
complex interactions between Xenopus pro- 
teins and the bacterial mutagenesis proteins 
to abrogate replication arrest. 

Although entering apoptosis might be ap- 
propriate for cells with heavily damaged ge- 
nomes, there may be a local checkpoint 
mechanism in vertebrates that permits rep- 
lication past small numbers of unrepairable 
lesions. Our results suggest that some eukary- 
otic cells contain a protein or proteins that 
prevent replication on  damaged ss D N A  and 
that other cells might possess a bypass system 
related to that found in prokaryotes. 
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Thymine-Thymine Dimer Bypass 
by Yeast DNA Polymerase 5 

John R. Nelson, Christopher W. Lawrence,* David C. Hinkle 

The REV3 and REV7 genes of the yeast Saccharomyces cerevisiae are required for DNA 
damage-induced mutagenesis. The Rev3 and Rev7 proteins were shown to form a 
complex with DNA polymerase activity. This polymerase replicated past a thymine- 
thymine cis-syn cyclobutane dimer, a lesion that normally severely inhibits replication, 
with an efficiency of -10 percent. In contrast, bypass replication efficiency with yeast 
DNA polymerase cr was no more than 1 percent. The Rev3-Rev7 complex is the sixth 
eukaryotic DNA polymerase to be described, and is therefore called DNA polymerase i. 

Muta t ions  generated by spontaneous or 
mutagen-induced damage to D N A  are 
thought to  be a major contributing cause of 
many cancers. Many of these mutations 
probably arise during lesion bypass, that is, 
during replication past the site of D N A  
template damage. Bypass replication re- 
quires different protein products from those 
used in the replication of undamaged DNA, 
but the process is poorly understood. Trans- 
lesion synthesis in Escherichin coli is usually 
carried out by D N A  polymerase (Pol) 111, 
the major chromosomal replicase, together 
with at least three accessory proteins, the 
~ r o d u c t s  of the recA, umuC, and umuD 
genes (1).  T h e  Umu proteins form a com- 
plex, consisting of a dimer of UmuD' ( the  
proteolytically processed product of UmuD) 
and a monomer of UmuC, which RecA may 
target to the site of the D N A  damage. T h e  
bound Umu-RecA complex appears to en- 
hance the processivity of D N A  Pol 111, thus 
relieving the severe inhibition to  elonga- 
tion imposed by the lesion. 

In the buddine veast S. cerevisine, at  least - ,  
three genes are required for D N A  damage- 
induced mutagenesis. The  REV1 gene (2)  
encodes a protein that has weak homology 
with the E. coli umuC protein; the REV3 
gene encodes a protein with sequence motifs 
characteristic of a D N A  polymerase (3 ) ,  al- 
though no activity attributable to this gene 
has previously been detected in cell extracts; 
and the REV7 gene encodes a protein with 
n o  sequence similarities to any other protein 
in the National Center for Biotechnology 
Information sequence database (4). None of 

J. R. Nelson and C. W. Lawrence, Department of 510- 
physcs, School of Medicne and Dentistry, Unversty of 
Rochester Medical Center, Rochester, NY 14642, USA. 
D. C. Hnkle, Department of B~ology, Unlverslty of Roch- 

these genes is essential for viability, and each 
has a very similar mutant phenotype: reu 
deletion strains exhibit little induced mu- 
tagenesis and are slightly more sensitive than 
the wild type to DNA-damaging agents, but 
their repair and recornbination functions are 
otherwise normal. This phenotype suggests 
that the proteins encoded by REV genes are 
dedicated to bypass replication. 

