexpectedly, we observed that the nucleotide excision repair mutants exhibit
differential sensitivity to psoralen-induced damage, with uvrC mutants being less
sensitive than either uvrA or uvrB. We show that Cho, an alternative endonuclease, acts
with UvrAB and is responsible for the reduced hypersensitivity of uvrC mutants. We find
that Cho’s contribution to survival correlates with the presence of DNA interstrand
crosslinks, rather than monoadducts, and operates at a step after, or independent from, the
initial incision during the global repair of psoralen DNA adducts from the genome.
IMPORTANCE

DNA interstrand crosslinks are complex lesions that covalently bind to both
strands of the duplex DNA and whose mechanism of repair remains poorly understood.
In this study, we show that Cho, an alternative endonuclease, acts with UvrAB and
participates in the repair of DNA interstrand crosslinks formed in the presence of
photoactivated psoralens. Cho’s contribution to survival correlates with the presence of
DNA interstrand crosslinks and operates at a step after, or independent from, the initial

incision during the repair process.
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INTRODUCTION

Psoralens are tricyclic asymmetrical compounds containing furan and pyrone
rings, and bind DNA nonspecifically with a preference for pyrimidines to form
noncovalent bonds (39, 40, 84). Upon absorption of UV-A light, a covalent bond forms
through photoaddition between the C5=C6 double bond of the pyrimidine and the
C4’=C5’ furan double bond or C3’=C4’ pyrone double bond of psoralen . Absorption of
a second photon results in photoaddition on the remaining furan or pyrone with a second
pyrimidine, creating a DNA interstrand crosslink. Thus, psoralen-induced damage
consists of both monoadducts and DNA interstrand crosslinks. Because DNA interstrand
crosslinks covalently bind both strands of the duplex DNA, they inhibit cellular processes
that require strand denaturation, including transcription and replication. This inhibition is
generally considered to be the reason for the potency of psoralens, and this class of
compounds is used in treating different skin diseases such as vitiligo, psoriasis, and as a
chemotherapeutic for some forms of cancer (36, 50, 73).

Several models have been proposed for DNA interstrand crosslink repair. A
feature common to most models is that the repair process is initiated by nucleotide
excision repair, followed by the sequential action of other DNA repair processes, such as
recombination or translesion synthesis, which function to provide an undamaged template
that replaces the incised sequence. In these models, a second round of nucleotide
excision repair then is able to complete the repair of DNA interstrand crosslinks (6, 16,
32). However, no intermediates for the events following the initial incision by nucleotide
excision repair enzymes have been characterized or observed in vivo, and the subsequent
steps in this repair pathway remain highly speculative.

Nucleotide excision repair is the primary pathway for repairing bulky DNA
lesions in cells (reviewed in (78, 85). In Escherichia coli, the incision complex for this
pathway is made up of UvrA, UvrB and UvrC. UvrA forms a homodimer that has a high
affinity for damaged DNA relative to non-damaged DNA. In the presence of a distorting
lesion, a complex consisting of UvrA2B specifically binds to the strand containing the
lesion (71, 72). Binding of the UvrA2B complex then recruits the UvrC endonuclease
which makes an initial incision located on the fourth or fifth phosphodiester bond 3’ to

the lesion, followed by a second incision at the eighth phosphodiester bond on the 5’ side
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of the adduct (65, 79, 89). After the incision step, the UvrD helicase displaces the
UvrA2BC complex along with the 12-13 bp segment containing the lesion, before DNA
polymerase I and ligase re-synthesize and seal this short gap using the undamaged DNA
strand as a template (2, 87).

Several studies support the idea that nucleotide excision repair is involved in the
repair of interstrand crosslinks (14-19). In vivo, mutants defective in any one of the
nucleotide excision repair genes are hypersensitive to crosslinking agents (16, 18).
Furthermore, all three nucleotide excision repair mutants are defective in their ability to
incise DNA containing DNA interstrand crosslinks in vivo, as measured in alkaline CsCl
gradients (16, 18). In vitro, UvrA, UvrB and UvrC are capable of and required for
incising oligonucleotides or plasmids containing a psoralen-induced DNA interstrand
crosslink, with dual incisions occurring predominantly on the strand containing the furan
moiety (81, 82, 86, 87).

Based on these observations, and other lesions known to be repaired by nucleotide
excision repair, it was inferred that all three subunits of the repair complex are required
and contribute equally to DNA interstrand crosslink repair. However, a recent study
reported that uvrB mutants were more sensitive to psoralen-induced damage than either
uvrA or uvrC, suggesting a potentially unique mechanism of repair for these lesions (56,
57). While this represents a potentially important observation, it also appears to conflict
with a number of earlier studies that suggest uvrA and uvrB mutants are equally sensitive
to psoralen-induced DNA damage and are required for incisions to occur (11, 18, 30).

In mammalian cells, the repair of DNA interstrand crosslinks also depends upon
nucleotide excision repair (53, 67, 75), however, a number of alternative nucleases have
also been implicated in the repair process. XPF-ERCC1, a nuclease subunit of the
nucleotide excision repair complex, is postulated to function in a replication-coupled
pathway of DNA interstrand crosslink repair that is separate from its role in the general
nucleotide excision repair pathway (59, 61). Other nucleases, such as MUS81-EME],
SLX1-SLX4, and FANI are also proposed to participate in DNA interstrand crosslink
repair based upon studies using oligonucleotide or plasmid substrates in cell extracts (4,
33, 37,49, 51, 69, 83). The molecular mechanisms and intermediates for both

replication-coupled and global genomic repair pathways in eukaryotes remain
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speculative. Similar to mammalian cells, E. coli also exhibits replication-coupled repair
pathways for removing DNA damage (8, 20-23). Thus, the presence of specialized
replication-coupled nucleases for DNA interstrand crosslink repair in eukaryotes raises
the possibility that similar mechanisms may also operate in E. coli. To date however, the
potential involvement of alternative nucleases operating during DNA interstrand
crosslink repair in bacteria has not been explored.

To further characterize the role of nucleases in the processing and repair of DNA
interstrand crosslinks, we constructed isogenic mutant strains lacking each of the
nucleotide excision repair subunits and characterized their ability to survive and incise
psoralen-induced DNA crosslinks in vivo. In doing so, we observed that a mutant lacking
the nuclease subunit, UvrC, was less sensitive to psoralen-induced damage than the
recognition proteins UvrA or UvrB. We found that an alternative endonuclease, Cho,
accounts for the reduced hypersensitivity, and that Cho function contributes to the repair
of DNA interstrand crosslinks at a step after, or independent from, the initial incision of

psoralen crosslinks during global genomic repair of these lesions.

MATERIALS AND METHODS

Bacterial Strains. Strains used in this study are listed in Table 1.

