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ABSTRACT: Bypass of replication-blocking lesions Escherichia coliis carried out by DNA polymerase

V (UmuC) in a reaction that requires UmyRecA, and single-strand DNA-binding protein (SSB). The
activity of this four-component basic bypass system is a low-fidelity and low-processivity activity. Addition
of the processivity subunits of pol IlI, the subunit sliding DNA clamp, and the five-subumittomplex

clamp loader increased the rate of translesion replication approximately 3-fold. This stimulation was specific
to the lesion bypass step, with no effect on the initiation of synthesis by pol V Tégbunit andy
complex increased the processivity of pol V from 3 to approximatehy 118! nucleotides, providing a
mechanistic basis for their stimulatory effect. Stimulation of bypass was observed over a range of RecA
and SSB concentrations. A7B, which strongly inhibits translesion replication by pol V, primarily via
inhibition of the initiation stage, caused the same inhibition also in the presence of the processivity proteins.
The in vivo role of the processivity proteins in translesion replication was examined by assaying UV
mutagenesis. This was done in a strain carryingdhaN59allele, encoding a temperature-sensiti/e
subunit. When assayed in an excision repair-defective backgroundn#i¢s9mutant exhibited a level

of UV mutagenesis reduced up to 3-fold compared to that of the isodeaid" strain. This suggests that

like in the in vitro system, thg subunit stimulates lesion bypass in vivo.

Genomic DNA accumulates lesions as a consequence offormation of the RecA nucleoprotein filament and the
the action of external and internal DNA-damaging agents, unloading of RecA moleculed.(), which is a necessity for
like UV radiation, chemical mutagens, etc. Lesions that have pol V replication activity at both the initiation9) and
escaped repair block replication, and thereby jeopardize elongation and bypass stagd®)( UmuD may serve as a
genome integrity. When replication stops at lesions, SSDNA bridge between pol V (UmuC) and the RecA nucleoprotein,
regions carrying the damaged nucleotides are formed. Insince it interacts with both proteins, while direct interaction
Escherichia colithese gap-lesion structures can be filled in between UmuC and RecA was not observed (reviewed in
with patches from the sister chromatids by recombinational ref 11).

repair, in an error-free manner. Alternatively, the gap can  The processivity subunits of pol 111, th& subunit sliding

be filled in by DNA synthesis [translesion replication (TLR)], clamp and they complex clamp loader, were reported by

a process which is mutagenic due to the miscoding naturezoodman and co-workers to be essential for lesion bypass
of most damaged nucleotides. Both mechanisms restore thqJy pol V (4, 5). Such a requirement was not observed in our
double-stranded configuration of the DNA at the damaged gystem, where significant bypass was obtained in the absence
site, thereby enabling a second attempt of excision repair 5¢ these processivity factor$,(9, 12). We attributed this

1 2. difference to a difference in the stability of the RecA

The reconstitution of translesion replication with purified ;cjegprotein filament formed on the two different substrates
components3, 4) revealed that lesions are bypassed by DNA 56 in the two laboratorie,(12). A stable RecA filament

polymerase V (UmuC) in the presence of UMUBeECA, 4 be assembled on the gapped plasmids used in our
and SSB§, 6). Pol V can bypass a synthetic abasic site, & |aporatory, thereby enabling effective loading of pol V on

cyclobutyl TT dimer, and a-64 TT adduct, usually in a [ and high activity. Nevertheless, the reported effect of
mutagenic mannes( 7). It is also highly mutagenic when — yho nrocessivity proteins on pol V-promoted lesion bypass
replicating undamaged DNA, and preferentially forms trans- raises the possibility that although not required, ftgibunit
version mutations?, 8). Lesion t_)yp_ass by pol_ Vrequires g they complex may have a stimulatory effect on lesion
assembly of a RecA nucle.oprotem f|]ame9), fwhich 'qugets bypass of pol V in our system. Another critical question is
the polymerase to the primer terminus. SSB facilitates the whether the processivity proteins affect TLR in vivo.
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Pol V-Mediated Lesion Bypass
EXPERIMENTAL PROCEDURES

