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The actions of Escherichia coli DNA Polymerase IV (Pol IV) in mutagen-
esis are managed by its interaction with the g sliding clamp. In the
structure reported by Bunting et al. [EMBO J (2003) 22:5883-5892], the
C-tail of Pol IV contacts a hydrophobic cleft on the clamp, while
residues V303-P305 reach over the dimer interface to contact the rim
of the adjacent clamp protomer. Using mutant forms of these proteins
impaired for either the rim or the cleft contacts, we determined that
the rim contact was dispensable for Pol IV replication in vitro, while
the cleft contact was absolutely required. Using an in vitro assay to
monitor Pol llI*-Pol IV switching, we determined that a single cleft on
the clamp was sufficient to support the switch, and that both the rim
and cleft contacts were required. Results from genetic experiments
support a role for the cleft and rim contacts in Pol IV function in vivo.
Taken together, our findings challenge the toolbelt model and sug-
gest instead that Pol IV contacts the rim of the clamp adjacent to the
cleft that is bound by Pol llI* before gaining control of the same cleft
that is bound by Pol lll*.
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ndogenous and exogenous agents continuously damage cellular

DNA. As a result, faithful duplication of an organism’s genetic
information requires both high fidelity DNA polymerases (Pols), as
well as a multitude of DNA repair and DNA damage tolerance
mechanisms (reviewed in ref. 1). Generally speaking, repair func-
tions act to maintain the fidelity of the genome by removing lesions
in the DNA before its replication and by correcting replication
errors (reviewed in ref. 1). In contrast, damage tolerance pathways,
such as translesion DNA synthesis (TLS), do not repair DNA
damage, but rather catalyze replication over damaged bases that
cannot for whatever reason be repaired. Due to their high fidelity,
replicative Pols are usually unable to catalyze TLS. Therefore,
specialized Pols (TLS Pols) capable of replicating imperfect DNA
substrates are required for most TLS (2, 3). Because most TLS Pols
possess an open active site, and lack a detectable proofreading
activity, they display relatively low fidelity. Thus, the actions of these
Pols must be tightly regulated to guard against introducing gratu-
itous mutations.

Although multiple mechanisms likely act to coordinate the
actions of replicative and TLS Pols, 1 mechanism that has received
considerable attention in recent years pertains to the role played by
sliding clamp proteins (4-6). The Esherichia coli B sliding clamp,
which is encoded by the dnaN gene, is the founding member of the
ubiquitous sliding clamp family of proteins (7). The E. coli 8 clamp
was originally discovered based on its ability to tether the replicative
Pol, Pol III holoenzyme (Pol III HE) to the DNA, thereby
increasing its processivity (7). Pol III HE is comprised of 3
subassemblies: core (aef), DnaX clamp loader (72y88¢x), and B
(reviewed in ref. 8). The « subunit of core tethers Pol III HE to the
clamp and catalyzes polymerization, while ¢ acts as the 3'—5’
exonuclease proofreader. DnaX acts to load B8 clamps onto primed
DNA. In addition, the 7, subunit of DnaX tethers 2 cores for
simultaneous replication of leading and lagging strands. The form
of Pol III HE lacking B clamp is called Pol III*. In addition to
interaction with Pol IIT*, it is now clear that the B clamp also
interacts with each of the other 4 E. coli Pols, as well as several other
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proteins involved in DNA replication, DNA repair, and cell cycle
progression (9). A similar situation is true for many eukaryotic Pols
(10). Taken together, these findings suggest that sliding clamps act
like traffic cops to coordinate the actions of different partners on
DNA.

One contact site between these partners and the clamp involves
a clamp-binding motif (CBM) present in the partners and a
hydrophobic cleft located near the C-terminal tail of each clamp
protomer (11, 12). Based on a crystal structure of the 8 clamp-Pol
IV little finger domain (Pol IVLF; residues 243-351) complex (13),
Pol IV contacts at least 2 distinct surfaces of the clamp: The Pol IV
CBM (residues 346-351) interacts with the hydrophobic cleft of 3
(cleft, or C contact), while residues 33VWP3% of Pol IV reach over
the dimer interface to contact residues E93 and LL98 on the rim (rim,
or R contact) of the adjacent clamp protomer (see Fig. 1). Likewise,
Pol II, Pol III, and Pol V also contact noncleft surfaces (14-16).
However, the roles of these contacts in replication and Pol switching
have thus far received very little attention.

