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The production of single-strand breaks in the deoxyribonucleic acid of irradi-
ated uvrC mutants of Escherichia coli K-12 was studied both in vivo and in vitro.
In vivo, uvrC mutants displayed a slow accumulation of breaks after irradiation,
and in this respect appeared different from uvrA mutants, in which very few
breaks could be detected. The breakage observed in uvrC mutants differed from
that observed in wild-type strains in both the slow rate of break accumulation
and the very limited dose response. The behavior of the uvrC lig- 7(Ts) double
mutant was shown not to be consistent with the suggestion of ligase reversal as
the explanation for the lower rate and limited dose response of break formation
observed in ultraviolet-irradiated uvrC mutants in vivo. Rather, there appeared
to be a real defect in incision. In toluene-treated cells, we studied the effect of the
ligase inhibitor nicotinomide mononucleotide on strand incision. Whereas uvrC
mutants displayed more strand breakage in the presence of this inhibitor, the
same amount of breakage was seen in uvrA mutants, and as such the breakage
could be judged as not due to the main excision repair pathway. Experiments
using a cell-free system comprising the partially purified uvr' gene products
demonstrated clearly that there is a requirement for the uvrC' gene product for
strand incision. We suggest that in vivo in the absence of the uvrC' gene product,
a partial analog of this protein may allow some abnormal incision.

The uvrA, uvrB, and uvrC genes of Esche-
richia coli were originally identified as loci in-
volved in the excision of thymine dimers from
UV-damaged DNA (9). A single mutation in any
one of these genes is sufficient to prevent effi-
cient removal of thymine dimers from UV-irra-
diated DNA, and these gene functions have
therefore been assigned to early steps in DNA
excision repair (for review, see reference 8). Al-
though studies of UV-induced DNA strand
breakage in the mutants have consistently
shown that uvrA+ and uvrB+ gene functions are
essential for the endonucleolytic event initiating
repair (10, 17, 22), conflicting reports have been
published with respect to the role of the uvrC'
gene in the same process. Some reports indicate
that the uvrC' gene function is involved in the
actual incision reaction (2, 17, 18, 22), whereas
others point to a role for the uvrC' function in
a succeeding preex'cision step (10, 19, 20). In view
of this confusion, we reexamined the role of the
uvrC function in the incision of UV-irradiated
DNA, both in vitro and in vivo. For the in vitro
studies, we used both nucleotide-permeable tol-
uene-treated cells and a completely cell-free sys-
tem comprising partially purified uvr' gene
products.

MATERIALS AND METHODS

Bacterial strains. The strains used and their rel-
evant genotype are listed in Table 1. The E. coli uvr
mutants carryingpoLA12 and lig- 7(Ts) have been used
in previous work (19, 20, 24), but their construction
has not previously been described.

E. coli uvr mutants carrying polA12 were con-
structed by conjugation using AB2433 (HfrH uvrC34
his Strr) and BW114 HfrP4X (uvrA6 Ste) as donors
and MM383 (poUA12 thyA Strr) as recipient, selecting
for his' thy' and thy' Strr, respectively. Strain
MM383 contains a temperature-dependent polA mu-
tation isolated by Monk and Kinross (12), showing a
partial polA phenotype at 300C and a mutant polA
phenotype at 42°C. Recombinants were tested for
methyl methane sulfonate (MMS) sensitivity onMMS
plates and UV sensitivity on LB plates, using a liquid
culture drop-replica technique allowing precise sur-
vival determinations. Recombinants showing high
MMS sensitivity at 42°C, moderate MMS sensitivity
at 300C, and high UV sensitivity at 300C were scored
as double mutants. Strains designated AB5025
(uvrC34 poLA12) and AB5026 (uvrA6 polA12) were
further tested by the rapid mapping technique de-
scribed by Low (11) and confirmed to have mutations
conferring UV andMMS sensitivity in loci correspond-
ing to the known map positions of (i) uvrA or uvrC
and (ii) pol4, respectively (1).

