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Figure 4.3 (continued)

B: 2D agarose gels of undigested pBR322 following UV irradiation. DNA was prepared
as in (A) and restricted with Sacll, and resolved by 2D agarose gels at the times
indicated. Gels shown represent one of at least two independent experiments.
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recovery period of UV irradiated recQ or recJ mutants when compared to wild-type cells
(Fig. 4.3B).

Another protein with a similar function to RecJ is Exonuclease 1. Exo I, encoded
by xonA, is an exonuclease that degrades single-strand DNA in the 3°-5’ direction, which
is opposite in polarity to that of RecJ (Lehman & Nussbaum, 1964). Exo I copurifies with
RecA and has been implicated in DNA repair and recombination (Bedale et al., 1993;
Burdett et al., 2001; Phillips et al., 1988; Viswanathan & Lovett, 1998). The polarity of
Exo I raises the possibility that it could process the nascent leading strand DNA at
blocked replication forks. However, xon4 mutants have a similar pattern of nascent DNA
processing as wild-type, suggesting that this gene product is not involved in processing
nascent DNA at the arrested replication fork or that the level of degradation is below
what can be detected in our assays (Courcelle & Hanawalt, 1999). To expand upon these
previous results, we examined the UV-induced intermediates that formed on pBR322
molecules from xon4 mutants (Fig. 4.3). When we examined the migration pattern of
xonA mutants digested with Pvull, we found that the cone region intermediates formed
were similar to those observed in recQ and recJ mutants. The intermediates also appeared
to persist slightly longer than in wild-type cultures, although again this difference was not
statistically significant (Fig. 4.3A). 2D agarose gels of undigested pBR322 molecules
from xonA mutants after UV irradiation showed that molecular species in xon4 mutants
were similar in kind and quantity to those observed in wild-type cells (Fig. 4.3B).

We have shown previously that strains deficient in the branch migration proteins

RuvAB or RecG did not exhibit a delay in the resumption of DNA synthesis following
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UV irradiation (Donaldson et al., 2004). However, the removal of RuvAB, not RecG,
resulted in the accumulation of structures in the cone region of the 2D agarose gel
following UV irradiation, indicating an important role for RuvAB in processing Holliday
junctions that accumulate due to replication occurring on damaged templates (Donaldson
et al., 2005) (Fig. 4.3A). To further characterize these intermediates, we examined 2D
agarose gels of undigested plasmid pBR322 from ruvAB mutants. We found that these
mutants accumulated species that would be consistent with the formation of catenated
dimers (Fig. 4.3B). It is reasonable to speculate that the unresolved Holliday junctions
and catenated molecules in ruv4B mutants may lead to a failure of the chromosome to
partition properly and result in the UV hypersensitive phenotype associated with these
mutants. Consistent with this view, previous studies have shown that following UV
irradiation, ruvA B mutants filament extensively. These filaments contain regions of
multinucleate and anucleate regions between the locations where septation should occur

(Ishioka et al., 1998; Otsuji et al., 1974).

recBC and recD mutants are not able to remove X-structures that arise following UV
irradiation

In addition to the proteins mentioned above, RecBC and RecD also have roles in
processing DNA in the presence of damage. Purified RecBCD unwinds and degrades
duplex DNA from a double-strand end and is important for the repair of double-strand
breaks (Kowalczykowski et al., 1994; Kuzminov, 1999; Smith, 1998). The DNA

degradation continues in a progressive manner until reaching a specific sequence, the Chi
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Site (reviewed in (Kuzminov, 1999). Upon encountering the Chi site, the nuclease
activity is attenuated, although the helicase activity continues to unwind DNA. It is
thought that RecA is then recruited to this substrate to initiate recombination (Amundsen
et al., 2000). recBC mutants are deficient in all known activities of RecBCD, have a
reduced recombination frequency as measured by conjugation and transduction, have a
low plating efficiency, and are sensitive to DNA damage (Chaudhury & Smith, 1984;
Clark, 1973). recD mutants are deficient in exonuclease activity, but are still able to
unwind DNA and are proficient in recombination (Amundsen et al., 1986). Additionally,
recD mutants have normal cell viability as compared to wild-type following UV
irradiation (Chaudhury & Smith, 1984). Strains deficient in RecBC or RecD appear to
process the nascent DNA normally following the arrest of replication (Courcelle &
Hanawalt, 1999). The absence of RecBC or RecD does not impair the cell’s ability to
resume replication (Courcelle et al., 1997; KH Chow, unpublished results). However,
although recBC mutants begin to recover DNA synthesis at a time that is similar to wild-
type cultures, the rate of synthesis does not return to pre-UV rates within 90 min (KH
Chow, unpublished results).