Proteins.UmuD and the MBP-UmuC fusion (a fusion
of UmuC and the maltose binding protein) were overex-
pressed and purified as previously describ8d6). Their
degree of purity was estimated to b&5% for UmuD and
90—95% for the MBP-UmuC fusion. SSB, RecA, and the
f subunit of pol Il were purified as described previously
(13—15), except that a phosphocellulose purification step was
added for RecA. Their degree of purity was estimated to be
>95%. The y complex was a generous gift from M.
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fragments 19, 30, and 47 nucleotides long, representing the
unextended primer, the replication stop at the lesion, and
the bypass product, respectively. Bands 17- and 18mer
correspond to exonuclease activity present in the restriction
enzymes. The DNA samples were fractionated by 15%
PAGE with urea, followed by phosphorimager analysis (Fuji
BAS 2500). The extent of bypass was calculated by dividing
the amount of bypass products by the amount of the extended
primers (“lesion bypass”). When indicated, the extent of
bypass was also calculated differently, by dividing the
amount of bypass products by the total amount of DNA

O'Donnell. T4 DNA ligase, T4 polynucleotide kinase, and [yansjesion replication (TLR)]. Initiation of synthesis was

restriction nuclease were from New England Biolabs, except

Asp700, which was from Boehringer Mannheim. T7 gp6
exonuclease was from Amersham, and A®P creatine
kinase, and creatine phosphate were from Sigma.

DNA SubstratesThe preparation of the gapped plasmid

calculated by dividing the amount of extended primers by

the total amount of DNA. The bypass figures shown below

represent single experiments; however, some of them were
performed twice, and they were planned to be overlapping
such that reliable and coherent results were obtained.

GP21 carrying a site-specific lesion was described previously Processiity Assay The processivity assay was performed

(16, 17). GP21 contains a site-specific synthetic (tetra-

by analyzing the length of replication products under

hydrofuran) abasic site, and a ssDNA region, approximately decreasing concentrations of pol 20j. Reactions were

350 nucleotides long. The processivity was tested on
oligonucleotide-prime@x174 ssDNA. This DNA substrate
was prepared by annealing 5.6 pmolgfl74 virion DNA
(New England Biolabs) to 8.2 pmol of-Bnd-labeled primer

in a 30uL annealing mixture which contained 0.15 M NacCl.

Bacterial StrainsThe bacterial strains used in this study
wereE. coli WBA3 argE3 HisG4 leuB6 proA2 thrl aral4d
galK2 lacYl mtll xyl5 thil tsx33 rpsL31 supE44
tna300:Tn10, AuwrC::Cm, and WBA4, which is similar to
WBAS3, except that it is alsdnaN59 They were constructed
by P1 transduction), moving theAuyrC::Cm allele from
E. coli CS5430 19) into E. coli ZTR10 and ZTS10, an
isogenic pair otna300:Tn10 derivatives of AB1157, where
ZTS10 is alsodnaN59

Translesion Replication AssaVhe translesion replication
reaction was performed as previously descrili#&db), with
minor changes. The standard reaction mixture (25
contained 20 mM Tris-HCI (pH 7.5), 8g/mL bovine serum
albumin, 5 mM DTT, 0.1 mM EDTA, 4% glycerol, 1 mM
ATP, 10 mM MgCh, dATP, dGTP, dTTP, and dCTP (0.1
mM each), 0.1ug (2 nM) of gapped plasmid, 50 nM SSB,
2 uM RecA, 400 nM UmuD, and 100 nM pol V (MBP-
UmuC). When indicated, 40 nM (as a dim@rsubunit and
20 nM y complex were added to the reaction mixture.
Reactions were carried out at 3C as follows. RecA and
the DNA substrate were incubated in the assay buffer for 2
min at 37°C in the presence of th&subunit and’ complex;

then SSB was added, and reaction mixtures were incubatedg

for an additional 4 min at 37C. A mixture of umuD and
the MBP-UmuC fusion was then added, and incubation
continued for the indicated periods of time. When indicated,

carried out with an oligonucleotide-primegk174 circular
ssDNA, using the same reaction conditions that were used
for the translesion replication assay, and with pol V
concentrations of 0.25200 nM. After the replication step,
the products were fractionated by 15% PAGE with urea,
followed by phosphorimager analysis. The processivity was
calculated by averaging the length of the DNA products.