Surprisingly, the uvrA6poLA12 strain was found to
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TABLE 1. Bacterial strains used
Description

thr leu proA his thi argE lac gal
ara xyl mtl Strr sup-37

AB1157 thyA deo
AB1157 uvrA6

AB1157 uvrB5

AB1157 uvrC34

AB1884 thyA deo

Hfr H uvrC34 his lac thi
Hfr P4x uvrA6 thi Str8
poLA12 thy lac rha Strr

uvrC34poUA12
uvrA6poLU12
Hfr KL16 lig-7(Ts) thi Str8

lig-7(Ts) thyA deo
uvrC34 lig-7(Ts) thyA deo
uvrA6 lig- 7(Ts)
uvrA6 lig-7(Ts) thyA deo

endA his gal thi Stre
JC4583 his+
uvrC34 endA

Origin

Mutagenized derivative of
AB1157

Mutagenized derivative of
AB1157

Mutagenized derivative of
AB1157

Derived from AB1884 by
trimethoprim selection

AB2433 x MM383
BW113 x MM383

N2672 x AB2497
N2672 x AB6000
N2672 x AB1886
Derived from AB6004 by
trimethoprim selection

His' transductant of JC4583
AB2433 x BK101

Source and/or reference

P. Howard-Flanders

P. Howard-Flanders
P. Howard-Flanders (9)

P. Howard-Flanders (9)

P. Howard-Flanders (9)

This work

P. Howard-Flanders
K. B. Low (B. Wilkins

strain)
Monk et al. (13) via K. B.
Low

This work
This work
Gottesman et al. (16) via B.
Bachmann

This work
This work
This work
This work

A. J. Clark
This work
This work

plate with low efficiency at 42°C in spite of the pre-
vious isolation of uvrA6 poUA which is viable (13).
The reason for this is unclear and may be due to
differences between the polAI and polA12 mutation.
Similar differences in viability have been reported for
polA recB double mutants (5), and it should be noted
thatpoUA12 AuvrB cells have also been reported to be
nonviable at 420C (23).

E. coli uvr mutants carrying lig-7(Ts) were con-

structed by conjugation using N2672 [HfrKL16 lig-
7(Ts) Str'] (6) as donor and AB2497 (his Strr), AB1886
(uvrA6 his StrW), and AB6000 (uvrC34 his Str') as

recipients, selecting for his' Strr recombinants. Strains
carrying the lig-7(Ts) mutation are nonviable at 420C
but grow normally at temperatures below 360C. Mat-
ings were done at 330C and interrupted after 45 min
of incubation. Recombinants showing comparable UV
sensitivity to the parent recipient at 300C and nonvi-
ability at 420C were scored as double mutants. The
genotype of the strains designated AB6006 [lig-7-
(Ts)], AB6004 [uvrA6 lig-7(Ts)], and AB6003 [uvrC34
lig-7(Ts)] were further confirmed by rapid mapping of
the loci determining UV sensitivity and conditional
lethality.

Strain BK100 (uvrC34 endA) was constructed by
conjugation between AB2433 (HfrH uvrC34 his lac
thi) and a his' transductant of JC4583, selecting for
his' gal' recombinants and scoring for the UV-sen-
sitive phenotype. The inheritance of the uvrC muta-
tion was verified in crosses with appropriate Hfr
strains and by in vitro complementation analysis for
the uvr' gene products as previously described (16).

Treatment of ceils with toluene. Toluene-
treated cells were prepared either by the modification
of the method of Moses and Richardson described
previously (24) or by a modification of the method of
Halegoua et al. (7) described below.

Log-phase cells at ice temperature were washed
twice with equal volumes of 0.04 M Tris-hydrochlo-
ride, pH 8.0, and were suspended at a concentration of
10'0 cells/ml in 10 mM Tris-hydrochloride, pH 7.8-50
mM NH4Cl-10 mM magnesium acetate-i mM dithi-
othreitol. An equal volume of a 2% emulsion of toluene
(Eastman Kodak, spectrophotometric grade) in the
same buffer was added, and the mixture was shaken
on ice for 10 min. A cushion of 17% sucrose in the
same buffer was introduced beneath the treated cells
with a syringe, and the cells were sedimented through
this layer by centrifugation at 6,000 rpm for 5 min.
The cells were finally resuspended in the sucrose-
containing buffer at a concentration of 1010 cells/ml
and either used immediately or frozen in liquid nitro-
gen for later use.