In an attempt to further understand the cellular roles that RecBC and RecD might
have following UV-induced DNA damage, we examined the replication intermediates
that occurred on pBR322 molecules from recBC and recD mutants using 2D agarose gels
(Fig. 4.4). In recBC, mutants the migration pattern of Pvull digested pBR322 was found
to be similar to that observed in wild-type cells (Fig. 4.4A). However, unlike wild-type

cells and as previously reported, the intermediates that migrated in the cone region of
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A: 2D agarose gels of Pvull digested pBR322 following UV irradiation. Cells containing
the plasmid pBR322 were UV irradiated with 50 J/m” and the total genomic DNA was

purified and restricted with Pvull and resolved by 2D agarose gels at the times indicated.
The percent of molecules in the Y-arc ([]) and in the cone region (A) are plotted relative

to the amount of linear DNA in the sample. Graphs are based on two independent
experiments. Error bars represent one standard deviation. B: 2D agarose gels of

undigested pBR322 following UV irradiation. DNA was purified as in (A) and restricted
with Sacll, and resolved by 2D agarose gels at the times indicated. Gels shown represent
one of at least two independent experiments.
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recBC mutants persisted throughout the 90 min time course (Fig. 4.4A). To further
characterize the structural intermediates that persisted in this strain, undigested pBR322
molecules from recBC mutants were also examined. We did not observe any detectable
differences in the species or quantities of products generated during the recovery period
following UV irradiation, making the events that lead to the persistence of the X-shaped
molecules in the Pvull digested samples unclear (Fig. 4.4).

Similar to recBC mutants, Pvull digested pBR322 molecules from recD mutants
also formed cone region intermediates that persisted throughout the 90 min time course in
response to UV irradiation (Fig. 4.4A). In contrast to recBC mutants, however, recD
mutants additionally contained a class of unique structural intermediates that were
present both in the absence and presence of UV irradiation. These unique intermediates
migrated as a tail of shorter products that extended from the 8.8 kb linear spot (Fig.
4.4A). Examination of undigested pPBR322 from recD mutants indicated that long, linear
multimers of pPBR322 formed even in the absence of DNA damage (Fig. 4.4B). Previous
studies have shown that RecD is required to prevent plasmid replication from occurring
via a rolling circle mechanism and that this results in reduced plasmid stability in recD
mutants (Biek & Cohen, 1986; Niki et al., 1990).

These results indicate that RecBC or RecD are required to process DNA
intermediates generated by UV-induced DNA damage. However, the nature of the
substrate that requires processing is not clear. The presence of linear multimers in recD
mutants in the absence of UV irradiation, taken together with the persistence of the cone

region intermediates following UV irradiation, suggests that RecD may be processing a
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common substrate that occurs during both normal replication and DNA repair. The
possibility that the replication defect in recD mutants is simply exaggerated by the
presence of UV damage also cannot be excluded.

Here we have investigated several mutants for potential intermediates that may
indicate the cellular substrate for these gene products in vivo. Together with previous
data, our results suggest that RecJ, RecQ, and potentially Exo I may have roles in
processing UV-induced intermediates that would increase the efficiency by which
replication resumes. RecBC and RecD both have roles in processing UV-induced
intermediates as well, but may also have a functional roles in the absence of DNA
damage. The question of what specific role(s) that RecBC or RecD has during normal
cellular replication and how it relates to its role following UV-induced DNA damage is

an interesting problem that merits further investigation.
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CHAPTER V

SUMMARY

The bacterium Escherichia coli has served as a useful model organism for
characterizing how cells respond to DNA damage. The genetics of this organism are well
characterized, allowing for rapid construction of specific mutants. Additionally, the
processes of replication, transcription, and repair are highly conserved between E. coli
and humans, allowing us to dissect how these complicated cellular processes occur in a
simpler, more manipulable system such as E. coli.

This project utilized DNA damage induced by UV irradiation as a model lesion to
dissect the general question of how replication occurs in the presence of DNA damage.
Lesions that are induced by UV irradiation have been shown to block the progression of
replication machinery (Howard-Flanders et al., 1968; Setlow et al., 1963). Following UV
irradiation, DNA synthesis undergoes a brief arrest before resuming again (Courcelle et
al., 2003; Setlow et al., 1963). The time at which replication resumes correlates with
when the lesions have been removed from the DNA and UV-induced intermediates have
been processed (Courcelle et al., 2003). Although several proteins are known to be
involved, the specific processes by which replication resumes following arrest at a UV
lesion or continues in the presence of a non-arresting lesion are not completely

understood. This dissertation focused upon characterizing several candidate gene
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products for their potential roles in either the recovery of DNA synthesis following UV

irradiation or potentially processing UV-induced lesions that fail to arrest the progression
of the replication machinery.

Following UV irradiation, it has been proposed that the nascent DNA at the
arrested replication fork will be displaced and processed to generate a 4-arm branched
structure that resembles a Holliday junction. This would then expose the blocking lesion
and allow the nucleotide excision repair proteins to gain access to and remove the
damaged DNA (Courcelle et al., 2003). RuvAB and RecG have both been proposed to
potentially form Holliday junctions at arrested replications forks based primarily upon in
vitro studies and UV survival assays (Courcelle & Hanawalt, 2001; McGlynn & Lloyd,
1999; McGlynn & Lloyd, 2001; Seigneur et al., 1998). Chapter II of this dissertation
tested the hypothesis that RuvAB or RecG may be required for DNA synthesis to resume
following UV irradiation. We showed that the absence of either RecG or RuvAB did not
affect the time or kinetics that DNA synthesis resumed. We also showed that RuvAB and
RecG were not required for maintaining the structural integrity of the arrested replication
fork following UV irradiation. This suggests that if RuvAB or RecG is involved in
catalyzing fork regression, it is not essential for the resumption of DNA synthesis
following UV-induced DNA damage.