In Vitro Replication Fidelity Assay.The assay was
performed as previously describe8),(in the absence or
presence of the processivity proteifssubunit at 200 nM
(as dimer), and thg complex at 100 nM.

In Vivo Mutagenesis The mutagenesis assay system,
which monitors the UV-induced conversion of histidine
auxotrophy to prototrophy, was performed as previously
described 21). An overnight culture grown at 30C was
diluted to an Olgys of 0.05 and grown at 30C to midlog
phase (Olys = 0.4—0.5). Cells were washed and concen-
trated 5-fold in minimal medium containing histidine. Cells
(1.5 mL) were UV-irradiated at the indicated UV doses in a
small Petri dish (60 mmx 15 mm), after which they were
incubated at either 30 or 42 for 1 h. After incubation,
the cells were washed with 10 mM Tris-HCI (pH 7.5) and
0.15 M NaCl and plated on minimal plates containing
limiting amounts of His (2 mg/L). Hisrevertants appeared
after incubation for 23 days at 30°C as colonies over a
faint lawn of His™ cells. The total number of colonies was
etermined by plating the appropriate dilution of the culture
n the same plate. The mutation frequency was calculated
by dividing the number of mutants by the total number of
colonies per plate. Each experiment was performed three

an ATP regeneration system was included, by adding creatine

phosphate (10 mM) and creatine kinase (0.2 mg/mL) to the
reaction mixture. Reactions were stopped by adding 20 mM
EDTA and 0.2% SDS (final concentrations) followed by heat
inactivation (65°C for 10 min), and the DNA was purified

RESULTS

Thes Subunit and thez Complex Stimulate Lesion Bypass
by Pol V.The experimental system for assaying lesion bypass

from the proteins by proteinase K digestion followed by was described previoushB,(6). It is based on a gapped
phenol/chloroform extraction and ethanol precipitation. The plasmid carrying a site-specific synthetic abasic site in a
purified DNA mixture was treated with calf intestine alkaline ssDNA region, and &P-radiolabeled phosphate in the primer

phosphatase (0.2 unit, 1 h, 3€) to hydrolyze the remaining
dNTPs. The DNA was then digested wi#tsp/00 (5 units)
and MspAll (5 units). This produced radiolabeled DNA

strand. TLR is assayed as the extension of the primer strand
across the lesion, detected by the change in the electro-
phoretic mobility of the DNA, which was pretreated with
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Ficure 1: B subunit andy complex stimulate lesion bypass by

pol V. A translesion replication assay was performed as described

in Experimental Procedures for 4 (lanes-&) or 8 min (lanes FiGURE 2: RecA, SSB, and Umulare each required for TLR in
7—11). The reactions were carried out with pol V, UnmuBecA,  the presence of the processivity proteins. A translesion replication
and SSB, in the presence or absence of the processivity proteinsassay was performed for 4 (lanes?) or 8 min (lanes 813):
(indicated_ at the top of the lanes). Lane 1 shows a r_eaction without lane 1, no proteins in the reaction; lanes 2 and 8, standard TLR
any proteins. Lanes 6 and 11 also includeddiseibunit of the pol reaction; lanes 3 and 9, TLR reaction in the presence of the
[l holoenzyme. The reaction products were fractionated by 15% processivity proteins; and lanes-# and 16-13, TLR reaction
PAGE with urea followed b_y phosphori_mager analysis: 19mer, without one or more of the accessory proteins (UrhucA, and
unextended primer; 30mer, site of the lesion; and 47mer, full bypass SSB). The reaction products were fractionated by 15% PAGE with
product. The bands that are 18 and 17 nucleotides long were formedurea followed by phosphorimager analysis.

by partial excision of the primer strand during processing of the

reaction products. The effect of thes subunit and ther complex was examined

. . using either a linear or a circular gap-lesion DNA substrate.
restriction nucleases to reduce the size of the products. To g gap

examine the effect of processivity proteins on lesion bypass As can be seen in Figure 3, the processivity proteins
P y P . YPaSS, iy creased TLR on both types of substrates. They causdd 3
a TLR assay was performed with the four basic proteins

namely, pol V, UmuD, RecA, and SSB, either with or fold stimulation on the linear gap-lesion substrate (Figure

. . . 3A, lanes 2, 3, 6, and 7) and an approximately 2-fold
without thef subunit and thez complex. As can be seen in ; : : : :
Figure 1, addition of the subunit ang complex stimulated stimulation on the circular gap lesion (Figure 3A, lanes 4,

bypass, as indicated by the increase in the intensity of the5’ 8, and 9). Notice that overall TLR was higher on the
ypass, y s y circular substrate than on the linear substrate. The reason
full bypass product (47mer). In addition, there was less

pausing of synthesis at the site of the lesion (30mer) Whenfor this phenomenon might be a higher stability of the RecA

th Vit tei d (Fi 1 5 OIfilament on the circular substrate.