Psoralen-UVA and Angelicin-UVA Survival Assays. Fresh overnight cultures were diluted
1:100 in Davis medium (31) supplemented with 0.4% glucose, 0.2% Casamino Acids,
and 10 pg/ml thymine (DGCthy) and grown at 37°C to an optical density at 600 nm
(OD600) of 0.3. At this time, 10 pg/ml of 8-methoxypsoralen or 20 g/ml of angelicin
was added to the cultures and incubation continued for 5 min. Cells were then irradiated
using two 32-watt UVA bulbs (Sylvania) with a peak emittance of 320 nm at an incident
dose of 6.9 J/m2/s. At the times indicated, 100-pL aliquots were removed from each
culture and serially diluted in 10-fold increments. Triplicate 10- 1 aliquots of each
dilution were spotted onto Luria-Bertani agar plates supplemented with 10 [ g/ml thymine
(LBthy) and incubated at 37°C. Viable colonies were counted the next day to determine
the surviving fraction. 8-methoxypsoralen was purchased from Acros Organics (item

298-81-7, lot A0143457). Angelicin was purchased from Sigma-Aldrich (item A0956, lot
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042M4054V). An NMR spectra and an HPLC profile with/without a psoralen-injected
control, provided by Sigma, revealed no detectable contamination of other prosalen

derivatives in the angelicin preparation.

UVC Survival Assay. Fresh overnight cultures were diluted 1:100 in DGCthy medium
and grown at 37°C to an OD600 of 0.4. Ten- (1 aliquots of serial 10-fold dilutions were
plated in triplicate onto LBthy agar plates and UVC-irradiated at the indicated doses.
UVC irradiation used a 15-watt germicidal lamp (254 nm) at an incident dose of 0.9
J/m’/s. Plates were incubated at 37°C and colonies were counted the next day to

determine the surviving fraction.

Invitro Plasmid Crosslinking Assay. Purified plasmid pBR322 was treated with 10ug/ml
of 8-methoxypsoralen or 20ug/ml of angelicin and irradiated with increasing doses of
UVA light. Treated plasmid DNA was digested with Pvull (Fermentas) overnight at 37°C
to linearize the plasmid. Samples were electrophoresed on a 0.5% alkaline agarose gel in
30 mM NaOH, | mM EDTA at 30 V for 16 h. DNA in the gels was then transferred to
Hybond N+ nylon membranes (GE Healthcare) using standard Southern blotting
techniques. The plasmid DNA was detected by probing with **P-labeled pBR322 that
was prepared by nick translation (Roche) using alpha**P-dCTP >6000Ci/mmol (Perkin-
Elmer). Southern blots were visualized using a Storm 840 phosphorimager (GE

Biosciences) and its associated ImageQuant analysis software.

Invivo Interstrand Crosslink Incision Assay. Cultures containing the plasmid pBR322
were grown overnight at 37°C in DGCthy medium supplemented with 100 pg/ml of
ampicillin. A 0.2-ml aliquot from this culture was pelleted and resuspended in 20-ml
DGCthy medium without ampicillin and grown in a 37°C shaking water bath to an
0OD600 of 0.4. At this time, cultures were exposed to 10 pg/ml 8-methoxypsoralen for 5
min at 37°C and subsequently irradiated with 6.2 kJ/m” UV-A light. The cells were then
filtered and collected on Millipore 0.45-pm general filtration membranes, resuspended in
fresh, prewarmed DGCthy medium and allowed to recover at 37°C. At the times

indicated, 0.75-mL aliquots of culture were transferred to an equal volume of ice-cold
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NET (100 mM NacCl, 10 mM Tris [pH 8.0], 20 mM EDTA [pH 8.0]) buffer, centrifuged
for 2 min, resuspended in 140 pl lysis buffer (1 mg/ml lysozyme, 0.5 mg/ml RNaseA in
10 mM Tris, 1 mM EDTA [pH 8.0]), and incubated at 37°C for 30 min. Ten pl of 10
mg/ml proteinase K and 10 pl of 20% Sarkosyl were then added to the samples, and
incubation continued for a further 30 min at 37°C. Samples were then extracted with four
volumes of phenol-chloroform, followed by four volumes of chloroform and then
dialyzed against 200 ml of ImM Tris (pH 8.0), ImM EDTA (pH 8.0) for 45 min using
47-mm Millipore 0.025-um pore disks. The DNA was then digested with Pvull
(Fermentas) overnight at 37°C. Samples were then electrophoresed on a 0.5% alkaline
agarose gel in 30 mM NaOH, 1 mM EDTA at 30 V for 16 h. DNA in the gels was then
transferred to Hybond N+ nylon membranes (GE Healthcare) using standard Southern
blotting techniques. The plasmid DNA was detected as described for the in vitro plasmid
crosslinking assay.

The fraction of psoralen crosslinks formed at each time point was calculated as the ratio
of DNA running above the linear band to the total DNA loaded, and normalized to the

average of the fraction of crosslinks in untreated and preirradiated samples.

Fraction Crosslinked DNA = (XDtimex/TDtimex)'(1/2(XDumreated+XDpreirrdation)/(TDuntreated+TDpreirradiation))

where XD represents crosslinked DNA and TD represents total DNA.

RESULTS

Irradiation with UVC generates two predominant lesions in DNA— the cis, syn
cyclobutane pyrimidine dimer and the pyrimidine 6-4-pyrimidine photoproduct (62, 63).
Repair of these lesions in E. coli requires UvrA, UvrB and UvrC to initiate incisions of
these lesions (79). Mutants lacking any of these gene products fail to remove these
lesions and are equally hypersensitive to UVC irradiation (42, 43, 80), an observation that
we confirmed (Fig. 1A).

To examine the contribution each of these genes has to the survival of psoralen-
induced DNA damage, 10 pug/ml 8-methoxypsoralen was added to growing cultures of

the parental and mutant strains before they were UVA irradiated for increasing time
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periods. The fraction of cells surviving to form colonies was then determined as shown in
Figure 1B. In contrast to UVC irradiation, the uvr genes did not contribute equally to
survival of psoralen-induced lesions. uvrC mutants were significantly less hypersensitive
and required approximately twice as much UVA irradiation to reduce the survival of
cultures to levels observed in either uvrA or uvrB mutants. Importantly, no loss of
viability was observed in wild-type or UvrA cultures treated either with UV-A irradiation
alone (Fig. 1C) or when incubated with psoralen alone, indicating that the
hypersensitivity and loss of viability in these cells was specific to the photoactivated
forms of psoralen and not due to the intercalation of psoralen in DNA or UVA-
irradiation. Thus, we observed that mutants lacking UvrC are less sensitive to psoralen-
induced damage than are mutants lacking UvrA or UvrB.

While these results are consistent with most studies in the literature, they differ
with one report by Lage et. al. (2010) which showed that a uvrB5 mutant was severely
sensitive to psoralen-induced DNA damage, whereas uvr A6 and uvrC34 mutants were
nearly as resistant as their parental strain (57). The differences between our results and
those of Lage et. al. could either be due to the strain backgrounds, the alleles used, or the
experimental conditions, all of which differed significantly. Previous studies have
reported that various strains of E. coli can vary significantly in their sensitivity to DNA
crosslinks (12). Further, the uvr mutants used in the Lage et. al. study were direct isolates
from nitrous acid-mutagenized cultures (41, 44), making it possible that secondary
mutations occurred in these strains. Finally, whereas we treated cultures with 10 pg/ml
8-methoxypsoralen and used short UVA exposure times, the Lage et al (2010) study
treated cultures with 1000-fold lower psoralen concentrations and then used long UVA
exposure times to achieve lethal levels of DNA interstrand crosslinks. This could
potentially lead to growth or UV A-specific effects in cultures during the irradiation
period that may account for our observed differences.