Partial purification of the products of the
uvrA+, uvrB+, and uvrC+ genes. The uvr+ and the
uvrB+/uvrC+ gene products were isolated by means
of an in vitro complementation assay for the individual
uvr+ gene products by a combination of DEAE-celiu-
lose and phosphocellulose chromatography as previ-
ously described (16). Briefly, proteins were extracted
from 1.8-liter batches of log-phase cells (2 x 105 cells/
ml) of strain JC4583 by a combination of sucrose

plasmolysis and lysozyme treatment. The extract (ap-
proximately 200 mg of protein) was applied to a

Strain

AB1157

AB2497
AB1886

AB1885

AB1884

AB6000

AB2433
BW114

MM383

AB5025
AB5026
N2672

AB6006
AB6003
AB6004
AB6005

JC4583
BK1I1
BK100
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DEAE-cellulose column (1 by 10 cm) equilibrated with
100 mM KCl-50 mM morpholinepropanesulfonate
(MOPS), pH 7.5-1 mM EDTA-10 mM mercaptoeth-
anol. The nonadsorbed fraction was applied to a phos-
phocellulose column (1 by 8 cm) equilibrated with the
same buffer. Both columns were eluted with a linear
salt gradient (0.1 to 0.4 M KCl) in buffer as defined
above, also containing 25% glycerol. The presence of
mercaptoethanol and high concentrations of glycerol
is essential for stabilization of the enzyme preparation.
The uvrA + product was recovered from the phospho-
cellulose column at approximately 0.25 M KCl. The
uvrB+ and uvrC' gene products have cochromat-
ographic properties and elute together from the
DEAE-cellulose column at approximately 0.3 M KCl
(16). These preparations are essentially free of endo-
nuclease activity on nonirradiated DNA. To isolate
the uvrB+ product separated from functional uvrC'
activity, the purification procedure as described above
was carried out with a cell extract from strain BK100
(uvrC34). The chromatographic properties of the
uvrA+ and uvrB+ products from uvrC mutant cells
were indistinguishable from those denoted above for
the isolation from uvr' cells, although the uvrB+
fraction was, as expected, devoid of uvrC comple-
menting activity (see Fig. 5).
Measurements of strand breaks introduced by

partially purified uvr' gene products in vitro.
Standard reaction mixtures contained 0.05 ILg of 3H-
labeled covalently closed circular CoIEl DNA (about
800 cpm), 5 ymol of MOPS (pH 7.7), 10,Umol of KCl,
2 ,umol of MgSO4, 0.1 ,umol of EDTA, 0.1 ymol of
dithiothreitol, 10 pi of uvrA+ fraction (2 to 3 ug of
protein), and various amounts of the uvrB+/uvrC'
fraction from strain JC4583 or the uvrB+ fraction from
strain BK100 as indicated in a total volume of 140 td.
Incubation was for 20 min at 37°C. Introduction of
breaks in the covalently closed DNA substrate was
measured by the filter-binding method of Center et al.
(4) as later modified (3, 16). This involves brief expo-
sure of the DNA to pH 11.9 followed by neutralization
and filtration through nitrocellulose filters. Nicked
molecules are denatured and retained on the filter
under these conditions, whereas closed molecules are
renatured and will pass through. The average number
of breaks per molecule was calculated as described (4),
assuming a Poisson distribution of breaks in the DNA
circle preparation. Assays were always performed in
duplicate or triplicate and with both UV-irradiated
and nonirradiated DNA. When irradiated, the DNA
was exposed to UV light (18 J/m2) from a low-pressure
mercury lamp emitting light predominantly at 254 nm.
This dose of UV light induces on average 2.5 pyrimi-
dine dimers per DNA molecule as determined by
incubation of DNA samples exposed to even lower
doses with purified pyrimidine dimer-specific endo-
nuclease from Micrococcus luteus.

