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ABSTRACT The products of the Escherichia coli umuDC
operon are required for translesion synthesis, the mechanistic
basis of most mutagenesis caused by UV radiation and many
chemicals. The UmuD protein shares homology with LexA, the
repressor of SOS-regulated loci, and similarly undergoes a
facilitated autodigestion on interaction with the RecA/single-
stranded DNA nucleoprotein filaments formed after a cell
experiences DNA damage. This cleavage, in which Ser-60 of
UmuD acts as the nucleophile, produces UmuD’, the form
active in translesion synthesis. Expression of the noncleavable
UmuD(S60A) protein and UmuC was found to increase sur-
vival after UV irradiation, despite the inability of the
UmuD(S60A) protein to participate in translesion synthesis;
this survival increase is uvr* dependent. Additional observa-
tions that expression of the UmuD(S60A) protein and UmuC
delayed the resumption of DNA replication and cell growth
after UV irradiation lead us to propose that the uncleaved
UmuD protein and UmuC delay the resumption of DNA
replication, thereby allowing nucleotide excision repair addi-
tional time to repair the damage accurately before replication
is attempted. After a UV dose of 20 J/m?, uncleaved UmuD is
the predominant form for approximately 20 min, after which
UmuD’ becomes the predominant form, suggesting that the
umuDC gene products play two distinct and temporally sep-
arated roles in DNA damage tolerance, the first in cell-cycle
control and the second in translesion synthesis over unre-
paired or irreparable lesions. The relationship of these ob-
servations to the eukaryotic DNA damage checkpoint is
discussed.

umuDC mutants of Escherichia coli were originally identified
by directly screening for derivatives of E. coli that are non-
mutable by treatment with UV and various other chemicals (1,
2). The umuDC gene products have subsequently been shown
to contribute to E. coli’s ability to tolerate DNA damage by
participating in the process of translesion synthesis (3—8). Base
substitution mutagenesis by UV and various chemicals occurs
when, during the process of translesion synthesis, an incorrect
nucleotide is inserted opposite the lesion and the chain is
subsequently extended (9-12).

The activities of the umuDC gene products are regulated in
a complex way as part of the SOS response of E. coli (3, 5, 6).
Cells sense that they have experienced DNA damage when
RecA proteins bind to regions of single-stranded DNA, which
are produced as a consequence of the damage, and undergo a
conformational change that activates the RecA coprotease.
The RecA coprotease then transduces the DNA-damage signal
that leads to the induction of the SOS response by facilitating
the inactivation of LexA, the repressor of DNA damage-
inducible genes, including umuD™ and umuC*. The inactiva-
tion of LexA occurs by a facilitated autodigestion mechanism
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in which Ser-119 of LexA serves as the nucleophile that cleaves
the LexA Ala-84—Gly-85 bond (3, 13). The carboxyl terminal
domain of UmuD is structurally related to the carboxyl
terminal domain of LexA and similarly undergoes a RecA-
facilitated autodigestion in which Ser-60 of UmuD serves as
the nucleophile that cleaves the UmuD Cys-24—Gly-25 bond
to yield UmuD’ (14-16). This cleavage activates the umuD
gene product for its role in translesion synthesis (15, 17). In vivo
the noncleavable UmuD(S60A) protein is not capable of
participating in UV and chemical mutagenesis, whereas
UmuD’ is capable (15). In vitro the addition of uncleaved
UmuD to UmuC, RecA, and DNA polymerase IIT holoenzyme
does not result in translesion synthesis (9, 10), whereas the
addition of UmuD’ protein does (9-11) .

In addition to participating in translesion synthesis, UmuD’
and UmuC have been shown to inhibit RecA-mediated ho-
mologous recombination when they are present at elevated
levels, and this has led to the proposal that this modulation of
recombination represents an additional mechanism by which
the umuDC gene products help E. coli tolerate DNA damage
(18). The possibility that the umuDC gene products might play
even more roles was raised by our analysis of the cold
sensitivity for growth that is observed with strains that over-
express the umuDC operon (19, 20). Our discovery that cold
sensitivity for growth caused by overexpression of the umuDC
operon is genetically distinct from SOS mutagenesis and
involves uncleaved UmuD rather than UmuD’ suggested that
the uncleaved UmuD protein and UmuC might play a role in
modulating the E. coli cell cycle after DNA damage (20).
Interestingly, the umuD(S60A) mutation causes a dominant-
negative effect on SOS mutagenesis (15), but does not affect
the activity responsible for UmuDC-mediated cold sensitivity
(20). In contrast, the umuC125 (A39V) mutant gene product
is active in SOS mutagenesis but is severely impaired in its
ability to promote umuDC-mediated cold sensitivity (21). In
this paper, we describe unanticipated results we have obtained
in followup experiments that lead us to suggest that, after E.
coli has experienced DNA damage, uncleaved UmuD protein
and UmuC play a role in regulating DNA synthesis and cell
growth in a manner that is reminiscent of the DNA damage
checkpoint that has been recognized in eukaryotes (22-24).