A centrally important yet unanswered question in the field
pertains to how different partners exchange with each other, or
switch, on a clamp assembled on DNA. This is a particularly
important question in light of the fact that clamp proteins, and the
events that they manage, are so widely conserved throughout
evolution. Indeed, mismanagement of Pol function is widely be-
lieved to contribute to mutations that lead to human diseases such
as cancer (17, 18). Many models propose that multiple partners
interact simultaneously with the same clamp during switching. One
such model, referred to as the “toolbelt” model, postulates that 2
different Pols simultaneously bind to the same 8 clamp, with each
Pol contacting a separate cleft within the clamp dimer (19). The
purpose of the work discussed in this report was to directly test
several key aspects of the toolbelt model. Our results indicate that
Pol IV can switch with a stalled Pol III*, and this switch relies on
both the cleft and the rim contacts. In contrast, processive repli-
cation by Pol IV required only the cleft contact. Results from
genetic experiments support roles for both the rim and cleft
contacts in Pol I'V function in vivo. Finally, using a heterodimeric
clamp bearing a single cleft (14), we demonstrate that the Pol
[IT*/Pol IV switch operates at a single cleft. Taken together, our
results support a variation of the toolbelt model in which switching
involves contact of the incoming Pol I'V with the rim of the 8 clamp
adjacent to the cleft that is bound by a stalled Pol IIT*.
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Fig. 1.  Structure of the Pol IVF-8 clamp complex depicting the cleft and rim
contacts. The Pol IVYF domain is shown in red, and the clamp is shown in green and
blue. Positions of mutations affecting the rim or the cleft contacts between the
clamp and Pol IV'F are indicated in yellow and blue, respectively. This figure was
generated using imol and PDB coordinates TUNN (13).

Results

Pol IV Switches More Efficiently with a Stalled Pol IlI* Than It Does
with an Actively Replicating Pol 1lI*. To begin to define the features
of the B clamp required for a Pol III*/Pol IV switch, we exploited
conditions under which Pol IIT HE was stalled at the 3'-end of a
primer annealed to an SSB-coated ssDNA template by virtue of the
omission of 2 nucleotides. The resulting stalled Pol III HE complex
resembles a Pol III HE stalled at a replication-blocking lesion in at
least 3 ways, including: (i) an inability to extend the 3'-primer end;
(if) repeated cycles of polymerization and exonuclease proofread-
ing of a mismatched 3'-primer end; and (iii) the presence of an
SSB-coated ssDNA template downstream from the stall site, rem-
iniscent of a ssSDNA gap. Several labs have reported that this stalled
Pol IIT* complex is stable at the 3" terminus for several minutes (20,
21). Using a template challenge assay (Fig. S1), we determined that
in the presence of wild-type B clamp the stalled Pol III* had a
half-life on the template of well over 2 min under our assay
conditions. This stalled complex was rapidly rescued by addition of
dATP and [*H]dTTP, yielding >10 pmol on average of nascent
product within a 15-s burst of replication (Fig. 2). Importantly,
replication under these conditions is dependent upon S clamp (7,
14), indicating that replication products result from processive Pol
IIT HE synthesis. Taken together, these results confirm that Pol III
was merely stalled at the 3'-primer terminus and was not dissociated
from the B clamp/primed template.

Switching between the stalled Pol IIT* and Pol IV was measured
by adding Pol IV to the stalled Pol III HE complex before addition
of the missing dNTPs. For these experiments, we used a mutant
form of Pol I'V lacking catalytic activity. We hypothesized that if Pol
1V switched with the stalled Pol III*, then we would observe a
reduction in total DNA synthesis, as reported previously with
similar assays (5, 6). Position D103 of Pol IV is absolutely required
for catalytic activity, and its substitution with asparagine (D103N)
resulted in an inactive enzyme (22) (Fig. S2 and Fig. 34). Premixing
the wild-type and Pol IV-D103N proteins at ratios of 1:1 or 1:5
resulted in an ~50% and ~80% inhibition of DNA synthesis in
vitro, respectively (Fig. S2). These results indicate that Pol IV-
D103N retains wild-type affinity for both the 8 clamp and the DNA
template.

Titration of Pol IV-D103N into the reaction consisting of the
stalled Pol III HE (5 nM) complex before addition of the missing
dNTPs resulted in a pronounced inhibition of replication. A 2-fold
molar excess of 10 nM Pol IV-D103N inhibited Pol III HE
replication by ~50% (Fig. 2A4). Pol III HE replication was essen-
tially completely inhibited by addition of 130 nM Pol IV-D103N
(not shown). In striking contrast, simultaneous addition of Pol
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Fig.2. Assayto monitor switching between Pol llI* and Pol IV in vitro. A cartoon
depiction of the assay is shown at the top. (A) Abilities of Pol IV-D103N, Pol
IVE-D103N, Pol IVEF, and Pol IVR-D 103N to switch with Pol ll1*. (B) Abilities of 8*/8+,
B*/BS, and BR to support the Pol llI*/Pol IV switch. Results shown represent the
average of 4 or more independent determinations. Error bars represent the
standard deviation. Replication activity is expressed relative to the level of nu-
cleotide incorporation (ranging from 8-16.4 pmol) observed for Pol IlI* alone

under identical conditions, which was set equal to 100% for each independent
experiment.