Other methods. Procedures for growth and label-
ing of bacteria, UV irradiation of cell suspensions, cell
lysis, and analysis of chromosomal DNA strand breaks
were those described by Seeberg and Strike (20).

RESULTS

UV-induced DNA strand break forma-

tion in vivo. Kato (10) demonstrated that the
behavior ofuvrC mutants could be distinguished
from that of uvrA mutant strains since, in the
former, single-strand breaks accumulated during
incubation after UV irradiation. In uvrA mutant
strains, no breaks appeared. However, a closer
examination of the kinetics of UV-induced
strand breakage, using superinfecting lambda
DNA as a probe, revealed that breaks in the
uvrC mutant arose much more slowly than in
uvr+ cells and that the dose-dependent increase
in strand break formation terminated at a much
lower dose (17). Results similar to those ob-
served with superinfected lysogens were ob-
tained when the incision of E. coli chromosomal
DNA was studied (Fig. 1A). When a polA mu-
tation was introduced into the strains under
study to prevent rapid break closure by short-
patch repair, breaks accumulated rapidly in the
uvr+polA strain, slowly in the uvrCpolA strain,
and only to a very limited extent in the uvrA
polA strain. In the presence of the wild-type pol
allele, rapid rejoining occurred in the uvr+ strain
(Fig. 1B), but the presence of DNA polymerase
I had little effect on the extent of break forma-
tion in the uvrC strain, suggesting that these
breaks are not subjected to rapid DNA polym-
erase I-dependent repair.
A comparison of the dose response for incision

c
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FIG. 1. Kinetics of chromosomal DNA strand
breakage of UV-irradiated E. coli cells in vivo. Cells
prelabeled with [3Hlthymidine were exposed to a UV
dose of 12 Jlm2 at 0°C in phosphate buffer and
incubated in complete medium at 42°C (A) or 37°C
(B). At intervals, cell samples were lysed on alkaline
sucrosegradients and centrifuged for 90min at 30,000
rpm in a Spinco SW50.1 rotor. 32P-labeled A DNA
was included as a molecular weight reference in each
gradient. The reciprocal value ofthe number average
molecular weight was calculated from the sedimen-
tation data and plotted as a function of incubation-
time. Strains used wereAB1157 (0), AB1884 (uvrC34;
Ax), AB1886 (uvrA6; 0), MM383 (poLA12; *), AB5025
(uvrC34 polA12; A), and AB5026 (uvrA6 poLA12; U).

o-
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of chromosomal DNA in uvr , uvrA, and uvrC
mutant strains is shown in Fig. 2. Again, the
polA mutation was present to prevent break
reclosure. The results parallel those obtained for
superinfecting lambda DNA (17). After 3 min of
incubation, a linear dose-dependent increase was
observed for strand incision in uvr' cells,
whereas uvrC and uvrA cells showed very few
single-strand breaks. After 20 min of incubation,
however, breaks had accumulated in the uvrC
cells, although the dose dependence of this break
formation declined at a lower dose than in uvr'
cells.

Figure 3 shows the dose response for the for-
mation of breaks in chromosomal DNA of cells
where the lig-7(Ts) mutation had been intro-
duced to prevent break rejoining. When cells
were grown at 360C, irradiated at ice tempera-
ture, and incubated at 420C after irradiation,
results were similar to those obtained with the
poA mutant strains (Fig. 3A). The lig-7(Ts)
mutation caused rapid accumulation of breaks
in the uvr' strain, but had little effect on break
formation in uvrA or uvrC. After 3 min of incu-
bation, the response of the uvrC lig- 7(Ts) strain
was similar to that of the uvrA lig- 7(Ts) strain.
Seeberg and Rupp (19) have previously reported
that the lig-7(Ts) mutation causes rapid accu-
mulation of breaks in uvrC mutants, in contrast
to the data presented in Fig. 3A. However, in

