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A number of mutants of Escherichia coli defective in the ung gene (structural
gene for uracil-deoxyribonucleic acid [ura-DNA] glycosylase) are shown to be
abnormally sensitive to treatment with sodium bisulfite when compared with
congenic ung' strains. These results provide further evidence that sodium bisul-
fite causes the deamination of cytosine to uracil in DNA and that ura-DNA
glycosylase is required for the repair of U-G mispairs. The effect of the chemical
is apparently selective with respect to base damage; coliphages containing cytosine
in their DNA are inactivated by treatment with sodium bisulfite, whereas those
containing hydroxymethylcytosine are not. ura-DNA glycosylase and the major
apurinic-apyrimidinic endonuclease of E. coli may function in the same repair
pathway, since the extent of inactivation of a congenic set of strains which are
ung xth (structural gene for the major apurinic-apyrimidinic endonuclease of E.
coli) or ung xth+ is the same.

A number of studies in recent years have
supported the existence of a base excision repair
mode for the removal of uracil from the DNA of
living cells. Experimental evidence for this repair
mode is based partly on the isolation of an
enzyme termed uracil-DNA glycosylase (ura-
DNA glycosylase) from a number of procaryote
and eucaryote sources (2, 7, 9, 11, 17, 20, 23). In
vitro the enzyme catalyzes the release of uracil
as the free base from either single- or double-
stranded DNA or deoxyribopolymers (2, 23).
Studies with Escherichia coli have shown that
uracil normally incorporated into DNA during
DNA synthesis is excised in wild-type cells but
not in mutants defective in ura-DNA glycosylase
(ung). Such mutants consequently accumulate
significant amounts of uracil in their DNA (16,
29, 39-42). Similar results have been obtained
with Bacillus subtilis (28, 38) and with polyoma
DNA (1).

Uracil in DNA can also be generated by the
deamination of cytosine. This process occurs
spontaneously in a temperature-dependent re-
action with measurable rate constants (24). Cy-
tosine deamination is greatly facilitated by treat-
ment with certain chemicals that promote this
reaction (14, 31, 32, 34, 37, 43). We have previ-
ously reported that ung mutants of E. coli are
abnormally sensitive to nitrous acid compared
with ung+ controls (3). However, this compound

has pleiotropic effects on DNA. In addition to
the deamination of cytosine, it promotes the
deamination of adenine and guanine and is also
reported to cause cross-links (6). To study the
molecular mechanisms of uracil excision repair,
including the biochemical steps that follow re-
moval of the base, we have sought an agent that
is more selective in its effect on DNA.

Studies on the interaction of sodium bisulfite
with bases, nucleosides, nucleotides, and DNA
suggest that this chemical may fulfill the selec-
tivity we seek. Sodium bisulfite has been re-
ported to cause adduct formation with both
thymine and cytosine and to promote DNA-
protein cross-linking and free radical formation
(14). However, in a recent comprehensive re-
view, Hayatsu (14) has indicated that bisulfite-
induced deamination of cytosine in DNA is
highly selective under defined experimental con-
ditions. Under these conditions no deamination
of adenine or guanine moieties is detected. Al-
though bisulfite-thymine adducts are formed,
these are transient and readily reversible (15).
In the present studies we show that treatment
of E. coli with sodium bisulfite under defined
experimental conditions causes inactivation of
the organism and that all ung strains tested are
more sensitive to this inactivation than congenic
ung+ strains. Strains defective in the major apu-
rinic-apyrimidinic (AP) endonuclease of E. coli
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(xth) are also abnormally sensitive to treatment
with sodium bisulfite; however, strains bearing
the double mutation ung xth are no more sen-
sitive than either congenic single mutant. (The
term AP endonucleases was adopted for general
use at the ICN-UCLA Winter Conference on
DNA Repair Mechanisms [see reference 25] to
designate a general class of endonucleases that
catalyze hydrolysis of phosphodiester bonds in
DNA containing either apurinic or apyrimidinic
sites.) On the other hand, mutants defective in
both DNA polymerase I activity and ura-DNA
glycosylase activity are more sensitive than con-
genic ung mutants. In addition, we show that T-
odd phages are sensitive to sodium bisulfite,
whereas T-even bacteriophages (which contain
hydroxymethylcytosine [HMC] in their DNA
instead of cytosine) are insensitive to inactiva-
tion by sodium bisulfite under our experimental
conditions.