MATERIALS AND METHODS

Strains and Plasmids. The salient features of the strains and
plasmids used in this work are described in legend of each
figure. Strain GW8101 was constructed by transducing uvrA46
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malE::Tn10 from PF1364 (Patricia L. Foster, Boston Univer-
sity, Boston, MA) into GW8023 (20) by using P1(vir) trans-
duction and selecting for tetracycline resistance and increased
UV sensitivity. pTO4 was constructed by replacing the 1-kb
BglII fragment of pSE117 (25) with the corresponding restric-
tion fragment from pGW2112 (15) containing the
umuD(S60A) mutation. The presence of the umuD(S60A)
mutation in pTO4 was verified by DNA sequence analysis. All
plasmids used in these studies are medium copy-number
pBR322 derivatives.

UV Survival Curves. UV survival curves were performed
essentially as previously described (26). Briefly, cultures grow-
ing exponentially in M9 medium (27) supplemented with 0.2%
glucose and 0.4% casamino acids were irradiated in 5-ml
aliquots in the growth medium in a 100-mm glass Petri dish.
Serial dilutions were plated on Luria—Bertani agar as previ-
ously described (20, 26) to determine colony-forming units/ml
after exposure to a given UV dose. In Figs. 1B and 2B, a
representative example of multiple experiments is shown.

Measurement of Growth after UV Irradiation. The effect of
UV irradiation on subsequent growth was measured as follows.
Growth of bacterial cultures, exposure to UV radiation, and
subsequent growth were as described below. Growth of each
culture was monitored by plating on Luria-Bertani agar and
measuring colony-forming units/ml at various times before
and after UV irradiation.

Induced Replisome Reactivation (IRR) Assays. IRR assays
were performed essentially as described by Khidir ez al. (28).
Briefly, overnight cultures grown in M9 medium (27) supple-
mented with 0.2% glucose, and 0.4% casamino acids were
diluted 1:200 in fresh prewarmed medium and incubated at
37°C until the culture was growing exponentially (ca. 0.1
ODgp). The ODggp and rate of DNA synthesis were measured
at the indicated times before and after UV irradiation. The
rate of DNA synthesis was measured as the amount (cpm) of
[*H]thymidine (Amersham Pharmacia) incorporated into tri-
chloroacetic acid insoluble counts during a 2-min pulse. Each
exponentially growing culture was irradiated in M9 (0.2%
glucose) growth medium with UV (10J/m?) in a 150-mm Petri
dish to minimize the interruption to exponential growth. After
UV irradiation, bacterial cultures were grown in the absence
of light to prevent reversal of UV-induced DNA damage by
photoreactivation.

Measurement of Steady-State Levels of UmuD and UmuD’.
Immunoblot analyses to measure steady-state levels of UmuD
and UmuD’ at various times after UV irradiation were per-
formed as previously described (20), except that a 0.10-ODggo
unit aliquot of each sample was electrophoresed. Growth of
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F1G6. 1. The activities of uncleaved UmuD and UmuD’ in combi-
nation with UmuC increase resistance to DNA damage. (4) Survival
after UV irradiation of isogenic strains of GW8024 [recA™
A(umuDC)595::cat lexA(Def)] (20) that differ in the genotype of
umuD and umuC carried on a plasmid: (@) umuD* umuC+ [pSE117]
(25); (&) umuD'" umuC* [pGW3751] (56); (a) umuD(S60A) umuC*
[pTOA4] (this work); (0) AumuDC [pBR322kan] (20). (B) Same as in
A, but strains are GW8023 [recA™ A(umuDC)595::cat lexA™*] (20).
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cultures, UV irradiation, and subsequent growth were per-
formed as described above.