12-
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FIG. 2. Dose dependence of chromosomal DNA

strand breakage in UV-irradiated E. coli polA12
cells in vivo. Cells prelabeled with [3H]thymidine
were UV irradiated at 0°C in phosphate buffer and
incubated for 3 min (open symbols) or 20 min (closed
symbols) at 420C before strand break analysis as
described in legend to Fig. 1. Irradiated cell samples
from strain MM383 were centrifuged for 120 min; the
others were centrifuged for 90 min at 30,000 rpm.
Strains used were MM383 (poLA12; 0), AB5025
(uvrC34 polA12; A, A), and AB5026 (uvrA6 poLA12;
EL E)-
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FIG. 3. Dose dependence of chromosomal DNA

strand breakage in UV-irradiated E. coli lig-7(Ts)
cells in vivo. Cells were grown for several generations
at 36°C in medium containing [3H]thymidine (2 pgg
ml, 50 tLCi/ml) to a cell density of 108 cells/ml. The
cells were washed twice by centrifugation and resus-
pended in growth medium with unlabeled thymidine
(50 p,g/ml). Each culture was then split in two parts;
one portion was placed at 36°C (A; open symbols),
the other was placed at 42°C (B; closed symbols),
and both were incubated for 60 min with aeration.
Cells from each culture were then collected by cen-
trifugation, UV irradiated in phosphate buffer at
0°C, and incubated for 3 min at 42°C in complete
medium before lysis and strand break analysis as
described in legend to Fig. 1. Irradiated cell samples
of strain AB6006 exposed to 20 J/m2 or more were
centrifuged for 135 min; the others were centrifuged
for 90 min at 30,000 rpm. Strains used were AB6006
[lig-7 (Ts); circles], AB6003 [uvrC34 lig-7 (Ts); tri-
angles), and AB6005 [uvrA6 lig-7 (Ts); squares].

those experiments the cells had been preincu-
bated at 420C for 80 min before irradiation in
order to maximize the efficiency of incisions in
the uvrC mutant. This period of incubation has
previously been interpreted as being required for
effective inactivation of all ligase molecules. This
interpretation seems open to doubt however,
since no preincubation was necessary for rapid
accumulation of breaks in the uvr' strain (Fig.
3A). Nevertheless, preincubation for 60 min or
longer promoted the accumulation of UV-in-
duced strand breaks in uvrC lig-7(Ts) cells, al-
though the dose response of this break formation
became zero order after UV irradiation at 10 J/
m2 (Fig. 3). Thus, even under conditions of cell
preincubation at the nonpermissive temperature
for a long period, there was a distinct difference
between the number of UV-induced strand
breaks formed in uvr' and uvrC cells, particu-
larly for higher doses of UV.
UV-induced strand break formation in

J. BACTERIOL.
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toluene-treated cells. Sharma and Moses (21)
have recently reported results from experiments
with toluene-treated permeable cells indicating
that the number of UV-induced strand breaks
formed in uvrC mutant cells is similar to that
observed in uvr' cells, provided that ligase is
inhibited by nicotinamide mononucleotide
(NMN). These results therefore support the hy-
pothesis suggested previously that the lower rate
and extent of UV-induced break formation ob-
served in uvrC mutants relative to uvr' is due
to ligase reversal of the incision reaction (3, 17).
However, other investigators using cells made
permeable by plasmolysis (20) or by toluene
treatment (2) have failed to observe UV-induced
strand breakage in uvrC mutant cells to any
greater degree than that seen in uvrA cells. We
therefore reexamined the question of strand in-
cision in toluene-treated cells, looking closely at
the dose dependence of any strand breakage and
the effects of ligase activation and inhibition
(Fig. 4).
In the presence of NMN, it is clear that wild-