In order to differentiate between these possibilities, we repeated our survival
assays with the strains used in the Lage et al study. As shown in Figure 2A, we were able
to reproduce their observation, demonstrating an extreme sensitivity of strain AB1885,
containing the uvr BS mutation, to psoralen-induced DNA damage. The results argue

against the idea that the observed differences are due to the experimental conditions and
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suggest that uvrB5 allele or strain background may be the reason for its extreme
hypersensitivity. To test this hypothesis, we moved the uvrAG, uvrB5, and uvrC34 alleles
into an isogenic SR108 background using standard P1 transduction and then repeated the
experiments as before. As shown in Figure 2B, once the alleles were moved into an
isogenic background, the hypersensitivity of the uvrB5 mutant was similar to that of
uvrAG allele. These results indicate that extreme hypersensitivity of strain AB1885 is
likely due to secondary mutations that occurred in the original mutagenized isolate, rather
than to a direct effect of the uvrB5 allele. However, consistent with our initial
observations in Figure 1B, the hypersensitivity of the uvrC34 mutant was more modest
than that of either uvr A6 or uvrB5 in all strains examined, arguing that the loss of uvrC is
not as lethal as the loss of UvrA or uvrB when psoralen-induced DNA damage is present
in the cell.

Although the UvrA, -B and -C excision is often considered to functionally act as a
complex (79, 86, 87), the survival assays suggest that UvrC is dispensable for some
activity carried out by UvrA and UvrB during the repair of psoralen-induced DNA
damage. Considering that the UvrA and UvrB subunits contain the lesion-recognition
and binding activities (86, 87), while UvrC contains the dual nuclease (60, 88), we
hypothesized that an alternative endonuclease might be participating in the repair of
psoralen-induced DNA damage. Cho (UvrC homolog), was initially identified as a
putative nuclease that is upregulated following DNA damage (26, 34, 58). Subsequent
biochemical studies showed that in the presence of the UvrAB, Cho is able to make a
single 3’ incision four bases further away than UvrC and that this activity could act on a
variety of lesions in vitro including cyclobutane pyrimidine dimers, cholesterol, menthol,
cis-platin, and 2-acetylaminofluorene adducts (66). However, its function in vivo remains
unclear as cho mutants are not hypersensitive to UV or other forms of damage that have
been examined (66). To test whether Cho was responsible for the increased resistance of
uvrC to psoralen-induced DNA damage, we characterized cho mutants and cho uvrC
double mutants for their ability to survive psoralen-induced DNA damage. As shown in
Figure 3A, cho single mutants were only modestly sensitive to psoralen-induced DNA
damage, relative to other uvr mutants. However, the absence of Cho increased the

hypersensitivity of uvrC mutants to a level that was similar to uvrA and uvrB mutants
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(Fig. 3A). The observation indicates that Cho accounts for the reduced sensitivity of uvrC
mutants in the presence of psoralen-induced lesions.

8-methoxypsoralen creates both DNA monoadducts and DNA interstrand
crosslinks upon exposure to the UVA light (1). One possible explanation for the
increased sensitivity of cho in the absence of UvrC is that Cho is required to act with
UvrC on only one of these two classes of lesions. To test this idea, the experiments were
repeated using angelicin in place of the 8-methoxypsoralen. Angelicin shares a similar
structure to that of 8-methoxypsoralen, but is often reported to form exclusively
monoadducts due to its angular structure (1, 3, 9, 10, 29). In contrast to 8-
methoxypsoralen, in the presence of angelicin, the hypersensitivity of uvrC mutants was
similar to that of both uvrA and uvrB mutants (Fig. 3B). Although a slight resistance
remained in UuvrC mutants relative to uvrA and uvrB mutants at high UVA doses, we
believe this is likely due to a low level of DNA interstrand crosslinks forming in the
angelicin-treated samples (Fig. 4B). Although angelicin is often reported to only form
monoadducts, some studies have reported that low levels of DNA interstrand crosslinks
can form in the presence of angelicin (35, 52). To examine this possibility, linearized
plasmid DNA was treated with angelicin and UVA light in vitro, and analyzed following
alkali agarose gel electrophoresis. Under denaturing conditions, DNA molecules that
contain DNA interstrand crosslinks are prevented from separating and can be detected
due to their slower migration pattern relative to linear single strands (47, 90). We
observed that crosslinks were detectable in the angelicin-UV A-treated samples, although
based on densitometric analysis they formed at a rate that was more than an order of
magnitude less efficient than that of 8-methoxypsoralen (Fig. 4). Taken together, the
results show that Cho’s contribution to survival correlates directly with the presence and
proportion of DNA interstand crosslinks, rather than monoadducts in the cell.

The contribution of Cho to crosslink repair could either occur at the initial
incision step or at a later stage in the repair process. To address whether the absence of
Cho affects the ability to initiate repair of crosslinks, we compared the rate that DNA
interstrand crosslinks were incised in each mutant in vivo. To this end, cultures
containing the plasmid pPBR322 were treated with 8-methoxypsoralen and UVA light and

then allowed to recover. At various times during the recovery period, aliquots of the
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culture were taken, and total genomic DNA was purified and restricted with Pvull, which
linearizes the plasmid. The DNA was then electrophoresed in an alkali denaturing
agarose gel and the plasmid DNA forms were quantified by Southern analysis to
determine the amount of unincised DNA interstrand crosslinks that remained over time.
In wild-type cultures immediately following UVA irradiation, approximately 3% of the
plasmid DNA contained a DNA interstrand crosslink (Fig. 5). The fraction of DNA
migrating in the crosslink region of the gel decreased by more than half within the first 15
min of the recovery period and was completely removed by the end of the 90-min time
course. In uvrA and uvrB mutants, approximately 6.0% of the plasmid molecules initially
contained DNA interstrand crosslinks following UVA irradiation. In these cultures, the
crosslinks remained throughout the recovery period and no decrease in the shifted DNA
band was observed, indicating that these mutants are defective in their ability to make the
initial incision. In cultures of uvrC, the crosslinks formed and persisted similar to that
seen in UVrA and uvrB cultures. Since Cho is able to make 3’ incisions in the absence of
UvrC (66), the persistence of crosslinks in the uvrC mutant suggests that Cho is not able
to efficiently incise crosslinks during global repair in vivo. In contrast, cho mutants
remained proficient at incising crosslinks. Although the rate of incision in cho mutants
initially occurred at a slower rate than in wild-type cells, all crosslinks were incised by
the end of the 90-min time course, similar to wild-type cells. In the uvrC cho double
mutant, DNA interstrand crosslink incision was impaired to a similar extent as observed
in uvrC mutants.

The initial frequency of crosslinks detected in wild-type cells was lower than
other strains (Fig. 5C). This is likely to be due to the incision of crosslinks occurring
during the 15-min UVA irradiation period. Consistent with this interpretation, the level
of initial crosslinks detected in each mutant correlated with their impaired rate of
incision. Taken together, we interpret these results to indicate that although Cho
participates and contributes to DNA interstrand crosslink survival, it does not appear to

be essential for the initial incision step of the global repair process in vivo.
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DISCUSSION

Here, we investigated the role of nucleotide excision repair proteins in repairing
psoralen-induced DNA damage and show that not all subunits of the repair complex
contribute equally to survival. Mutants lacking the endonucleolytic subunit, UvrC, are
less sensitive than mutants lacking the recognition proteins UvrA or UvrB. The increased
resistance of uvrC was found to depend upon Cho, a second UvrAB-dependent
endonuclease that is upregulated after DNA damage (26, 34, 66). Cho’s contribution to
survival correlates with the presence of interstrand crosslinks in the DNA, and its absence
only modestly affects the rate of the initial crosslink incision in vivo.