MATERIALS AND METHODS
Bacterial and phage stocks. Table 1 lists the

bacterial strains used and their origins. All strains
were maintained on 1.5% agar plates with 1% tryptone
(Difco), 0.5% yeast extract (Difco), and 1% sodium
chloride. Bacteriophages T2, T3, T4, T5, and T7 are
maintained in our laboratory. Phage T4 2095 was
generously provided by John S. Wiberg and contains
the following mutations: amN55X5 (gene 42); amE51

Strain

W3110
PA3306

BD10
BD13
BD1117

BD1118
BD1119,
BD1180

BD1179
BD1154

BD1153
BKT406
BKT411 J
BW273
BW271

BW275 [
BW277 J

(gene 56); nd28 (gene denA); H23 (denB); alc (gene
alc). This mutant was grown in E. coli strain K803 to
generate phages containing HMC in their DNA. When
grown on strain B834 this phage has most, if not all, of
its HMC replaced by cytosine (J. S. Wiberg, personal
communication). To prepare phage with cytosine-con-
taining DNA, strain T4 2095 was plaque purified on
E. coli K803 and then grown in E. coli B834 with four
serial passages. For all phage production cells were
grown in double-strength nutrient broth and infected
at a multiplicity of approximately 1.0. Cultures were
incubated with shaking at 37°C for 3 h, after which
chloroform was added to complete cell lysis.

Enzymes. Purified E. coli ura-I)NA glycosylase
was a gift from Bruce IDuncan.
Measurement of bacterial sensitivity to so-

dium bisulfite. For experiments with stationary-
phase cells, bacteria were grown overnight in double-
strength nutrient broth (Difco) at 37°C. Cells were
harvested by centrifuging 10.0 ml of the culture at
6,000 x g for 10 min, and the pellets were resuspended
in 10.0 ml of 0.1 M sodium phosphate buffer, pH 5.3.
For experiments with logarithmically growing cells,
bacteria from overnight cultures were diluted 1:10 in
double-strength nutrient broth and grown to a density
of 2 x l0' cells per ml. Cultures (50 ml) were centri-
fuged as described above and resuspended in 10.0 ml
of 0.1 M sodium phosphate buffer, pH 5.3. In all
experiments in which pairs of strains were compared
in logarithmic phase, growth rates were monitored and
found to be essentially identical.
Sodium bisulfite solution was prepared immediately

Source

Bruce Duncan (4)
Bruce Duncan (4)

Bruce Duncan (4)
Bruce Duncan (4)
Bruce Duncan

Bruce Duncan
Bruce Duncan
Bruce Duncan

Bruce Duncan
Bruce Duncan

Bruce Duncan
Bik-Kwoon Tye
Bik-Kwoon Tye
Bernard Weiss
Bernard Weiss

Bernard Weiss
Bernard Weiss

congenica

congenica
BD1180, ung-1
thi-1 argHl lacYl maLA1 xyl-7 rha-6 ara-13 gal-7
rpsL9 tonA2 supE44 T2r rel-1?

congenica BD1154, ung-1
BD1154, poli b
BD1153, polAIb
Hfr rel-1 ton-10 at 81 min
BW273, ung-1

congenica
BW273, ung-1 A(pncA-xth)
BW273, A(pnc-xth)

TABLE 1. Bacterial strains used

Genotype

thyA deo-?
thi-1 argHl nadB4 purI66 lacY1 maLA1 xyl- 7 ara-13

mtl-2 gal-16 rspL9 tonA2 supE44
W3110, ung-1
W3110, ung-2
thi-1 argHl lacYl maLA1 mtl-2 xyl-7 ara-13 gal-6
rpsL9 tonA2 A supE44

BD1117, ung-1
BD1117, ung-1
thi-1 pyrE lac(MS286) 480dII lac(BK1) Strr

a The term congenic refers to a set of strains derived by phage P1 transduction from a single parent. In one
case strain BKT406 was derived from parent strain BD1154, whereas strain BKT411 was derived from parent
strain BD1153. However, BD1154 and 1153 are also related by PI transduction.

'The polA mutation is derived from strain BT4113, which at 30°C has approximately 20% of the wild-type
DNA polymerase activity and about 80% of the wild-type 5' -- 3' exonuclease activity (30).
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before use as follows. A solution of 1.0 M sodium
bisulfite and 0.05% sodium thioglycolate was prepared
in 0.2 M sodium phosphate buffer (pH 6.0), to give a
final pH of 5.3. The solution was sterilized through a
prewashed 0.45-jm Millex filter (Millipore Corp.).
Sterile sodium bisulfite (18.0 ml) was transferred to
sterile, screw-capped, 25-ml Erlenmeyer flasks. Bac-
terial suspension (2.0 ml at 10" cells per ml) was added
to each, and the flasks were gassed for approximately
30 s with nitrogen and then sealed tightly. The flasks
were incubated in a shaking water bath at 37°C. At
designated time intervals 1.0 ml of each sample (con-
taining 108 cells) was removed and added to 9.0 ml of
sterile 0.1 M Tris-hydrochloride buffer, pH 8.5. A
second dilution (1:10) was immediately made in the
same buffer, and samples were placed on ice for a
minimum of 10 min before making serial dilutions in
0.1 M Tris-hydrochloride buffer at pH 8.5 and plating
on yeast extract-tryptone plates. After removal of
samples for each time point, the flasks were regassed
with nitrogen before continuing the incubation. The
pH of each incubation with sodium bisulfite was meas-
ured before and after the experiment and showed very
little, if any, change. Control incubations without the
addition of sodium bisulfite were performed in 0.9 M
NaCl plus 0.2 M sodium phosphate buffer, pH 5.3.
Measurement of phage sensitivity to sodium

