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The Escherichia coli umuDC operon is induced in response to replica-
tion-blocking DNA lesions as part of the SOS response. UmuD protein
then undergoes an RecA-facilitated self-cleavage reaction that re-
moves its N-terminal 24 residues to yield UmuD*. UmuD*, UmuC, RecA,
and some form of the E. coli replicative DNA polymerase, DNA
polymerase III holoenzyme, function in translesion synthesis, the
potentially mutagenic process of replication over otherwise blocking
lesions. Furthermore, it has been proposed that, before cleavage,
UmuD together with UmuC acts as a DNA damage checkpoint system
that regulates the rate of DNA synthesis in response to DNA damage,
thereby allowing time for accurate repair to take place. Here we
provide direct evidence that both uncleaved UmuD and UmuD*

interact physically with the catalytic, proofreading, and processivity
subunits of the E. coli replicative polymerase. Consistent with our
model proposing that uncleaved UmuD and UmuD* promote differ-
ent events, UmuD and UmuD* interact differently with DNA poly-
merase III: whereas uncleaved UmuD interacts more strongly with b
than it does with a, UmuD* interacts more strongly with a than it does
with b. We propose that the protein–protein interactions we have
characterized are part of a higher-order regulatory system of repli-
cation fork management that controls when the umuDC gene prod-
ucts can gain access to the replication fork.

The Escherichia coli SOS response is the paradigm for how a cell
responds to DNA damage (1). Although most of the repair and

damage tolerance pathways induced as part of the SOS response are
error-free, one component of the response is umuDC-dependent
translesion synthesis (TLS), which is responsible for most of the
mutagenesis induced by UV radiation and many chemicals (2, 3).
TLS requires the UmuD9 protein (a posttranslationally modified
form of the umuD gene product), UmuC, and RecA. Collectively,
these proteins are thought to function in concert with the replicative
polymerase, DNA polymerase III (pol III) holoenzyme, to enable
replication over lesions in damaged DNA that otherwise would be
strongly blocking (1, 2).

After the umuDC operon is induced in response to DNA
damage, the UmuD protein undergoes an RecA-facilitated self-
cleavage reaction that removes its N-terminal 24 residues to yield
UmuD9 (4, 5), an event that activates it for TLS (6). Uncleaved
UmuD is not only inactive in TLS, but is an inhibitor of this process
as well (7). Recently, we have proposed that uncleaved UmuD
acting together with UmuC plays a positive role in helping cells
survive DNA damage by acting as a prokaryotic DNA damage
cell-cycle checkpoint system that regulates DNA synthesis after
DNA damage, thereby allowing time for accurate repair to take
place (8). Thus, RecA-facilitated cleavage of UmuD to UmuD9
appears to function as a molecular switch that regulates the release
of the checkpoint control while simultaneously helping to restart
stalled replisomes by TLS.

Echols and colleagues (9) were the first to show that the addition
of UmuD9, UmuC, and RecA, the three proteins genetically shown
to be required for SOS mutagenesis (1), to pol III holoenzyme
resulted in TLS. This finding since has been reproduced by others
(10, 11). UmuC is a member of a large family of related proteins
referred to as the UmuC superfamily (1–3, 12), which can be

divided into four subfamilies defined by E. coli umuC, E. coli dinB,
Saccharomyces cerevisiae REV1, and S. cerevisiae and human
RAD30 (13, 14). Importantly, key representatives of the UmuC
superfamily, including E. coli DinB (pol IV) (15), S. cerevisiae Rev1
(16), S. cerevisiae Rad30 (pol h) (17), and human Rad30 homolog,
XP-V (18), all have been shown to exhibit a DNA polymerase
activity. Consistent with this, UmuD92C recently has been shown to
contain an intrinsic, error-prone DNA polymerase activity (pol V)
that, in combination with pol III, permits efficient replication past
a synthetic abasic site in vitro (19). How this catalytic activity of
UmuD92C complex is coordinated with the action of E. coli’s
replicative polymerase, an 18-polypeptide protein machine (20), is
not yet understood.

