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Introduction. Cells have the capacity to 
repair a variety of lesions produced in DNA 
by physical and chemical agents. At least 
three repair processes occur and may be 
studied conveniently following damage 
(from uv light, for example). These include: 
(i) excision repair (repair replication) in 
which single-strand segments containing py- 
rimidine dimers or other lesions are excised 
from helical DNA followed by local resyn- 
thesis and closing of the gap by a DNA 
ligase (1-3); (ii) postreplicative repair in 
which unrepaired dimers remaining at repli- 
cation simply result in gaps in daughter 
strands, which are filled in postreplicatively 
by localized resynthesis or by recombination 
(4); and (iii) reinitiation repair in which an 
arrested replicating fork, presumably at a 
dimer site, is reinitiated by a repair process 
specific for the replicative part of the cell 
cycle (5). It has also been suggested that 
mouse L cells have an S phase specific mode 
of repair (6). In addition, microorganisms 
can repair pyrimidine dimers by a photo- 
reactivation process, which is particularly 
useful in mechanistic studies of uv damage 
and repair (7). 

Elucidation of the mechanisms involved 
in semiconservative DNA synthesis and the 
various types of DNA repair could be facili- 
tated greatly by the identification of specific 
inhibitors. Nalidixic acid (NA) was exam- 
ined as one such possible inhibitor, and the 
results are the subject of this communica- 
tion. This antibacterial agent was reported 
previously to inhibit reversibly DNA syn- 
thesis and replication in vivo (8, 9), but did 
not inhibit DNA polymerase I (10, 1 l) ,  en- 
donuclease I, exonuclease I, 11, and I11 from 
E. coli (11); nor the polynucleotide ligase 
and methyltransferase-induced T, phage 
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(11). Also, in the concentration range of 
lo-, M it inhibited both semiconservative 
and “repair” synthesis in E. coli following 
extensive uv irradiation as shown by CsCl 
density gradient profiles of the DNA prod- 
ucts (12). Recently, it was reported that 
such concentrations of the drug prevented 
semiconservative DNA synthesis in toluen- 
ized E. coli cells without interfering with 
repair synthesis provoked by uv light (13). 
A variety of other agents such as acridines 
(14, 15) and amino quinolines (16) which, 
in contrast to NA, bind to DNA (17, 18) 
have been shown to inhibit both repair and 
the DNA dependent polymerase (19, 20). 
The comparative effects of NA on post-uv 
survival were, therefore, of considerable in- 
terest. The present experiments with E. coli 
B showed that survival following uv irradia- 
tion was decreased substantially by plating 
on agar medium containing 5 X lo-’ M NA 
while survival of unirradiated controls was 
unaffected. This effect on uv survival was 
obtained with drug concentrations about 
1000-fold less than those required to pre- 
vent completely bacterial replication. 

Materials and methods. E.  coli B was sup- 
plied by Dr. Tom Feary of this institution. 
Dr. Roy Curtiss provided cultures of B, - 1, 

B/r, TAU-bar, and Ts-7, the temperature- 
sensitive ligase mutant derived by Dr. C. 
Pauling from TAU-bar (21). E. coli B, 
B, - 1, and B/r were grown overnight in 
nutrient broth (Difco) and diluted in 0.9% 
saline to a cell denity of about 5 x 106/ml. 
E. coli, TAU-bar, and Ts-7 were grown 
overnight in tryptone broth, diluted 1:50 in 
fresh medium, and grown for 4 hr with shak- 
ing to midlog phase followed by dilution in 
saline as above. Irradiation was carried out 
in open petri dishes with shaking at room 
temperature under a germicidal lamp (Ar- 
thur H. Thomas) at a filtered wavelength of 
253 nm. For most experiments the uv dose 
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rate was 7.5 ergs/mm*/sec as measured by a 
Blak-Ray short-wave uv meter (UV Prod- 
ucts, Inc.). The total dose for each experi- 
ment is given in the appropriate figure of 
legend. 

