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An interesting  property of the Escherichia  coli DNA 
polymerase I1 is  the  stimulation in DNA synthesis me- 
diated by the DNA polymerase I11 accessory proteins 
fl,y complex. In this  paper we have  studied  the basis 
for  the stimulation  in pol I1 activity  and  have concluded 
that these accessory proteins  stimulate pol I1 activity 
by increasing  the processivity of the enzyme between 
160-  and 600-fold. As is the case with pol 111, proces- 
sive  synthesis by  pol I1 requires both B,y complex and 
SSB protein. Whereas the  intrinsic velocity of synthe- 
sis by pol I1 is 20-30 nucleotides per s with or without 
the accessory proteins,  the processivity of pol I1 is 
increased  from  approximately  five nucleotides to 
greater  than  1600 nucleotides incorporated  per tem- 
plate  binding event. The effect of the accessory pro- 
teins on the  rate of replication  is far  greater on  pol I11 
than on  pol 11; pol I11 holoenzyme is  able to complete 
replication of circular  single-stranded M13 DNA in 
less than  20 s, whereas pol I1 in the presence of the y 
complex and B requires  approximately 6 min. We have 
investigated  the effect of B,y complex proteins on by- 
pass of a site-specific abasic lesion by E. coli DNA 
polymerases I, 11, and 111. All three polymerases are 
extremely  inefficient at bypass of the  abasic lesion. We 
find limited bypass by pol I with no change upon ad- 
dition of accessory proteins. pol I1 also shows limited 
bypass of the abasic site, dependent on the presence of 
fl,y complex and SSB.  pol I11 shows no significant 
bypass of the abasic site with or without B,y complex. 

Escherichia coli contains  three DNA polymerases: pol I,’ 
pol 11, and pol I11 (for a review, see Ref. 1). pol I11 is the main 
replicative polymerase (2, 3),  and  the functional holoenzyme 
contains at least 10 subunits (4). The polymerase function 

Grants GM-21422, GM-42554,  CA-41655, GM-38839, GM-29558 and 
*This research was supported by National Institutes of Health 

North Atlantic Treaty Organization Collaborative Research Grant 
900554. The costs of publication of this article were defrayed in part 
by the payment of page charges. This article  must therefore be hereby 
marked “advertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

$ The first and second authors  contributed equally to  this work. 
The abbreviations used are: pol I, DNA polymerase I; pol 11, DNA 

polymerase 11; pol 111, DNA polymerase 111; y complex, complex 
consisting of stoichiometric concentrations of pol 111 accessory pro- 
teins ?, 6, 6 ‘ ,  x, and $; SSB, single-stranded binding protein from E. 
coli; ssM13 DNA, bacteriophage single-stranded M13 DNA; TdT, 
terminal deoxynucleotidyltransferase; kb, kilobase(s); dNTP, deoxy- 
nucleoside triphosphate. 

resides in  the a subunit (5) and  the 3‘ to 5’ proofreading 
exonuclease is localized in the c subunit  (6).  These two pro- 
teins, along with a third subunit, 0, comprise the pol I11 core 
(7), an enzyme with relatively low synthetic processivity, 
synthesizing approximately 11 nucleotides per  template bind- 
ing event (8). The accessory proteins, /3 and  the five-protein 
y complex subassembly, form a P-sliding clamp on duplex 
DNA (9) which tethers  the pol I11 core to  the template thus 
converting pol I11 core into  a highly processive enzyme capable 
of replicating long (Xi000 nucleotides) SSB coated single- 
stranded circular DNA viral templates in less than 20 s (4, 8, 
10, 11). pol I is a single-subunit enzyme (103 kDa) possessing 
polymerase as well as 3’45’- and 5’+3’-exonuclease activi- 
ties (1). Since cells containing polA deletions are viable, pol I 
is not required for chromosome replication in E. coli (12). 
However, under normal growth conditions, the 5‘+3’-exo- 
nuclease of pol I acts on the lagging strand during replication 
to excise RNA primers from Okazaki fragments (1). pol I has 
also been shown to play an  important role in repair of UV- 
damaged DNA (1). pol I1 is comprised of a single 89.9-kDa 
subunit (13, 14) which contains  both polymerase and 3‘45’- 
exonuclease activities (1). The function of pol I1 in DNA 
replication or repair in E. coli remains unknown. 

There is genetic evidence suggesting possible roles for both 
pol I1 and pol I11 in  the pleiotropic SOS response to DNA 
damage which enhances capacity for excision repair and re- 
covery of DNA replication by error free (replication restart) 
and mutagenic pathways (15, 16). Bridges et al. (17) showed 
that  strains with a  temperature-sensitive dnaE gene (which 
encodes the a subunit)  exhibit  little UV-induced mutation at 
nonpermissive temperatures. Hagansee et al. (18) demon- 
strated an absence of UV-induced mutation  in  a dnaEts strain 
at nonpermissive temperatures when viability was conferred 
by a suppressor mutation, pcbA, that allows replication to 
occur at  the nonpermissive temperature  (perhaps through 
substitution of either pol I or pol I1 for the a subunit). E. coli 
polA mutants (19) exhibit normal UV mutability, demonstrat- 
ing that  the role of  pol I is not essential for this process (20, 
21). 

Bonner et al. (22) showed that DNA  pol I1 activity is 
increased 7-fold in cells induced for the SOS response and 
that  the polymerase is capable of limited insertion  and bypass 
of abasic lesions in  uitro. The  structural gene for pol I1 has 
recently been shown to be the same as  the d i d  gene (13,23), 
which is  a member of the SOS regulon controlled directly by 
Lex A repressor (24).  These  results clearly demonstrate that 
pol I1 is an SOS-induced polymerase and likely participates 
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in some aspect of error free or  error prone DNA synthesis. 
Evidence from earlier  studies  has suggested that  the /3 and 

y subunits of the pol I11 holoenzyme can  stimulate DNA 
synthesis by  pol TI (25). Recently, Hughes et  al. (26) have 
shown with highly purified proteins that pol 11-dependent 
DNA synthesis is stimulated by the @,y complex accessory 
proteins of pol I11 holoenzyme. Since these accessory proteins 
are known to stimulate pol I11 activity by increasing the 
processivity of the enzyme (4,27,28), they might affect pol 11 
activity by a similar mechanism. If so, addition of /3,y complex, 
perhaps in the presence of other SOS-induced proteins, such 
as UmuC and UmuD (15,16) may stimulate bypass of blocking 
lesions in DNA. In  the work reported here, we have charac- 
terized the effect of /3,y complex accessory proteins on the 
processivity of pol 11. We have also compared the bypass of 
abasic lesions by all  three E. coli DNA polymerases. 