In this paper we describe our efforts to determine whether the
UmuD andyor UmuD9 proteins interact with E. coli pol III. Our
results represent the first biochemical evidence that these two forms
of the umuD gene product can interact with specific components of
E. coli’s replicative DNA polymerase and suggest that the interac-
tions are part of a higher-order regulatory system of replication fork
management that serves to regulate access of the umuDC gene
products to the replication fork.

Materials and Methods
Bacterial Strains and Plasmid DNAs. Constructs for overproduction of
pol III subunits were gifts from C. S. McHenry, University of
Colorado, Health Sciences Center, and are described in the legend
to Fig. 5. BL21(DE3) (Novagen) was used for overproduction of
UmuD, UmuD9, and kinase-tagged derivatives. The latter two
derivatives were constructed by PCR amplification of the wild-type
umuD or recombinantly engineered UmuD9 gene as described (21)
by using a synthetic DNA primer coding for four additional amino
acids (RASV) subsequent to the native C terminus of UmuD. After
amplification, the product was ligated to NdeI- and EcoRI-digested
pET5a (22). pSU18DC is a pACYC184 derivative (23) containing
the umuDC operon in a PstI fragment.

Proteins and Reagents. aDN1 (24), UmuD, UmuD9, and kinase-
tagged derivatives (22) were purified as described in the indicated
references. aDN1 contains a His6 and a biotin tag at its N terminus,
neither of which affect its activity (24). Purified a, a– « complex, pol
III core, and b, as well as the corresponding polyclonal antisera,
were gifts from C. S. McHenry. Purified DnaB helicase was a gift
from J. M. Kaguni, Michigan State University. Affinity-purified
polyclonal antisera specific to UmuD and UmuD9 has been de-
scribed (7). Other reagents were bovine heart muscle cAMP-
dependent protein kinase (catalytic subunit), BSA (Fraction V;
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Sigma); [g-32P]ATP (DuPontyNEN); Affi-Gel A-15 (Bio-Rad);
and Western Light protein detection kit (Tropix, Bedford, MA).

Affinity Chromatography. Highly purified UmuD, UmuD9, and BSA
were coupled to Affi-Gel A-15 according to the manufacturer’s
recommendations ('5–7 mg proteinyml for Fig. 3 and '1 mgyml
for Fig. 4). Chromatography was done at 4°C by using buffer A (10
mM sodium phosphate, pH 6.8y75 mM NaCly15% glyceroly0.5
mM EDTAy1 mM DTT). After applying samples, columns were
washed with five column volumes of buffer A. Bound proteins were
then eluted stepwise with five column volumes of buffer A con-
taining 250 mM followed by 1 M NaCl.

Results
Radiolabeled UmuD and UmuD* Interact Physically with Components of
pol III. Our initial attempts to demonstrate a direct, physical inter-
action between the umuDC gene products and pol III by coimmu-
noprecipitation or by gel filtration were unsuccessful. Therefore, we
searched for such interactions by the very sensitive technique of far
Western blotting (25, 26). We prepared derivatives of uncleaved
UmuD and UmuD9 that carry a C-terminal 4-aa sequence that
permits the proteins to be radiolabeled with [32P]phosphate (26). In
a preliminary experiment, we used these 32P-labeled UmuD and
UmuD9 derivatives to probe a whole-cell extract of a non-SOS-
induced E. coli strain that had been separated by SDSyPAGE and
transferred to a membrane. The results we observed were strikingly
specific. For both UmuD and UmuD9, the only clear bands of
hybridization we observed occurred at positions of polypeptides of
approximately 28 and 42 kDa (data not shown). Intriguingly, these
correspond to the molecular masses of the « and b subunits of pol
III, respectively (20).