RESULTS

Uncleaved UmuD Protein and UmuC Increase Resistance to
Killing by UV Radiation. We had previously found that, when
overexpressed from a multicopy plasmid in a lex4(Def) strain,
uncleaved UmuD protein and UmuC inhibit aspects of the E.
coli cell cycle at 30°C, resulting in a cold sensitivity for growth,
whereas UmuD’ and UmuC were far less inhibitory (19, 20).
It seemed possible that the effects of the uncleaved UmuD
protein and UmuC on the cell cycle we had observed under
these overproduction conditions might have resulted from the
exaggeration of a physiological role of these proteins that is
normally relevant only to cells that have suffered DNA dam-
age.

To test this idea, we used the same lexA(Def) recA™*
AumuDC cells expressing various plasmid-encoded derivatives
of the umuDC operon that we had used in our previous studies
but grew them at the permissive temperature of 37°C (20). As
shown in Fig. 14, the derivative expressing the noncleavable
UmuD(S60A) protein (15) along with UmuC was more resis-
tant to killing by UV radiation than the isogenic strain that
lacked umuDC function. Furthermore, the derivative that
directly expressed UmuD’ and UmuC was not as resistant to
killing by UV radiation as the one that expressed the wild-type
umuDC gene products and thus produces UmuD, UmuD’, and
UmuC. Taken together, these observations suggested that, in
combination with UmuC, the UmuD and UmuD’ forms of the
umuD gene product each confer a separate survival advantage
to cells that have suffered DNA damage from UV radiation.

Because of concern that the protection against killing con-
ferred by uncleaved UmuD protein with UmuC might be an
artifact of the high level of expression of these plasmid-
encoded proteins in the lexA(Def) background, the same
experiments were repeated in a lexA* background. Many
studies of umuDC function have similarly used lex4 " strains in
which the gene products were expressed from a multicopy
plasmid (15, 18, 29-33) and furthermore, as will become
evident, the striking and consistent allele-specific phenotypes
we observe for each of the different plasmid-encoded umuDC
operons in a variety of experiments argue against their being
the result of overproduction-induced artifacts. As shown in Fig.
1B, in the lexA™ background as well, expression of the non-
cleavable UmuD(S60A) protein with UmuC increased resis-
tance to killing by UV radiation compared with a AumuDC
strain. Furthermore, direct expression of UmuD’ with UmuC
did not result in as high a level of resistance to UV Kkilling as
expression of the wild-type umuDC gene products.

Our discovery that uncleaved UmuD together with UmuC
could increase resistance to killing by UV radiation was
surprising because, in the past, umuDC-dependent resistance
to killing by UV radiation and other DNA-damaging agents
has been attributed entirely to the ability of UmuD’ and UmuC
to promote translesion synthesis (3, 34). Cells capable of
expressing only uncleaved UmuD protein and UmuC because
of a umuD mutation causing a defect in RecA-facilitated
UmuD cleavage are nonmutable (15, 17), indicating that they
cannot carry out translesion synthesis. Furthermore, uncleaved
UmuD cannot substitute for UmuD’ in promoting translesion
synthesis in vitro (9, 10). Thus uncleaved UmuD protein and
UmuC must increase cellular resistance to killing by UV
radiation by a mechanism other than translesion synthesis.

Because of our previous observation that overproduction of
uncleaved UmuD protein and UmuC inhibit cell growth at
30°C (19, 20), we investigated whether uncleaved UmuD and
UmuC modulate cell growth after UV irradiation. This proved
to be the case because, in a lexA™ recA™ AumuDC strain,
plasmid-encoded expression of either the noncleavable
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UmuD(S60A) protein (15) together with UmuC, or the similar
expression of the umuD*C* gene products, significantly de-
layed the recovery of cell growth after UV irradiation com-
pared with the parental strain, which lacks umuDC function
(Fig. 24).