EXPERIMENTAL PROCEDURES 

Materiaks-Unlabeled and labeled nucleotides were purchased from 
ICN Biochemicals. DNA oligonucleotides were synthesized on an 
Applied Biosystems 381A DNA synthesizer. The abasic site  contain- 
ing oligonucleotides were synthesized as described (29). M13 mp18 
ssDNA uniquely primed with a  synthetic DNA 30-mer was prepared 
as described (9). E. coli DNA polymerase I1 was prepared by a 
modification of a published procedure (22) from an overproducing 
strain' where phosphocellulose peak fractions were applied to a  dieth- 
ylaminoethyl cellulose (Whatman DE52) column followed by chro- 
matography on an AGATP type 2 column (Pharmacia LKB Biotech- 
nology Inc.). Other replication proteins were purified as described a 
(5), e (61, ac complex (30), y complex (31), pol I11 holoenzyme (32), 
and SSB (33). Concentration of proteins was determined by the 
method of Bradford (34) using bovine serum albumin as a  standard. 
Terminal deoxynucleotidyltransferase (TdT) was purchased from 
Boehringer Mannheim, and T4 polynucleotide kinase was purchased 
from United States Biochemical. 

Buffers-TdT buffer is 200 mM potassium cacodylate, 25 mM Tris- 
HC1,250 pg/ml bovine serum albumin, 1 mM  CoC12, pH 6.6. Annealing 
buffer is 50 mM Tris-HC1, pH 8.0, 5 mM  MgC12, 2 mM B-mercapto- 
ethanol,  and 100  pg/ml bovine serum albumin. Buffer A is 20 mM 
Tris-HC1, pH 7.5, 8 mM MgCl,, 5 mM dithiothreitol, 0.1 mM EDTA, 
4% glycerol, and 40 pg/ml bovine serum albumin. 

Terminal Deoxynucleotidyltransferase Reactions-Oligonucleotides 
were extended in TdT buffer (40 pl volume) containing 2.5 p M  
oligonucleotide, 2.5 mM dNTP (0.6 mM each dATP, dCTP,  dGTP, 
dTTP),  and 100 units of TdT. Reactions were incubated at 37 "C for 
2 h, followed  by addition of another 100 units of TdT  and  an 
additional 1-h incubation. Reactions were then heated  10 min at 
70 "C and cooled on ice. Extended oligonucleotides were phenol/ 
chloroform-extracted and ethanol-precipitated  in the presence of 
sodium acetate as described (35). DNA concentrations were checked 
by absorbance at 260 nm. Extended oligonucleotides were 5' end- 
labeled using [y-3'P]ATP and T4 polynucleotide kinase (35) and 
electrophoresed on 8% denaturing polyacrylamide gels. Oligonucleo- 
tides were extended from 60 or 71 nucleotides to  an average length of 
150 nucleotides. 

Polymerase Assays on Synthetic Oligonucleotides-15-mer  DNA 
primers were 5' end-labeled using [y-3'P]ATP and T4 polynucleotide 
kinase (35) and annealed to DNA oligonucleotides in  annealing buffer 
by heating to 100 "C, followed  by  slow cooling (at least 2 h)  to room 
temperature.  Primers (15-mers) were annealed to templates 56 nucle- 
otides from the template 5' end. Thus, extension of the primer to  the 
end of the template yields products 71 nucleotides long. Polymerase 
reactions were in buffer A. Preinitiation complexes were formed in 
10-pl volumes using 14 nM primed oligonucleotide (as 150-mer), 130 
nM SSB  (as tetramer), 0.5 mM ATP, 60 pM dCTP, 60 p M  dGTP, 11 
nM (3 (as dimer),  7 nM y complex, and either 38 nM at complex or  pol 
I1 and incubated 5 min at 37 "C. Reactions were initiated by addition 
of dATP and  dTTP  to final  concentrations of 60 p M  each and 
terminated with the addition of 10 pl of  20 mM EDTA in 95% 
formamide. Samples of the polymerase reaction mixtures were heat- 
denatured at 100  "C for 5 min, cooled on ice, and loaded onto 10% 
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polyacrylamide gels containing 8 M urea. Electrophoresis was per- 
formed at 2000 V for 2 h to resolve extended primers. Autoradiograms 
of gels  were made by overlaying medical x-ray film (Kodak GPB-1) 
with an intensifying screen and exposing overnight at -70 "C. Alter- 
natively, gels  were exposed to phosphorimager cassettes overnight 
and scanned on a phosphorimager (Molecular Dynamics). Reactions 
on  synthetic oligonucleotides containing  a single abasic site were 
performed as described above except that 50 nM ac complex  or  pol I1 
were used on 50 nM SSB-coated primed oligonucleotide. 

Polymerase Reactions on M13 mpl8-Reconstitution reactions 
were performed in 25-p1 reactions by incubating 5 nM B (as dimer), 
0.9 nM y complex, and either 11.2 nM a e  complex  or  pol 11 with 1.2 
nM primed M13 mp18 ssDNA, 0.4 p M  SSB  (as tetramer), 0.5 mM 
ATP, 60 p~ each dCTP  and  dGTP in buffer A for 5 min at 37 "C. 
Synchronous replication was initiated upon addition of dATP and 
[a-3'P]dTTP  to final concentrations of 60 and 20 p ~ ,  respectively. 
Replication reactions were quenched after  5 min with 25  pl of 1% 
SDS and 40 mM EDTA. Replication time courses containing  1, 10, 
or 140 nM pol I1  were performed as described above except 1.2 nM 
primed ssDNA, 0.4 p~ SSB, and where indicated 5 nM B (as dimer), 
and 0.9  nM y complex were present  in  a 175-pl final volume of buffer 
A. After preincubation for 5 min at  37 "C, replication was initiated 
upon addition of dATP  and  [cY-~'P]~TTP  to 60 and 20  mM, respec- 
tively, and 20 pl was removed and quenched as above at  the indicated 
times. Reaction products were visualized by autoradiography follow- 
ing electrophoresis of reaction products on 0.8% agarose gels. 