We then used these 32P-labeled UmuD and UmuD9 derivatives
to probe whole-cell extracts of a non-SOS-induced lexA1 E. coli
strain (AB1157) that harbored either pBR322 or a pBR322 deriv-
ative that directed overproduction of the a, «, u, or b subunit of pol
III (Fig. 1, lanes 4–10). Because UmuD and UmuD9 exist as homo-
and heterodimers in solution (4, 7), we used a whole-cell extract of
a different E. coli strain [BL21(DE3)] that overproduces UmuD
protein as a positive control (Fig. 1). As expected, radiolabeled
UmuD and UmuD9 interacted with UmuD protein adsorbed to the
membrane. Again, polypeptides of approximately 28 and 42 kDa
interacted specifically with UmuD and UmuD9. The possibility that
the 28- and 42-kDa polypeptides corresponded to the « and b
subunits of pol III was supported by the observation that the
extracts enriched in « or b, respectively, contained equivalent
interacting species but of an apparently greater abundance (Fig. 1,
lanes 7–10). In contrast, UmuD and UmuD9 did not interact with
u by this method (Fig. 1). A .100-kDa diffuse species also in the
non-SOS-induced AB1157 extract did not appear more intense
when the extract was enriched with a, but an '35-kDa species
specific to the a-enriched extract did interact with both UmuD and
UmuD9 (Fig. 1, lane 5). Although this species did not cross-react
with our anti-pol III antibodies (Fig. 1C), it remains possible that
it is a proteolytically truncated form of a that arose during the
preparation of the extract and lacks the epitopes recognized by the
antiserum preparation.

Further evidence that the 28- and 42-kDa polypeptides corre-
spond to the « and b subunits came from immunoblot analysis that
indicated that all of the AB1157 extracts, but not the BL21(DE3)
extract (compare lanes 2–3 and 4–10 of Fig. 1C), contained b at
levels easily detectable with our anti-pol III antibodies. Longer
exposures of the same immunoblot (data not shown) indicated that
a similar result was true for « as well. Our failure to detect « and b
in the BL21(DE3) extract either in immunoblot or far Western
experiments is presumably because a lesser amount of that extract
was loaded on the gel. UmuD and UmuD9 also interacted very
strongly with partially purified UmuC protein, which is known to
form complexes with both UmuD and UmuD9 (10, 27), whereas we

observed no additional interactions when we probed an extract of
an AB1157 derivative that overproduced DnaB, the replicative
helicase (data not shown).

To confirm that the interacting 28- and 42-kDa polypeptides
present in the whole-cell extracts were, in fact, subunits of pol III,
we repeated the experiment but this time by using highly purified
b and pol III core, which consists of a stable complex containing the
a, «, and u subunits in a 1:1:1 stoichiometry. UmuD and UmuD9
were used as positive controls, and DnaB helicase served as a
negative control to confirm the specificity of the interactions.
Consistent with our inferences from the experiments using whole-
cell extracts (Fig. 1), both UmuD and UmuD9 interacted with
UmuD, UmuD9, «, and b, but not u or DnaB helicase (Fig. 2).
However, in contrast to our observations using whole-cell extracts,

Fig. 1. Far Western blot of crude E. coli extracts. Crude cell extracts ('0.1 OD600

units) were fractionated by SDSyPAGE and then transferred to poly(vinylidene
difluoride) membrane in triplicate. Membranes then were probed with either
32P-labeled UmuD (A) or UmuD9 (B). Radiolabeling of the UmuD and UmuD9
kinase-tagged derivatives and subsequent far Western blotting were carried out
as described (26). To identify the positions of a, b, «, and u, one membrane (C) was
processed as an immunoblot by using polyclonal anti-pol III antiserum. The
'30-kDa species visible in lanes 2–10 corresponds to a protein that cross-reacts
with the antibody preparation and is not related to pol III. The UmuD, b, and «

crude cell extracts were diluted as indicated (1:5 or 1:10) before electrophoresis.