bisulfite. Phage were diluted into a solution contain-
ing 0.1 M NaCl, 1.0 mM MgCI2, and 0.1 mM CaCl2 to
give a final concentration of 108 plaque-forming units/
ml in all cases except the experiments with strain T4
2095, in which case the starting concentration of both
the mutant and its wild-type T4 partner were 106
plaque-forming units/ml. Treatment with sodium bi-
sulfite was carried out as described for the bacteria. In
most cases phage were titrated on E. coli BD1117
(ung+). Strain 2095 and its wild-type T4 partner were
titrated on E. coli K803. Control incubations were
performed with phage in 0.9 M NaCl in 0.2 M sodium
phosphate buffer, pH 5.3.
Assay of ura-DNA glycosylase. All ung strains

were tested for ura-DNA glycosylase activity and
found to contain less than 1% wild-type levels. Cells
were grown to stationary phase in double-strength
nutrient broth and harvested by centrifugation at 6,000
x g for 10 min. Cells were resuspended in 10mM Tris-
hydrochloride buffer, pH 7.5, and sonically treated in
a Sonifier cell disruptor, model 350 (Branson Sonic
Power). The extract was clarified by centrifugation at
27,000 x g for 90 min at 40C and made 5.0 M with
respect to NaCl. Nucleic acid was removed from the
supernatant by phase partitioning in polyethylene gly-
col 6000 and dextran 500 (10). The polyethylene glycol
phase was extensively dialyzed against 10 mM Tris-
hydrochloride buffer (pH 7.5) containing 6% polyethyl-
ene glycol. This fraction was assayed for ura-DNA
glycosylase activity according to the procedure of
Duncan et al. (5). Incubation mixtures (0.15 ml) con-
tained [3H]polydeoxyuridylic acid (75 pmol as nucleo-
tide), 10.0 mM Tris-hydrochloride buffer, pH 7.5, 25
mM NaCl, 1 mM EDTA, 0.1% bovine serum albumin,
and 2 to 20 ,ug of protein. Incubations were for 20 min
at 37°C. ura-DNA glycosylase activity was measured
by the release ofacid-soluble radioactivity as described
previously (5).

Detection of uracil in the DNA of bacteria and
bacteriophage. DNA from E. coli strain 15 T and
bacteriophages T2 and T5 were labeled with [3H]-
thymine and purified as previously described (10). The
specific activity of the E. coli DNA was 3.5 x 103 cpm/
jug, and those of T2 and T5 DNA were 2.54 x 104 and
5.66 x 108 cpm/,ug, respectively. E. coli DNA (5.0 ml
at 440 ,tg/ml), T2 DNA (1 ml at 18 jig/ml), and T5
DNA (1 ml at 12 yg/ml) in 10 mM Tris-hydrochloride
buffer (pH 7.6) plus 1 mM EDTA were alkali dena-
tured by titrating with 1 N NaOH to a final pH of 12.3.
The DNAs were held at this pH for 10 min and then
neutralized with 1 N HCI and dialyzed against 2 liters
of 10 mM Tris-hydrochloride buffer, pH 7.6. One mil-
liliter of each DNA sample was mixed with an equal
volume of 0.1 M sodium phosphate buffer, pH 5.3.
Each solution was placed in a small vial and made 0.9
M with respect to sodium bisulfite and 0.05% with
respect to sodium thioglycolate. The vials were gassed
with nitrogen, sealed, and incubated in a shaking water
bath at 37°C for 2 h, after which the pH of the DNA
solutions was adjusted to 8.4 with 1 M Tris base and
each solution was kept on ice for 30 min. The DNA
was then dialyzed against 10 mM Tris-hydrochloride
buffer, pH 8.1.

Sodium bisulfite-treated DNA was incubated with
purified E. coli ura-DNA glycosylase. Incubation mix-
tures (50 pl) contained E. coli DNA (1.9 ,ug), T2 DNA
(0.19 ,ug), or T5 DNA (0.28 ug), 1 mM EDTA and 10
mM Tris-hydrochloride buffer (pH 7.6) and 34 U of
ura-DNA glycosylase; control incubations contained
no enzyme. Incubations were at 37°C for 60 min, after
which 50 pl of each sample was layered onto density
gradients containing 5 to 20% sucrose in 0.1 N NaOH
with 0.4 M NaCl and 0.1 mM EDTA. The gradients
were centrifuged in an SW 50.1 rotor (Beckman In-
struments). (See legend 6 for details.) Fractions were
collected, and the radioactivity was measured by liquid
scintillation spectroscopy.