The Resistance to Killing by DNA Damage Provided by
Uncleaved UmuD Protein and UmuC Depends on Nucleotide
Excision Repair. If uncleaved UmuD protein and UmuC were
to act by delaying progression through the cell cycle after
UV-induced DNA damage, this would allow more time for the
highly accurate uvr™-dependent nucleotide excision repair
system to remove DNA lesions before DNA replication and
cell division. A key prediction of this hypothesis is that the
increased resistance to UV radiation conferred by uncleaved
UmuD protein and UmuC would not be observed in a uvr
mutant, which lacks nucleotide excision repair. A second
prediction is that, in a uvr background, UmuD’ would be as
effective as the wild-type UmuD protein in conferring resis-
tance to killing by UV radiation in combination with UmuC.
As shown in Fig. 2B (compare with Fig. 1B), both of these
predictions were borne out. In contrast to the corresponding
uvrA* strain (Fig. 1B), the UV resistance of a lexA™ recA™
uvrA6 AumuDC strain was unaffected by expression of the
noncleavable UmuD(S60A) protein along with UmuC. In
addition, the UmuD’ protein and the wild-type UmuD*
protein, when expressed along with UmuC, were equally
effective in increasing UV resistance. Thus these data are
consistent with the hypothesis that uncleaved UmuD protein
and UmuC function to protect the cell from DNA damage by
slowing down the E. coli cell cycle, thereby allowing more time
for error-free repair mechanisms such as nucleotide excision
repair to act.

Uncleaved UmuD Protein and UmuC Regulate DNA Syn-
thesis in Response to DNA Damage. A plausible mechanism
for how the uncleaved UmuD and UmuC could cause a
pausing or slowing of the cell cycle after DNA damage so that
additional accurate repair could occur would be for them to
modulate the rate of DNA synthesis after UV irradiation. This
possibility was also suggested by our previous observation that
strong overexpression of umuDC at 30°C inhibited DNA
synthesis (19). To test this aspect of the model, we examined
the influence of uncleaved UmuD protein together with

10 1000
Ay B
100
:! _—
10 3 10
g
- 5 ]
£ 107 @
T I
o g
[ o 013
10 3 o
001
10 ¢ T T T .0001
5 0 50 100 0 2 4 6 8 1

time (min) UV Dose (J/m2) ©

FiG. 2. (A) Uncleaved UmuD and UmuC regulate growth in
response to DNA damage in exponentially growing E. coli cultures.
Effect of various plasmid-encoded umuD* umuC* gene products on
growth of GW8023 [lexA™, recA*, A(umuDC)595::cat] after UV
irradiation (25 J/m?). (O0) AumuDC [pBR322kan]; (A) umuD+ umuC™*
[pSE117]; (@) umuD(S60A) umuC* [pTO4] (this work). (B) The
resistance to killing by DNA damage provided by uncleaved UmuD
and UmuC depends on nucleotide excision repair. Survival after UV
irradiation of isogenic strains of GW8101 [recA™ A(umuDC)595::cat
lexA™* uvrA6] (this work) that differ in the genotype of umuD and
umuC carried on a plasmid: (@) umuD* umuC™* [pSE117] (25); (&)
umuD'" umuC* [pGW3751] (56); (a) umuD(S60A) umuC+* [pTO4]
(this work); (O0) AumuDC [pBR322kan] (20).
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UmuC on the rate of DNA synthesis occurring after DNA
damage.

After UV irradiation of E. coli, DNA synthesis is inhibited.
Its subsequent recovery is referred to as IRR (28) or “repli-
cation restart” (35). The inhibition of DNA synthesis after UV
irradiation does not require induction of the SOS response and
has been attributed to a direct effect of lesions in the template
blocking replisome movement (28). IRR requires the induc-
tion of a recA*-regulated protein, but the molecular mecha-
nisms underlying this phenomenon have not been elucidated
and, in particular, the relationship of the umuDC gene prod-
ucts to IRR is poorly understood. IRR is still observed in umuC
mutants, both in a uvr™ E. coli K-12 strain (28) and in a uvr E.
coli B/r strain (33), indicating that there is a umuDC-
independent mode of IRR. In contrast, IRR completely
depends on umuDC function in E. coli B/r derivatives carrying
the recA718 allele (33). This latter observation suggests that
there is also a second pathway for IRR that is umuDC
dependent (33). However, the existence of the wumuDC-
independent pathway makes it difficult to detect the effect of
loss-of-function umuDC mutations on IRR in a wild-type
genetic background.

