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Wild-type cells and six DNA repair-deficient mutants (lexA, recA, recB, recA
recB, poUl, and uvrA) of Escherichia coli K-12 were treated with near-ultravi-
olet radiation plus hydrogen peroxide (H202). At low H202 concentrations (6 x
10- to 6 x 10-4 M), synergistic killing occurred in all strains except those
containing a mutation in recA. This RecA-repairable damage was absent from
stationary-phase cells but increased in logarithmic cells as a function of growth
rate. At higher H202 concentrations (above 6 x 10' M) plus near-ultraviolet
radiation, all strains, including those with a mutation in recA, were synergistically
killed; thus, at high H202 concentrations, the damage was not RecA repairable.

Exposure to one type of radiation is known
to sensitize cells to damage by another (e.g.,
wild-type Escherichia coli cells are synergisti-
cally killed by 254-nm UV and X-radiation [12,
14]; preexposure to 365-nm radiation enhances
lethal effects of both X- [21] and 254-nm radia-
tion [24]; inactivation of transforming DNA by
365-nm radiation is considerably increased if
simultaneously exposed to 313- or 334-nm radia-
tion [17]).
The lethal effects of a tryptophan photoprod-

uct (TP) resulting from near-UV (NUV) irradia-
tion (300 to 410 nm) have been of particular
interest in our laboratory. On the basis of spec-
trophotometric, chromatographic, chemical, and
biological properties, the biologically active com-
ponent of TP has been identified as hydrogen
peroxide (H202) (15). TP is very toxic to recom-
bination-deficient (rec) strains of E. coli and
Salmonella typhimurium (25) as well as to
mammalian celLs in tissue culture (19). The im-
portance of the H202 in TP is magnified by the
observation that it can enhance the biological
action of the same NUV used for the initial TP
formation. Specifically, H202 (or TP) can act
synergistically with NUV to yield an increased
number of single-strand (SS) DNA breaks as
well as enhanced lethality in both phage (2) and
bacteria (24).

In this report we show that the damaging
effects of simultaneous NUV and H202 treat-
ment on E. coli may be separated into two types:
damage that can be repaired in recA+ cells, and
damage that cannot be repaired, even in recA+
cells.

MATERIALS AND METHODS
Bacterial strains. These are listed in Table 1.
Growth and harvesting. Overnight broth cultures

were diluted into appropriate media and grown at
37°C with aeration. When exponential cell growth
(monitored spectrophotometrically at 600 nm) reached
ca. 5 x 107 cells per ml, the cells were transferred to
M9 salts medium (4) followed by centrifugation, wash-
ing in M9, and recentrifugation. Resuspended cells
were diluted appropriately in M9 medium and treated
as indicated. Stationary-phase cultures were obtained
by diluting an overnight culture in nutrient broth to
ca. 5 x 107 cells per ml and were immediately harvested
in a manner identical to that used for exponential
cells. Antibiotic medium 3 (Penassay broth; Difco)
and minimal medium (3) were also used.

Irradiation. Radiation was via four General Elec-
tric F15T8 BLB integral-filter black-light bulbs, with
emission in the 300- to 420-nm range and with a peak
at 365 nm (9). Exact irradiation procedures have been
published previously (2).

Calculation ofdose enhancement factor (DEF).
A convenient measure of the degree of synergism is
calculated at a cell survival of lle or 37% by the
following formula: DEF = cD37/H202D37, where cl37
is the dose required to inactivate to 37% survival in
the presence of NUV alone, and H202D37 is the dose
required to inactivate to 37% survival in the presence
of NUV and 6 x l0-5 M H202. DEF values for strains
are listed in Fig. 1.

Alkaline sucrose gradients. Specific procedures,
such as labeling method, gradient preparation, time
and speed of centrifugation, and calculation of number
of SS breaks were reported previously (3).