Following irradiation, serial dilutions 
were made for plating on solid media with 
or without added nalidixic acid as indicated 
in the legends. Photoreactivation of the 
freshly spread plates was done at room tem- 
perature with four photoflood lamps at a 
distance of 18 in. Liquid holding recovery 
was followed by plating samples of an irradi- 
ated cell suspension in buffered saline after 
various periods in the dark at 37". 

Results. Survival of E. coli B following uv 
irradiation was reduced substantially when 
plating was done on media containing nali- 
dixic acid. Figure 1 illustrates this effect for 
nalidixic acid at 5 x lov7 M in nutrient agar 
following irradiation of the organisms at 
various dose levels. The same drug effect 
was also observed when post-uv growth was 
in minimal agar. The dose-effect curve for 
the drug, illustrated in Fig. 2 with a con- 
stant uv dose, showed an effect on survival 
at concentrations as low as 1 x M. This 
effectiveness contrasts sharply with the 
much higher concentrations reported to in- 
hibit DNA replication (7, 8). 

The photoreversibility of the nalidixate- 
enhanced lethality was demonstrated in the 
experiments in Fig. 3, suggesting that the 
drug either interfered with pyrimidine dimer 
repair or the ability of the organism to sur- 
vive the consequences of repaired or unre- 
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FIG. 1 .  Effects of 5 x lo7 nalidixic acid in the cul- 
ture media on post-uv survival of E. coli B. Organisms 
were irradiated as in text, and aliquots were removed 
for colony counts at the doses shown and spread on 
nutrient agar with (curve B) and without (Curve A) 
drug. 
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FIG. 2. Effect of nalidixic acid concentration on 
post-uv survival of E. coli B. Organisms received a dose 
of 150 ergs/mm2 and were plated on nutrient agar 
containing the concentrations of drug shown. 
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3 .  Effects of photoreactivation on nalidixa te 
inhibition of post-uv survival of E. coli B. Organisms 
received 37.5 ergs/mm2 of uv irradiation, and following 
spreading on nutrient agar without (top curve) and with 
(bottom curve) drug, were photoreactivated for the 
times shown before incubation at 37". 

paired dimers. Experiments on liquid-hold- 
ing recovery from uv damage were done 
with E. coli B with and without 5 X M 
nalidixate in the holding medium. As shown 
in Table I, the drug did not prevent LH 
recovery even at the ten-fold increase in 
concentration over the experiments in Fig. 
1. In contrast to the lack of effect of the drug 
in the repair media, however, it was ob- 
served that nalidixate at 5 x M in the 
growth medium following LH still resulted 
in a substantial decline in survival (Table 
11). In fact, the actual numbers of nonsurvi- 
vors due to the drug increased during the 
initial period of liquid holding. These results 
suggested either that nalidixate inhibited 
postreplicative repair or had its effect on a 
terminal event in repair or on a final resto- 
ration of the repaired sequence which is 
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ordinarily completed at or after the next 
round of replication. 

The sensitivity of an organism which ordi- 
narily tolerates dimers rather well was stud- 
ied by using B/r in experiments identical to 
those done with B. Similarly, B, - was used 
as an example of an organism which does no 
appreciable excision repair. Neither showed 
any decrease in postirradiation survival as a 
result of plating on 5 X lO-'M nalidixate. 

A mutant of E. coli with a temperature- 
sensitive ligase (Ts-7) derived from the par- 
ent strain TAU-bar provided an opportu- 
nity to study an organism in which the ter- 
minal step in excision repair is presumably 
rate-limiting. This organism, when grown 
initially for 2 hr at 40" following uv irradia- 
tion shows considerably less survival than at 
25". Experiments with the parent strain 

TABLE I. EFFECTS OF NALIDIXIC ACID ON LIQUID- 
HOLDING RECOVERY OF E. coli B." 