In an effort to detect the umuDC-dependent pathway in the
presence of the umuDC-independent pathway, we increased
the dosages of the various umuDC derivatives by expressing
them from multicopy plasmids in a lex4(Def) background. In
this genetic background, as in other genetic backgrounds (28,
33), inhibition and recovery of DNA synthesis after UV
irradiation occurred in the absence of umuDC function (Fig.
34). However, expression of elevated levels of the umuD*C™*
gene products resulted in a readily detectable delay in the
resumption of DNA synthesis after UV irradiation compared
with the strain lacking umuDC (Fig. 3B). This delay is appar-
ently because of the presence of uncleaved UmuD together
with UmuC because direct expression of the UmuD’ protein
together with UmuC did not cause such a delay (Fig. 3C),
whereas expression of the noncleavable UmuD(S60A) protein
together with UmuC prevented the resumption of DNA
synthesis after UV within the time frame of the experiment
(Fig. 3D). These results indicate that, although the initial
inhibition of DNA synthesis after UV irradiation can occur in
the absence of uncleaved UmuD and UmuC, these proteins
have the potential ability to maintain the inhibition of DNA
synthesis until it is alleviated by a key regulatory step, namely
the conversion of uncleaved UmuD to UmuD’ by RecA-
mediated cleavage. Such a delay in the resumption of DNA
synthesis after DNA damage could provide a survival advan-
tage after UV irradiation by allowing additional time for
nucleotide excision repair to remove DNA lesions before the
DNA was replicated.

Remarkably, although inhibition of DNA synthesis occurs in
the absence of umuD and umuC (Fig. 34), expression of the
UmuCl125 protein along with the UmuD protein prevented
inhibition of DNA synthesis after UV irradiation (Fig. 3E).
This finding suggests that the change in UmuC function caused
by the umuC125 allele, a single missense mutation that changes
Ala-39 to Val (21), enables it to modulate DNA polymerase I11
in such a way that DNA replication is not inhibited when the
cell suffers DNA damage. The urmuC125 allele has the unusual
property of not causing cold sensitivity for growth when
overexpressed with umuD ™, while still being proficient in SOS
mutagenesis (21), a property indicating that it can still partic-
ipate in translesion synthesis. Furthermore the presence of the
umuC125 mutation increases the sensitivity of E. coli to killing
by UV radiation (21). Because the urmuC125 mutant is appar-
ently proficient in SOS mutagenesis, our observations suggest
that the hitherto unexplained UV sensitivity of the umuC125
mutant is caused, at least in part, by the insensitivity of its DNA
replication system to inhibition after DNA damage.
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Fi6. 3. Uncleaved UmuD and UmuC regulate DNA synthesis in response to DNA damage. The effect of various urmuD umuC gene products
on inhibition and recovery (IRR) of DNA synthesis caused by UV irradiation in isogenic strains of GW8024 [lexA(Def) recA* A(umuDC)595::cat]
that differ in the genotype of umuD umuC carried on a plasmid. The rate of DNA synthesis (amount of [*H]thymidine incorporated into TCA
insoluble counts during a 2-min pulse; W) and ODggo (A) were measured at various times before and after UV irradiation (indicated by arrow) in
isogenic strains that differ only in the genotype of umuD umuC carried on a plasmid: (4) AumuDC [pBR322kan] (20); (B) umuD* umuC™ [pSE117]
(25); (C) umuD’ umuC* [pGW3751] (56); (D) umuD(S60A) umuC™* [pTO4] (this work); (E) umuD* umuC125 [pLM109] (21).

Temporal Regulation of the Activities of the umuDC Gene
Products. Although the umuDC operon is induced by DNA
damage, like other SOS-controlled operons (3) it is expressed
constitutively at a basal level. E. coli that have not suffered
DNA damage contain approximately 200 UmuD molecules/
cell (36). Although the levels of UmuC in an uninduced cell
were reported to be below the level of detection (36), a
reasonable estimate based on the UmuD induction ratio would
be approximately 20 UmuC molecules/cell. Thus, even before
the SOS system has been induced, there would appear to be
sufficient numbers of these proteins available to begin to
interact with the replication machinery and influence its
behavior after DNA damage has occurred.