IV-D103N and the missing dNTPs failed to significantly inhibit
replication, except at higher Pol IV-D103N levels, which resulted in
modest inhibition (Fig. 24). Taken together, these results indicate
that Pol IV did not switch efficiently with a replicating Pol III*.
Since the stalled Pol III* is stable at the 3’ terminus for well over
the 15-s incubation used in our assay (Fig. S1), the ability of Pol IV
to inhibit the stalled Pol III* replication suggests that Pol I'V is not
merely waiting for Pol IIT* to dissociate from the clamp, but is
rather actively gaining access to both the clamp and the 3'-primer
terminus via a coordinated switch with the stalled Pol III*. Two
other groups recently reported similar conclusions (5, 6).

The Pol 11I*/Pol IV Switch Requires More Than Pol IV Simply Contacting
the Cleft of the g Clamp. Processive synthesis by Pol I'V requires that
it contacts the cleft of the clamp (23). We therefore asked whether
a Pol IV mutant impaired for interaction with the cleft was
proficient for switching with Pol III*. The C-terminal 6 residues of
Pol IV (**QLVLGL*!) contain the CBM motif that interacts with
the clamp cleft (23). Deletion of these residues in Pol IVC serves to
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Table 1. Interactions of mutant g clamp proteins with Pol llla and Pol IV

B Pol llla* Pol IV*

clamp Kp, nM ka, M~ 1571 kg, s71 n X2 Kp, nM ka, M—1s—1 kg, s~ n X2
Bt 108 6.75X10% 7.26x1073 1 4.2 465 1.53x104 7.13Xx1073 2 10.7
BC 1,780 2.38x103 4.23x1073 1 7.3 1,290 3.77x103 4.84x1073 2 10.1
BTIBC 172 7.27x10% 12.5 X103 1 3.0 600 4.89x103 2.94x1073 2 9.3
BR 64 9.45x 104 6.00x103 1 5.4 657 4.87x103 3.20x 1073 2 8.7

Kinetic constants describing the interaction of 8+, 8¢, and /B¢ with Pol llla (14), and B * with Pol IV (40) were reported previously, and are included here
for comparison to results observed with other mutant clamp proteins. n refers to the stoichiometry between Pol Illa or Pol IV and the dimeric clamp, and was
calculated under conditions of saturating analyte. 2 values describe the fit of the raw data to the 1:1 Langmuir model.

*Approximately 100 RU of each clamp protein was captured using BSA free anti-Penta-His antibody (Qiagen) conjugated to a C1 chip (GE Healthcare), followed

by injection of 1-1,000 nM Pol llla, as described (14).

TApproximately 250 RU of the indicated clamp protein was captured using BSA free anti-Penta-His antibody (Qiagen) conjugated to a CM5 chip (GE Healthcare),

followed by injection of 15-1,500 nM Pol IV as described (40).

severely impair interaction of Pol I'V with the clamp (23) (Fig. S3).
Addition of Pol IVE-D103N in place of Pol IV-D103N at levels up
to 50 nM failed to inhibit Pol IIT HE replication in our assay (Fig.
2A). These results indicate that Pol IV must bind the cleft to switch
with the stalled Pol IIT*.

To determine whether simply binding to the cleft of the 8 clamp
was sufficient for Pol I'V to switch with a stalled Pol IIT*, we asked
whether the Pol IV little finger domain (Pol IVLF; residues 243—
351) was proficient for switching. Pol IVLF contains both known
B-binding regions (i.e., cleft and rim contacts), but lacks Pol activity
(13). Therefore, if simply binding to the cleft and/or rim of the
clamp was sufficient to promote a switch with a stalled Pol IIT*, then
Pol IVIF should behave like Pol IV-D103N. That Pol IVLF was
unable to inhibit Pol IIT HE replication at levels up to 50 nM (Fig.
2A) indicates that switching in our assay is not simply the result of
Pol IV binding to the clamp cleft. Taken together, these findings
indicate that Pol I'V must contact the cleft of the 8 clamp to switch
with Pol III, but this interaction is on its own insufficient for the
switch.