Polymerase Reactions on 6x1 74 Containing a Single Abasic Site- 
The 5.4-kb linear  single-stranded DNA substrate with an abasic site 
a t  a defined position (30 nucleotides from the 5'  end) was constructed 
by ligating a 60-mer oligonucleotide with an abasic site  to a linear 
6x174 ssDNA.3 The resulting template was then primed with two 
20-mer oligonucleotides. The one closer to  the abasic site was 3'P 
end-labeled using T4 polynucleotide kinase. Replication from the 
second primer (closer to  the 3' end) helps to overcome technical 
complications from long regions of single-stranded DNA. Replication 
reactions were performed in 10 pl  of buffer A (plus 0.1 mM ATP). 
The primed substrate (2.5  nM) was preincubated with SSB (3.1 pM), 
B (100 nM), and y complex (3.6  nM) for 5 min at 30 "c (protein 
concentrations  in monomer units). Respective polymerases (20 nM) 
were added on ice, and replication was initiated upon adding dNTPs 
to a final concentration of 60 p~ each. Reactions were carried out at 
37 "C for 10 min and quenched with formamide/EDTA. Products 
were separated  on 10% acrylamide-urea gels and visualized by auto- 
radiography of dried gels. Only the products of replication from the 
3'P end-labeled primer can be visualized on autoradiograms. The 
major replication products detectable by this experimental system 
are: (i) replication block, replication products that stop opposite the 
base before the abasic site (85 nucleotides); (ii) misincorporation 
products, replication products that terminate opposite the abasic site 
(86 nucleotides); (iii) bypass products, replication products that by- 
pass the abasic site and terminate at  the  end of the template (116 
nucleotides). 

RESULTS 

Stimulation of pol 11 by p o l  IIZ Accessory  Proteins Using 
Synthetic Template-Primer Molecules-To examine the effect 
of the B,y complex accessory proteins on the processivity of 
pol 11,  we have used both  a  synthetic  primer-template system 
and uniquely primed single-stranded M13 DNA. The primer- 
template region required to bind  and hold onto the /3,y com- 
plex is quite large; approximately 36 bases upstream and 
downstream of the primer 3' terminus  are req~ired.~ To satisfy 
these length requirements, we synthesized a 71-mer oligonu- 
cleotide and  extended it with terminal deoxynucleotidyltrans- 
ferase to produce average template lengths of 150 nucleotides. 
Extended  templates were then  annealed to a specific 5'-32P- 
end-labeled primer (15 nucleotides long), preincubated with 
SSB protein, @ and/or y complex  accessory proteins, and pol 
11. DNA synthesis was initiated upon addition of dNTP and 
terminated  after 10 s by addition of EDTA/formamide. Heat- 

M. Rajagopalan and H. Echols, unpublished data. 
P. T. Stukenberg, S. Rahman, S.-Y. Chang, and M. O'Donnell, 

unpublished data. 



Stimulation of pol 11 Processivity by pol 111 Accessory Proteins 11433 

denatured reaction products were  resolved on 10% polyacryl- 
amide gels, and primer extension was  visualized either by 
autoradiography or phosphorimaging. 

The effect of the pol I11 accessory proteins on synthesis by 
pol I1 is  shown in Fig. 1. There were no full length DNA 
chains synthesized by pol I1 alone or pol I1 in the presence of 
either  the @ or y complex  accessory proteins added separately 
(Fig. 1, lanes 1-3). In these reactions there is a pattern of 
products ranging from one to 15 nucleotides added to  the 
primer. However, addition of both @ and  the y complex 
resulted in full length synthesis of the oligonucleotide within 
the shortest incubation period examined (10 s; Fig. 1, lane 4 ) .  
A primer-template reaction without added polymerase is 
shown to verify the lack of polymerase contamination in the 
accessory proteins (Fig. 1, lane 5 ) .  The effect of @,y complex 
on  the at subunits of pol I11 is shown for comparison (Fig. 1, 
lanes 6 and 7). Only low molecular  weight products are 
produced by pol I1 alone suggesting that  the polymerase acts 
distributively or is  very  slow in elongation. The addition of 
both y complex and @, which forms a sliding clamp on the 
primed DNA, conferred onto pol  I1 a rate greater than five 
nucleotides per s. A possible explanation of the  data of  Fig. 1 
indicates that,  as with pol 111, the effect of added @,y complex 
is  to increase the affinity of pol I1 for the DNA primer- 
template. No stimulation of pol I1 was  observed using 71-mer 

No 
Pol IT Polymerase  Poi III ( a c )  

”_ . 

-1 - 7’ mer 

Lane 1 2 3 4 5 6 7  
( 15 mer 1 

P - -  + +  + - +  
r-complex - + - + + - +  
FIG. 1. pol I1 is stimulated by  pol I11 accessory proteins on 

synthetic oligonucleotide templates. Autoradiogram showing 
stimulation of both  pol I1 and 111 ((YC complex) by j3 and the y 
complex. Reconstitution assays were  performed as described  under 
“Experimental  Procedures” using either 38 nM pol I1 or at complex 
on 14 nM SSB-coated extended oligonucleotides. Reaction times were 
10 s following a 5-min preincubation of the polymerase with accessory 
proteins. Lanes 1-4, pol I1 alone (lane I ) ,  +y complex (lane 2), +j3 
(lane 3), + both /3 and y complex (lane 4) .  Lane 5, reconstitution 
assay without  added  polymerase. Lanes 6 and 7, ac, alone (lane 6) or 
with j3,r complex (lane 7). 

primer-templates that were not extended by terminal  trans- 
ferase (data  not shown), consistent with the stimulation being 
conferred by the accessory proteins since there is a minimum 
length of DNA required for the assembly of the accessory 
protein 

Effect of @,y Complex on pol 11 Using M13 ssDNA  Tem- 
plates-A study of the @ and y complex  accessory proteins on 
either pol  I1 or the at subunits of pol I11 on short  synthetic 
templates (Fig. 1) demonstrated that the pol I11 accessory 
proteins  stimulate  both polymerases (Fig. 1, lanes 4 and 7). 
To investigate the differences in the degree to which @ and 
the y complex can  stimulate pol I1 compared to pol 111, we 
used the longer template molecule,  M13  mp18 single-stranded 
(ss) DNA primed with a synthetic DNA 30-mer in either  the 
presence or absence of SSB. Products of DNA synthesis were 
analyzed in native agarose gels  (Fig. 2A. and alkaline agarose 
gels  (Fig. 2B),  and the total  amount of nucleotide incorporated 
was also quantitated (Fig. 2C). In the absence of @,y complex, 
or in the presence of either @ or the y complex, the at 
polymerase showed no detectable product (Fig. 2, lanes 1, 2, 
and 3). In the presence of @ and y complex the at polymerase 
completed synthesis of some of the 7.2-kb  M13  mp18 tem- 
plates within 5 min (Fig. 2, A and B, lane 4) .  pol  I1 alone 
extended the primer  on M13  mp18 slightly (Fig. 2A,  lane 9); 
the product length was  below the 500-base resolution limit of 
the alkaline gel  (Fig. 2B, lane 9). The  extent of synthesis by 
pol I1 was unaffected by the presence of either @ or the y 
complex, or both @ and  the y complex  (Fig. 2,  A-C, lanes 10- 
12). 