Fig. 2. Far Western blot of purified pol III subunits. UmuD, UmuD9, b, DnaB
helicase (0.5 mg each), and pol III core (3 mg) were fractionated by SDSyPAGE and
then transferred to poly(vinylidene difluoride) membrane in triplicate. Mem-
branes thenwereeither stainedwithCoomassiebrilliantblueR-250(A)orprobed
with 32P-labeled UmuD (B) or UmuD9 (C) as described in the legend to Fig. 1. The
position of each protein is indicated to the left.
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both UmuD and UmuD9 also were able to interact with a. Crude
extract contains insufficient levels of a to detect an interaction with
UmuD and UmuD9, probably because of proteolytic instability of
a in the extract, but we were able to observe an interaction between
UmuD or UmuD9 and a by using a more concentrated cell extract
enriched with a (data not shown). That UmuD, UmuD9, a, «, b, and
DnaB helicase are all acidic proteins (calculated pI ca. 4.3–5.6),
whereas u is basic (calculated pI ca. 9.2), suggests that the interac-
tions we observed in these experiments did not result from non-
specific ionic interactions but, rather, from specific interactions
between the pairs of proteins.

Uncleaved UmuD and UmuD* Interact with Subunits of pol III in Reciprocal
Fashions. Because of the high local concentration of the immobilized
ligand, affinity chromatography can be a very effective method for
characterizing weak protein–protein interactions (28). We there-
fore utilized affinity chromatography to test whether the interac-
tions we had observed using crude, denatured extracts could be
detected by using purified proteins in their native conformation.
Highly purified BSA, UmuD, and UmuD9 were covalently coupled
to Affi-Gel A-15. Because all three proteins are similarly acidic
(calculated pI ca. 4.3–5.3), the BSA column serves as a control to
distinguish between ionic and specific interactions. We then inves-
tigated whether UmuD or UmuD9 was able to interact with purified
pol III core supplemented with an equivalent molar amount of b.
a and b interact only weakly in solution (29, 30), making it unlikely
that significant amounts of either pol III core or b would be retained
by UmuD or UmuD9 by any type of interaction other than a direct
one. Aliquots of each flow-through and wash, 0.25 M elution, and
1 M NaCl elution were TCA-precipitated and then fractionated by
SDSyPAGE. Coomassie staining indicated that although neither
pol III core nor b was retained by the BSA column, both were
efficiently retained by the UmuD and UmuD9 columns (Fig. 3),
thereby clearly demonstrating that both UmuD and UmuD9 inter-
act physically and directly with pol III.

Careful comparison of the elution profiles of pol III core relative
to b for the UmuD and UmuD9 columns suggested that UmuD and
UmuD9 have different affinities for pol III core and b; UmuD
appeared to bind b more strongly than pol III core whereas UmuD9
appeared to bind pol III core more strongly than b (Fig. 3). To
investigate this possibility, we used UmuD and UmuD9 columns
similar to those described above to carry out affinity chromatog-
raphy of highly purified a, a–« complex, and b. We chose a–«
complex instead of « because « must be resolubilized from an
insoluble form after overproduction (31), whereas the a–« complex
is readily purified in a soluble form (32). Finally, to permit a better

evaluation of the relative affinities of UmuD and UmuD9 for the
individual pol III subunits, we collected the flow-through and wash
fractions separately. In our earlier experiment (Fig. 3), the flow-
through and 75 mM NaCl wash fractions were combined.