type uvr' cells produced many more breaks per
unit dose than did uvrA or uvrC mutant cells.
This effect was most apparent for UV doses that
caused values of 105/Mn to reach 4 or more.
Below such a dose, a considerable amount of
breakage was observed in uvrA, uvrC, and uvr'
strains. In the mutant strains, however, the abil-
ity to produce breaks appeared to be rapidly
saturated and became zero order for higher
doses. The UV-dependent production of single-
strand breaks in uvr mutants has been previ-
ously observed in vivo by Youngs and Smith
(25), who suggest that these breaks may be the
initial events in a uvrA',uvrB+-independent ex-
cision repair process acting on UV photoprod-
ucts other than thymine dimers. This explana-
tion seems plausible in the context of breaks
observed in toluene-treated uvrA and uvrC mu-
tant strains. Our interpretation of the breakage
observed in toluene-treated uvrC mutant cells
differs from that of Sharma and Moses (21), who
reported similar experiments with uvrC56 cells.
However, the main difference between these two
pieces of work lies not in the behavior of the
uvrC mutant, but in the number of breaks ob-
served in the wild type. We observed approxi-
mately one incision break for every three dimers
in the DNA of intact cells (20) and approxi-
mately one break for every seven dimers in
toluene-treated cells. A similar efficiency of in-
cision has been observed by other workers using
toluene-treated cells, and the reasons for this
decreased efficiency have been discussed previ-
ously (20). The efficiency of incision observed by
Sharma and Moses in wild-type cells is two- to
threefold lower than that which we observed,
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FIG. 4. Efects of NAD and NMN on UV-induced

single-strand breakage of chromosomal DNA in tol-
uene-treated cells. Cells of each strain prelabeled
with [3H]thymidine were UV irradiated at 00C and
toluene treated by a slight variation of the method of
Halegoua et al. (7). The treated cells were added to
prewarmed reaction buffer containing 50mMMOPS,
pH 7.5-0.1 M KCl-10-3M EDTA-10-3 M dithiothre-
itol-12.5 mM MgSO4-2 mMATP as described previ-
ously (24). NAD and NMN were present at 0.1 and 1
mM, respectively, as appropriate. Open symbols refer
to incubations with NAD, and closed symbols refer to
incubations with NMN. Incubation was for 15 min at
37°C, when samples were lysed on alkaline sucrose
gradients and centrifuged for 90 min at 30,000 rpm,
20°C, in an SW50.1 rotor. The reciprocal value ofthe
number average molecular weight was calculated
from the sedimentation data and plotted versus UV
dose. Strains used were AB1157 (uvr'; circles),
AB1886 (uvrA6; squares), and AB1884 (uvrC34; tri-
angles). Very similar results to those presented were
obtained when unirradiated cells were treated with
toluene as described by Moses and Richardson (15)
and then UV irradiated.

and this makes comparisons difficult, especially
since Sharma and Moses do not present uvrA
controls and dose-response curves.
The effect of exogenous NAD added to any of

the toluene-treated strains is clearly seen in Fig.
4. Without irradiation, the presence of NAD
markedly reduced the number of breaks present
in the DNA of incubated cells, and a similar
reduction was seen in irradiated cells. Some UV-
induced strand breakage was still observed in
uvrA, uvrC, and uvr' strains, but it occurred to
almost the same extent in all three strains and
did not appear to be susceptible to rapid reclo-
sure by ligase. The efficiency of ligase in rapidly
rejoining the breaks made in uvr4 strain is very
apparent from Fig. 4 and presumably corre-
sponds to the rapid completion of short-patch
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repair. It is clear that in toluene-treated cells,
uvrC mutants are capable of making no more
UV-induced strand breaks than uvrA mutants,
and although some of the breaks observed in
uvrC strain can be rejoined by ligase, this rejoin-
ing is also observed in uvrA and uvr' strains. It
may represent rejoining of gaps created by some
process independent of the uvr pathway of ex-
cision repair.
Incision of UV-irradiated DNA by par-