Many aspects of how DNA interstrand crosslinks are repaired remain speculative.
Early studies using E. coli recognized the challenge of repairing DNA interstrand
crosslinks due to the covalent attachment of this adduct to both DNA strands.
Researchers inferred that repair would likely require the sequential action of multiple
pathways and two related models were proposed (6, 16). At the time of these studies,
both uvrA and recA had only recently been identified, and based on the hypersensitivity
of these nucleotide excision repair and recombination mutants, initial models proposed
that nucleotide excision repair may initiate incisions on one strand. Recombination with a
sister chromosome would then provide an undamaged template to replace the incised
region. A second round of incisions by nucleotide excision repair could then, in theory,
complete the repair process (16, 82). Other models noted that DNA interstrand crosslinks
occurring in nonreplicating cells or in unreplicated regions of the genome would not have
a sister chromosome available for recombination. To account for this, a subsequent but
related model was proposed in which translesion synthesis by alternative DNA
polymerases would replicate across the incised oligo-lesion product to provide the
template for the second round of incisions (5, 6, 55). While both of these models remain
possible and are prominent in the literature today, no intermediates for the events
following the initial incision have been characterized or observed in vivo.

Within the context of these models, two potential roles for Cho are apparent (Fig
6). The first possibility is that Cho could act as a secondary nuclease that increases the
efficiency of the initial dual incisions by UvrA, -B and -C at psoralen-induced crosslinks.

In vitro, the incision of the DNA interstrand crosslinks by the nucleotide excision repair

11


http://jb.asm.org/

343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373

complex is influenced by the sequence context (48), and Cho has been shown to incise
certain bulky lesions more efficiently than UvrC (66). Such a function could be consistent
with the increased sensitivity of uvrC mutants lacking Cho (Fig. 3) as well as the
modestly reduced incision rate of cho mutants in vivo. However, we also observed that
Cho's contribution to survival correlated with the presence of DNA interstrand crosslinks
and not psoralen monoadducts as seen when angelicin was used in place of 8-
methoxypsoralen (Fig. 3 and 4). If Cho functions to enhance the initial incision at bulky
psoralen adducts of all classes, then one might expect it to contribute similarly to survival
in the presence of both 8-methoxypsoralen and angelicin, a congener that forms
predominantly monoadducts. Although this argues against Cho acting at the initial
incision step, we cannot rule out the possibility that subtle structural differences between
these adducts renders Cho unnecessary for incision at angular psoralens or monoadducts.

A second possibility is that Cho acts late during DNA interstrand crosslink repair,
perhaps during the second round of nucleotide excision repair that is proposed in most
crosslink repair models (Fig. 6C). Most models propose that after the initial incision, the
resulting gap is filled in by either recombination or translesion synthesis. This would
generate a bulky 12-basepair oligo-adduct attached to the DNA that would require a
second round of nucleotide excision repair to restore the integrity of the DNA. It is
possible that Cho is required with UvrC to make the second round of incisions on this
bulky substrate and allow repair to be completed. Such a function would also be
consistent with the increased sensitivity of uvrC mutants lacking Cho. Additionally, such
a function could also result in the observed reduction of incision rate in cho mutants if the
stalled second incision impairs the turnover rate of UvrC. A similar reduced rate of
incision at UV-induced pyrimidine dimers is observed in otherwise nucleotide excision
repair proficient cells that lack UvrD (28, 46). In the absence of the UvrD helicase, UvrC
is not released from the incised template and fails to turnover, slowing the overall rate of
repair significantly. Cho acting in this manner would explain why Cho contributes to
survival in the presence of DNA interstrand crosslinks but not in the presence of
monoadducts (Fig. 3).

Models for crosslink repair in eukaryotic cells suggest that a replication-

dependent repair pathway exists in addition to the global repair pathway (13, 54, 74, 76).
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One possibility is that Cho is specifically required to make incisions in the subset of
DNA interstrand crosslinks encountered by replication forks (Fig. 6D), analogous to what
has been proposed for the Fanconi anemia proteins FANCD?2 and SLX4/FANCP in
humans (54, 77). Fanconi anemia is a rare inherited disease involving more than 15
complementation groups that predisposes patients to cancer, and renders cells
hypersensitive to DNA interstrand crosslinks ((45) and references therein). Recent studies
have suggested that the defect in Fanconi anemia cells specifically relates to the repair of
DNA interstrand crosslinks encountered by the replication fork (70, 74). Fanconi anemia
proteins FANCD2 and SLX4/FANCP interact with the 3° endonuclease of the
mammalian nucleotide excision repair complex, XPF-ERCCI, to effect repair (38, 53).
The participation of XPF-ECRCCI is independent from its role in nucleotide excision
repair, as the remaining subunits of the nucleotide excision repair complex are not
required (59, 64). In E. coli, it is possible that the alternative nuclease, Cho, functions in a
similar manner at the replication fork to effect repair. In vitro, incision of DNA
interstrand crosslinks, but not monoadducts occurs more efficiently on underwound
superhelical substrates (68). Perhaps superhelical differences in the DNA at replication
forks as compared to the overall chromosome necessitate incisions by Cho rather than
UvrC. A role in replication-coupled repair would also be consistent with the observation
that Cho has only a minor effect on the rate of DNA interstrand crosslink incisions, since
the proportion of lesions requiring replication-specific repair is small, relative to the total
number of lesions in the genome (21). However, Cho, unlike UvrC, is strongly
upregulated following DNA damage (26, 34). If Cho activity was specific to the lesions
encountered by replication forks, one might reasonably expect that low levels of Cho
expression would be sufficient to deal with these rare events. Thus, Cho’s transcriptional
regulation would be more consistent with a protein involved in a global repair pathway,
than one specifically associated with replication. Although there is strong evidence for
the presence of a replication-coupled repair pathway in E. coli (7, 8, 20-27), the
possibility of a functionally homologous pathway to the Fanconi anemia has not been
explored.

Further investigations are required to differentiate between these possibilities. It

is also important to consider that few of the molecular intermediates appearing in these
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models have been directly observed in vivo. Current models have been generally derived
from early studies that assumed DNA interstrand crosslink repair would occur through
the general nucleotide excision and recombinational mechanisms that were known at the
time. It is possible that genes with functions specific for repairing this unique class of
damage exist and have not been characterized. Similarly, it may be that this form of
lesion is unique or rare enough such that no specific repair process exists for their repair.
In either case, the models could change significantly. The reduced genome size and
cellular replication and repair assays available in E. coli suggest that it may again provide
a valuable model for identifying the basic enzymatic steps and intermediates required to

complete DNA interstrand crosslink repair.

ACKNOWLEDGEMENTS
We thank AC Leitao for providing strains used in this study and J. Cole for helpful

discussions and critically reading the manuscript.

FUNDING INFORMATION
This research was supported by grants MCB1518142 from the National Science
Foundation and R15ES025953 from the National Institute of Environmental Health

Sciences.