A Single Hydrophobic Cleft on the g Clamp Is Sufficient to Support the
Pol IlI*/Pol IV Switch. The homodimeric 8 clamp possesses 2 iden-
tical hydrophobic clefts on the same face of the ring. This structural
feature served as the basis for the toolbelt hypothesis, which
postulates that 2 Pols simultaneously bind to the same  clamp, with
each Pol contacting a separate cleft (19). To determine whether
both clefts are required for the Pol III*/Pol IV switch, we used a

Table 1). Since this clamp bears only 1 functional cleft, 1 Pol TV may
be bound to the B+ subunit of the 8%/ clamp in the appropriate
manner for replication, while a second Pol IV may be bound to the
rim of the B subunit, perturbing replication. Importantly, this
defect of B*/BC in Pol 1V replication did not translate into a Pol
II1*/Pol IV switching defect; the B+/BC heterodimer was indistin-
guishable from B* with respect to the Pol IIT*/Pol IV switch (Fig.
2B). These findings indicate that a single cleft on the B clamp is
capable of coordinating the actions of Pol IIT* with Pol IV in vitro.

Interaction of Pol IV with the Rim of the g Clamp Is Dispensable for
Replication, but Is Absolutely Required for the Pol l1I*/Pol IV Switch.
To determine whether the rim contact contributed to either Pol IV
replication, or to the Pol III*/Pol IV switch, we purified mutant
forms of the clamp and Pol IV bearing substitutions designed to
impair the Pol IV-clamp rim contact. SR bears E93K-1.98K sub-
stitutions, while Pol IVR contains 33VWP30>—-303AGA3> muta-
tions. Based on results of SPR experiments, the BR mutant was
impaired for interaction with Pol I'V, as expected (465 vs. 657 nM;
Table 1). In contrast, BR interacted with Pol Ila ~2-fold more
tightly than did B* (63.5 vs. 108 nM; Table 1). We were unable to
characterize Pol IVR using the same SPR technique due to non-
specific interactions of Pol IVR with the SPR chip surface. How-
ever, the Pol IVR little finger was impaired for interaction with the

heterodimeric glgmp prote.in (hise-B*/myc-B°) comprised of 1 A Pol IV B Pol IV C Pol III*
protomer containing a functional cleft (3%) and 1 bearing a mutant c 21{Grone ~ 1201 s 5]op

cleft (B€) by virtue of the fact that its C-terminal 5 residues 2 1Rt % . 2 ogR
(32MPMRL?%%) were deleted. Detailed biochemical characteriza- S 45 oPoiv-oioaN S 5 207

tion of both the B mutant and the B*/BC heterodimer were — §5 o) S 8 8515

recently discussed, as were the methods by which we verified purity f,g ol § 60 ;C,E

of the B/BC heterodimer (14). Based on gel filtration and SPR 2 6l Q401 2 e
experiments, BC was severely impaired for interaction with Pol Illq, = 3l § 20- S 51

displaying a more than 16-fold increase in Kp (108 nM vs. 1.78 uM), = b o 2

consistent with deletion of the C-terminal 5 residues of the clamp 0123 4 io%x\*@\o ¢ : 0 60 120 18C
severely impairing the ability of the cleft to interact with the CBM Time (min) Time (sec)
(14; see Table 1). Despite having only 1 functional cleft, the B*IBC Fig. 3. Importance of the cleft and rim contacts in stimulating Pol IlI* and Pol

clamp was comparable to 87 with respect to both interaction with
Pol Il (108 vs. 172 nM), as well as stimulation of Pol IIT*
replication (14). The B*/B heterodimer was slightly less proficient
than the wild-type B8 clamp at retaining the stalled Pol IIT* complex
on a primed DNA, displaying a half-life of ~70 s (Fig. S1). The
hisg-B*/myc-B* “heterodimer” was indistinguishable from B*, in-
dicating that the tags did not affect clamp function in vitro (Fig. S1).
Based on in vitro primer extension assays, the 8+/8C clamp was
impaired for stimulation of Pol I'V replication (Fig. 3B). This is in
agreement with results from SPR experiments, which indicated that
B*/BC was impaired for interaction with Pol TV (465 vs. 600 nM; see

12666 | www.pnas.org/cgi/doi/10.1073/pnas.0903460106

IV replication. (A) Replication activity of the indicated Pol IV mutant proteins was
measured as described previously using a filter-binding assay (15, 40). Assays were
incubated at 37 °C for the indicated time and contained 10 nM of the indicated
Pol IV protein. Results shown represent the average of 2 independent experi-
ments. Error bars represent the range. (B) The ability of the indicated mutant g
clamp proteins to stimulate Pol IV* replication was measured as described above.
Replication activity observed with B* was set equal to 100%. Results shown
represent the average of 3 or more independent experiments. Error bars repre-
sent the standard deviation. (C) The ability of BR to stimulate Pol llI* (5 nM)
replication was measured as described above. Results shown represent the aver-
age of 3 or more independent experiments. Error bars represent the standard
deviation.
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clamp as measured by gel filtration, forming only ~50% as much
complex as the wild-type Pol IV little finger (Fig. S3).