Taken together with previous observations (14-16), the
results presented above indicate that RecA-mediated cleavage
of uncleaved UmuD to yield UmuD’ must be a key regulatory
event that controls the various activities of the umuDC gene
products in a wild-type cell. To test whether the kinetics of
UmuD cleavage in vivo after a DNA-damaging treatment are
compatible with the hypothesis that there are different phys-
iological roles for uncleaved UmuD and UmuD’, we measured
the steady-state levels of UmuD and UmuD' at various times
after a UV dose of 20 J/m? (Fig. 4). After UV irradiation,
uncleaved UmuD accumulates and predominates over UmuD’
for 20 min. This is followed by a period in which UmuD’
accumulates. The higher level of UmuD’ that accumulates
during these later times relative to UmuD during the earlier
time points may reflect the relative resistance of UmuD’ to
proteolytic degradation compared with UmuD (30, 37). We
observed that irradiation of cells with a modestly higher dose
of UV (50 J/m?) resulted in a striking delay in the peak of
UmuD’ production of about 40 min compared with that
observed with 20 J/m? (Fig. 4). Such a delay could allow time
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F1G.4. The appearance of UmuD and UmuD'’ in response to DNA
damage are temporally regulated by RecA, and the timing of the peak
production of UmuD’ depends on the amount of DNA damage the
cells have suffered. Immunoblot analyses were used to measure
steady-state levels of UmuD and UmuD’ at various times after
exponentially growing cultures of GW2771 [lexA™, recA™, umuD™*
umuC+] were irradiated with UV(20 J/m? or 50 J/m?). The positions
of UmuD (D), UmuD’ (D’) and a crossreacting species (CR), which
was used as a loading control, are indicated.

for more error-free repair to occur at the higher level of DNA
damage. Thus our measurements indicate that cells do indeed
experience two distinguishable phases after a DNA-damaging
treatment, an earlier one in which UmuD predominates and a
later one in which UmuD’ predominates.

The delay in the appearance of UmuD’ can be explained, at
least in part, by the observation that RecA-mediated cleavage
of UmuD, both in vivo (16) and in vitro (14), is slow compared
with LexA (38). Furthermore, there are additional factors that
regulate UmuD cleavage in vivo. This is illustrated by the fact
that kinetics of RecA-mediated cleavage of UmuD that we
observed using a lexA™ strain were significantly faster than
those reported by Bailone et al. (39), who used a lexA(Def)
strain in their studies. The difference in the kinetics of UmuD
cleavage between these strains is likely to be caused by one or
more SOS-regulated factors, which could be expressed at
higher levels in a lexA(Def) strain. At least one of these is the
SOS-inducible dinl gene product, which has been shown to
slow the rate of UmuD cleavage in vivo (40). The complexity
of the regulatory circuitry is undoubtedly further complicated
by the differential susceptibility to proteolytic degradation of
the various forms of the umuD gene product; Frank et al. (30)
have shown that UmuD; is degraded by Lon and UmuD’ is
degraded by ClpXP when it is in the UmuD’-UmuD het-
erodimer. The conversion of UmuD to UmuD’ by RecA-
mediated cleavage may have evolved to act as a molecular
timing mechanism that enables the cell to switch from one
mode of dealing with DNA damage to another.

DISCUSSION

The unexpected results reported in this paper lead us to
propose a model in which, after E. coli suffers damage to its
DNA and its replication forks become blocked by lesions in the
DNA (28), the umuDC gene products play two distinct and
temporally separated roles in DNA damage tolerance. The first
role, which requires the uncleaved UmuD protein and UmuC,
delays the recovery of DNA replication and cell growth after
DNA damage. Such a delay in the resumption of DNA
synthesis and cell growth increases the ability of cells to survive
the DNA damage by allowing additional time for accurate
repair systems to remove or process the damage before
replication is attempted. In support of this aspect of the model,
we have shown that the protection from UV-induced DNA
damage provided by uncleaved UmuD in combination with
UmuC depends on a functional uvrA4 gene product, an essential
component of the error-free uvr*-dependent nucleotide exci-
sion repair system in E. coli. Moreover, by preventing cells
from attempting to replicate damaged DNA templates, un-
cleaved UmuD and UmuC might prevent secondary conse-
quences that could be even more difficult to deal with than the
original lesions in the DNA.