RESULTS
In all experiments, treatment of the cells with

6 x 10-5 M H202 for 2 h inactivated less than
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TABLE 1. E. coli K-12 strains'

Designa- Repair-related geno-
tion typeh

W3110
P3478
AB1157

poUI

AB1886 uvrA6

JC5029
X9247

JC5088
KL168
DM49

recA56 recB21

recA56
recB21
lexA3

Other genotypes

thy
thy
thr-1 leu-6 thi-I argE3 his-4 proA2
lacYI galK2 mtl-l xyl-5 ara-14 str-
31 tsx-33 A- supE44

thr-I leu-6 thi-I argE3 his-4 proA2
lacYI galK2 mtl-l xyl-5 ara-14 str-
31 tsx-33 A- supE44

thi-l ilv-318 thr-300 rel-i spc-300 A-
thi-1 ilv-318 thr-300 spc-300 A-

thi-1 ilv-318 thr-300 rel-I spc-30 A-
thi-1 drm-3 rel-i A-
thr-1 leu-6 proA2 his-4 thi-l argE3
lacYgalK2 ara-14 xyl-5 mtl-l tsx-33
strA31 sup-37fA-

Surviving frac-
Reference or source tion (6 x 10-'M H202 expo-

sure)
8 0.88
8 0.76
13 0.93

13

7
Argonne National Labo-

ratory
7

B. J. Bachmann
David Mount

0.85

0.89
0.71

0.52
0.81
(0.84

a Gene symbols are as described by Bachmann et al. (5).b W3110 and P3478 are isogenic. JC5029, JC5088, and X9247 are isogenic. KLI68 is closely related to JC5029
and JC5088. AB1157 and AB1886 are isogenic. DM49 is closely related to AB1157 and AB1886.
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FIG. 1. Survival of cells after NUV irradiation in the presence and absence of 6 x iO5 M HO.,. Cells

irradiated in M9 buffer (0) or in M9 buffer plus 6 x lO-5M H202 (0). H1202 at a concentration of 6 x lOt M
had little or no killing action on cells. DEF values (see text) are listed for each strain. Data for strains
JC5029 and AB1157 (not shown) were similar to data obtained for W3110.

half the population; thus, under these condi-
tions, killing by H202 alone was very small (Ta-
ble 1).

Figure 1 summarzes the effects of NUV in
the presence and absence of 6 x 10' M H202.

The NUV plus H202 data have been corrected
for the effects of H202 alone. NUV irradiation
in the presence of H202 resulted in increased
killing of wild type (W3110), potAl, uvrA, lexA,
and recB strains, with synergism either very

-,*~~~~~ uvrA

wild type
polAl

16.4i1.1i 2.8
5 10 5 10 5 10

J. BACTF.RIOL.



SYNERGISTIC KILLING OF E. COLI BY NUV AND H202

small or absent in strains with recA mutations.
Particularly in wild-type andpolAl strains, syn-
ergistic action was lost after an initial exposure
to NUV and H202, possibly due to H202 break-
down by cellular catalase (Fig. 1). Experiments
on wild-type strains JC5029 and AB1157 were
also performed, yielding DEFs of 15.5 and 17.2,
respectively. In addition, the shapes of the sur-
vival curves for both NUV and NUV plus H202
were similar to those obtained for W3110 (data
not shown).
The effects of the recA gene product on SS

break induction after NUV, H202, and NUV
plus H202 treatments were studied by sedimen-
tation through linear alkaline sucrose gradients.
Wild-type (W3110) and recA (JC5008) cells were
treated with: (i) 6 x 10-4 M H202 for 7 min; (ii)
3.0 x 104 J/m2 of NUV irradiation (time of
exposure = 7 min); or (iii) both (i) and (ii).
Inactivation curves yielded DEFs of 1.0 for the
recA mutant and 9.0 for wild type under these
conditions (data not shown).