10e F:\rlgcsi'snilvlla){'grrlo 2250;\;2? eudse hén'guéeb ,n'ztirc])er?he and The gel image of the TLR reaction products contains
)- imufation w ved whe Heubuni information about both the ability to bypass the lesion and

y complex was each added alone (Figure 1, lanes 3, 4, 8

" . . .’ ~'the ability to initiate synthesis at the primer. The extent of
and 9). No addl'tlonal'stlmulatlon was observgd upon "."dd't'on bypass is calculated as the percent of products that have
of the t subunit, which is responsible for dimerization of

the pol 11l holoenzyme (Figure 1, lanes 6 and 11) transversed the lesion, out of all the synthesis events (i.e.,
] ' ' _of all the primers that were extended). Initiation of synthesis
To examine whether the three pol V accessory proteins js calculated as the percentage of the primers that were
required in the basic TLR reaction are still required in the extended (of all the primers). The multiplication of the two
presence of the processivity proteins, a bypass experimenyjie|ds the percentage of the molecules on which the lesion
was performed in which UmuDRecA, and SSB were each  was bypassed, or TLR. TLR can also be calculated by
omitted from the reaction, one or more at a time. As can be dividing the amount of bypass products by the total amount
seen in Figure 2, each of these proteins was essential in thgyf primers. Figure 3B shows in graphical form the results
TLR reaction, and no polymerization was detected in their gf the experiment shown in Figure 3A (4 min time point).
absence. Remarkably, the stimulatory effect of tifesubunit and the
TheS Subunit and thee Complex Stimulate Lesion Bypass y complex was exclusively at the lesion bypass stage. There
but Have No Effect on the Initiation of Synthesis by Pol V. was no effect on the initiation of synthesis by pol V, on either
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Ficure 3: [ subunit andy complex stimulate lesion bypass, but
have no effect on the initiation of synthesis by pol V. (A) A gel
image of TLR experiments, performed on a linear or a circular
gap-lesion DNA substrate. The reactions were carried out for 4
(lanes 2-5) or 8 min (lanes 69): lane 1, no proteins; lanes 2, 3,

6, and 7, linear substrate; and lanes 4, 5, 8, and 9, circular substrate

The reaction products were fractionated by 15% PAGE with urea
followed by phosphorimager analysis. (B) Effect of the processivity
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FiIGURe 4: S subunit andy complex increase the processivity of
pol V. (A) DNA synthesis was performed by pol V, UmyRecA,

and SSB on an oligonucleotide-primeg174 substrate for 4 min.
The polymerase concentration was decreased from 200 to 2 nM
(lanes 2-8). Lane 1 shows a reaction without any proteins. The
processivity of pol V was determined by averaging the length of
the DNA products, at the lowest concentrations of the polymerase.
The reaction products were fractionated by 15% PAGE with urea
followed by phosphorimager analysis. (B) A similar experiment
was performed at polymerase concentrations of @5 nM, in

the presence (lanes-83) or absence (lanes-Z) of thef subunit

and they complex.

the linear or circular DNA substrate (Figure 3B). Initiation
of synthesis by pol V was unaffected by the presence of
processivity proteins also on a gapped plasmid with no lesion
(data not shown).
Thef Subunit and thee Complex Increase the Procesy

of Pol V. The most likely mechanistic explanation for the
increased level of bypass observed in the presence ¢f the
subunit and ther complex is an increased processivity of
pol V. We examined the processivity of pol V in both the

proteins on bypass and on initiation of synthesis. The data were absence and presence of processivity proteins on a primed

taken from the 4 min time point in panel A.