The RecA-mediated cleavage of UmuD to UmuD’ then acts
as a molecular switch that permits the umuDC gene products
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to carry out their second role, in which UmuD’ and UmuC aid
in the resumption of DNA replication by participating in
translesion synthesis. This damage-tolerance mechanism per-
mits cells to survive by replicating over unrepaired or irrepa-
rable lesions that would otherwise block DNA synthesis. Our
analyses of the kinetics of the conversion of UmuD to UmuD’
in wild-type cells after DNA damage suggest that the role of
the umuD gene product in controlling DNA replication and
cell growth would be carried out during the first few minutes
after DNA damage, during which UmuD predominates over
UmuD’, and that the translesion synthesis role would take
place subsequently when UmuD’ predominates over UmuD.
We have also found that higher levels of DNA damage result
in a shift of the peak of UmuD’ production to a significantly
later time after the DNA-damaging treatment relative to what
is seen at a lower level of damage. This observation suggests
that there is a regulatory mechanism that responds to in-
creased levels of DNA damage by modulating the RecA-
mediated molecular switch, thereby prolonging the period in
which the levels of UmuD are high relative to those of UmuD’
and hence the period during which the resumption of DNA
replication is delayed.

Interactions of the umuDC gene products with components
of the cell’s replicative machine, DNA polymerase III holoen-
zyme, seem likely to be involved in both of these roles. Effects
of UmuD’ and UmuC in permitting translesion synthesis have
been observed in a purified system containing only DNA
polymerase III holoenzyme and RecA in addition to UmuD’
and UmuC (9-11). An interaction of the uncleaved UmuD
protein and UmuC with components of DNA polymerase I11
holoenzyme would be an economical way of accounting for the
inhibition of DNA synthesis caused by the uncleaved UmuD
protein and UmuC that we have described in this paper.
However, it is clear that under normal physiological condi-
tions, the mere presence of uncleaved UmuD and UmuC in an
undamaged cell is not enough to result in the inhibition of
DNA replication. There must be some additional event that
occurs as a result of DNA damage that permits the umuDC
gene products to interact productively with DNA polymer-
ase III.

Differences between the structures of the UmuD and
UmuD'’ proteins could account for the very different biochem-
ical and physiological roles of these two proteins. Analysis of
the crystal structure of UmuD’ has revealed that the UmuD’
monomer has a globular carboxyl terminus but an unstructured
N terminus (41). NMR analysis has shown that the UmuD’,
dimer found in solution is the one in which the extreme
carboxyl termini participate in the interface, and that the N
termini (residues 25-39 using UmuD numbering) are flexible
in solution (42). Comparative analyses of the behavior of
monocysteine derivatives of UmuD; and UmuD’; (refs. 43-46;
A. Guzzo and G.C.W., unpublished results) indicate that,
although the two dimers share certain similarities, there must
be substantial differences between their conformations These
differences between the UmuD and UmuD’ dimers could
result in different types of interactions with the DNA repli-
cation machinery that could then result in the differential
physiological effects that we have observed.

From studies of mutant strains with reduced rates of excision
repair both Witkin (47, 48) and Bridges (49, 50) have previ-
ously suggested that E. coli might delay its cell cycle to enable
a certain amount of repair to occur. Bridges (50) has hypoth-
esized that the replication rate after DNA damage might be
controlled by the rate of RecA-coated to -uncoated single-
stranded regions of DNA in the replication fork, whereas we
are suggesting that uncleaved UmuD and UmuC may serve as
ultimate effectors that control the rate of DNA replication by
interacting with the components of the replicative DNA
polymerase. Bridges has also discussed the hypothesis that a
bacterium is able to actively monitor the level of DNA damage
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it has suffered and delay the progression of its cell cycle until
the damage has been completely repaired (50). Our observa-
tions raise the interesting possibility that the “delay” in
resumption of DNA replication is actually a timed pause rather
than a pause whose lifting depends on some condition being
satisfied. The length of the timed pause would be determined
by the amount of DNA damage and implemented by the SOS
circuitry. We presume that the length of the timed pause for
a given amount of damage would have been set through
evolutionary selection.

If the UmuD and UmuC proteins play such a previously
unrecognized role in increasing DNA damage tolerance in E.
coli by regulating DNA synthesis and growth in response to
DNA damage, this may offer a possible explanation for the
finding that several bacterial species have umuD umuC ho-
mologs but are poorly mutable by UV radiation (51). Perhaps
it is a umuDC-dependent role in regulating the cell cycle after
damage that has been evolutionarily important for these
bacteria, rather than a role in the potentially mutagenic
process of translesion synthesis.