We next examined functional interactions of SR with Pol III* and
Pol IV using a primer extension assay. As part of these experiments,
we also analyzed replication activity of Pol IVR. As summarized in
Fig. 3, BR was comparable to B+ with respect to supporting Pol ITT*
and Pol IV replication. Likewise, Pol IVR displayed only modestly
reduced replication activity compared to Pol IV* in the presence
of the wild-type B clamp. Based on these findings, we conclude that
the Pol I'V-clamp rim interaction is dispensable for Pol IIT* and Pol
IV replication in vitro.

We next examined the ability of BR to support the Pol IIT*/Pol IV
switch. The BR mutant clamp was able to retain a stalled Pol IIT*
on the DNA template with a half life of ~1 min (Fig. S1), which,
although somewhat shorter than that observed with 37, was still in
vast excess of the 15-s time frame required for the switching assay.
As summarized in Fig. 2B, Pol IV was severely impaired for
switching with a stalled Pol IIT* in the presence of BR. With the
exception of the highest Pol IV level examined (50 nM), results were
similar regardless of whether Pol IV-D103N was added before the
missing ANTPs, or simultaneously. We next examined Pol TVR-
D103N using a stalled Pol IIT* in complex with 8*. As summarized
in Fig. 2A, Pol IVR-D103N was severely impaired for switching.
Taken together, results discussed above indicate that the ability of
Pol IV to switch with Pol IIT* requires interaction of Pol I'V with
both the rim and cleft of the clamp.

Both the Cleft and Rim Contacts Contribute to Pol IV Function In Vivo.
Pol TV plays an important role in tolerating N°>-dG adducts gen-
erated by nitrofurazone (NFZ) or 4-nitroquinilone 1-oxide (4-
NQO) (24). As a result, E. coli strains deficient in Pol I'V function
(e.g., AdinBW2::cat) display increased sensitivity to NFZ and
4-NQO (24, 25) (see Fig. 4). In light of our results discussed above
(Fig. 2), we hypothesized that strains expressing the Pol IV or the
Pol IVR mutants would be sensitive to both NFZ and 4-NQO, due
to the impaired abilities of these mutants to switch with a stalled Pol
IIT*. As a test of this hypothesis, we characterized NFZ and 4-NQO
sensitivity of the Pol IV deficient strain JH100 bearing plasmids
expressing physiological levels of different mutant Pol IV proteins
containing mutations impairing the cleft or rim contacts. Western
blot experiments confirmed that each of the mutant Pol I'V proteins
was expressed at a steady state level comparable to that of the Pol
IV* strain (Fig. 44).

As summarized in Fig. 4B, NFZ sensitivity of the AdinB strain
bearing the Pol IV*-expressing plasmid was indistinguishable from
that of the AB1157 dinB* parent strain, while the same strain
bearing the empty control plasmid (AdinB control) was as much as
~350-fold more sensitive. These findings confirm that our plasmid
constructs express physiological levels of Pol IV. The strain ex-
pressing Pol IVC resembled the AdinB control, consistent with the
model that Pol I'V must contact the cleft of the clamp to catalyze
bypass of N?-dG adducts in vivo. In contrast, the strain expressing
Pol TVR was indistinguishable from the Pol IV* strain (Fig. 4B),
suggesting that the rim contact may not be required for tolerance
of all NFZ-induced adducts in vivo. Comparable results were
observed using 4-NQO (Fig. 4C).

Strains expressing Pol IV-D103N (dinB-D103N) display a hyper-
sensitivity to NFZ and 4-NQO that can be as much as ~1,000-fold
more severe than that observed for a strain lacking Pol IV (AdinB)
(24) (see Fig. 4 B and C). We hypothesized that this increased
sensitivity was due to the fact that Pol IV-D103N was gaining access
to the lesion via a Pol III*/Pol IV switch, but, due to its active site
mutation, was unable to catalyze bypass and therefore caused cell
death by blocking access of another cellular process capable of
tolerating N>-dG lesions. We therefore constructed double mutants
of Pol I'V bearing both the D103N mutation, together with the Pol
IVC or Pol IVR mutations, and measured their sensitivities to NFZ
and 4-NQO. As summarized in Fig. 4B, both the Pol IVC and the
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Fig. 4. Ability of various mutant dinB alleles to complement NFZ and 4-NQO
sensitivity of a AdinB E. coli strain. (A) Steady state levels of the indicated Pol IV
proteins were measured by western blotting of whole cell extracts of strain JH100
(relevant genotype, AdinBW2::cat) bearing the indicated plasmid using a poly-
clonal anti-Pol IV antibody (25) and chemilumenescent detection (Pierce). Lane 1,
purified Pol IV (5 ng); lane 2, no plasmid; lane 3, (pWSK29; empty vector control);
lane 4, (pPRM102; Pol IV*); lane 5, (pJH100; Pol IV-D103N); lane 6, (pJH101; Pol IVR);
lane 7, (pJH102; Pol IV9); lane 8, (pJH103; Pol IVR-D103N); lane 9, (pJH104; Pol
IVE-D103N). CR refers to a polypeptide which cross reacts with the anti-Pol IV
antibody, and serves as a loading control. Sensitivity of strain AB1157 (X Pol IV*),
or JH100 bearing the specified Pol IV-expressing plasmid (see legend in panel C),
to the indicated concentration of NFZ (B) or 4-NQO (C) is shown. Results represent
the average of 2 independent experiments, each performed with an indepen-
dent transformant. Error bars represent the range.