REFERENCES

1.  Ashwood-Smith, MJ, Grant, E. 1977. Conversion of psoralen DNA monoadducts
in E. coli to interstrand DNA cross links by near UV light (320-360 nm): inability
of angelicin to form cross links, in vivo. Experientia 33:384-386.

2. Atkinson, J, Guy, CP, Cadman, CJ, Moolenaar, GF, Goosen, N, McGlynn, P.
2009. Stimulation of UvrD helicase by UvrAB. J Biol Chem 284:9612-9623.

3. Averbeck, D, Chandra, P, Biswas, RK. 1975. Structural specificity in the lethal
and mutagenic activity of furocoumarins in yeast cells. Radiat Environ Biophys
12:241-252.

4.  Bachmann, BJ. 1972. Pedigrees of some mutant strains of Escherichia coli K-12.

Bacteriol Rev 36:525-557.

14


http://jb.asm.org/

436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464

10.

11.

12.

13.

14.

Benitez, A, Yuan, F, Nakajima, S, Wei, L, Qian, L, Myers, R, Hu, JJ, Lan, L,
Zhang, Y. 2014. Damage-dependent regulation of MUS81-EME1 by Fanconi
anemia complementation group A protein. Nucleic Acids Res 42:1671-1683.
Berardini, M, Foster, PL, Loechler, EL. 1999. DNA polymerase II (polB) is
involved in a new DNA repair pathway for DNA interstrand cross-links in
Escherichia coli. J Bacteriol 181:2878-2882.

Berardini, M, Mackay, W, Loechler, EL. 1997. Evidence for a recombination-
independent pathway for the repair of DNA interstrand cross-links based on a site-
specific study with nitrogen mustard. Biochemistry 36:3506—3513.

Bichara, M, Fuchs, RP, Cordonnier, A, Lambert, IB. 2009. Preferential post-
replication repair of DNA lesions situated on the leading strand of plasmids in
Escherichia coli. Mol Microbiol 71:305-314.

Bichara, M, Pinet, I, Lambert, IB, Fuchs, RP. 2007. RecA-mediated excision
repair: a novel mechanism for repairing DNA lesions at sites of arrested DNA
synthesis. Mol Microbiol 65:218-229.

Bissonnette, L, Arnason, JT, Smith, ML. 2008. Real-time fluorescence-based
detection of furanocoumarin photoadducts of DNA. Phytochem Anal 19:342-347.
Bordin, F, Carlassare, F, Baccichetti, F, Anselmo, L. 1976. DNA repair and
recovery in Escherichia coli after psoralen and angelicin photosensitization.
Biochim Biophys Acta 447:249-259.

BOYCE, RP, HOWARD-FLANDERS, P. 1964. GENETIC CONTROL OF DNA
BREAKDOWN AND REPAIR IN E. COLI K-12 TREATED WITH
MITOMYCIN C OR ULTRAVIOLET LIGHT. Z Vererbungsl 95:345-350.
Bridges, BA, Stannard, M. 1982. A new pathway for repair of cross-linkable 8-
methoxypsoralen mono-adducts in Uvr strains of Escherichia coli. Mutat Res 92:9—
14.

Centurion, SA, Kuo, HR, Lambert, WC. 2000. Damage-resistant DNA synthesis
in Fanconi anemia cells treated with a DNA cross-linking agent. Exp Cell Res

260:216-221.

15


http://jb.asm.org/

465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cole, RS. 1971. Properties of F' factor deoxyribonucleic acid transferred from
ultraviolet-irradiated donors: photoreactivation in the recipient and the influence of
recA, recB, recC, and uvr genes. J Bacteriol 106:143—149.

Cole, RS. 1971. Inactivation of Escherichia coli, F' episomes at transfer, and
bacteriophage lambda by psoralen plus 360-nm light: significance of
deoxyribonucleic acid cross-links. J Bacteriol 107:846—852.

Cole, RS. 1973. Repair of DNA containing interstrand crosslinks in Escherichia
coli: sequential excision and recombination. Proc Natl Acad Sci U S A 70:1064—
1068.

Cole, RS. 1973. Repair of interstrand cross-links in DNA induced by psoralen plus
light. Yale J Biol Med 46:492.

Cole, RS, Levitan, D, Sinden, RR. 1976. Removal of psoralen interstrand cross-
links from DNA of Escherichia coli: mechanism and genetic control. ] Mol Biol
103:39-59.

Cole, RS, Sinden, RR. 1975. Repair of cross-linked DNA in Escherichia coli.
Basic Life Sci 5B:487-495.

Courcelle, CT, Chow, KH, Casey, A, Courcelle, J. 2006. Nascent DNA
processing by RecJ favors lesion repair over translesion synthesis at arrested
replication forks in Escherichia coli. Proc Natl Acad Sci U S A 103:9154-9159.
Courcelle, J, Crowley, DJ, Hanawalt, PC. 1999. Recovery of DNA replication in
UV-irradiated Escherichia coli requires both excision repair and recF protein
function. J Bacteriol 181:916-22.

Courcelle, J, Donaldson, JR, Chow, KH, Courcelle, CT. 2003. DNA Damage-
Induced Replication Fork Regression and Processing in Escherichia coli. Science
299:1064-1067.

Courcelle, J, Ganesan, AK, Hanawalt, PC. 2001. Therefore, what are
recombination proteins there for? Bioessays 23:463—70.

Courcelle, J, Hanawalt, PC. 1999. RecQ and RecJ process blocked replication
forks prior to the resumption of replication in UV-irradiated Escherichia coli. Mol

Gen Genet 262:543-51.

16


http://jb.asm.org/

495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Courcelle, J, Hanawalt, PC. 2001. Participation of recombination proteins in
rescue of arrested replication forks in UV-irradiated Escherichia coli need not
involve recombination. Proc Natl Acad Sci U S A 98:8196-202.

Courcelle, J, Khodursky, A, Peter, B, Brown, PO, Hanawalt, PC. 2001.
Comparative gene expression profiles following UV exposure in wild-type and
SOS-deficient Escherichia coli. Genetics 158:41-64.

Courcelle, J, Carswell-Crumpton, C, Hanawalt, PC. 1997. recF and recR are
required for the resumption of replication at DNA replication forks in Escherichia
coli. Proc Natl Acad Sci U S A 94:3714-379.

Crowley, DJ, Hanawalt, PC. 2001. The SOS-dependent upregulation of uvrD is
not required for efficient nucleotide excision repair of ultraviolet light induced
DNA photoproducts in Escherichia coli. Mutat Res 485:319-29.

Cupido, M, Bridges, BA. 1985. Paradoxical behaviour of pPKM101; inhibition of
uvr-independent crosslink repair in Escherichia coli by muc gene products. Mutat
Res 145:49-53.

Cupido, M, Bridges, BA. 1985. Uvr-independent repair of 8-methoxypsoralen
crosslinks in Escherichia coli: evidence for a recombinational process. Mutat Res
146:135-141.

Davis, BD. 1949. The Isolation of Biochemically Deficient Mutants of Bacteria by
Means of Penicillin. Proc Natl Acad Sci U S A 35:1-10.