Effect of SSB Protein  on the @,y Complex Stimulation of pol 
11-The presence of SSB protein is required to achieve  highly 
processive synthesis by the pol I11 holoenzyme  on ssDNA (8). 
The at polymerase was  much  more efficient at  synthesis of 
the M13  mp18 template in the presence of SSB and  its 
accessory proteins than in the absence of SSB (compare lanes 
8 and 4 in Fig. 2). In order to determine the effect of SSB on 
pol  I1 synthesis stimulated by @,y complex, we repeated the 
assay described for Fig. 2 in the presence of SSB. pol  I1 alone 
was stimulated approximately 8-fold  by SSB (compare lanes 
9 and 13, Fig.  2C). Synthesis by  pol  I1 in the presence of SSB 
was unaffected by either @ or y complex,  wherein the primer 
was extended approximately 1.5-2 kb  (Fig. 2, A and B, lanes 
13-15). However, in the combined presence of @,y complex, 
and SSB (Fig. 2, lane 16), pol  I1  completely replicdted the 
M13  mp18 template. Hence, in the presence of SSB the 
accessory proteins had a profound effect on pol 11, but in the 
absence of SSB the accessory proteins had little effect on pol 
11. 

Accessory Proteins Do Not Increase the Intrinsic  Velocity of 
pol 11-To determine the  rate of pol  I1 replication in the 
presence and absence of accessory proteins, kinetic experi- 
ments were performed on uniquely primed M13  mp18 ssDNA 
“coated)) with SSB. An autoradiogram of a 0.8% agarose gel 
of the replication time courses is shown in Fig. 3. Three levels 
of pol I1 enzyme  were  used in these assays: 27 fmol (1 nM, 
0.81 polymerase to primed circle), 270 fmol (10 nM, 81 
polymerase to primed circle), 3500 fmol(l40 nM, 1001 polym- 
erase to primed circle). 

With approximately stoichiometric levels of pol  I1 alone, 
little  synthesis was detected before 6 min, and no full length 
product was  observed  (Fig. 3A) .  Addition of @,y complex, 
however, resulted in accumulation of full length replicative 
form I1 between 4 and 6 min (Fig. 3A). A somewhat different 
response was  observed with the 8-fold molar excess of pol I1 
over template (Fig. 3B).  Without the accessory proteins, full 
length replicative form I1 was produced by 12 min. The 
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FIG. 2. pol I1 is stimulated by pol I11 accessory proteins on 
natural single-stranded M13 mp18 templates. Reconstitution 
reactions were  performed as summarized in the scheme at the top in 
25-pl reactions  upon  incubating  5 nM f l  (as dimer), 0.9 nM y complex, 
and either  11.2 nM a€ complex or  pol 11 with 1.2 nM primed  M13 

addition of the accessory proteins resulted in the appearance 
of full length replicative form I1 between 2 and 4 min.  Yet 
another result was obtained with the huge  molar  excess of pol 
I1  (Fig. 3C). Now the pol I1 replicated the template to full 
length between 2 and 4 min whether the accessory proteins 
were present or not, indicating that the accessory proteins did 
not increase the intrinsic velocity of synthesis by  pol 11. The 
accessory protein stimulation observed at  low levels of pol  I1 
is likely due to  an increase in processivity but may  be ex- 
plained by an increased rate of association with the primer 
template. In the next experiment (Fig. 4), it is shown that  the 
B,r complex  do increase the processivity of pol 11. However, 
the B,r complex must  not provide pol I1 with sufficient 
processivity to allow it  to completely replicate the M13  mp18 
template in a single binding event. If pol I1  would not have 
dissociated from the accessory proteins for a full round of 
M13  mp18 synthesis, then 27-fmol (1 nM) pol  I1 would have 
formed full length M13 mp18 DNA in  the same amount of 
time as seen for  270-fmol (10 nM) pol 11. 

The stimulation by @,r complex on the rates of  DNA 
synthesis by pol I1  was quantified by measuring the kinetics 
of deoxyribonucleotide incorporation (Fig.  3). The rate of 
incorporation depended on the concentration of pol  I1  when 
measured in the presence or absence of @,r complex. In  the 
absence of the accessory proteins, the  template was replicated 
a t  a rate of 10 nucleotides per s with 270 fmol (10 nM)  of pol 
II; with 27 fmol (1 nM)  of pol 11, replication was about 10-fold 
slower. Addition of accessory proteins resulted in at  least a 3- 
fold stimulation of the rate of incorporation with 10 nM pol 
11, to a value of 30 nucleotides per s. At  1 nM pol 11, inclusion 
of accessory proteins produced a 20-fold stimulation, from 1 
to 20 nucleotides/s. 

Processivity of pol 11 in the Presence and Absence of Acces- 
sory Proteins-To measure the processivity of pol I1 in the 
absence of accessory proteins  and SSB, an experiment using 
excess challenge DNA  was performed using stoichiometric pol 
I1 with the extended oligonucleotide  (-150-mer) primed with 
a 32P end-labeled DNA 15-mer (Fig. 4A). pol I1 was preincu- 
bated with the primed template  and replication initiated by 
the addition of 10-fold  excess unlabeled challenge DNA and 
unlabeled nucleotides. For reaction times between 30 s and 3 
min following addition of challenge DNA, product distribution 
ranged from one to 20 nucleotides. The processivity of pol I1 
alone is about five nucleotides as determined by computing 
the weighted average of integrated band  intensities (Fig. 4A, 
0.5- and 1-min reactions). 