Pol IVR mutations alleviated NFZ hypersensitivity of the Pol
IV-D103N strain. In fact, the strains expressing Pol IVE-D103N or
Pol IVR-D103N resembled the strain lacking Pol I'V. Thus, both the
rim and cleft contacts are required for hypersensitivity to NFZ.
Comparable results were obtained using 4-NQO (Fig. 4C), but the
respective levels of sensitivity differed slightly among the different
Pol IV mutants, consistent with NFZ and 4-NQO inducing slightly
different classes of DNA lesions. As discussed below, these findings
suggest that Pol IV must contact both the rim and the cleft of the
clamp to gain access to at least a subset of DNA lesions.

Discussion

Results discussed in this report indicate that Pol I'V switches with
a stalled Pol III*, but not an actively replicating Pol III*. Based on
the structure of the Pol IVIF-g clamp complex reported by Bunting
et al. (13) (see Fig. 1), Pol IV contacts both the cleft and the rim
of the clamp. Using mutant forms of Pol IV and B that bear
substitutions impairing the cleft or rim contacts (Table 1 and Fig.
S3), we demonstrated that the cleft contact was required for both
Pol IV replication (Fig. 3) as well as the Pol ITI*/Pol IV switch (Fig.
2), consistent with previous reports (5, 6, 23). In contrast, the rim
contact was not required for processive replication by either Pol I1T*
or Pol IV (Fig. 3), but was crucial for the Pol IIT*/Pol I'V switch (Fig.
2). Results of genetic experiments discussed below are consistent
with this conclusion. Finally, a heterodimeric form of the 8 clamp
(B%/B°) bearing 1 wild-type protomer in complex with a mutant
(B%) lacking a functional cleft supported the Pol IIT*/Pol TV switch
in a manner that was indistinguishable from the wild-type clamp,
indicating that this switch required only 1 cleft on the clamp (Fig.
2B). These findings challenge the toolbelt model and suggest that
Pol IV switches with a stalled Pol III* by first contacting the rim of
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Fig. 5. Model for the Pol llI*/Pol IV switch. Pol IV is shown in dark blue, Pol IlI*
is shown in red, its & subunit is in orange, and a putative third Pol (or partner) is
in light blue. For simplicity, our model does not depict the other Pol llI* subunits,
and represents a single DNA primer/template junction. See text for additional
details regarding the model.

the clamp adjacent to the cleft that is bound by Pol III*, before
gaining control of the cleft that was bound by the « catalytic subunit
of Pol IIT* (Fig. 5). Since a single cleft is sufficient for managing the
actions of Pol III* and Pol I'V, the second cleft, and/or other clamp
surfaces may be available to simultaneously manage the actions of
1 or more additional partners (Fig. 54). Further work is required
to test this hypothesis.

Of relevance to our model (Fig. 5), both Pol Il and Pol IV use
a CBM in their finger domain to contact the clamp (13, 26). As a
result, Pol III likely associates with the 8 clamp in a manner that is
reminiscent of the Pol IVIF-clamp complex (Fig. 54). Thus, if Pol
IV is bound to the rim of the clamp adjacent to the cleft that is
occupied by Pol III, then Pol Illa could potentially reside in
between Pol I'V and the e proofreading subunit of Pol IIT (Fig. 54).
This structural arrangement may favor shuttling of the DNA
template between the « catalytic and e proofreading subunits of Pol
III for repeated cycles of polymerization and exonuclease proof-
reading, effectively limiting access of Pol IV to the template until
such time as TLS is required (see Fig. 5). Conformational change(s)
in either Pol IIT* and/or the B clamp induced by the lesion may serve
to signal the Pol III*/Pol IV switch. Alternatively, the Pol I1I*/Pol
IV switch may also be influenced by the affinity of Pol IV for the
lesion present in the template strand, as suggested previously for
eukaryotic Pol m (27). Our finding that the Pol IVLF was unable to
switch with a stalled Pol IIT* (Fig. 2A) is consistent with the need
for Pol I'V to bind the DNA template to switch with Pol III*.