tially purified uvr' gene products in vitro.
A method has recently been established for the
study of uvr' gene functions in a soluble in vitro
system (18). This involves purification of the
uvr + gene products by means of an in vitro
complementation assay, and it has been shown
that the uvrA + and uvrB + gene products can be
separated from each other by simple ion-ex-
change chromatography, whereas the uvrC+
product cochromatographs with the uvrB +

product (16).
When the uvrA+ and uvrB+/uvrC+ fractions

are combined, an endonuclease activity is gen-
erated which is ATP dependent and acts at
pyrimidine dimers in UV-irradiated DNA (16;
E. Seeberg, Mutat. Res., in press). Because one
of these fractions contains both the uvrB+ and
the uvrC+ product, it is unclear from these re-
sults whether the complementation is caused by
the combination of the uvrA + and uvrB+ prod-
ucts alone, or whether the uvrC' product is also
required for the endonuclease activity. There-
fore, to investigate the role of the uvrC+ product
in the endonuclease activity, we isolated the
uvrB + product in parallel from wild-type and
uvrC mutant cells. The uvrB + fraction from
wild-type cells contained functional uvrC+ activ-
ity, whereas the uvrB+ fraction from the uvrC
mutant was, as expected, devoid of such activity
(Fig. 5A, B). However, the chromatographic
properties and specific activity of the uvrB+
product were similar in both strains. When var-
ious amounts of these fractions were added to
equal portions of the uvrA + fraction, efficient
complementation was observed in mixtures con-
taining uvrB+/uvrC+ products from wild-type
cells (Fig. 50). No complementation was ob-
served, however, in mixtures with the uvrB+
product from the uvrC mutant, irrespective of
the presence of the ligase inhibitor NMN. Sep-
arate control experiments with mixed uvrB+
fractions from strains JC4583 and BK100
(uvrC34) gave results similar to those presented
for JC4583 alone (data not shown). We therefore
conclude that the uvrC+ product is an essential
component of the uvr+-coded endonuclease in
vitro.
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FIG. 5. Role of the uvrC' product for strand inci-
sion of UV-irradiated DNA by semipurified E. coli
extracts in vitro. Protein extracts from strains JC4583
(endA) and BK1I00 (uvrC34 endA) were chromato-
graphed on DEAE-cellulose, and protein fractions
eluting from the column by a salt gradient were
assayed for the uvrB gene product by an in vitro
complementation assay as previously described (16).
Active fractions werepooled and assayed forprotein,
which amounted to 0.95 mg/ml from strain JC4583
and 0.90 mg/ml from strain BK100. (A and B) Var-
ious amounts of these fractions as indicated were
tested for uvrB -complementing (squares) or uvrC+-
complementing activity (triangles), using receptor ex-
tracts from strains AB1885 or AB1884, respectively.
Conditions for the complementation assay were as
previously described (16), and results are plotted as
increase in strand breakage of UV-irradiated DNA
(ColEI DNA exposed to UV at 180 J/m2) caused by
the addition of the DEAE-cellulose fraction relative
to that observed with receptor extract alone. Open
symbols refer to results obtained with the uvrB+
fraction from JC4583, and closed symbols refer to
results obtained with the uvrB+ fraction from BK1X00.
(C) Portions of the uvrB fractions from JC4583 (0)
or BKI00 (0, x) were mixed with a fixed amount of
uvrA protein (2.3 pg ofprotein ofthephosphocellulose
fraction described in reference 16), and the mixtures
were tested for endonuclease activity on covalently
closed ColE) DNA exposed to UVat 18 J/m2. Results
are corrected for the breakage observed with nonir-
radiated DNA incubated in parallel, which in all
cases amounted to less than 0.2 breaks/molecule.
Crosses show the results obtained when 3.5mMNMN
was included in the reaction mixtures.
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DISCUSSION
The in vivo data show that uvrC mutant cells,