In wild-type cells (Table 2), there was a 4.3-
fold increase in SS breaks if NUV and H202
were administered simultaneously (68.8 breaks)
as compared with the sum of separate exposures
(1.4 + 14.5 = 15.9 breaks). This synergism was
less in the recA mutant (Table 2), where the
NUV plus H202 treatment yielded a 1.35-fold
increase in SS breaks (53.5 breaks) when com-
pared with the sum of separate treatments (9.8
+ 29.7 = 39.5 breaks). These results suggest that
the increased number of SS breaks observed for
the NUV plus H202 treatment of wild-type cells
was not due to an actual synergism in SS break
formation but rather was a reflection of inhibi-
tion of RecA+-dependent repair processes.

Experiments were conducted to determine the
effect of varying concentrations of H202 plus a
constant NUV dose of 2.5 x 104 J/m2 applied
to cells incubated in M9 salts with H202 (6 x
10-7 to 6 x 10-2 M). As a control, cells were
incubated in the same concentrations of H202
but kept in the dark.

Levels of H202 below 6 x 10' M did not kill
either wild-type (W3110) or recA (JC5088) cells
(Fig. 2). Concentrations above 6 x 10-5 M de-
creased viability in both the strains, but with a

TABLE 2. SS DNA break induction with NUV and/
or H202 treatment of wild-type and recA cells

No. of SS breaks per SS genome
Treatxnenta

recA Wild type
NUV 9.8 1.4
N202 29.7 14.5
NUV plus H202 53.5 68.8

a See text for detailed description of treatments.
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FIG. 2. Survival of wild-type and recA cells at
different concentrations ofH202 in the presence and
absence of 2.5 x 10' J/m2 irradiation of NUV. H202
alone (0); H202 plus NUV (0).

more pronounced effect in the recA mutant.
The response of wild type was quite different

than that of the recA mutant (Fig. 2). The curve
for wild type was biphasic, indicating two dis-
tinct types of synergistic interactions between
H202 and NUV. One type of synergism occurred
at concentrations between 6 x 106 to 6 x 1i-O
M and corresponded to the RecA-dependent
synergism presented in Fig. 1; a second and more
intense interaction took place at concentrations
above 6 x 1O' M. In contrast, at H202 concen-
trations below 6 x 10-4 M, recA cells were killed
only by the NUV.

Wild-type cells (W3110) in stationary and ex-
ponential phase were used to test NUV plus
H202 sensitivities in a variety of growth media
(Fig. 3). Again, cells were subjected to 2.5 x
10-4 J/m2 of NUV irradiation in the presence
of varying concentrations of H202. As a control,
cells were incubated in H202 alone (data not
shown). In all cases there was more than 10%
survival with H202 concentrations of 6 x 10-3
M or below.
The data (Fig. 3) suggest the following: (i)

the RecA-independent synergism (H202 above
6 x 10-4 M) is the same in both stationary- and
exponential-phase cells; (ii) the RecA-dependent
synergism (H202 below 6 x 10-4 M) is highly
growth-phase dependent. Wild-ype celLs in sta-
tionary phase failed to exhibit RecA-dependent
synergism and showed a response similar to that
of stationary-phase recA celLs (data not shown);
and (iii) the extent of cell death without RecA
repair is relative to growth rates. Penassay
broth, nutrient broth, and minimal medium var-
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FIG. 3. Survival of wild-type cells at different con-
centrations of H202 in the presence of 2.5 x 104 J/m2
irradiation as a function of growth conditions. Sta-
tionary-phase cells (0); exponential cells grown in
minimal medium (p), nutrient broth (0), Penassay
broth (0).

ied in both capacity to support maximum growth
rates (doubling times for wild types equaled 28,
36, and 63, respectively) and capacity to repair
this type of damage (Penassay broth > nutrient
broth > minimal medium).