¢X174 substrate. Figure 4A shows DNA synthesis with
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Ficure 5: Effect of SSB concentration on initiation and bypass activities of pol V, in the absence and presence of the processivity proteins.
(A) A TLR assay was performed with SSB concentrations of 280 nM as indicated at the top of the lanes. The reactions were carried

out in the absence (lanes-4 and 9-12) or in the presence (lanes-8 and 13-16) of the subunit and ther complex for 4 (lanes 18)

and 8 min (lanes 916). The reaction products were fractionated by 15% PAGE with urea followed by phosphorimager analysis. (B)
Analysis of the percentage of bypass (squares), initiation of synthesis (circles), and TLR (triangles) in the absence (left, empty symbols)
and presence (right, filled symbols) of tffesubunit and ther complex, at 4 min.

decreasing concentrations of pol V, in the presence of Increased SSB Concentrations Stimulate Initiation by Pol
UmuD, RecA, and SSB. In this method of determining V in both the Absence and Presence of ProeégdProteins.
processivity 20), the concentration of the polymerase is We have previously argued that the inability to observe lesion
decreased until there is no change in the extension of thebypass in the absence of SSB implies that SSB has a direct
primer. The processivity of the polymerase is estimated by role in bypass, aside from loading RecA on the DN (t
calculating the average extended DNA length. On the basiswas suggested that this role is to facilitate dissociation of
of these data, the processivity of pol V is 3. When a similar RecA from DNA during polymerization by pol V10). We

experiment was performed in the presence ofdrsibunit
and they complex, the processivity was 148, representing
an increase of 56-fold (Figure 4B).

examined whether the presence of theubunit and thes
complex would change the effect of SSB on bypass and on
synthesis by pol V. First, a titration of SSB was performed
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Ficure 6: Effect of RecA concentration on initiation and bypass activities of pol V, in the absence and presence of the processivity
proteins. A TLR assay was performed with RecA concentrations of 2, 8, apd/2@n the absence (left, empty symbols) and presence
(right, filled symbols) of thed subunit and ther complex. These reactions were performed in the presence of an ATP regeneration system,
consisting of creatine phosphate and creatine kinase. The extent of bypass (squares), initiation of synthesis (circles), and TLR (triangles)
were determined for the 4 min reaction, as described in Experimental Procedures.
in the absence of thg subunit and ther complex. As can  again the specificity of the effect of thiesubunit and the
be seen in Figure 5A and quantified for the 4 min time point complex on bypass versus initiation. To that end, we have
in Figure 5B, increasing the concentration of SSB from 25 studied the effect of thg subunit and thez complex on the
to 200 nM caused a 3-fold increase in the initiation of initiation of synthesis and on bypass, in the presence of
synthesis ©) and a 2-fold increase in bypads)( resulting excess amounts of RecA. These experiments were performed
in an overall increase of-56-fold in TLR (a). Still, under in the presence of an ATP regeneration system, consisting
these conditions, TLR reached no more than 10% at 4 min. of creatine phosphate and creatine kinase, to ensure that there
The effect of increasing concentrations of SSB on synthesisis no shortage of ATP in the reaction, caused by the ATPase
in the presence of thg subunit and ther complex @) was activity of RecA. As can be seen in Figure 6, there was a
very similar to that observed without the processivity decrease in the initiation of synthesis with an increase in
subunits. This is consistent with previous results, where the the amount of RecAd). The same exact effect was seen in
S subunit and ther complex had no effect on synthesis by the presence of the subunit and the complex @). Hence,
pol V (Figure 3). The effect of SSB on bypass in the presence the § subunit and they complex did not influence the
of the 8 subunit and ther complex @) was identical to that ~ reduction in the initiation of synthesis with an excess of
observed without the processivity proteii)( as can be seen  RecA. Again, this is consistent with the experiments
from the similar patterns of the two graphs. However, the described above indicating that thfe subunit and they
effect of the processivity proteins on bypass is greater thancomplex do not affect initiation. With regard to bypass, an
the effect of SSB. Bypass was increasee43old over the increasing concentration of RecA (from 2 to 28) caused
entire range of SSB concentratiorl){ as compared to  a slight effect of inhibition, in the absencel)or presence
bypass without the processivity proteins reaching a very high (M) of the 3 subunit and ther complex. Over the entire range
level of 70-80%. Under these conditions, the extent of TLR of RecA concentrations, the stimulatory effect of the
(a) is determined by the slow process of initiation of subunit and thes complex on bypass was approximately
synthesis, as can be clearly seen by the nearly overlapping3-fold.
curves of synthesis and TLR (Figure 5B). Hence, in the  ATPyS Greatly Inhibits Translesion Replication in both
presence of th@ subunit and ther complex, the absolute  the Presence and Absence of the ProcstysiProteins.
level of TLR, namely, the fraction of molecules on which ATPyS is a nonhydrolyzable ATP analogue, which is known
bypass occurred, increases with increasing amounts of SSBto strongly stabilize RecA nucleoprotein filameng2). It
up to 53% at 8 min (Figure 5A, lane 16). has been shown that the presence of A$Preduced
Increased RecA Concentrations Inhibit the Initiation Stage translesion replication by pol \8J. Under these conditions,
of TLR It has been previously shown in our laboratory that the RecA filament extends to cover the entire DNA molecule,
2 uM RecA was required to reach a saturation level of bypass probably preventing the accessibility of pol V to the primer
(9). A further increase in the level of RecA caused a small terminus. Indeed, inhibition is primarily at the initiation stage
reduction in bypass and, more significantly, a reduction in of synthesis §). Since thef subunit and they complex
primer utilization. This is presumably because access of pol stimulate bypass, we wondered if they can overcome the
V to the primer requires local unloading of RecA. We used effect of ATP/S, and allow bypass in its presence. As can
this effect of RecA on the initiation of synthesis to probe be seen in Figure 7, in the presence of ABPinstead of
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FiGure 7: ATPyS greatly inhibits translesion replication in the