Fekairi, S, Scaglione, S, Chahwan, C, Taylor, ER, Tissier, A, Coulon, S, Dong,
MQ, Ruse, C, Yates, JRr, Russell, P, Fuchs, RP, McGowan, CH, Gaillard, PH.
2009. Human SLX4 is a Holliday junction resolvase subunit that binds multiple
DNA repair/recombination endonucleases. Cell 138:78-89.

Fernandez De Henestrosa, AR, Ogi, T, Aoyagi, S, Chafin, D, Hayes, JJ,
Ohmori, H, Woodgate, R. 2000. Identification of additional genes belonging to the
LexA regulon in Escherichia coli. Mol Microbiol 35:1560-1572.

Gruenert, DC, Ashwood-Smith, M, Mitchell, RH, Cleaver, JE. 1985. Induction
of DNA-DNA cross-link formation in human cells by various psoralen derivatives.

Cancer Res 45:5394-5398.

17


http://jb.asm.org/

525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Hanada, K, Budzowska, M, Modesti, M, Maas, A, Wyman, C, Essers, J,
Kanaar, R. 2006. The structure-specific endonuclease Mus81-Emel promotes
conversion of interstrand DNA crosslinks into double-strands breaks. EMBO J
25:4921-4932.

Hashimoto, K, Wada, K, Matsumoto, K, Moriya, M. 2015. Physical interaction
between SLX4 (FANCP) and XPF (FANCQ) proteins and biological consequences
of interaction-defective missense mutations. DNA Repair (Amst) 35:48-54.
HOWARD-FLANDERS, P, BOYCE, RP, SIMSON, E, THERIOT, L. 1962. A
genetic locus in E. coli K12 that controls the reactivation of UV-photoproducts
associated with thymine in DNA. Proc Natl Acad Sci U S A 48:2109-2115.
Howard-Flanders, P, Boyce, RP, Theriot, L. 1966. Three loci in Escherichia coli
K-12 that control the excision of pyrimidine dimers and certain other mutagen
products from DNA. Genetics 53:1119-1136.

HOWARD-FLANDERS, P, SIMSON, E, THERIOT, L. 1964. THE EXCISION
OF THYMINE DIMERS FROM DNA, FILAMENT FORMATION AND
SENSITIVITY TO ULTRAVIOLET LIGHT IN ESCHERICHIA COLI K-12.
Mutat Res 106:219-226.

HOWARD-FLANDERS, P, THERIOT, L. 1962. A method for selecting
radiation-sensitive mutants of Escherichia coli. Genetics 47:1219-1224.

Huang, Y, Li, L. 2013. DNA crosslinking damage and cancer - a tale of friend and
foe. Transl Cancer Res 2:144-154.

Husain, I, Van Houten, B, Thomas, DC, Abdel-Monem, M, Sancar, A. 1985.
Effect of DNA polymerase I and DNA helicase II on the turnover rate of UvrABC
excision nuclease. Proc Natl Acad Sci U S A 82:6774-6778.

Islas, AL, Vos, JM, Hanawalt, PC. 1991. Differential introduction and repair of
psoralen photoadducts to DNA in specific human genes. Cancer Res 51:2867-2873.
Jeiranian, HA, Courcelle, CT, Courcelle, J. 2012. Inefficient replication reduces
RecA-mediated repair of UV-damaged plasmids introduced into competent

Escherichia coli. Plasmid 68:113-124.

18


http://jb.asm.org/

554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582

46.

47.

48.

49.

50.

51.

52.

53.

54.

Jones, BK, Yeung, AT. 1990. DNA base composition determines the specificity of
UvrABC endonuclease incision of a psoralen cross-link. J Biol Chem 265:3489—
3496.

Kee, Y, D'Andrea, AD. 2010. Expanded roles of the Fanconi anemia pathway in
preserving genomic stability. Genes Dev 24:1680-1694.

Kim, Y, Spitz, GS, Veturi, U, Lach, FP, Auerbach, AD, Smogorzewska, A.
2013. Regulation of multiple DNA repair pathways by the Fanconi anemia protein
SLX4. Blood 121:54-63.

Kittler, L, Hradecna, Z, Suhnel, J. 1980. Cross-link formation of phage lambda
DNA in situ photochemically induced by the furocoumarin derivative angelicin.
Biochim Biophys Acta 607:215-220.

Klein Douwel, D, Boonen, RA, Long, DT, Szypowska, AA, Raschle, M, Walter,
JC, Knipscheer, P. 2014. XPF-ERCCI1 acts in Unhooking DNA interstrand
crosslinks in cooperation with FANCD2 and FANCP/SLX4. Mol Cell 54:460-471.
Knipscheer, P, Raschle, M, Smogorzewska, A, Enoiu, M, Ho, TV, Scharer, OD,
Elledge, SJ, Walter, JC. 2009. The Fanconi anemia pathway promotes replication-
dependent DNA interstrand cross-link repair. Science 326:1698-1701.

Kumari, A, Minko, IG, Harbut, MB, Finkel, SE, Goodman, MF, Lloyd, RS.
2008. Replication bypass of interstrand cross-link intermediates by Escherichia coli
DNA polymerase IV. J Biol Chem 283:27433-27437.

Lage, C, de Padula, M, de Alencar, TA, da Fonseca Goncalves, SR, da Silva
Vidal, L, Cabral-Neto, J, Leitao, AC. 2003. New insights on how nucleotide
excision repair could remove DNA adducts induced by chemotherapeutic agents
and psoralens plus UV-A (PUVA) in Escherichia coli cells. Mutat Res 544:143—
157.

Lage, C, Goncalves, SR, Souza, LL, de Padula, M, Leitao, AC. 2010.
Differential survival of Escherichia coli uvrA, uvrB, and uvrC mutants to psoralen
plus UV-A (PUVA): Evidence for uncoupled action of nucleotide excision repair to

process DNA adducts. J Photochem Photobiol B 98:40—47.

19


http://jb.asm.org/

583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Lewis, LK, Harlow, GR, Gregg-Jolly, LA, Mount, DW. 1994, Identification of
high affinity binding sites for LexA which define new DNA damage-inducible
genes in Escherichia coli. ] Mol Biol 241:507-523.

Li, L, Peterson, CA, Lu, X, Wei, P, Legerski, RJ. 1999. Interstrand cross-links
induce DNA synthesis in damaged and undamaged plasmids in mammalian cell
extracts. Mol Cell Biol 19:5619-5630.

Lin, JJ, Sancar, A. 1992. Active site of (A)BC excinuclease. I. Evidence for 5'
incision by UvrC through a catalytic site involving Asp399, Asp438, Asp466, and
His538 residues. J Biol Chem 267:17688—17692.

McHugh, PJ, Spanswick, VJ, Hartley, JA. 2001. Repair of DNA interstrand
crosslinks: molecular mechanisms and clinical relevance. Lancet Oncol 2:483—490.
Mellon, I, Hanawalt, PC. 1989. Induction of the Escherichia coli lactose operon
selectively increases repair of its transcribed DNA strand. Nature 342:95-98.
Mitchell, DL, Haipek, CA, Clarkson, JM. 1985. (6-4)Photoproducts are removed
from the DNA of UV-irradiated mammalian cells more efficiently than cyclobutane
pyrimidine dimers. Mutat Res 143:109—112.

Mitchell, DL, Nairn, RS. 1989. The biology of the (6-4) photoproduct. Photochem
Photobiol 49:805-819.