Both the UmuD and UmuD9 columns were effective in retaining
a, a–« complex, and b whereas the BSA column was not (Fig. 4).
However, comparison of the flow-through and wash fractions for a,
a–« complex, and b confirmed that UmuD and UmuD9 differ with
respect to their affinities for particular subunits of pol III. In the
case of the UmuD column, b was virtually absent from the
flow-through, indicating that it was completely retained on the
column. In contrast, a and a–« complex were not completely
retained on the column. Quantitative analysis of the data presented
in Fig. 4 indicated that whereas ,1% of the b loaded onto the
UmuD column was found in the flow-through, approximately 5%
of the a and a–« complex was present in the flow-through. A
reciprocal result was obtained with the UmuD9 column. Whereas
,1% of the a and a–« complex loaded was detected in the
flow-through, nearly 10% of the b was present in the flow-through.
Taken together, these observations suggest that UmuD interacts
more strongly with b than does UmuD9 and that UmuD9 interacts
more strongly with a and a–« complex than does UmuD. Although
interactions of UmuD and UmuD9 with « were detected by far
Western analysis (Figs. 1 and 2), quantitative analysis of the data
shown in Fig. 4 indicated that both UmuD and UmuD9 interacted
similarly with a and a–« complex.

Overexpression of Each of the Three pol III Subunits That Interact with
UmuD in Vitro Inhibits RecA-Facilitated Cleavage of UmuD to UmuD* in
Vivo. To complement the experiments described above, we searched
for evidence that the interactions between UmuD and the a, «, and
b subunits of pol III occurred in vivo as well as in vitro. We reasoned

Fig. 3. UmuD and UmuD9 affinity chromatography with purified pol III core and
b. Purified pol III core (11 mg) supplemented with an equivalent molar amount of
b (2mg)wasappliedtoeachofthethreeaffinitycolumnsasdescribed inMaterials
and Methods. The flow-through and wash fractions were combined for each
column. Bound proteins then were eluted stepwise with buffer A containing 0.25
M followed by 1 M NaCl. After TCA precipitation, aliquots of each sample were
fractionated by SDSyPAGE and then stained with Coomassie brilliant blue R-250.
The faint bands visible in the UmuD and UmuD9 column fractions migrating
between « and u are UmuD and UmuD9, respectively, which presumably leached
from the columns.

Fig. 4. UmuD and UmuD9 affinity chromatography of individual pol III subunits.
aND1 (10 mg), a–« complex (20 mg), or b (10 mg) was applied to each column as
described in Materials and Methods. For this experiment, the flow-through and
wash fractions for each column were kept separate. Bound proteins then were
eluted stepwise with buffer A containing 0.25 M followed by 1 M NaCl. Aliquots
(20%) of each fraction, as well as 1% and 10% of each load, were applied to
poly(vinylidene difluoride) membrane by using a dot-blot manifold (Bio-Rad).
Fractions containing the respective polymerase subunits were identified by prob-
ingthemembraneswithpolyclonalantiserumspecific toeither a, «, or b followed
by chemiluminescence detection, as described (37). The identity of each affinity
column is indicated to the left, and the protein loaded onto each column and
antisera used for immunodetection are indicated to the right.
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that, if we overproduced the various pol III subunits, interaction
between the relevant pol III subunit and UmuD might retard
RecA-facilitated cleavage of UmuD to yield UmuD9. This might
occur through their ability to compete or interfere with the
interactions between UmuD and RecA nucleoprotein filaments
that are necessary for UmuD cleavage to occur (33, 34). Therefore,
we carried out an analysis in which we very carefully quantitated
whether the overexpression of certain pol III subunits affected the
kinetics of UmuD cleavage in vivo. In these experiments, we used
lexA1 E. coli derivatives carrying plasmids that overproduced either
the a, «, u, or b subunit of pol III upon the addition of isopropyl
b-D-thiogalactoside (IPTG) to the culture medium. To facilitate
immunodetection of UmuD and UmuD9, we also introduced into
these strains a compatible plasmid containing the umuDC operon
under control of its native, LexA-regulated promoter (6, 35, 36).
Thirty minutes before UV irradiation, IPTG was added to initiate
the overexpression of the respective pol III subunits. As shown in
Fig. 5, overproduction of the u subunit of pol III for 30 min before
UV irradiation had no discernible effect on the kinetics of UmuD
cleavage; the rate of UmuD cleavage in these cells was indistin-
guishable from that observed with identically treated cells that did
not overproduce any pol III subunit (Fig. 5). In contrast, overpro-
duction of the a, «, or b subunit of pol III for 30 min before UV