Chapter III’s surprising result that RuvAB or RecG are not essential for the
resumption of DNA synthesis following arrest led us to pursue the question of “Why are
strains deficient in RuvAB or RecG hypersensitive to UV irradiation?” The impaired

survival following UV-induced DNA damage clearly indicates that these gene products



123

are required for some function that promotes viability when the cells are exposed to UV.
Chapter III of this dissertation explored the possibility that RuvABC or RecG are
involved in alternative processes following UV irradiation other than the direct
processing of arrested replication forks. We explored this possibility using two-
dimensional agarose gel electrophoresis, along with transmission electron microscopy
and alkaline sucrose gradients to monitor the structural integrity and intermediates of
ruvAB and recG mutants following UV irradiation. We showed that even though DNA
synthesis resumed following arrest, mutants lacking RuvAB or RuvC accumulated
Holliday junctions following replication on damaged templates. The failure to resolve the
Holliday junctions correlated with a loss in the integrity of the genomic DNA at later
times following UV. These Holliday junctions were further examined by transmission
electron microscopy and were found to be structurally distinct from the intermediates
observed to accumulate in mutants that fail to resume replication following arrest. We
proposed that RuvABC may be necessary to resolve Holliday junctions that accumulate
at a subset of lesions that are skipped over by the replication apparatus.

The technique of two-dimensional agarose gel electrophoresis to reveal structural
intermediates associated with the recovery of replication following UV-induced DNA
damage has proven to be a useful tool for identifying the potential cellular functions of
several candidate gene products (Courcelle et al., 2003; Donaldson et al., 2005). To make
use of this, Chapter IV used two-dimensional agarose gels to survey several mutants for
potential intermediates that may indicate the cellular substrates for these gene products in

vivo. The UV-induced intermediates of strains deficient in RecJ, Exo I (xon4), RecQ,
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RecBC, and RecD were analyzed by two-dimensional agarose gel electrophoresis. We

showed that recJ, recQ, xonA, and recBC mutants did not accumulate UV-induced
intermediates that were distinct from those observed in wild-type cells by this assay
(Courcelle et al., 2003). However, in the recJ, recQ, and xon4 mutants, the UV-induced
cone region intermediates persisted for 15 min beyond the time that they had been
resolved in wild-type cultures. By contrast, the cone region intermediates in recBC and
recD mutants persisted throughout the 90 min time period we examined. Additionally,
recD mutants formed long, linear multimers both the absence and presence of UV-
induced DNA damage as has been reported previously.

These results suggest several experimental predictions and questions that could be
pursued in the future. First, what is the role of RecG? The assays we utilized in these
studies were unable to identify any significant abnormalities in ecG mutants that could
account for its hypersensitivity to DNA damage. RecG catalyzes the formation of
Holliday junctions from replication fork-like structures in vitro, yet these activities have
not been identified in vivo. Second, what are the molecular events that generate the DNA
cross-overs observed in ruvAB and ruvC mutants? Third, what are the structures of the
intermediates that form in recBC and recD mutants? These gene products are involved in
recombination-mediated repair of double-strand breaks and the roles of these proteins in
the cell in the presence of UV-induced DNA damage need to be identified. Are they part
of a second pathway that the cell will choose if not able to repair the damaged lesions by
nucleotide excision repair? It will be important to further characterize these and other

proteins in cellular processes that occur in the presence of DNA damage.



125

REFERENCES

Courcelle, J., Donaldson, J. R., Chow, K. H. & Courcelle, C. T. (2003). DNA damage-
induced replication fork regression and processing in Escherichia coli. Science
299, 1064-7.

Courcelle, J. & Hanawalt, P. C. (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.

Donaldson, J. R., Courcelle, C. T. & Courcelle, J. (2005). RuvABC is required to resolve
Holliday junctions that accumulate when replication occurs on damaged templates
in Escherichia coli. in process.

Howard-Flanders, P., Rupp, W. D., Wilkins, B. M. & Cole, R. S. (1968). DNA
replication and recombination after UV irradiation. Cold Spring Harb. Symp.
Quant. Biol. 33, 195-207.

McGlynn, P. & Lloyd, R. G. (1999). RecG helicase activity at three- and four-strand
DNA structures. Nucleic Acids Res. 27, 3049-56.

McGlynn, P. & Lloyd, R. G. (2001). Action of RuvAB at replication fork structures. J.
Biol. Chem. 276, 41938-44.

Seigneur, M., Bidnenko, V., Ehrlich, S. D. & Michel, B. (1998). RuvAB acts at arrested
replication forks. Cell 95, 419-30.

Setlow, R. B., Swenson, P. A. & Carrier, W. L. (1963). Thymine dimers and inhibition of
DNA synthesis by ultraviolet irradiation of cells. Science 142, 1464-1466.