Mogi, S, Oh, DH. 2006. gamma-H2AX formation in response to interstrand
crosslinks requires XPF in human cells. DNA Repair (Amst) 5:731-740.
Moolenaar, GF, Uiterkamp, RS, Zwijnenburg, DA, Goosen, N. 1998. The C-
terminal region of the Escherichia coli UvrC protein, which is homologous to the C-
terminal region of the human ERCCI1 protein, is involved in DNA binding and 5'-
incision. Nucleic Acids Res 26:462—468.

Moolenaar, GF, van Rossum-Fikkert, S, van Kesteren, M, Goosen, N. 2002.
Cho, a second endonuclease involved in Escherichia coli nucleotide excision repair.
Proc Natl Acad Sci U S A 99:1467-1472.

Mu, D, Bessho, T, Nechev, LV, Chen, DJ, Harris, TM, Hearst, JE, Sancar, A.
2000. DNA interstrand cross-links induce futile repair synthesis in mammalian cell

extracts. Mol Cell Biol 20:2446-2454.

20


http://jb.asm.org/

613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

Munn, MM, Rupp, WD. 1991. Interaction of the UvrABC endonuclease with
DNA containing a psoralen monoadduct or cross-link. Differential effects of
superhelical density and comparison of preincision complexes. J Biol Chem
266:24748-24756.

Munoz, IM, Hain, K, Declais, AC, Gardiner, M, Toh, GW, Sanchez-Pulido, L,
Heuckmann, JM, Toth, R, Macartney, T, Eppink, B, Kanaar, R, Ponting, CP,
Lilley, DM, Rouse, J. 2009. Coordination of structure-specific nucleases by human
SLX4/BTBD12 is required for DNA repair. Mol Cell 35:116-127.

Naim, V, Rosselli, F. 2009. The FANC pathway and mitosis: a replication legacy.
Cell Cycle 8:2907-2911.

Oh, EY, Grossman, L. 1987. Helicase properties of the Escherichia coli UvrAB
protein complex. Proc Natl Acad Sci U S A 84:3638-3642.

Oh, EY, Grossman, L. 1989. Characterization of the helicase activity of the
Escherichia coli UvrAB protein complex. J Biol Chem 264:1336—1343.

Patel, KJ, Joenje, H. 2007. Fanconi anemia and DNA replication repair. DNA
Repair (Amst) 6:885-890.

Rothfuss, A, Grompe, M. 2004. Repair kinetics of genomic interstrand DNA
cross-links: evidence for DNA double-strand break-dependent activation of the
Fanconi anemia/BRCA pathway. Mol Cell Biol 24:123-134.

Sala-Trepat, M, Rouillard, D, Escarceller, M, Laquerbe, A, Moustacchi, E,
Papadopoulo, D. 2000. Arrest of S-phase progression is impaired in Fanconi
anemia cells. Exp Cell Res 260:208-215.

Salewsky, B, Schmiester, M, Schindler, D, Digweed, M, Demuth, I. 2012. The
nuclease h\SNM1B/Apollo is linked to the Fanconi anemia pathway via its
interaction with FANCP/SLX4. Hum Mol Genet 21:4948-4956.

Sancar, A. 1996. DNA excision repair. Annu Rev Biochem 65:43-81.

Sancar, A, Rupp, WD. 1983. A novel repair enzyme: UVRABC excision nuclease
of Escherichia coli cuts a DNA strand on both sides of the damaged region. Cell
33:249-260.

21


http://jb.asm.org/

642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672

71.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

Siccardi, AG. 1969. Effect of R factors and other plasmids on ultraviolet
susceptibility and host cell reactivation property of Escherichia coli. J Bacteriol
100:337-346.

Sladek, FM, Melian, A, Howard-Flanders, P. 1989. Incision by UvrABC
excinuclease is a step in the path to mutagenesis by psoralen crosslinks in
Escherichia coli. Proc Natl Acad Sci U S A 86:3982—3986.

Sladek, FM, Munn, MM, Rupp, WD, Howard-Flanders, P. 1989. In vitro repair
of psoralen-DNA cross-links by RecA, UvrABC, and the 5'-exonuclease of DNA
polymerase 1. J] Biol Chem 264:6755-6765.

Smogorzewska, A, Desetty, R, Saito, TT, Schlabach, M, Lach, FP, Sowa, ME,
Clark, AB, Kunkel, TA, Harper, JW, Colaiacovo, MP, Elledge, SJ. 2010. A
genetic screen identifies FANI, a Fanconi anemia-associated nuclease necessary for
DNA interstrand crosslink repair. Mol Cell 39:36—47.

Van Houten, B. 1990. Nucleotide excision repair in Escherichia coli. Microbiol
Rev 54:18-51.

Van Houten, B, Gamper, H, Holbrook, SR, Hearst, JE, Sancar, A. 1986. Action
mechanism of ABC excision nuclease on a DNA substrate containing a psoralen
crosslink at a defined position. Proc Natl Acad Sci U S A 83:8077-8081.

Van Houten, B, Gamper, H, Hearst, JE, Sancar, A. 1988. Analysis of sequential
steps of nucleotide excision repair in Escherichia coli using synthetic substrates
containing single psoralen adducts. J Biol Chem 263:16553—-16560.

Verhoeven, EE, van Kesteren, M, Moolenaar, GF, Visse, R, Goosen, N. 2000.
Catalytic sites for 3' and 5' incision of Escherichia coli nucleotide excision repair
are both located in UvrC. J Biol Chem 275:5120-5123.

Verhoeven, EE, van Kesteren, M, Turner, JJ, van der Marel, GA, van Boom,
JH, Moolenaar, GF, Goosen, N. 2002. The C-terminal region of Escherichia coli
UvrC contributes to the flexibility of the UvrABC nucleotide excision repair
system. Nucleic Acids Res 30:2492-2500.

Vos, JM, Hanawalt, PC. 1987. Processing of psoralen adducts in an active human
gene: repair and replication of DNA containing monoadducts and interstrand cross-

links. Cell 50:789-799.

22


http://jb.asm.org/

673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702

87. Yu, D, Ellis, HM, Lee, EC, Jenkins, NA, Copeland, NG, Court, DL. 2000. An
efficient recombination system for chromosome engineering in Escherichia coli.

Proc Natl Acad Sci U S A 97:5978-5983.

FIGURE LEGENDS

Figure 1. In contrast to UVC-induced damage, uvrC mutants are less sensitive to
psoralen-induced DNA adducts than either uvrA or uvrB mutants. The survival of cells
following irradiation with UVC (A), UVA in the presence of 10 pg/ml 8-
methoxypsoralen (B), and UVA alone (C) is plotted. Parental (squares), uvrA (triangles),
uvrB (inverted triangles), and uvrC (circles). Graphs represent the average of three

independent experiments. Error bars represent one standard deviation.

Figure 2. The severe hypersensitivity of strain AB1885, containing the uvrB5 allele, is
likely due to secondary mutations that occurred in the original mutagenized isolate. A)
The survival of the mutagenized strains AB1886 containing uvrAG, AB1885 containing
uvrB5, and AB2498 containing uvrC34 is plotted relative to the parental AB1157
following UVA irradiation in the presence of 10 pg/ml 8-methoxypsoralen. B) The
survival of SR108 is plotted as in (A) after each uvr allele was moved into this strain by
standard P1 transduction. Parental (squares), UvrA6 (triangles), uvrB5 (inverted triangles),
uvrC34 (circles). Graphs represent the average of three independent experiments. Error

bars represent one standard deviation.