irradiation caused a distinct slowing of the rate of UmuD cleavage
(Fig. 5). That the kinetics of umuD expression were essentially
indistinguishable among the various strains (UmuD was detectable
within 10–15 min after UV irradiation for all five strains; data not
shown) indicated that overproduction of either a, «, or b did not
result in a general inhibition of SOS induction but, rather, produced
a specific effect on UmuD cleavage. Although indirect, these
observations are consistent with the hypothesis that interactions
between UmuD and the a, «, and b subunits of pol III occur in vivo
as well as in vitro.

Discussion
In this report, we present biochemical evidence that uncleaved
UmuD and UmuD9 are capable of a highly specific, direct physical
interaction with the catalytic (a) and processivity (b) subunits of the
E. coli replicative polymerase, DNA polymerase III holoenzyme.
Furthermore, we present evidence based on far western experi-
ments that both uncleaved UmuD and UmuD9 interact physically
with the proofreading («) subunit of pol III. Our results represent
the direct demonstration of a physical interaction between the
catalytic subunit of any replicative DNA polymerase and proteins
not required for normal DNA synthesis.

Analysis of the UmuDyUmuD9–pol III interactions by affinity
chromatography indicated that UmuD and UmuD9 have reciprocal
affinities for a and b: UmuD favored b relative to a or a–« complex
whereas UmuD9 favored a and a–« complex relative to b. Our
conclusion that UmuD has a higher affinity for b than does UmuD9
has also been supported additionally by recent cross-linking exper-
iments (M.D.S. and G.C.W., unpublished results). Taken together,
our observations suggest that direct physical interactions between
UmuD and UmuD9 and specific pol III subunits play a role in
determining the different biological functions exerted by the
umuDC gene products.

Based on our observation that UmuD has higher affinity for b
than does UmuD9, we suggest that the UmuD–b interaction is
important for the checkpoint-like role we have proposed for UmuD
and UmuC (8). In eukaryotes, regulation of the G1-to-S transition
is governed in part by p21 (38). In addition to its ability to block
progression through the cell cycle by inhibiting cyclin–CDK com-
plexes, p21 is also able to inhibit DNA replication directly by tightly
binding to proliferating cell nuclear antigen (39–41), the eukaryotic
counterpart to the E. coli pol III b processivity clamp, thereby
precluding binding of polymerase d (40, 41). That UmuD interacts
with other subunits besides b suggests that it could inhibit DNA
replication by a different mechanism from p21. Based on the crystal
structure, the central hole of the b dimer is sufficiently large to
accept double–strand DNA (42). Modeling studies suggest that
interactions between the b dimer and double-strand DNA could
remain largely nonspecific if mediated by water molecules (42).
However, the nonspecific nature of these interactions was predicted
to be highly dependent on the orientation of b to the DNA; only a
perpendicular arrangement would limit possible specific interac-
tions between b and the major andyor minor grooves (42). Con-
sequently, if uncleaved UmuD were to contact both a and b
simultaneously, it is conceivable that its presence could alter the
orientation of b relative to a, perturbing the perpendicular arrange-
ment of b and the DNA. Such a perturbation might lead to specific
interactions between b and the DNA, thus stopping DNA synthesis
by pol III. Alternatively, a UmuD–b–a ternary complex might
affect translocation of the lagging-strand polymerase, which must
occur upon completion of each Okazaki fragment, or about once
every second (43), thereby uncoupling leading- and lagging-strand
synthesis, leading to replisome collapse.