in contrast to uvrA mutant cells, accumulate
single-strand breaks during incubation after UV
irradiation. These breaks are, however, formed
less rapidly and less extensively than in the
corresponding uvr+ cells, and it therefore a-
pears that the uvrC function is required for fully
efficient incision. This conclusion is supported
by the results observed with the ligase-defective
strains, in particular when higher UV doses are
used. The dose-response relationship observed
in ligase-deficient strains is not compatible with
the hypothesis of ligase reversal of strand inci-
sion as the explanation of the lower rate and
extent of break formation in uvrC cells (19, 21).
It is possible that some residual ligase activity is
present in the lig-7(Ts) strains at the nonper-
missive temperature, and that it masks some
break formation. If this were the only explana-
tion for the reduced strand incision observed in
the uvrC mutant, one would simply expect
strand breakage per unit dose to be proportion-
ally reduced, compared with wild type, across
the full dose range. This is clearly not the case.
Although a dose-dependent increase in the num-
ber of strand incisions was observed within the
whole dose range tested for the uvr+ lig-7(Ts)
mutant, the dose dependence in the uvrC lig-
7(Ts) mutant terminated after 10 to 15 J/m2,
quite the opposite of what would be expected if
a limited amount of ligase becomes saturated by
extensive incision.
In toluene-treated permeable cells, it is clear

that more breaks were observed in the uvrC
mutant strain in the presence of the ligase inhib-
itor NMN than in the presence of the ligase
cofactor NAD. However, some of this breakage
appeared to be unrelated to the dose of UV
irradiation; moreover, the amount of breakage
which can be ascribed to irradiation of the cells
was seen to the same extent in both uvrA and
uvrC mutant cells. On this criterion, it can be
judged as not being part of the main excision
repair pathway. To observe a difference between
the number of breaks observed in uvr+ and uvr
toluene-treated cells, doses of radiation must be
sufficient to give values of 108/Ms greater than
4. At low doses, the amount of breakage ap-
peared similar in uvr+, uvrA, and uvrC strains.
In the mutant strains, however, the dose re-
sponse rapidly became zero order, whereas in
the uvr+ strain it remained first order for doses
up to 30 J/m2.
The data obtained with the semipurified in

vitro system provide the most clear-cut evidence
for the requirement of the uvrC+ function for

strand incision of UV-irradiated DNA. Whereas
the combination of uvrA+, uvrB+, and uvrC'
gene products efficiently complemented each
other to produce strand breaks in a lightly irra-
diated DNA substrate, no strand breaks were
introduced by the combination of uvrA + and
uvrB+ products alone. The failure to observe
breaks in the absence ofan active uvrC+ product
was not caused by rapid ligase rejoining, since
addition of the ligase inhibitor was without ef-
fect. Moreover, we also failed to detect any ligase
activity in these fractions when aDNA substrate
was included which contained a limited amount
ofsingle-strand breaks induced by DNase I (data
not shown).
Although the experiments with all three sys-

tems investigated consistently indicate that the
uvrC function is required for efficient incision
break formation, it is clear that the in vivo
situation differs somewhat from the in vitro sit-
uation, since the uvrC mutant in vivo accumu-
lated single-strand breaks after UV irradiation.
The nature of the strand breaks produced in
uvrC cells may be anomalous, since these breaks
do not provide an efficient substrate for subse-
quent dimer excision (10, 21) and their appear-
ance is hardly affected by the presence or ab-
sence of DNA polymerase I (Fig. 1). However,
their formation does seem to be uvrA+,uvrB+-
dependent since no accumulation of breaks was
observed in the double mutant uvrA uvrC or
uvrB uvrC (data not shown). It is possible that
the uvrC response depends on the induction of
a uvrC protein analog which could, to a limited
extent, replace uvrC' for incision. Such a protein
would not be present in toluene-treated cells or
in semipurified extracts, which originate from
cells which have not been preirradiated or in-
duced in any other way. This idea could also
explain the more rapid accumulation of strand
breaks occurring in uvrC lig-7(Ts) cells after
preincubation, since incubation of the lig-7(Ts)
strains at the nonpermissive temperature is
known to induce the so-called error-prone repair
functions (14) and may well induce other pro-
teins as well. We are currently investigating the
possible inducible nature of strand incision in
uvrC mutant cells.
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