T o  investigate the properties of the pu- 
tative Rev3 D N A  polymerase, we purified a 
glutathione S-transferase-Rev3 fusion pro- 
tein (Gst-Revjp),  overexpressed in yeast, 
by affinity chromatography o n  glutathione- 
Sepharose. SDS-polyacrylatnide gel elec- 
trophoresis (PAGE) analysis of the fraction 
obtained from this one-step purification 
showed a single major band of protein of 
-205 kD, as expected for the Gst-Rev3 
fusion (Fie. 1) .  G s t - R e v 3 ~  consistentlv - ,  

showed DNA polymerase ackivity that was 
10 to 100 times that of control preparations 
of Gsto alone. but this activitv was unstable 
and dikicult to  study. \Ye next investigated 
whether Rev3p exists as part of a multipro- 
tein complex, which might explain its in- 
stability. W e  used the yeast two-hybrid sys- 
tem (5) to  test for interactions between 
Revlp,  Rev3p, and Rev7p and to  look for 
other proteins that might interact with the 
Rev proteins (6 ) .  A weak positive signal for 
interaction was observed when the LexA- 
Rev3 and Ga14-Rev7 f ~ ~ s i o n s  were paired, 
which suggested that Rev3p interacts with 
Rev7p. Compelling evidence for this inter- 
action was obtained when the LexA-Rev3 
fusion was used to screen a Gal4 f ~ ~ s i o n  
library of yeast cDNA for potential inter- 
acting proteins. Only two positive clones 
were identified in a screen of lo6 transfor- 
mants; both were in-frame f ~ ~ s i o n s  to  Rev7, 

ester, Rochester, NY 14627, USA one fused at amino acid 8 and the other at  
"To whom corres~ondence should be addressed. amino acid 10. These results indicate that 
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Rev7p and Rev3p interact and suggest that 
Rev7p may be a subunit of the Rev3 DNA 
polymerase. 

To  test this possibility, we introduced a 
second plasmid, engineered to overexpress 
Rev7p, into the yeast overexpressing Gst- 
Rev3p. When Gst-Rev3p was purified from 
these cells, a second major protein of -29 
kD, the expected size of Rev7p, was present 
in the glutathione-Sepharose fraction (Fig. 
1). This 29-kD protein reacted with anti- 
bodies to Rev7p, and the 205-kD Gst- 
Rev3p reacted with antibodies to Rev3p 
and to Gstp. Thus, Rev7p apparently forms 
a tight complex with Rev3p that is stable 
during extensive washing of the glutathi- 
one-Sepharose column. 

The DNA polymerase activity of the 
Gst-Rev3p:Rev7p complex was about 20 to 
30 times the activity of Gst-Rev3p, as mea- 
sured by the extension of a 3zP end-labeled 
primer (Fig. 2). A control fraction from 
cells overexpressing Gstp and Rev7p con- 
tained barely detectable amounts of DNA 
polymerase, and, unlike the activity of Gst- 
Rev3p, this activity was inhibited by 
aphidicolin. The polymerase activity of the 
Gst-Rev3p:Rev7p complex was proportion- 
al to the amount of enzyme up to 8 ng of 
protein sample per assay, but this activity 
reached a limit and then decreased as more 
enzyme was added. Primer extension kinet- 
ics were linear for about 10 to 20 min. 
Cleavage of the thrombin-sensitive site at 
the Gst-Rev3 junction resulted in an ap- 
proximate doubling of polymerase activity, 
which suggested that the Gst moiety does 
not greatly inhibit DNA polymerase activ- 
ity; the remaining studies were carried out 
with the uncleaved Gst-Rev3p:Rev7p com- 
plex. Because it is the sixth type of eukary- 
otic DNA polymerase to be described, the 
Rev3p:Rev7p complex is called DNA Pol (. 

To obtain further evidence supporting 
the conclusion that the Gst-Rev3p:Rev7p 
complex is a DNA polymerase, we sedi- 
mented the glutathione-Sepharose fraction 
through a glycerol gradient (7). There was a 
major peak of polymerase activity at 13s 
coincident with both Gst-Rev3p and 
Rev7p. In another experiment, the gluta- 
thione-Sepharose fraction was loaded onto 
a Q-Sepharose column and eluted with a 
linear gradient of NaC1. DNA polymerase 
activity was eluted from the column as a 
single peak coincident with both Gst- 
Rev3p and Rev7p. 