The strain expressing Pol VR was indistinguishable from the Pol
IV™ control strain with respect to NFZ and 4-NQO sensitivity (Fig.
4), suggesting that Pol IV may not require contact with the rim of
the clamp to catalyze bypass of all N>-dG adducts in vivo. Strains
expressing Pol IV-D103N display a hypersensitivity to NFZ and
4-NQO, which was suggested to result from an ability of the mutant
Pol 1V to interfere with 1 or more cellular processes that act to
tolerate NFZ- and 4-NQO-induced lesions, such as Pol switching
(24). Importantly, hypersensitivity was not observed in strains
expressing double mutant Pol IV proteins containing both D103N
and rim (Pol IVR-D103N) or cleft (Pol IVE-D103N) substitutions
(Fig. 4). One possible explanation for these apparently conflicting
results is that Pol I'V can gain access to lesions by at least 2 distinct
mechanisms, 1 of which involves switching with Pol III*, and a
second mechanism that is independent of the rim contact, and may
not involve switching with Pol IIT*. Based on the phenotype of the
Pol 1VC strain, the cleft contact is required for both proposed
mechanisms. The rim contact is likely crucial for Pol IV to switch
with Pol IIT* stalled at a lesion. In the absence of this switch (e.g.,
mutations affecting the rim contact), Pol III replication is presum-
ably reprimed downstream of the lesion, leaving a ssDNA gap (1).

12668 | www.pnas.org/cgi/doi/10.1073/pnas.0903460106

Our finding that the rim contact was dispensable for Pol IV
replication in vitro (Fig. 34 and B) suggests that Pol IV could gain
access to the lesion in the ssDNA gap independent of the rim
contact, particularly if the lesion was adjacent to the 3'-primer
terminus. Thus, the lack of NFZ and 4-NQO sensitivity of the Pol
IVR strain may be due to the ability of the Pol IVR mutant to
tolerate NFZ- and 4-NQO-induced lesions in ssDNA gaps without
having to switch with Pol IIT*. In contrast, hypersensitivity of the
Pol IV-D103N strain to NFZ and 4-NQO suggests that it gains
access to lesions, but due to the active site mutation is unable to
catalyze bypass, and as a result acts to block another cellular process
capable of tolerating the damage. Our finding that hypersensitivity
is alleviated by either the rim or cleft mutations suggests that Pol
IV-D103N gains access via the switching mechanism discussed
above (Fig. 5). Alternatively, Pol IV catalysis may contribute to Pol
switching following TLS in vivo, in which case, the Pol IV-D103N
mutant may become “locked” on the lesion. In this case, disruption
of the rim or cleft contacts may prevent Pol I'V-D013N from gaining
access via a switch with Pol IIT*. Further work is required to test
these hypotheses. Regardless, our finding that both the rim and cleft
contacts were required for hypersensitivity suggests that Pol IV
requires these contacts to access at least a subset of the NFZ- and
4-NQO-induced lesions, possibly by switching with a stalled Pol
IIT*.

Indiani et al. (28) recently described the ability of Pol II and Pol
IV to exchange with Pol IIT* present within the replisome in vitro.
This finding is reminiscent of the dynamic processivity described for
the T4 and T7 systems (29, 30). Dynamic processivity refers to the
rapid exchange between extra or auxiliary copies of the replicative
Pol and the DNA template. Taken together, these studies indicate
that Pols access the replication fork more dynamically than previ-
ously thought. Related to this topic, E. coli strains bearing certain
mutations in the 8 clamp that affect its interactions with DnaX, Pol
IIle, and/or the DNA template display conditional lethal pheno-
types that are largely alleviated by inactivation of 1 or more
specialized Pol, particularly Pol IV (15, 31-35). Taken together,
findings discussed above suggest that Pol IV may gain frequent
access to the replication fork during normal growth, providing the
replisome with the capacity to tolerate certain classes of lesions via
TLS. The finding that Pol IV is capable of catalyzing relatively
accurate TLS past certain lesions makes this model more palatable
(24, 36). The steady state level of Pol IV is ~350 nM in the
SOS-repressed state, which is close to the apparent Kp of Pol IV
for the B clamp (~460 nM), and rises to ~3 uM following SOS
induction (25), and so it is present at sufficient levels to associate
with clamp independent of SOS induction. Viewed in this way, the
Pol IV sensitivity of mutant strains impaired for Pol IIT* function
may be due to impaired replication resulting from excessive Pol
III*/Pol I'V switching. This may occur as a result of reduced Pol III
HE processivity caused by the mutations, resulting in more frequent
stalling of the replisome. Uchida et al. (37) recently suggested that
SOS-induced levels of Pol IV act to displace Pol III from the clamp
as part of a DNA damage checkpoint system. It is unclear whether
the modest levels of Pol IV used in this report effect displacement
of Pol IIT*. In light of the fact that Pol IIle and Pol IV possess
similar affinities for clamp in solution (Table 1), displacement of Pol
III may result in part from direct competition between Pol Il and
SOS-induced levels of Pol IV for binding to the clamp. However,
1 or more mechanisms must exist to regulate the ability of Pol IV
to displace Pol III from the clamp as SOS induction on its own fails
to inhibit replication. Further work is required to understand the
relationship between the proposed checkpoint function of Pol IV,
and our model for the Pol I1I*/Pol I'V switch. Analysis of additional
site-specific heterodimeric clamp proteins will help to further
dissect the mechanism(s) by which the clamp helps to coordinate
the actions of Pol IIT* and Pol IV, as well as additional partners
acting on DNA.