The processivity of pol I1 on SSB "coated" primed M13 
mp18 ssDNA containing the accessory protein clamp was 
measured directly in an excess challenge DNA  processivity 
assay (Fig. 4B). In  this processivity experiment, stoichiomet- 
ric pol I1 along with B,r complex  were preincubated with M13 
mp18 ssDNA primed with a 32P end-labeled DNA 30-mer and 
"coated" with SSB. Replication was initiated upon addition 
of a 4-fold  excess of challenge primed (unlabeled) M13  mp18 
ssDNA which also contained a preinitiation complex formed 
using the @,r complex  accessory proteins. Hence, as pol I1 
dissociates from the 32P end-labeled primer it will  become 
trapped on the excess unlabeled challenge primed template. 
At various times the extension reaction was sampled and  the 

mp18 ssDNA, 0.4 p~ SSB (when present), 0.5 mM ATP, 60 pM each 
dCTP and dGTP, in  buffer  A  for  5  min at 37 "C. Synchronous 
replication  was initiated upon  addition  of dATP and [cY-~'P]~TTP to 
final concentrations of 60 and  20 pM, respectively.  Replication  reac- 
tions were quenched  after  5  min  with 25 pl of 1% sodium  dodecyl 
sulfate and 40 mM EDTA. Quenched  reactions  were  analyzed by a 
0.8% agarose  gel ( A ) ,  1% alkaline  agarose  gel ( B ) ,  and total nucleotide 
incorporation (C). 
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FIG. 3. The level of accessory pro- 
tein stimulation depends on the con- 
centration of pol 11. Replication time 
courses containing 1 nM (27 fmol) ( A ) ,  
10 nM (270 fmol) ( B ) ,  or 140 nM (3500 
fmol) (C) pol I1 were  performed as in 
Fig. 2 (summarized in the scheme at the 
top), except 1.2 nM primed ss DNA, 0.4 
PM SSB, and, where indicated, 5 nM @ 
and 0.9 nM y complex were present in a 
175-al final volume of buffer  A.  After 
preincubation for 5 min at 37 "C, repli- 
cation was initiated upon addition of 
dATP and [a-'*P]dTTP to 60 and 20 
p M ,  respectively, and 20 ~1 was  removed 
and quenched as in Fig. 2 at the indicated 
times. Autoradiograms of 0.8% agarose 
gels of the time course reactions are 
shown above  graphs of deoxynucleotide 
incorporation  per  25 pl of reaction. 

srDNA 

S IO 

time (minutes) 

length of primer extension was analyzed in an alkaline agarose 
gel. The analysis shows at  least some  pol  I1 remains associated 
with the  initial 32P primed template for over 2 min. The length 
distribution of products finally stabilized by 3 min. Densito- 
metric analysis of the smear of products identified the peak 
at approximately 1.6 kb with half-maximal intensity on either 
side of the peak at  approximately 0.75 and 3.0 kb (not shown). 
Hence, the processivity of pol  I1 in the presence of p,r complex 
and SSB is approximately 1.6  kb. A 3-kb product synthesized 
over 2 to 3 min indicates an intrinsic velocity for pol I1 
between 20 and 30 nucleotides per s. This agrees with the 
velocity determined in Fig. 3. A control analysis using the pol 
I11 ae complex,  which is known to be processive over the 
length of this template, is shown in  the  three rapid time 
points on the right side of the gel. 

An experiment identical to Fig. 4 was performed in which 
SSB was present but  the accessory proteins were omitted. No 
products greater than 200 nucleotides were observed in the 
alkaline gel even after 22 min of replication (data  not shown). 
Therefore, under these conditions, pol 11, in the absence of 
accessory proteins, gives no significant signal in  the agarose 
gel.  Analysis in a denaturing polyacrylamide  gel of the pol I1 
extension products in the absence of accessory proteins 
showed the products increased in size steadily throughout the 
time course and reached a length distribution of  50-180 
nucleotides after 22 min of replication (data  not shown). All 
the templates had been extended, consistent with the distrib- 
utive action of pol I1 in  the absence of accessory proteins. 
This analysis of pol I1 processivity on primed M13 mp18 was 
not extended to  the case of p,r complex in the absence of 
SSB since the accessory proteins do not significantly stimu- 
late pol  I1 in the absence of SSB (see Fig. 2). 

Effect of Accessory Proteins on Nucleotide Incorporation and 
Bypass of Abasit Sites by p o l  1,  11, and 111-pol I11 and pol I1 
have been implicated in SOS-induced error prone DNA repair 
synthesis. Since the accessory proteins enhance processivity 
of both polymerases, it was important to determine whether 
those proteins could affect the ability of the polymerases to 
insert nucleotides opposite a well-defined abasic (apurinic/ 
apyrimidinic) template lesion and/or  stimulate extension be- 

-srDNA- 

-ssDNA 
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yond the site of the lesion. A synthetic 60-mer oligonucleotide 
containing a single reduced abasic site 30 nucleotides from 
the 5' end was extended by terminal deoxynucleotidyltrans- 
ferase and annealed to a 32P end-labeled primer 15 nucleotides 
upstream of the lesion. Stoichiometric levels of both pol I1 
and at were assayed with and without the addition of 0 , ~  
complex for insertion  and bypass at  the abasic site. The results 
are shown in Fig. 5. pol I1 exhibited slight misincorporation 
of a nucleotide opposite the abasic site with little extension 
beyond the abasic site (Fig.  5, lanes 5 and 6) .  Addition of 
accessory proteins had little effect on misinsertion; however, 
bypass of the abasic site increased from barely detectable to 
about 2% bypass (Fig.  5, lane 8). No p , ~  complex effect was 
seen in  the absence of SSB  (data  not shown). In contrast, pol 
I11 exhibited no detectable misincorporation or bypass with 
or without the accessory proteins (Fig.  5, lanes 1-4). 

The synthetic oligonucleotide template is not optimal for 
analyzing the role of processivity subunits because the repli- 
cation blocking lesion is so close the primer (15 nucleotides). 
To avoid this difficulty, the 60-mer oligonucleotide containing 
a single abasic site was ligated into linear 4x174 DNA, 
allowing us to investigate translesion replication when the 
blocking lesion is more distant from the primer terminus. The 
assay used to measure polymerase incorporation and bypass 
of abasic sites with the longer template is shown in Fig. 6A. 
A single abasic site was introduced a t  a unique location. The 
4x174 DNA  was primed 86 nucleotides upstream from the 
abasic lesion with a 32P end-labeled 20-mer oligonucleotide; 
replication by the various polymerases and accessory proteins 
was initiated as described under "Experimental Procedures,'' 
and  the products were  resolved on denaturing gels. The size 
of the replication products indicates whether synthesis is 
completely blocked at  the abasic site (85 nucleotide product), 
if a nucleotide can be incorporated opposite the abasic site 
(86 nucleotide product), or if the lesion can be  bypassed  (116 
nucleotide product). However, if the misincorporation oppo- 
site  the abasic site is very limited, the resolution of this band 
from the intense  band before the lesion is very  difficult. 