absence or presence of the processivity proteins. A TLR assay was

performed using either ATP (lanes 2, 4, 6, and 8) or ASRlanes
3,5, 7, and 9). The reactions were carried out for 4 (lan€s)dr

8 min (lanes 6-9), in the absence (lanes 2, 3, 6, and 7) or presence

(lanes 4, 5, 8, and 9) of the subunit and ther complex. Lane 1

shows a reaction with no proteins. The reaction products were
fractionated by 15% PAGE with urea followed by phosphorimager

analysis.
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FIGURE 8: 8 subunit stimulates mutagenesis in vivo. UV-induced
mutations from histidine auxotrophy to prototrophy, as a measure
of TLR, were assayed in dnaN59mutant, in a background of
excision repair deficiencyXuurC). Cells were grown at 36C to
midlogarithmic stage, UV-irradiated, and incubated at either 30 or

ATP, TLR was severely inhibited, in the presence or absence42 °C for 1 h. Then the cells were plated on low-His plates, and

of the 5 subunit and ther complex. This indicates that the

/3 subunit and thez complex cannot interfere with the stable

filament of RecA which is built in the presence of A}®.
The f Subunit Stimulates Mutagenesis inu¥i The

incubated at 30°C. (A) Comparison of the UV mutagenesis of
uprCdnaN59 (a) and usrCdnaNt (M) strains at 30°C. (B)
Comparison of the UV mutagenesis in the two strains after treatment
at the permissive temperature (3C, filled symbols) or the
restrictive temperature (42C, empty symbols).

question of whether the processivity proteins are involved , ) )

in TLR in vivo arises. Chromosomal TLR cannot be assayed control, the isogenicirCdnaN" parent was assayed in the
directly, and therefore, UV mutagenesis, which is the result S2Me way. As can be seen in Figure 8A, at & the
of TLR, was used instead. The mutagenesis assay systent?rCdnaN59double mutant exhibited lower UV mutagen-

was the His reversion system, which monitors the UV-
induced conversion of histidine auxotrophy to prototrophy.

esis, up to 3-fold, as compared therCdnaN" strain. The
simplest explanation for these results is that fheubunit