Heltzel et al.



Lo L

P

1\

=y

Materials and Methods

Proteins and Reagents. Pol llla (16), Pol IlI* ([2y58"Yxl[aeb]2) (15), v388" (14), SSB
(38), Pol IV* (15), B* (16), N-terminally hiss- and heart muscle kinase (HMK)-
tagged B* (16), hise- and HMK-tagged € (14, 39), and the hisg- and HMK-tagged
B*/N-terminally myc-tagged gC (87/8%) and hiss- and HMK-tagged B*/myc-
tagged B* (B*/B8*) heterodimers (14) were purified as described in the indicated
reference. Other mutant proteins were cloned using the Quickchange strategy
(Stratagene). Primers used for Quickchange mutagenesis were from Sigma-
Genosys, are their sequences are shown in Table S1. Hise- and HMK-tagged gR
bears E93K-L98K substitutions and was purified as described previously (39).
Recombinant forms of Pol IV-D103N, Pol IVC-D103N, Pol IVR, and Pol IVR-D103N
lack tags. These proteins were purified using the same protocol as that used for
Pol IV* (15). Pol IVLF contains an N-terminal hisqo-tag, and was purified as de-
scribed (13). M13mp18 ssDNA was purified from phage as described previously
(40), PAGE-purified SP20 (5'-ACG CCT GTA GCA TTC CAC AG-3') was from Sigma-
Genosys, and ultra pure dNTPs were from GE Healthcare.

Pol 1lI*/Pol IV Switch Assay. Switching assays were modeled loosely after the
method described by Indiani and colleagues (6). Briefly, reactions (20 uL) con-
taining replication assay buffer (20 mM Tris-HCl, pH 7.5, 8.0 mM MgCl,, 0.1 mM
EDTA, 5 mM DTT, 1 mM ATP, 5% glycerol, 0.8% BSA) were supplemented with
133 uM dCTP/dGTP, 4 uM SSB, 40 nM B clamp, and 5.0 nM SP20/M13mp18
template. Reactions were initiated by addition of 5 nM Pol IlI*, followed by
incubation for 2 min at 37 °C. Wild-type or mutant Pol IV was then added either
15 s before or simultaneously with [3H-dTTP]-dNTPs (133 uM, 68.5 or 111.7
cpm/pmol). After addition of dNTPs, reactions were incubated for 15 s at 37 °C.
Reactions were quenched by spotting onto DE81 paper (VWR), followed by
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washing 4 times in 0.5 M sodium phosphate, and replication activity was quan-
titated by liquid scintillation spectroscopy, as described (40).

Interactions of g Clamp with Pol llla and Pol IV. Interactions involving the
hise-tagged B clamp and untagged Pol llla, or untagged Pol IV were measured by
SPR using a BlAcore X instrument (GE Healthcare) as described previously (14).
Kinetic constants were derived from SPR traces using the Langmuir binding
model included in the BlAevaluation software (version 4.1; GE Healthcare).
Interactions of Pol IVLF, as well as Pol IVLF derivatives bearing either the
303y\WP305303AGA3 (rim) or the A346-351 (cleft) mutations with the 8 clamp
were measured using Superose-12 gel filtration, as described previously (15).

NFZ and 4-NQO Sensitivity. E. coli strain AB1157 (E. coli genetic stock center), or
JH100 [AB1157 with AdinBW2::cat (24)], bearing different dinB-expressing plas-
mids (see legend to Fig. 4), were cultured in LB medium supplemented with 150
ng/mL ampicillin (Amp) for ~16 h at 37 °C. Appropriate dilutions were spread
onto LB agar plates containing Amp and increasing concentrations of NFZ or
4-NQO (Sigma), followed by incubation overnight at 37 °C. Colony forming units
were counted, and survival at each concentrations of NFZ or 4-NQO was deter-
mined relative to the LB-Amp control, which was set equal to 100%.
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