The results of the various polymerase reactions are shown 
in Fig.  6B. Bypass of the abasic lesion  was  very inefficient for 
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FIG. 4. Analysis of  the  processivity of pol I1 in  the  presence 
and  absence  of fl,y complex. A, processivity of pol I1 in the absence 
of accessory proteins was determined by an excess DNA challenge 
assay (see scheme at  top). pol I1 (10 nM) was preincubated for 5  min 
at 37 'C with TdT extended synthetic oligonucleotide (10 nM) primed 
with 32P end-labeled DNA 15-mer in 10 pl of buffer A containing 0.5 
mM ATP  and 120 p~ each dGTP  and dATP. Replication was initiated 
upon addition of challenge DNA (100  nM) in  10 p1 of buffer A 
containing 120 p~ each dCTP  and  dTTP. A t  the  times indicated, 5- 
p1 aliquots were removed and quenched with 10 p1 of EDTA/form- 
amide. Reactions were analyzed by electrophoresis at 2000 V for 2  h 
in a 10% polyacrylamide gel containing 8 M urea. The gel was dried, 
exposed to a phosphorimager cassette overnight, and scanned  on a 
Molecular Dynamics phosphorimager. B, the processivity of pol I1 in 
the presence of accessory proteins was determined by a DNA excess 
challenge assay using M13 mp18 (see scheme at  the top). pol I1 (1.5 
nM), p (11 nM as dimer), and y complex (0.9 nM) were preincubated 
for  6 min at  37  "C with M13 mp18 ssDNA (1.7  nM as circles) primed 
with  a "P end-labeled DNA 30-mer and "coated" with SSB (0.6 p~ 

Lones I 2 3 4 5 6 7 8 

FIG. 5. Effect of fl  and y complex  stimulation of pol I1 and 
ac on insertion  and  bypass of abasic sites on synthetic oligo- 
nucleotides. Phosphorimager  tracing of a 10% polyacrylamide gel 
showing primer  extension by pol I1 and a c  on  a  template  containing 
an abasic site. Reconstitution  reactions were performed as described 
in Fig. 1 using 50 nM ae (lanes 1-4) or pol 11 (lanes 5-8), and 50 nM 
SSB-coated  template,  except that  the template contains a single 
reduced abasic  site  15 nucleotides from the  end of the primer  termi- 
nus. B (50 nM) and y complex (10 nM) were added in lanes 3, 4, 7, 
and 8. Lanes 1 and 2, &e, 30-s reaction (lane 1 )  and 1-min reaction 
(lane 2) ;  lanes 3 and 4, at& complex, 30 s (lane 3) and 1 min (lane 
4) ;  lanes 5 and 6, pol II,30 s (lane 5) and 1 min (lane 6); pol II/p/y 
complex, 30 s (lane 7)  and 1 min (lane 8). 

all  three DNA polymerases, and so the gel is overexposed to 
show the differences. Because of the extremely limited mis- 
incorporation, we were unable to make a reliable comparison 
of this aspect of the system among the polymerases. The 
extent of bypass was estimated from a densitometer tracing 
of this exposure (for bypass) compared to a lower exposure in 
which the relative amount of blocked replication product 
could  be  measured. Significant lesion bypass (approximately 
3%) was observed for  pol I (Fig. 6B, lane I). There was  no 
effect of B,-y complex on pol I-dependent bypass at  the abasic 
site ( l a n e  2). A barely detectable bypass of the abasic lesion 
was observed for  pol I1 alone (Fig. 6B, lane 3). Addition of 
SSB  protein inhibited both replication and bypass by  pol  I1 
(Fig. 6B, lane 4) ,  an effect also seen on synthetic oligonucle- 
otides (data  not shown). The accessory proteins alone had 
little effect on bypass of the abasic site catalyzed by pol  I1 
(Fig. 6B, lanes 5 and 6) .  In  contrast, addition of SSB, B,-y 
complex increased replication up to  and exceeding the abasic 
lesion (approximately 2%) (Fig. 6B, lanes 7 and 8). A third 
pol I11 accessory protein, 7, which increases the processivity 

as  tetramer) in  141 pl of buffer A containing 0.5  mM ATP  and 60 p M  
each dCTP  and  dGTP. Replication was initiated upon addition of an 
excess DNA challenge mixture  consisting of  5.9  nM M13 mp18 ssDNA 
primed with the same DNA 30-mer (but unlabeled) which also con- 
tained a preinitiation complex upon a 6-min incubation at  37 "C with 
SSB (1.2 p M  as  tetramer), 0 (11 nM as  dimer),  and y complex (2 nM) 
in 159 pl of buffer A  containing 60 p~ each dCTP  and  dGTP,  and 
120 p~ each dATP  and  dTTP. At the times indicated, 42-pl aliquots 
were removed and quenched with 40 p1 of 1% sodium dodecyl sulfate, 
40 mM EDTA. Reactions were analyzed by electrophoresis a t  40 V 
for 20 h in a 1.2% alkaline agarose gel. The gel was neutralized, dried, 
and exposed to x-ray film. The  three lanes on  the right side of the gel 
are time points from a  control reaction which was performed in a 
similar manner except pol I11 ac complex replaced pol 11. The posi- 
tions of the size standards visualized by ethidium bromide staining 
induced fluorescence after neutralization of the alkaline gel are 
marked  on the right side of the gel. 
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FIG. 6. Bypass at a single  abasic  lesion  in 6x174 DNA by 
E. coli DNA polymerases I, 11, and 111. A, in vitro assay  for 
translesion replication using a 5.4-kb linear ssDNA template with an 
abasic  site at a defined location. The doubly primed substrate is 
replicated by the polymerases indicated. Only the products of repli- 
cation from the end-labeled primer can be visualized on the  autora- 
diograms of denaturing acrylamide gels. Replication blocked at  a base 
before the abasic site gives a  product of 85 bases, misincorporation 
opposite the abasic site gives a  product of 86 bases, and  the complete 
bypass product is 116 bases. B, translesion replication reactions  using 
the  three E. coli DNA polymerases were performed as described under 
“Experimental Procedures.” Lanes from left to right: pol I (Klenow 
fragment); pol I (Klenow) + @ + y complex; pol 11; pol I1 + Ssb; pol 
I1 + @ + y complex; pol I1 + @ + y complex + T; pol I1 + Ssb + @ + 
y complex; pol I1 + Ssb + @ + y complex + T; ac subassembly of pol 
HI; a6 complex + Ssb+ @ + y complex; pol 111 holoenzyme (naturally 
purified). 