UV mutagenesis in this system is pol V-dependent, reflecting Stimulates UV mutagenesis, and that dreNS59mutation,

in vivo TLR by pol V (2). To examine the involvement of
the s subunit in UV mutagenesis, we utilized BEncoli strain
carrying the dnaN59 mutation, a temperature sensitive
mutation in thednaN gene encoding thg subunit. At 42
°C, this mutation inactivates th& subunit, and as a result,
DNA replication and cell division stop. At 3T, the mutant

f subunit is fully functional in DNA replication, and cells
grow normally @3). To eliminate indirect effects on mu-
tagenesis caused by tiflesubunit via excision repair, we
constructed aAuurC dnaN59double mutant. The UvrC
protein is an essential component of the Uvr(A)BC excinu-
clease 24), and in its absence, the cells are totally defective
in nucleotide excision repair. To examine the effect of the
dnaN59mutation on UV mutagenesiduvrC dnaN59cells
were grown at 30C to midlogarithmic stage, UV-irradiated,
and incubated at either 30 or 42 for 1 h. Then the cells
were plated on low-His plates and incubated afG0As a

while not affecting replication at this temperature, diminishes
the effect of the3 subunit on UV mutagenesis. When cells
were incubated at 4ZC after UV irradiation, the mutagenesis
response of thewrC dnaN' control cells was significantly
decreased, and therefore, the effect ofdhaN59mutation
was reduced (Figure 8B, empty symbols). The fact that UV
mutagenesis of the control cell is reduced by post-UV
treatment at 42C indicates the presence of a heat-labile
component, which is required for UV mutagenesis.

DISCUSSION

The processivity proteins d. coli, the 8 subunit sliding
DNA clamp and ther complex, are essential for replication
by pol lll, endowing it with remarkable processivit25).
Moreover, in vitro experiments have shown that these
proteins increase the processivity of other polymerases,
including pol II (26, 27), pol IV (7, 28), and pol V {7; this
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study), although the in vivo significance of these effects is residence time on DNA before dissociation, which enables
not yet known. As far as pol V is concerned, it was reported a greater extent of lesion bypass. It is noteworthy that the
that lesion bypass by UmuEC, RecA, and SSB was processivity subunits were found to endow pol Il with the
negligible, unless thg subunit and they complex were ability to bypass a synthetic abasic sites), In that case,
added §, 7). This differed from our results, where significant however, the polymerase without the processivity machinery
TLR was observed with pol V, UmuDRecA, and SSB, in  was absolutely blocked by the lesion. It seems therefore that
the absence of thg subunit and ther complex 6, 9, 12). increased processivity may be a general mechanism for
The reported requirement for tjffesubunit and ther complex increasing the efficiency of lesion bypass by DNA poly-
was attributed to the inability to form a stable RecA merases, regardless of their inherent ability to bypass lesions.
nucleoprotein filament at the lesion site in the substrate used The in vivo experiments conducted with tllaN59
by the Goodman groum( 12). Nevertheless, the reported mutant strains suggest that tifesubunit stimulates UV
positive effect of theg subunit and ther complex on lesion  mutagenesis in vivo. To our knowledge, this is the first in
bypass by pol V prompted us to examine the effect of thesevivo evidence that theS subunit participates in SOS
processivity proteins in our TLR system. Our in vitro results mutagenesis, and the first in vivo evidence thatgsibunit
show that although thg andy complexes are not essential affects a polymerase other than pol lll. The effect was evident
for lesion bypass, they do stimulate bypass by 3-fold. Thesewhen UV mutagenesis was compared in a pair of isogenic
effects were observed over a range of SSB and RecAusrCdnaN59 and usrCdnaN™ strains at the permissive
concentrations. Moreover, we present evidence, for the firsttemperature. UV-induced His reversion mutations were
time, suggesting that thesubunit is a stimulatory factor in  induced in thednaN59mutant at a frequency 3-fold lower
UV mutagenesis in vivo. than that in thednaN" cells, which is strikingly similar to
Interestingly, the processivity proteins had no effect on the in vitro effect of the processivity proteins on bypass.
the initiation of synthesis by pol V. We have previously Notice that UV mutagenesis is caused primarily by TLR of
suggested that initiation requires local dissociation of the cyclobutylpyrimidine dimers and-64 pyrimidine—pyrimi-
RecA filament, to allow full access of the polymerase to the dine adducts, whereas our in vitro system assays TLR of
primer—template regiong, 11). This might well be the rate-  abasic sites. Nevertheless, the results were similar. It is
limiting step in initiation, as indicated by the effects of interesting that the reduced UV mutagenesis indhaN59
increasing concentrations of SSB and RecA on initiation mutant is expressed at 3C, a temperature at which tife
(Figures 5 and 6). Increasing SSB concentrations from 25 subunit is fully functional in replication23). We interpret
to 200 nM stimulated initiation 3-fold, most likely due to this result to suggest that ttdnaN59mutation separates
the facilitated displacement of RecA from the primer between the functions of the subunit in replication and
template region. This effect of SSB was observed in the lesion bypass. This can be affected by differential effects
presence or absence of thendy complex, and the extents on the interactions with DNA polymerases Il and V;
of initiation were similar. Increasing the concentration of however, this point has yet to be established. The effect of
RecA, on the other hand, had an inhibitory effect. Increasing the § subunit on UV mutagenesis might be even greater,
the RecA concentration from 2 to 2M inhibited primer since the dnaN59 mutation might have some residual
extension 3.5-fold. This was caused, most likely, by stabi- functionality in mutagenesis. Under our conditions, there
lization of the RecA nucleoprotein filament at higher RecA was a 2-3-fold reduction in UV mutagenesis when the
concentrations, which inhibited access of pol V and SSB to usrCdnaN" cells were assayed at 4ZC. Under these
the primer-template region. Again, this effect of RecA was conditions, thelwrCdnaN59cells exhibited an only marginal