Number of survivors/ml 

+ uv Time 
in lia- 

- uv 5 x M uid' 
(hr) Control nalidixate in 

LH 

0 8.7 X lo6 1.7 X lo6 1.6 X lo6 
2 8.8 x lo6 6.9 2 lo6 5.3 x lo6 

Organisms were irradiated as described in the text 
at a dose of 37.5 ergs/mm2 and nalidixate added to p of 
the cell suspension to a concentration of 5 x M. 
Samples were removed for colony counts on nutrient 
agar before and after holding in the dark at 37" for 2 hr. 
An unirradiated sample of the original cell suspension 
was also held as a control for survival. 

showed that its survival following uv was 
decreased by plating on nalidixate much like 
E. coli B, although a drug concentration 10 
times higher was required. Figure 4 com- 
pares the effects of drug on the tempera- 
ture-sensitive mutant (Ts-7) at 25" and 
when exposed to 40", and shows that re- 
stricting the effectiveness of the ligase step 
did not produce any enhancement of the 
nalidixic acid effect. Additional experi- 
ments, reported elsewhere, however, 
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FIG. 4. Effects of nalidixate on post-uv survival of 
Ts-7 at 25 and 40". Bacteria were grown to midlog 
phase at 25", and after irradiation of diluted cell sus- 
pension to the extents shown aliquots were plated on 
tryptone broth agar. Half of the plates were incubated at 
25" (curves A and B), and half were incubated at 40" 
for 2 hr and then continued at 25" (curves C and D). 
Curves B and D indicate those survivors on 5 X M 
nalidixic .acid. Curve D is corrected for a 75 % decrease 
in viability due to nalidixate alone. 

TABLE 11. EFFECT OF LIQUID-HOLDING AND POSTHOLDING GROWTH WITH NALIDIXIC ACID ON THE POST-uv 
SURVIVAL OF E. coli B." 

+uv (37.5 ergs/mm2) Post-LH plating 

LH time - uv Nutrient agar + 5 X M 
NA Nutrient agar 

0 

30 min 

1 hr 

2 hr 

3 hr 

1.19 x 107 

1.13 x 107 

1.21 x 107 

1.19 x 107 

1.19 x 107 

2.07 X lo6 

4.4 x 106 

6.7 x lo6 

6.2 x lo6 

5.6 x lo6 

2.4 x 105 
(1.83 X 106) 

4.1 X 105 
(4.0 X lo6) 
5.6 X lo6 

(6.1 X lo6) 
1.3 X 106 

9 x 105 
(4.9 x 106) 

(4.7 x 106) 

a Organisms received a uv dose of 37.5 ergs/mm2 followed by liquid holding in the dark at 37" for the times 
shown. Samples were plated on nutrient agar without and with nalidixate as shown. The numbers in parentheses 
indicate the numbers of "nonsurvivors" at each time due to nalidixate. 



showed an interesting increase in thermal 
sensitivity due to the drug (22). 
Discussion. These experiments have 

shown nalidixate to be a potent inhibitor of 
post-uv survival of E. coli B, TAU-bar, and 
Ts-7 when included in the plating medium. 
Strains B/r and B, - 1, which show increased 
resistance and sensitivity, respectively, to uv 
irradiation did not show the post-uv drug 
effect. The vulnerability to nalidixate could 
be abolished by p ho toreactiva tion, i mplica t - 
ing pyrimidine dimers as the lesion involved 
in the drug effect. The finding that the in- 
creased post-uv survival resulting from liq- 
uid holding was not inhibited by inclusion of 
drug in the holding medium indicated that 
the drug effect is not a simple inhibition of 
excision repair. In fact, the additional find- 
ing that LH actually increased the number 
of nonsurvivors due to nalidixate suggested 
either that a postreplicative process is in- 
volved in repairing lesions not repairable 
during the holding phase or that LH repair 
is not completed until the next round of 
replication, thus expressing the drug-vulner- 
able step only on growth medium. The lack 
of drug effect on the limited post-uv survival 
of B, - suggested that the drug-vulnerable 
step depended on the excision repair sys- 
tem, and furthermore that the drug effect is 
not simply interfering with the organism’s 
ability to tolerate persistent pyrimidine 
dimers. The drug resistance of B/r may 
mean that its uv resistance has resulted from 
a generous excess of the enzyme step(s) 
vulnerable to the drug. 