In the model we proposed (8), cleavage of UmuD to UmuD9 acts
as a molecular switch that regulates the release of the checkpoint
control while enabling TLS. Based on our results discussed above,
we propose that RecA-mediated cleavage of UmuD serves to
convert the umuD gene product into a form (UmuD9) that has a

Fig. 5. Overexpression of a, «, or b inhibits RecA*-facilitated self-cleavage of
UmuD to UmuD9 in vivo. The kinetics of self-cleavage of UmuD to UmuD9 in E. coli
AB1157 bearing either pBR322 or a pBR322 derivative directing overproduction
of a (pDNAE), « (pHN1), u (pHN101), or b (pJRC210), in addition to a compatible
plasmidcontainingtheumuDCoperon(pSU18DC),weremeasuredverycarefully.
Cultures were grown in supplemented M9 medium at 37°C as described (37).
When cultures reached early-log phase, they were split in half and isopropyl
b-D-thiogalactoside (20 mM) was added to one half of each culture (filled circles)
to induce expression of the indicated pol III subunit 30 min before induction of
expression and subsequent self-cleavage of UmuD by UV irradiation (20 Jym2). At
the indicated times, aliquots were removed for immunoblotting for detection of
UmuD and UmuD9 by chemiluminescence, as described (37). The absolute abun-
dance of uncleaved UmuD and UmuD9 were determined by scanning densitom-
etry of appropriately exposed films relative to UmuD and UmuD9 standard curves
by using the MOLECULAR ANALYST software package (Bio-Rad). The abundance of
UmuD is presented as the percent abundance of uncleaved UmuD divided by the
sum of the abundance of UmuD and UmuD9. Before 30 min post-UV irradiation,
levels of uncleaved UmuD and UmuD9 were insufficient for accurate quantitation
by this method. Open circles represent the abundance of UmuD in the absence of
added isopropyl B-D-thiogalactoside, and filled circles represent the abundance
of UmuD in the presence of added isopropyl b-D-thiogalactoside.
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diminished affinity for b yet an increased affinity for a. Further-
more, we suggest that both UmuD and UmuD9 interact with more
than one component of pol III simultaneously, but in reciprocally
distinct fashions. Presently, it is unknown whether UmuC also
interacts directly with components of pol III. However, UmuD,
UmuD9, and UmuC are known to interact with RecA protein (44,
45). Interestingly, UmuD interacts with RecA differently than does
UmuD9: whereas UmuD9 acting together with UmuC inhibits
RecA-mediated homologous recombination, UmuD together with
UmuC does not (36, 46). Taken together, these findings suggest that
UmuD cleavage changes how the two forms of the umuD gene
product interact with pol III and RecA protein, thereby helping to
reposition the UmuD92C complex within the replisome relative to
where the UmuD2C complex had resided. We suggest that the net
result of this repositioning is the release of the checkpoint and the
onset of TLS.

Based on genetic evidence, UmuD9, UmuC and RecA protein
have long been thought to modulate some form of pol III to result
in TLS (1). However, the recent finding that UmuD92C complex
contains an intrinsic error-prone DNA polymerase activity (19) led
Tang et al. to suggest that UmuD92C (pol V) might displace pol III
core stalled at a lesion and, in conjunction with the pol III
processivity apparatus, copy over the lesion. Once past the lesion,
Tang et al. speculate that UmuD92C might dissociate from the
primer–template terminus, allowing pol III to complete replication
of the genome. We suggest that instead of displacing pol III core in
the vicinity of the lesion, UmuD92C might reside within the
replisome, as discussed above. Then, upon encountering a replica-
tion-stalling lesion, the replisome might back up, exposing the 39
primer terminus. The interacting UmuD92C complex then might
synthesize 1 or 2 nt past the lesion in a template-dependent but
error-prone fashion (19) before returning the primer–template
terminus to the replicative polymerase for continued processive,
high-fidelity synthesis. The apparent copurification of a with
UmuD92C (10) and the stimulation of bypass in vitro by b and g
complex (10, 19), both of which suggest that UmuD92C interacts
with components of pol III during TLS, are consistent with this
suggestion. An attractive aspect of this model is that the replicative
polymerase would regulate when UmuD92C could gain access to the
primer terminus, thereby providing an additional level of regulation
upon error-prone repair. Viewed in such a way, the alternative
umuDC-encoded polymerase, pol V, would be serving as an
accessory protein of the replicative DNA polymerase.