The model we have proposed for the uncleaved UmuD
protein and UmuC has strong parallels to the DNA-damage
checkpoint system that has been recognized as operating in
eukaryotic cells (22-24). Checkpoint surveillance mechanisms
“are usually not required for cell cycle events but enforce their
proper order, especially critical after acute damage or error”
(24). In our model, the primary signal that triggers the
operation of the checkpoint is single-stranded DNA generated
by the cell’s initial attempt to replicate its damaged DNA (38).
The sensing of the signal is accomplished by RecA polymer-
izing along the single-stranded DNA. The signal is then
transduced by the resulting RecA/ssDNA nucleoprotein fila-
ment facilitating the autodigestion of LexA, which in turn
results in the induction of SOS-regulated genes including the
umuDC operon (3, 6). As discussed above, it seems plausible
that uncleaved UmuD protein and UmuC act as the ultimate
effectors that execute the checkpoint by directly interacting
with components of the DNA polymerase III holoenzyme and
delaying the resumption of DNA replication.

An interesting aspect of the model we are proposing is that
the event that relieves the checkpoint, namely the RecA-
mediated cleavage of UmuD, simultaneously produces a pro-
tein, UmuD’, that allows cells to tolerate any remaining DNA
damage by carrying out translesion synthesis and thus aids in
the resumption of DNA replication. Like other signal trans-
duction systems, eukaryotic DNA damage checkpoints adapt
so that, even though damage remains unrepaired, after an
interval of arrest the cell may resume progress through the cell
cycle (23, 52). Viewed in this light, the cleavage of UmuD can
be seen as a form of checkpoint adaptation that generates a
capacity to tolerate unrepaired or irreparable DNA damage.

The possibility that cells might generate mutations by in-
serting noncognate nucleotides in the nascent strand during
translesion synthesis has been cited as one of the reasons for
their having a DNA-damage checkpoint system (23). However,
if the umuDC-dependent checkpoint system indeed orders the
sequence of events so that accurate nucleotide excision repair
occurs before translesion synthesis, then translesion synthesis
can be viewed as a desirable process that, for the price of an
increase in mutation frequency, enables the cell to cope with
irreparable damage that would otherwise prove lethal. The
associated increase in mutation frequency might even prove
beneficial to an organism in times of stress (53, 54). The
observation that in a radl strain the Saccharomyces cerevisiae
genes RADY, RAD17, RAD24,and MEC3 are not only required
for a checkpoint that slows the progression of an ongoing S
phase in response to DNA damage, but are also required for
UV-induced mutagenesis (55), raises the possibility that eu-
karyotic DNA-damage checkpoint systems might use a similar
principle.
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The eukaryotic DNA damage checkpoint can act at three
stages in the cell cycle: at the G1/S transition, during progres-
sion through S, and at the G,/M boundary (23). Because E. coli
grown under the conditions used in these experiments initiate
a new round of DNA replication before finishing the previous
one, they synthesize DNA continuously throughout the cell
cycle. Thus the umuDC-dependent checkpoint we have pro-
posed most closely resembles a eukaryotic S phase checkpoint.
However, in eukaryotes, genes necessary for arrest at one stage
of the cell cycle are also necessary for arrest at other stages
(23). In nature, many prokaryotes spend a great deal of time
in stationary phase and must accumulate DNA damage from
exogenous and endogenous sources that could potentially pose
a problem when they finally experience a nutritional upshift
and are able to resume an active cell cycle. It will be interesting
to test whether the umuDC-dependent DNA damage check-
point we have proposed also acts as cells make the transition
from stationary phase to active growth. In eukaryotes, this
would most closely correspond to a checkpoint operating as
cells make the transition from Gq back into an active cell cycle.

In the model we are proposing for a DNA-damage check-
point in E. coli, the proteins and regulatory systems involved
in sensing the damage, transducing the signal, and implement-
ing and relieving the checkpoint are intertwined to an extraor-
dinary extent. For example, the molecular details of the
cleavage event that governs the conversion of the umuD gene
product from its checkpoint form, UmuD, to its translesion
synthesis form, UmuD’ are virtually identical to the molecular
details of the cleavage of LexA, a key event in the signal
transduction system responsible for SOS induction and check-
point implementation (3). In another example, the RecA
protein not only plays two distinct regulatory roles by facili-
tating the cleavage of LexA and UmuD but is also required,
apparently in a mechanistic way, for the process of translesion
synthesis (3). Finally, although not yet proven, it seems plau-
sible that the various forms of the umuDC gene products exert
both their checkpoint and translesion synthesis functions
through interactions with components of DNA polymerase I1I.
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