Inactivation experiments were also performed
with far-UV (254-nm) radiation in the presence
and absence of H202. There was no H202 en-
hancement of far-UV kill under any condition
(data not shown); thus the synergism was spe-
cific for NUV. In addition, sequential experi-
ments showed that NUV and H202 must be
present simultaneously to elicit maximal re-
sponse (data not shown).
Upon testing the relative NUV sensitivities

of recA (JC5088) and wild-type (W3110) cells
in both exponential and stationary phase (Fig.
4), exponential-phase recA showed the greatest
sensitivity, followed by stationary-phase recA,
exponential-phase wild type, and stationary-
phase wild type. While exponential-phase wild-
type cells were still more resistant than station-
ary-phase recA, it is important to note the dif-
ference in relative shift of sensitivity within each
strain. DEF can again be employed to compare
relative sensitivities; in this case the dose re-
quired to inactivate to 37% survival of station-
ary-phase cells is divided by the dose required
to inactivate to 37% survival of exponential-
phase cells. The DEF for wild type is 1.1,
whereas the DEF for the recA mutant is 5.8.
Thus the relative shift in NUV sensitivity in

exponential- versus stationary-phase cells is ca.
five times greater in the recA mutant than for
wild type.

Exponential-phase recA cells showed a de-
crease in NUV sensitivity between the ranges
of 2.5 to 10 x 104 J/m2. This shoulder reflects
that the recA population may be heterogeneous
with respect to growth phase.

DISCUSSION
Several lines of evidence indicate that at low

H202 concentrations (6 x 10-6 to 6 x 1O' M),
NUV irradiation in the presence ofH202 disrupts
RecA-dependent repair. (i) NUV and H202 syn-
ergism was absent in recA strains (Fig. 1). (ii)
TP was shown previously to inhibit Rec-depend-
ent type III repair processes (26). (iii) TP de-
creases the frequency of genetic recombination
(A. Eisenstark, manuscript in preparation), a
process highly dependent on the RecA gene
product. (iv) Wild type, polAl, uvrA, lexA, and
recB, when synergistically treated with NUV
plus H202, exhibited approximately the same
sensitivity as the recA and recA recB cells irra-
diated only with NUV. If the recA function was
absent, either through mutation or inhibition
by H202, NUV sensitivity was the same. This
was particularly striking in wild-type and polAI
cells, where the shoulders typical of NUV inac-
tivation curves were lost with the addition of 6
x 0-5 M H202. (v) The inactivation curve for
wild type was biphasic (Fig. 2 and 3). If the
repair processes were already inhibited by a low
concentration of H202, an increase in concentra-
tion should have resulted in little or no addi-

100
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Dose Jni2 (X104)

FIG. 4. Survival of wild-type and recA ceUs after
NUV irradiation as a function ofgrowth conditions.
Wild-type stationary (0) and exponential (0) phase;
recA stationary (U) and exponential (O) phase.
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tional lethality. Such a shoulder is present in
the curve at concentrations of 6 x 10' to 6 x
10-4 M H202. (vi) The increased number of SS
breaks seen with NUV plus H202 treatment in
wild type (Table 2) reflects an inhibition of
RecA-dependent repair processes rather than a
synergism in SS break induction.
The following distinguished between two

types of synergistic damage, RecA repairable
and RecA nonrepairable. (i) While 6 x 10-5 M
H202 enhanced NUV inactivation in only recA+
strains (Fig. 1), higher H202 concentrations re-
sulted in enhanced killing of all the strains
tested, including recA. (ii) Wild-type cells
showed a biphasic inactivation curve (Fig. 2 and
3), suggesting two distinct types of synergism.
(iii) The two types of killing differed with respect
to growth-phase dependency (Fig. 3).
The variance in DEF values between wild

type (16.4), poLAl (11.1), and uvrA (2.8) may
be a reflection of the increasing importance of
excisable lethal photoproducts (wild type <
polAl < uvrA) as a lethal event in these strains.
The UvrA gene product, which codes for a spe-
cific endonuclease (6), and the PolA gene prod-
uct, which codes forDNA polymerase I (8), both
play a vital role in excision repair. Since NUV
radiation induces significant numbers of pyrim-
idine dimers (20), if the lethality mediated by
pyrimidine dimers (or other excisable photo-
products) is increased via this lack of excision
repair, the nondimer lethal damage of NUV
radiation will be less pronounced; thus, the DEF
will be smaller.