Additional evidence that a UmuD9–a interaction is important for
TLS was provided by the finding that a temperature-sensitive
mutant of a (DnaE1026) was stabilized by UmuD92C in vitro (19).
Furthermore, comparison of the replication activity of UmuD92C
purified from a strain lacking the gene encoding pol II and
containing a temperature-sensitive pol III dnaE allele (19) with that
of UmuD92C purified from a strain containing the wild-type allele
for both pol II and dnaE (10) indicates that the former possessed
a far weaker polymerase activity than the latter. This would be
consistent with, in the wild-type case (10), the UmuD92C prepara-
tion being contaminated with small, yet significant, amounts of a
(47). Further evidence that physical interactions involving
UmuD92C and pol III are instrumental in enabling TLS is the
finding that low levels of UmuD92C in combination with low levels
of a were significantly more active for lesion bypass than were high
levels of UmuD92C in the absence of a (19).

That UmuD92C is endowed with a polymerase activity helps to
demystify the molecular mechanism of TLS in E. coli. However, this
finding does not on its own rule out a possible noncatalytic role of
the umuDC gene products in TLS. It should be stressed that
noncatalytic and catalytic roles for the umuDC gene products in
TLS are not necessarily mutually exclusive (47). It is known that a
mismatch in the first 3 to 4 bp from the 39 primer terminus can cause
a polymerase to stall (48), suggesting that translocation is tightly
coupled to accurate base pairing. For example, Bacillus stearother-
mophilus DNA polymerase makes extensive interactions over the
first 4 bp from the 39 primer terminus that are independent of the
DNA sequence but dependent on the structure of the minor groove
(49). It is conceivable that the presence of a lesion within the first
4 bp from the 39 primer terminus could lead to replisome stalling
and subsequent processing of the primer end by the exonuclease
domain (48). Consequently, if pol III reacquires the 39 primer
terminus from UmuD92C one or two bases past the lesion, direct
interaction of UmuD92C with the catalytic and proofreading sub-
units of pol III might help to make the replisome less sensitive to
possible stalling because of an atypical, lesion-containing base pair
in the vicinity of the primer–template terminus.

Our results suggest that a higher-order regulatory system that one
might term ‘‘replication fork management’’ is an emergent property
that is evident only when the action of the known DNA replication
machinery is considered in the context of the entire cell. Such a
replication fork management system would be based on a series of
protein–protein and protein–DNA interactions and would deter-
mine which events occur, and in what order, when a DNA lesion is
encountered. If the bacterial DNA replication machinery is indeed
a stationary factory that pulls the DNA through (50), then the
consequence of a complete dissociation of the replicative polymer-
ase from the fork at a lesion would be even greater than previously
thought and, hence, the greater the need would be for such a
management system. Members of the UmuC subfamily are pres-
ently the only proteins of the UmuC superfamily known to have
specific partner proteins (the umuD gene product and homologs)
that control the nature of their interactions with the replication fork
(1). Is the action of other members of the superfamily similarly
coordinated with other cellular components involved in DNA
replication, either directly or via interactions with as yet unidenti-
fied partner proteins? For example, it is conceivable that the S.
cerevisiae Rev1 protein (16) might interact with DNA polymerase
z, an error-prone polymerase encoded by the REV3 and REV7
genes (51), andyor the replicative DNA polymerase. Similarly, it is
possible that human pol h, the XP-V (Xeroderma pigmentosum
variant) gene product (18, 52, 53), which can replicate over a
thymine–thymine cis-syn cyclobutane dimer (18), has its action
coordinated with, or directed by, the human replicative DNA
polymerase machinery.
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