Figure 3. Cho accounts for the reduced sensitivity of uvrC mutants and functions
predominantly in the presence of DNA interstrand crosslinks. A) The survival of cells
following irradiation with UVA in the presence of (A)10 pg/ml 8-methoxypsoralen or (B)
20 pg/ml of angelicin is plotted. Parental (squares), uvrA (triangles), uvrB (inverted
triangles), uvrC (circles), cho (open squares), and uvrC cho (open circles). Graphs
represent the average of three or more independent experiments. Error bars represent one

standard deviation.
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Figure 4. Low levels of DNA interstrand crosslinks are formed in DNA treated with
angelicin and UVA light. Purified plasmid pBR322 was treated with (A) 10 pg/ml 8-
methoxypsoralen or (B) 20 pg/ml angelicin and irradiated with increasing doses of UVA.
The treated DNA was linearized by digestion with Pvull and analyzed by Southern blot
following alkali-agarose gel electrophoresis. The positions of linear and crosslinked DNA

are indicated. HindIII-digested lambda DNA was used as a size marker.

Figure 5. UvrC, but not Cho, is required for the initial incision of the crosslink in vivo.
A) Cultures containing the plasmid pBR322 were irradiated with 6.2 kJ/m> UVA in the
presence of 10 pg/ml 8-methoxypsoralen and allowed to recover. At the indicated times,
total genomic DNA was purified, restricted with Pvull, and analyzed by Southern blot
following alkali-agarose gel electrophoresis using pBR322 as a probe. Representative
gels for parental, uvrA, uvrB, uvrC, cho, and uvrC cho strains are shown. The positions of
linear and crosslinked DNA are indicated. HindIII-digested lambda DNA was used as a
size marker. B) The relative amount of crosslinks remaining in the plasmid DNA over
time is plotted. Parental (squares), UVrA (triangles), uvrB (inverted triangles), and uvrC
(circles), cho (open squares), and uvrC cho (open circles). Plots represent the average of
two or more independent experiments. Error bars represent the standard error of the
mean. C) The percent of plasmid DNA containing interstrand crosslinks immediately
after irradiation with 6.2 kJ/m* UVA in each strain = the standard error of the mean is

shown.

Figure 6: Potential roles for Cho during DNA interstrand crosslink repair. A) Cho is not
required for monoadduct repair. (i)Dual incisions are made by UvrABC before (ii) the
damaged region is resynthesized and ligated to complete the repair process. B) In the
presence of DNA interstrand crosslinks, (i) Cho may enhance the ability of UvrABC to
make the initial incisions. Current models propose that either (ii) recombination or
translesion synthesis may provide a template to replace the incised region. (iii) A second
round of nucleotide excision repair then removes the adduct and (iv) the template is then
resynthesized and ligated to complete the repair process. C) Similar to (B) except that

Cho is required for the second round of nucleotide excision repair, rather than the first
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734 round. D) (i) Cho could function as a specialized nuclease that incises DNA interstrand
735  crosslinks that block DNA replication. Then similar to the previous models, (ii)

736  translesion synthesis or recombination may restore the template of the incised region so
737  that (iii) replication can resume. (iv and v) A second round of nucleotide excision repair
738  may then complete the repair process.

739
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TABLE 1

Strains used

. Relevant .
in Source or Construction
. Genotype
experiments
SR 108 parental A-, thyA, deo, trimethoprim selection of W3110 (59)
IN(rrnD-rrnE)
HL952 SR108 uvrA::Tn10 (22)
CL1735 SR108 AuvrB::cat P1 transduction of AuvrB::cat from CL1673 into SR108
HL925 SR108 (22)
uvrC297::Tn10
CL908 SR 108 Acho::cat P1 transduction of Acho::cat from CL904 into SR108
HL972 SR108 uvrAG zjd::Tn5 | Pl transduction of uvrA6 zjd::Tn5 from HL759 (45) into SR108
CL2343 SR108 kan-mngB P1 transduction of cat-mngB uvrB5 from CL2337 into SR108
uvrB5
CL2472 SR108 uvrC34 kan- P1 transduction of uvrC34 kan-torY from CL2341 into SR108
torY
CL2155 SR 108 Acho::cat P1 transduction of the uvrC297::Tn10 allele from HL925 into CL908
uvrC297::Tn10
AB1157 thr-1 leuB6 proA2 “
his-4 arge3 thi-1
lacY1 ara-14 xyl-5
mtl-1 tsx-33 rpsL31
SupE44 galK2
AB1886 AB1157 uvrA6 Nitrous acid mutagenesis of AB1157 (39, 41)
AB1885 ABI1157 uvrB5 Nitrous acid mutagenesis of AB1157 (39, 41)
AB2498 ABI1157 uvrC34 thy Nitrous acid mutagenesis and trimethoprim selection of AB1157 (39,

deo

41)

Other strains

used in Genotype Source or Construction
constructions
DY329 W3110 AlacU169 (87)
recombineering | nadA::Tn10 gal490 A~
strain Acl857 A(cro-bioA)
CL904 DY329 Acho::cat PCR primers

S'ggatagataaccagcattcggagtcaacagtggtacggcgATGAGACGTTGATC
GGCAC3’ and
S'ctegetggteattcgecggatcaagttcagtaatttcataCTTTCGAATTTCTGCC
ATTC3’ were used to amplify cat, and the product was transformed
into DY329, resulting in replacement of cho codons 4-280 with cat
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CL1673

DY329 AuvrB::cat

PCR primers

S’attacatacctgeccgeccaactecttcaggtagegactc ATGAGACGTTGATCG
GCAC3’ and
S'ggctgttttecgtttgteatcagtettettegetatcctgCTTTCGAATTTCTGCCAT
TC3’ were used to amplify cat, and the product was transformed into
DY329, resulting in replacement of uvrB codons 1-672 with cat

CL2301

DY329 cat-mngB

PCR primers

5’gttaccggcettgectgaatageaatcaaaccgaagecacal GTGACGGAAGATC
ACTTCG3’ and
S'atgaacaaagcgccctttgtcaacaatctggecgegcataACCAGCAATAGACA
TAAGCG3’ were used to amplify cat, and the product was
transformed into DY 329, resulting in the insertion of cat 23bp
downstream of mngB

CL2337

AB1885 cat-mngB

P1 transduction of cat-mngB uvrB5 from CL2301 into AB1885. The
uvr B5 allele was ~50% cotransducible with cat-mngB

CL2280

DY329 kan-torY

PCR primers

5’cttagcaattaatgattacattgtaataaatcatattctt TATGGACAGCAAGCGA
ACCG3’ and
S'cttgcataattaggcacaacactgectgaaacaatcgataTCAGAAGAACTCGTC
AAGAAG3’ were used to amplify kan, and the product was
transformed into DY329, resulting in the insertion of kan 106bp
upstream of torY

CL2341

AB2498 kan-torY

P1 transduction of kan-torY from CL2280 into AB2498. The uvrC34
allele was ~60% co-transducible with torY::kan

*Transductants were verified by antibiotic sensitivity and hypersensitivity to UVC

irradiation when appropriate.
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