Replication past a template thymine 
dimer, a lesion that usually inhibits elonga- 
tion, was carried out more efficiently by 
DNA Pol ( than by yeast DNA Pol a. Both 
DNA Pol a and Pol ( are nonprocessive 
enzymes and lack a 3' to 5' exonuclease 
activity (8). Dimer bypass replication was 
examined by extension of a 32P end-labeled 

15-nucleotide (nt) oligomer primer an- 
nealed to a 71-nt oligomer template with a 
TT cis-syn cyclobutane dimer at nucleotides 
35 and 36. Comparable amounts of each 
enzyme were used, as judged by replication 
on dimer-free 71-nt oligomer templates. 
With smaller amounts of enzyme, most 
primers were apparently extended by a sin- 
gle polymerase binding event, because only 
a small fraction of primers were used (Fig. 
3). O n  the dimer-containing template, the 
majority of both Pol a and Pol ( molecules 
paused or stopped at nucleotide 34, just 
before the lesion, but with Pol 5 a substan- 
tial and approximately constant fraction 
(-10%) continued past the dimer at each 
enzyme concentration used (Fig. 3B). With 
yeast Pol a, however, the lesion was by- 
~assed bv no more than 1% of the enzvme 
molecules, even at the highest enzyme con- 
centration studied. Because up to 0.5% of 
the templates may lack the dimer, actual 
dimer bypass by Pol a was probably even 
less. The apparently superior capacity of Pol 

( to carry out translesion synthesis is con- 
sistent with its suggested function in DNA 
damage-dependent mutagenesis, but the in 
vivo reaction may require additional pro- 
teins. Revlp is essential for DNA damage- 
induced mutagenesis in vivo, and other sub- 
units of Pol (, or associated proteins, may 
well remain to be identified. 

Previous studies showed that ultravio- 
let photoproducts are absolute blocks to 
replication by all enzymes tested unless 
forcing conditions are used, such as large 
excesses of enzyme, long incubation peri- 
ods, high deoxynucleotide triphosphate 
(dNTP) concentrations and bias, or the 
substitution of MnZ+ for MgZ+ (9). The 
modified T7 DNA polymerase Sequenase 
can efficiently copy past this lesion, and a 
small amount of bypass of a TT dimer was 
seen in a reaction reconstituted with E. 
coli DNA Pol I11 holoenzyme and RecA, 
UmuC, and UmuD', which also allowed 
-5% bypass of an abasic lesion (10). Sub- 
stantial bypass of a TT dimer can be forced 

Fig. 1. SDS-PAGE analysis of glutathione-Sepha- A B c 
rose fractions. Yeast strain Sc334 (7 7) containing 1 2  3 4  1 2 3 4  1 2 3 4  --- 
either pGST (78) or pGST-REV3 (79) with or with- kD 

out pREV7 (20) was grown in synthetic dextrose oc.e*+ - p IPT- + 205 
+ 116 

medium selective for the plasmid(s). Cultures (2 x + 66 
1 O7 cells/ml) were resuspended in 1 % yeast ex- R ~ v ~ P ,  

om--- - - + 29 
tract, 2% Bacto Peptone, 1% galactose, and 
0.5% glucose (+ 0.1 mM CuSO, when pREV7 
was present), grown for an additional 3 hours, washed with cold water, and stored in 10% glycerol at 
-70°C. Cells (5 g) were suspended in 40 ml of 25 mM K,HPO,, 5 mM dithiothreitol (DTT), 1 mM EDTA, 
1 M NaCI, 5% glycerol, 5% ethylene glycol, and 0.03% silicon antifoam, and the cells were disrupted by 
shaking at 0°C with glass beads. Triton X-100 was added to the extract (pH -7) to a final concentration 
of 1 %, the extract was clarified twice by centrifugation, and the supernatant was mixed gently for 12 
hours at 4OC with 4 ml of glutathione-Sepharose 4B (Pharmacia) equilibrated in 1 M NaCl in buffer B [50 
mM KPO, (pH 7.2), 1 mM DTT, 0.5 mM EDTA, 10% glycerol, and 1% Triton X-1001. The sluny was 
packed into a column, and the resin was washed with 400 ml of buffer B containing 0.5 M NaCI. Protein 
was eluted with buffer B containing 0.5 M NaCl and 20 mM glutathione, and pooled fractions were 
concentrated to 2 ml by dialysis in buffer B containing 0.5 M NaCl and 50% glycerol. A 10-pl sample of 
the glutathione-Sepharose fraction prepared from cells cawing plasmids to overproduce Gstp (lane I), 
Gst-Rev3p (lane 2), Gstp + Rev7p (lane 3), or Gst-Rev3p + Rev7p (lane 4) was analyzed by 5 to 20% 
SDS-PAGE. The gel was stained with silver (A) or transferred to nitrocellulose and probed with antibod- 
ies to Rev3p (B) or to Rev7p (C) (27). 