of  pol I11 core (28), was assayed with pol I1 using the abasic 
site template (Fig.  6B, lanes 6 and 8). Addition of 7 had no 
effect on bypass of the abasic site. In addition, three different 
assemblies of pol I11 were assayed on  the abasic lesion-con- 
taining template: the complete 10-subunit holoenzyme (HE, 
lanes 11 and 12), the two subunit a e  (lane 9) ,  and  the eight- 
subunit ac,B,y complex (lane 10). Of the enzymes tested,  the 
three forms of pol I11 showed the most restricted bypass at  
the abasic lesion (less than 0.5%). The absence of significant 
bypass by the pol I11 assemblies depended on  the presence of 
the exonuclease (e) subunit; readily detectable, although lim- 
ited, bypass  was  observed  for the a subunit alone or for the 
a,B,y complex  form of the enzyme? The results of  Fig. 6 are 
consistent with our earlier demonstration that bypass of 
abasic lesions occurs to some extent for  pol I and pol I1 with 
very little bypass by pol I11 (36). 

DISCUSSION 

pol 111 Accessory Proteins  and Processivity of pol 11-The 
recent  demonstrations that DNA polymerase I1 of E. coli is 
part of the SOS regulon (13,22,23)  and is capable of bypassing 
abasic sites in template DNA  molecules (22) has renewed 
interest in the function and biochemical properties of this 
enzyme. Early studies suggested that DNA synthesis by  pol 
I1 could  be stimulated by addition of pol I11 accessory proteins 
(25); more recently, Hughes et al. (26) showed that pol I1 
activity was markedly enhanced by the presence of B,y com- 
plex. 

With highly purified DNA polymerase 11, we have investi- 
gated the functional interaction of pol I1 with the sliding 
clamp formed by the P,y complex  accessory proteins of the 
pol I11 holoenzyme, using as templates synthetic oligonucle- 
otides and long single-stranded viral DNA with and without 
unique abasic lesions.  We have concluded that the primary 
effect of P,y complex is to increase pol I1 processivity  between 
150- and 600-fold. Similarities in  the effects of B,y complex 
on pol I1 and pol I11 include: requirement for SSB protein; a 
minimum template-primer length requirement for  assembly 
of the active complex; optimized stimulation in activity at  
approximately stoichiometric levels of P,y complex with each 
polymerase.  However, there is also an important difference in 
that  the accessory proteins enhance pol I11 processivity to a 
far greater extent  than pol 11. The pol I11 complex is able to 
catalyze complete replication of M13  mp18 ssDNA circles 
within about 20 s, whereas the pol II-B,y complex cannot 
complete a full round of M13  mp18 synthesis without disso- 
ciation and even a t  saturation requires between 2 and 4 min 
to complete the circular template (Fig. 3). Under assay con- 
ditions in which  pol I1 is approximately stoichiometric with 
primer, pol I1 alone incorporates nucleotides at  a rate of 
approximately 1 per s. This  rate is increased 20-fold in the 
presence of a stoichiometric amount of /3,y complex and SSB. 
This correlates well with the observed processivity for the pol 
II/B/-y complex  (Fig.  4). A t  20 nucleotides per s, a residence 
time of  2-3 min predicts a product of  2.4-3.6 kb,  well within 
the 0.75-3-kb processivity measured in Fig. 4. 

The faster optimized rate of synthesis for pol I11 compared 
to pol I1 may reflect differences in the biological functions of 
the two  enzymes;  pol I11 for rapid chromosomal replication, 
and pol I1 perhaps for specialized “limited extent” synthesis 
accompanying repair. The stoichiometry required to achieve 
optimal stimulation of pol I1 by /3,y complex suggests that the 
accessory protein-pol I1 interactions  are specific, and  there- 
fore,  likely to be  biologically important.  For comparison, we 
find that pol I and bacteriophage T4 polymerase also exhibit 
more rapid DNA synthesis in the presence of /3,y complex, 
but  the degree of stimulation is small and occurs only at  
extreme substoichiometric levels of the polymerase (-50 mol 
of complex per mol of pol I or T4 polymerase)? There  are no 
obvious conserved amino acid sequences or domains that 
might imply a structural relationship between  pol I1 and  the 
a subunit of pol 111. Thus,  interactions of pol I1 and pol I11 a 
subunit with P,y complex are likely to involve external non- 
catalytic regions containing common tertiary  structural ele- 
ments. 

Activity of DNA Polymerases at a Replication-blocking Le- 
sion-Although  pol I1 has been shown to incorporate nucleo- 
tides opposite abasic sites in  vitro, it extends these ineffi- 
ciently (22). Since it has been suggested that factors which 
increase polymerase processivity may  play a role in  transle- 
sion replication (37-40), we investigated the effect of pol I11 
accessory proteins on bypass by  pol I, pol 11, and pol I11 of 
one particular lesion, an abasic site. Addition of accessory 
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proteins to E. coli polymerases I and I11 had  little  or no effect 
on lesion bypass, whereas addition to pol I1 resulted in  in- 
creased lesion bypass. Misincorporation and bypass were 
markedly less for pol I11 than for pol 11 (Figs. 5 and 6). It is 
important  to note that abasic site bypass is extremely ineffi- 
cient for all polymerases. Since genetic data implicate pol I11 
in lesion bypass and pol I11 holoenzyme has  extraordinary 
processivity, factors other than (or in  addition to) increased 
processivity are likely to be required for translesion replica- 
tion by pol 111. 

Although recent observations suggest a specialized role for 
pol I1 in one or more DNA repair pathways requiring SOS 
induction, pathways requiring intervention of pol I1 remain 
to be elucidated. We have recently constructed a new insertion 
mutation in the pol I1 gene which removes both  transcription 
and translation start signals and more than 50% of the 5' 
portion of the gene.' In preliminary experiments, we find that 
this  mutant appears to have a normal growth rate. Thus,  it 
now appears virtually certain that pol I1 is not required for 
replication of E. coli; however, the observation that  the activ- 
ity of pol I1 is stimulated significantly by stoichiometric levels 
of the pol I11 accessory proteins suggests that pol I1 might 
utilize these  interactions in uiuo. The availability of mutants 
should allow investigations into  the possible role of pol  I1 in 
DNA repair synthesis, either cooperatively with or as a backup 
to pol I and 111. 