observed in the absence and presence qf tivedy complex, decrease compared to therCdnaN’ cells. Due to the
and the extents of primer extension were similar. On the basisoverall decrease in the mutagenic response, it is difficult to
of these results, we conclude that {fiesubunit and the/ draw conclusions from this experiment. However, it is

complex have no significant effect on the rate-limiting steps noteworthy that even when tifiesubunit is inactivated, there

in primer extension by pol V. This is consistent with the is UV mutagenesis, suggesting that pol V performs trans-
dramatic inhibition of TLR, due to inhibition of initiation, lesion replication also in the absence of the processivity
caused by ATPS in the presence of th@ subunit and the  subunit.

y complex. In addition to the effect of the processivity proteins on
The effect of thef and y complex was strictly on the the extent of bypass by pol V, their effect on the fidelity of
elongation step, including lesion bypass. This effect is caused,pol V should be considered, since this may affect in vivo
most likely, by the increased processivity of pol V in the UV mutagenesis. We examined the effect of the processivity

presence of thg andy complex. The processivity of pol V. proteins on the fidelity of pol V in vitro, using a gap filling

in the absence of the andy complex, on circular ssDNA, assay and thero repressor gene as a report@). (The
was estimated to be 3 nucleotides/initiation event. This frequency of Cro mutations caused by pol V-catalyzed DNA
increased to 1418 nucleotides/initiation event upon addition synthesis in the presence of the processivity proteins was
of the processivity proteins. These results are in general (2.74 1.2) x 10-%/gene, similar to that obtained with pol V
agreement with the results of Goodman and co-workers, whoin the absence of processivity proteins [(Z:3.3) x 1072,
reported that pol V has a processivity of 12 in the presence consistent with the value obtained previously, namely, (2.3
of the 8 subunit and they complex @0). In their case, =+ 0.4) x 1072 (8)]. Thus, the processivity proteins had no
processivity in the absence of th® subunit and they effect on the fidelity of pol V in this assay system. Taken
complex was determined only in the presence of ASP  together, the in vivo results suggest that thesubunit
and not in the presence of ATRQ). The higher processivity  stimulates lesion bypass by pol V, thereby enhancing UV
in the presence of processivity factors implies a longer mutagenesis. This is consistent with our in vitro results on
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damaged and undamaged DNA substrates. However, more 7.

experiments are needed to prove this suggestion.

Although they were originally discovered as the proces-

sivity subunits of pol Ill, it is clear now that thg subunit
and they complex increase the processivity of pol B¢
27), pol IV (7, 28), and pol V (7; this study). There is also
evidence for an interaction between thelamp and pol |,

and increased activity of pol | was observed in the presence
of the processivity subunits, which is likely explained by an

increase in the processivity of pol 29). Thus, the proces-

sivity mechanism is shared by at least four, and possibly all

five, known DNA polymerases dt. coli. This may offer a

potential mechanism for DNA polymerases switching on

DNA, e.g., at a site where the replication fork collapsed at

a blocking lesion. Thg subunit sliding clamp may stay on
the DNA, and provide the platform for polymerase switching.
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