Fig. 2. DNA polymerase activity of Pol 5. Reactions (20 pl) contained 
25 mM KPO, (pH 7.4), 1 mM DTT, acetylated BSA (0.1 mg/ml), 10% '% 
glycerol, 6 mM MgCI,, 50 pM each of deoxyadenosine triphosphate +' 
(dATP), dGTP, and mTP, 10 pM dCTP, 10 nM 5'-labeled 15-nt "@4%%*, 6 
oligomer primer (5'-ACGACGTTGTAAAAC-3') annealed to a 30-nt % % 'hO, --- 
oligomer template (5'-AATTCACTGGCCGTCGTTTTACAACGTC- Aphldlcalin - + - + - + 
GT-39, and 200 pM aphidicolin where indicated. Reactions were 
initiated with enzyme (glutathione-Sepharose fraction); after incuba- 
tion at 30°C for 10 min, reactions were terminated with 20 p1 of 20 
mM EDTA and 95% formamide, and the reaction products were 

- -  @I-- 
25 nt- = 

resolved on a 12% denaturing polyacrylamide gel and visualized by n 
autoradiography. The gel was analyzed with a Phosphorlmager 
(Molecular Dynamics), and the fraction of total radioactivity present 
as 16- to 30-nt products was used to calculate femtomoles of 
product in the 20-pl reaction. Reactions contained 3 ng (22) of 
Gst-Rev3p, 4 ng of Gst-Rev3p:Rev7p, or an equivalent volume (1 ng 
of Gstp) of the control fraction from cells expressing Gstp and "-& 15 nt- 
Rev7p. q m m e r n ?  

Product (fmol) ,- .- " a o d 
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by high concentrations and long incuba- 
tion times (up to 90 min) with E. coli 
DNA Pol I (1 I )  or with calf DNA Pol 6 

of bypass at all enzyme concentrations in 
5-min reactions. The superior ability of 
Pol 5, relative to Pol a, to efficiently 
extend an abnormal primer terminus of 
the kind formed after nucleotide insertion 

molecules dissociated from the M13 tem- 
plate after adding only 1 to 3 nt to the 15-nt 
oligomer primer, but some large products 
(up to -200 nt) were formed (14). Because 
only a small fraction of the primer mole- 
cules were extended in these reactions, 
most of these products probably resulted 
from a single interaction between the poly- 
merase and the primer-template. Like other 
DNA polymerases, Pol 5 and Pol a stop or 
pause at preferred sites along the DNA 
template, though not always at the same 
ones. In addition, Pol 5, unlike Pol a, stops 
2 and 3 nt from the end of both the 71-nt 
and 30-nt oligomer templates (Figs. 3 and 
4), neither of which are pause sites for Pol 5 
on M13 DNA. 

DNA Pol 5 exhibits a unique spectrum 
of sensitivity to inhibitors (15). It is insen- 
sitive to aphidicolin (200 p,M, >90% ac- 
tivity), as are Pol P (16) and Pol y (17), but 
it is also insensitive to dideoxynucleotide 
triphosphates (ddNTPs) (100 p,M, >90% 

. , 

and proliferating cell nuclear antigen, a 
eukaryotic processivity factor (12). How- 

opposite a lesion was also evident in ex- 
~eriments with dimer-free tem~lates and 

ever, neither of these enzymes gave detect- 
able amounts of bv~ass in short incuba- , . 
tions with enzyme sufficient only to elon- 
gate 20% or less of the primers (9, 1 I , 12), 
the conditions used in the Pol 5 experi- 
ments. Bypass in experiments under forc- 
ing conditions is also qualitatively differ- 
ent from bypass by Pol 5; additional prom- 
inent gel bands, representing stall sites 

primers that formed 3'-terminal mis- 
matches (13). 