REFERENCES 
1. Kornberg, A., and Baker, T. A. (1991) DNA Replication, 2nd Ed., 

2. Kornberg, A. (1988) J. Biol.  Chem. 263,l-4 
3. McHenry, C. S. (1988) Annu. Reu. Biochem. 57,519-550 
4. Maki, S., and Kornberg, A. (1988) J. Biol.  Chem. 263, 561-6569 
5. Maki, H., and Kornberg, A. (1985) J. Biol. Chem. 260, 12987- 

6. Scheuermann, R. H., and Echols, H. (1984) Proc.  Natl.  Acad.  Sci. 

7. McHenry, C. S., and Crow,  W. (1979) J. Biol.  Chem. 254,1748- 

8. Fay, P. J., Johanson, K. O., McHenry, C. S., and Bambara, R. A. 

9. Stukenberg, P. T., Studwell-Vaughan, P. S., and O'Donnell, M. 

10. Burgers, P. M. J., and Kornberg, A. (1982) J. Biol.  Chem. 257, 

11. O'Donnell, M., and Kornberg, A. (1985) J. Biol.  Chem. 260, 

12. Joyce, C. M., and Grindley, N.  D. F. (1984) J. Bacteriol. 158, 

13. Bonner, C. A., Hays, S., McEntee, K., and Goodman, M.  F. (1990) 

14. Iwasaki, H., Ishino, Y., Toh, H., Nakata, A., and Shinagawa, H. 

W. H. Freeman & Co.,  New York 

12992 

U. S. A,  81, 7747-7751 

1753 

(1981) J.  Biol. Chem. 266,976-983 

(1991) J. Biol. Chem. 266,11328-11334 

11468-11473 

12875-12883 

636-643 

Proc.  Natl.  Acad.  Sci. U. S. A.  87, 7663-7667 

(1991) Mol.  Gen.  Genet. 226,24-33 

311 
15. Echols, H., and Goodman, M. F. (1990) Mutation  Res. 236,301- 

16. Echols, H., and Goodman, M. F. (1991) Annu.  Rev.  Biochem. 60, 

17. Bridges, B.  A., Mottershead, R. P., and Sedgwick, S. G.  (1976) 

18. Hagensee, M. E., Timme, T. L., Bryan, S. K., and Moses,  R.  E. 

19. DeLucia, P., and Cairns, J. (1969) Nature 224, 1164-1166 
20. Witkin,  E. M. (1970) Nature 229, 81-82 
21. Bates, H., Randall, S. K., Rayssiguier, C., Bridges, B. A., Good- 

man, M. F., and Radman, M. (1989) J.  Bacteriol. 171, 2480- 
2484 

22. Bonner, C.  A., Randall, S. K., Rayssiguier, C., Radman, M., Eritja, 
R., Kaplan, B. E., McEntee, K., and Goodman, M. F. (1988) J.  
Biol.  Chem. 263,18946-18952 

23. Iwasaki, H., Nakata, A., Walker, G., and Shinagawa, H. (1990) 
J. Bacteriol. 172, 6268-6273 

24. Kenvon, C. J.. and Walker, G.  C. (1980) Proc.  Natl.  Acad.  Sci. U. 

477-512 

Mol.  Gen.  Genet 144,53-58 

(1987) Proc.  Natl.  Acad.  Sci. U. S. A.  84,4195-4199 

S . A .  77, 2819-2823 ' 

. .  

25. Wickner. S.. and Hurwitz. J. (1974) Proc.  Natl.  Acad.  Sci. U. S. 
I .  I 

A.  71,'4120-4124 

McHenry, C. S. (1991) J.  Biol. Chem. 266,4568-4573 
26. Hughes, A. J., Jr.,  Bryan, S. K., Chen, H., Moses, R. E., and 

27. O'Donnell, M., and Studwell, P. S. (1990) J.  Biol.  Chem. 266, 

28. Fay, P. J., Johanson,  K. O., McHenry, C. S., and Bambara, R.  A. 

29. Eritja, R., Walker, P. A., Randall, S. K., Goodman, M.  F., and 

30. Studwell, P. S., and O'Donnell, M. (1990) J. Biol.  Chem. 266, 

31. Maki, S., and Kornberg, A. (1988) J.  Biol. Chern. 263,6555-6560 
32. McHenry, C.,  and Kornberg, A. (1977) J.  Biol. Chem. 262,6478- 

33. Weiner, J. H., Bertsch, L.  L., and Kornberg, A. (1975) J. Biol. 

34. Bradford, M.  M. (1976) Anal.  Biochem. 72, 248-254 
35. Sambrook, J.,  Fritsch, E. F., and Maniatis, T. (1989) Molecular 

Cloning: A Laboratory  Manual, Cold Spring  Harbor Laboratory, 
Cold Spring  Harbor, NY 

36. Goodman, M. F., Petruska, J., Boosalis, M. S., Bonner, C., 
Randall, S. K., Sowers, L. C., and Mendelman, L.  V. (1988) in 
DNA Replication and Mutagenesis (Moses, R. E., and Summers, 
W. C.. eds) DD. 284-295. American Society for Microbiology, 

1179-1187 

(1982) J.  Biol.  Chem. 267, 5692-5699 

Kaplan, B. E. (1987) Nucleosides & Nucleotides 6,803-814 

1171-1178 

6484 

Chem. 260,1972-1980 

Wash.'  D. C. * 

" . 

37. Bridees. B.  A.. and Woodeate. R. (1985) Proc.  Natl.  Acad.  Sci. U. - , .  , 

S. 3. 82,4193-4197 
38. Lu, C., and Echols, H. (1987) J. Mol. Biol. 196, 497-504 
39. Hevroni, D., and Livneh, Z. (1988) Proc.  Natl.  Acad. Sci. U. S. A. 

40. Battista, J., Nohmi, T., Dodson, L.  A., and Walker, G.  W. (1988) 
in UCLA  Symposia on Molecular and Cellular Biology: Mechu- 
nisms and Consequences of DNA Damage  Processing (Friedberg, 
E. C.,  and Hanawalt, P. C., eds) pp. 455-459, Alan R. Liss, New 
York 

85,5046-5050 