If H202 does inhibit RecA functions, uvrA
and poLAI strains would be expected to exhibit
the greatest sensitivity in the presence of both
H202 and NUV irradiation when compared with
the other strains, since under these conditions
they would perform neither RecA repair (due
to inhibition by H202) nor excision repair (due
to absence of gene product). While the results
(Fig. 1) do not support this argument, it is pos-
sible that, with respect to the lesion(s), either
both the poLAI and uvrA mutants possess other
excisional repair capacities, or excision repair is
ineffective in repairing this particular lethal le-
sion.

Recent data (27) suggest that post-replica-
tional (recA+) repair can be subdivided into at
least five separate branches, of which two in-
volve the RecB gene product and two the LexA
gene product. In light of this information, the
decreased DEF value for recB (4.9) and lexA
(3.0) can be explained as follows: since post-
replicational (RecA) repair was already dimin-
ished by either the recB or lexA mutation, the
addition of H202 to these cells resulted in a
smaller relative loss in totalDNA repair capacity

than if post-replicational repair was fully func-
tional (as is the case in wild-type cells before
the addition of H202).

It is possible that NUV might inactivate bac-
terial catalase, thus allowing the lethal action
of H202. If so, the recA gene product could be
exercising one of its pleiotropic regulatory func-
tions (10, 18). However, the catalase levels in
the extracts of recA and wild-type cells have
been shown to be the same (3). In addition, the
complete absence of RecA-repairable damage in
wild-type cells in stationary phase (Fig. 3) argues
against RecA-mediated control of catalase pro-
duction. Finally, three strains of E. coli B have
been shown to possess H202 sensitivities inde-
pendent of catalase activity (1).
The recA mutant showed greater NUV sen-

sitivity in exponential phase than in stationary
phase (DEF = 5.8), unlike wild-type cells (Fig.
4). Wild-type strains, but not uvrA strains, of
E. coli are more sensitive to far-UV in exponen-
tial phase (23), suggesting that sensitivity fluc-
tuates with excision-repair enzyme levels
throughout the growth cycle. Repair-proficient
strains of E. coli are also more sensitive to NUV
in exponential than in stationary growth phase
(11, 16), thus explaining the fivefold increase in
NUV sensitivity in recA over that of wild-type
exponential cells (Fig. 4). Since recA cells lack
post-replication repair, any variation in excision-
repair enzyme levels would be more pronounced
in the recA, with variation of sensitivity in Wild
type partially masked due to post-replication
repair.
The growth-phase dependence of the RecA-

repairable NUV plus H202 synergism (Fig. 3)
supports the alternate hypothesis that this dam-
age may be related to the number of DNA
replication forks. Perhaps a specific lesion, either
at or near the replication fork, was rapidly fixed
as a lethal event unless affected by post-repli-
cation repair.
The observation that the double mutant recA

uvrA is not growth-phase dependent in NUV
sensitivity (23) does not fit the hypothesis pre-
sented in this paper. However, the double mu-
tant is much more sensitive than the recA mu-
tant as measured in exponential-phase cells. The
extreme sensitivity of the double mutant would
then obscure detection ofdamage at the growing
forks, since the cells would be rapidly killed by
damage at other positions on the chromosome.
These arguments do not refute the supposi-

tion that variation in excision-repair enzyme lev-
els accounts for differential NUV sensitivity de-
pendent on growth phase. The absence of such
a difference in uvrA mutants is evidence in sup-
port of such an explanation. However, perhaps
the increased NUV sensitivity of exponential-
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phase as compared with stationary-phase recA
cells (as opposed to wild-type cells) might also
reflect a role of RecA repair of a DNA damage
unique to exponential-phase cells (i.e., the pres-
ence of chromosomal growing forks).
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