To  examine the processivity of DNA Pol 
5, we compared primer extension reactions 
on the 7.3-kilobase circular single-stranded 
M13 DNA and the 30-nt oligomer tem- 
plates (Fig. 4). Although the reactions with 
M13 DNA contained 33 times as much 
enzvme as did those with the 30-nt oli- 

opposite the 3' thymine and opposite the 
5' thvmine of the dimer. are observed 
successively with increasing amounts of gomer template, fewer primers were extend- 
enzyme or time of incubation, and bypass ed, presumably because of nonproductive 
products are first seen only at higher en- binding to the large regions of single- 
zyme concentrations or longer incubation stranded DNA. The preference of Pol 5 for 
times. These stall sites are not seen with short templates was about 10 times that of 
Pol 5, which also gives a constant amount Pol a. About half of the Pol 5 and Pol a 

A PdZ Pda 

Template 30-msr M13 p~zx:J-z - 

Relative polymerase 
concentration 

Fig. 3. Translesion DNA synthesis 
by DNA Pol 5 and DNA Pol a. (A) 
DNA polymerase reactions were 
carried out as in Fig. 2, except that 
50 mM tris-HCI (OH 7.4) was sub- 
stituted for KPO,, incubation was 

for 5 min at 37OC, dCTP was at 50 pM, and the primer-template was 5 nM 5'-labeled 15-nt oligomer 
primer annealed to a 71 -nt oligomer template [5'-ACAGGAAACAGCTATGACCATGATTCAGTGGC- 
AAGTTGGAGAATTCACTGGCCGTCGTTTTACAACGTCGT-3' with or withput a cis-syn TT dimer at 
positions 35 and 36 from the 3' end (shown in bold italic)]. lT, control lanes; lT, dimer lanes. Reactions 
were carried out under yellow light to eliminate the possibility of photorepair by contaminating photo- 
lyase, although the same results were obtained in experiments done under normal light. Pol ( reactions 
contained 0.75, 1.5, 3, 6, 12, or 24 ng of Gst-Rev3p:Rev7p, and Pol a reactions contained 0.025, 
0.045,0.09,0.18,0.36, or 0.72 ng of the catalytic subunit of yeast Pol a. (B) Products were quantitated 
as in Fig. 2. Open symbols. Pol a (0.72 ng = 100): closed symbols, Pol 5 (24 ng = 100). and ., 
products of 39 to 71 nt on control templates; A and A, products of 33 to 34 nt on dimer-containing 
templates (stopped at lesion). The DNA in the broad band between 36 and 37 nt is actually 34 nt long, 
as shown by isolation and reelectrophoresis; 0 and @, products of 39 to 71 nt on dimer-containing 
template (synthesis past dimer). In the lower panel, the ordinate is expanded by a factor of 10. 