The relationship between the present 
findings and previous reports that nalidixic 
acid prevented conversion of “small” to 
“large” DNA in E. coli after severe uv dam- 
age is not clear since the earlier experiments 
employed concentrations of the drug some 
lo3 higher under conditions where there was 
no survival of the organisms (1 2). The pres- 
ent findings are also interesting in light of 
the recent report that post-uv repair synthe- 
sis was not inhibited by large concentrations 
of nalidixic acid (1 3). 

These findings with nalidixic acid suggest 
that it may be an agent of considerable in- 
terest in elucidating the mechanisms and 
biological consequences of DNA repair. 

Summary. Nalidixate inhibited the post- 

but not Bs-1 or B/r when included in the 
plating medium. Removal of the drug sensi- 
tivity by photoreactivation was consistent 
with pyrimidine dimers as the target for the 
effect. Nalidixate did not inhibit liquid- 
holding recovery from uv when included in 
the holding medium, but survival was in- 
hibited if the drug was in the subsequent 
plating medium. In fact, there was an actual 
increase in the number of nonsurvivors due 
to the drug following a period of holding. 

274 NALIDIXATE INHIBITION OF POST-UV SURVIVAL 

, 

uv survivai of E. coli B. TAU-bar and Ts-7, L J I .  

1. Boyce, R. P. and Hward-Flanders, P., Proc. Nat. 

2. Setlow, R. B., and Carrier, W. L., Proc. Nat. Acad. 

3. Pettijohn, D., and Hanawalt, D. M., J. Mol. Biol. 9, 

4. Rupp, D., and Howard-Flanders, P., J. Mol. Biol. 

5 .  Bridges, B. A., Nature (London) 240, (1972). 
6. Cleaver, J. E., Radiat. Res. 37, 334 (1969). 
7. Rupert, C. S., Goodgal, S. H., and Herriott, R. M., 

J. Gen. Physiol. 41, 451 (1958). 
8. Deitz, W. H., Cook, T. M., and Goss, W. A., J. 

Bacteriol. 91, 768 (1966). 
9. Goss, W. A., Deitz, W. H., and Cook, T. M., J. 

Bacteriol. 89, 1068 (1965). 
10. Boyle, J. V., Cook, T. M., and Goss, W. A., J. 

Bacteriol. 97, 230 (1969). 
11. Pedrini, A. M., Geroldi, D., Siccardi, A., and Fa- 

lashi, A., Europ. J. Biochem. 25, 359. 
12. Eberle, H., and Masker, W., J. Bacteriol. 105,908 

(1 97 1). 
13. Simon, T. J., Masker, W. E., and Hanawalt, P. C., 

Biochim. Biophys. Acta 349, 2744 (1974). 
14. Witkin, E. M., Proc. Nat. Acad. Sci. USA 50,425 

(1 963). 
15. Lankford, J. C., and Yielding, K. L., Biochem. 

Biophys. Res. Commun. 44, 224 (1971). 
16. Yielding, K. L., Gaudin, D., and Yielding, L., Proc. 

SOC. Exp. Biol. Med. 133, 999 (1970). 
17. Lerman, L. L., J. Mol. Biol. 3, 18 (1961). 
18. Cohen, S. N., and Yielding, K. L., J. Biol. Chem. 

240, 3123 (1965). 
19. Hurivitz, J., Furth, J. J., Malamy, M., and Alex- 

ander, M., Proc. Nat. Acad. Sci. USA 48, 1222 
( 1 962). 

20. Cohen, S. N., and Yielding, K. L., Proc. Nat. Acad. 
Sci. USA 54, 521 (1965). 

21. Pauling, C., and Hamm, L., Proc. Nat. Acad. Sci. 
USA 60, 1495 (1968). 

22. Nishida, M., Mishima, Y., Kawada, J., and Yield- 
ing, K. (In Press.) Antimicrob. Ag. Chemother., 
Sept. issue (1975). 

Acad. Sci. USA 51, 293 (1964). 

Sci. USA 51, 226 (1964). 

395 (1954). 

31, 291 (1968). 

Received September 2, 1975. P.S.E.B.M. 1976, Vol. 
1 c1 