Fig. 4. Processivity of Pol 5 and Pol a. DNA poly- 
merase reactions were carried out as described in 
Fig. 2, except that 50 FM dCTP and 10 nM 15-nt 
oligomer primer annealed either to the 30-nt oli- 
gorner (30-rner) or to single-stranded MI3 DNA 
(7250 nt) were used as indicated. The 30-nt and 
71 -nt oligomer sequences (Fig. 3) are present in 
MI 3 DNA. Products were quantitated as in Fig. 2. 
Reactions with the 30-nt oligomer template had 6 
ng of Pol 5 or 0.6 ng of Pol a, whereas reactions 
with the MI3 template had 200 ng of Pol 5 or 20 
ng of Pol a. 
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activity), which inhibit Pol P and Pol y. It 
is moderately sensitive to butylphenyl- 
guanosine triphosphate (10 pM, 72% activ- 
ity; 100 FM, 14% activity). Other proper- 
ties include a broad pH optimum for activity 
around pH 7.4 and only moderate sensitivity 
to salt 173% maximal activitv at 0.15 M 
NaC1). The enzyme was relatively inactive 
in assays with activated salmon sperm DNA 
or primed homopolymers such as poly(dA): 
oligo(dT) or poly(dT):oligo(rA). The  ratio 
of activity with these polymer templates 
relative to that obtained with the oligonu- 
cleotide template-primers is only 2 to 5% of 
the ratio obtained with veast DNA Pol a. 
Pol 5 may be unusually sinsitive to inhibi- 
tion from nonproductive template binding, 
as was also suggested by its low activity on  
the MI3 DNA template (Fig. 4). The  exis- 
tence of a nonessential DNA polynlerase 
that is responsible for mutagenesis [nay 
have lln~licatlons for the treatment of can- 
cer and may provide opportunities for novel 
therapeutic strategies. Inhibition of a hu- 
man homolog of REV3, if it exists, may be 
useful in patients who have been exposed to 
mutagenic agents or have an inherited pre- 
disposition to cancer. 
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A Quasi-Monoclonal Mouse 
Marilia Cascalho, Audrey Ma, Steven Lee, Linda Masat, 

Matthias Wabl 

As a model for studying the generation of antibody diversity, a gene-targeted mouse was 
produced that is hemizygous for a rearranged V(D)J segment at the immunoglobulin (Ig) 
heavy chain locus, the other allele being nonfunctional. The mouse also has no functional 
kappa light chain allele. The heavy chain, when paired with any lambda light chain, is 
specific for the hapten (4-hydroxy-3-nitrophenyl) acetyl (NP). The primary repertoire of 
this quasi-monoclonal mouse is monospecific, but somatic hypermutation and second- 
ary rearrangements change the specificity of 20 percent of the antigen receptors on 6 
cells. The serum concentrations of the Ig isotypes are similar to those in nontransgenic 
littermates, but less than half of the serum IgM binds to NP, and none of the other isotypes 
do. Thus, neither network interactions nor random activation of a small fraction of the 
6 cell population can account for serum Ig concentrations. 

T h e  large diversity of antigen receptors on B 
cells hampers their study in intact mice. For 
several reasons discussed below, it is probably 
not possible to generate a truly monoclonal 
mouse-that is, a mouse in which every B cell 
expresses Ig molecules consisting of the same 
heavy (H) and light (L) chains-with a func- 
tional immune system. To  study the genera- 
tion of antibodv diversitv, we have therefore , . 
combined targited gene replacelnent with 
mouse breeding to generate a mouse that is 
almost monoclonal. We call this animal the 
quasi-monoclonal (QM) mouse. 

The extensively studied hapten NP induc- 
es an immune response that is restricted in the 
idiotype ( I ) .  Antibodies produced during pri- 
mary responses are almost exclusively of the h 
type. In particular, an Ig molecule consisting 
of a 17.2.25 heavy chain ( I ,  2) combined 
with a h light chain is specific for NP. In a 
conventional transgenic mouse line with a 
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17.2.25 transgene, ~ ~ 1 7 . 2 . 2 5  combined with 
a h l  light chain was shown to be specific for 
NP (3). In embryonic stem (ES) cells, we 
replaced the stretch of genomic DNA con- 
taining the J, gene segments (4) with the 
VHDJH 17.2.25 segment (Fig. 1A). Southern 
(DNA) blots were probed with p and V,, 
17.2.25 sequences to confirm that the intro- 
duced rearranged V(D)] segment was linked 
to C, and, hence, likely to be functional. 
Replacement mice obtained from the targeted 
ES lines were crossed to double "knockout" 
mice unable to express Ig heavy and K chains 
because the J stretch had been deleted at both 
loci ( 5 ,  6). The QM mice are those with the 
genotype V,D], 17.2.25/H-, K-/K-, h+/ht 
(Fig. 18); they mimic the situation with a 
normal B lymphocyte, in which only one 
heavy and one light chain allele are expressed. 

We used flow cytometry with the B220 
and CD43 markers to analyze B cell develop- 
ment in spleen, bone marrow, and peripheral 
blood of QM mice. No gross abnormality was 
detected in these mice, with the exception 
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