RESULTS
Incubation of E. coli with 0.9 M sodium bi-

sulfite under the conditions described in Mate-
rials and Methods results in inactivation of cells
(Fig. 1). This killing is not a result of the acid
pH or of the relatively high ionic strength of the
bisulfite as indicated by the results obtained in
control incubations at pH 5.3 and 0.9 M NaCl
(Fig. 1). In any single experiment in which the
inactivation of congenic ung+ cells was com-
pared, the extent of killing was identical within
experimental error. However, despite the estab-
lishment of a standard experimental protocol,
variation in the absolute amount of cell killing
for any given strain was observed in different
experiments. This variation probably arises from
the marked lability of sodium bisulfite. In addi-
tion, we have observed that the sensitivity of
different wild-type strains of E. coli to sodium
bisulfite varies, and for this reason we have
mainly considered comparisons between con-
genic strains.
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FIG. 1. Effect of 0.9 M sodium bisulfite at pH 5.3
and 0.9M sodium chloride atpH 5.3 on the survival
of stationary-phase E. coli. Symbols: (0) strain
BD1180 (ung+) treated with sodium bisulfite; (0)
strain BD1180 (ung+) treated with sodium chloride;
(A) strain BD1179 (ung) treated with sodium chlo-
ride. The survival of these strains when tested in
logarithmic growth in the presence of 0.9 M sodium
chloride at pH 5.3 was essentially identical to the
results shown in stationary phase. Further experi-
mental details are provided in the text.

We found that all strains tested were signifi-
cantly more sensitive to sodium bisulfite when
treated in the logarithmic phase of growth than
when treated in the stationary phase of growth
(Fig. 2). As indicated under Materials and Meth-
ods, to minimize this factor as an experimental
variable, all strains tested in any single experi-
ment were grown to the identical cell density,
and their growth kinetics were routinely moni-
tored.
The differential sensitivity of ung+ and ung

strains to sodium bisulfite was tested in an ex-

tensive series of experiments with cells in either
the stationary (14 experiments) or the logarith-
mic (14 experiments) phase of growth. Four dif-
ferent sets of congenic strains (Table 1) were

examined as well as two original ung isolates
(Table 1). The latter were compared directly
with the wild-type parent from which they were

derived by mutagenesis (4) (Table 1). Of the
total experimental trials, in only two experi-

ments (one in logarithmic phase and one in
stationary phase) with the congenic pair
BD1117/BD1118 was there an equivocal result.
In all other cases the ung strain was reproduc-
ibly more sensitive to sodium bisulfite than the
ung+ partner. Results of typical experiments
with the congenic pair BD1117/BD1119 tested
in logarithmic and stationary phases are shown
in Fig. 2. Qualitatively similar results were ob-
tained with the other congenic strains tested
(data not shown). Our general impression based
on multiple experiments is that the difference in
cell killing between ung and ung+ strains was
greater in the stationary than in the logarithmic
growth phase. However, in most instances the
shape of the survival curves was not sufficiently
linear to accurately measure quantitative differ-
ences in the slope of the curves.

The sensitivity of strain BW275 (xth ung) was
no greater than that of either of the congenic
strains BW277 (xth ung+) and BW271 (xth+
ung) (Fig. 3). Strain BKT406 (polA ung+) was
more sensitive to sodium bisulfite than the con-
genic strain BD1153 (polAU ung) (Fig. 4a). How-
ever in independent experiments, strain BKT411
(polA ung) showed the same sensitivity as the
congenic strain BKT406 (Fig. 4b).
We also tested the sensitivity of a number of

bacteriophages to sodium bisulfite treatment. In
all cases the T-odd series of bacteriophages
(which contain cytosine in their DNA) were
slightly sensitive to the chemical, whereas the
T-even phages (which contain HMC in their
DNA) were insensitive (Fig. 5a). In addition,
when phage T4 2095 was grown under conditions
promoting the retention of cytosine in its DNA,
selective inactivation was observed compared to
wild-type phage T4 (Fig. 5b).
When [ H]thymine-labeled E. coli DNA was

denatured in alkali and then incubated with
sodium bisulfite under the conditions used for
bacterial inactivation, sites sensitive to purified
E. coli ura-DNA glycosylase were detected by
alkaline lability (data not shown). Such sites
were also detected in bisulfite-treated denatured
T5 DNA, but not in T2 DNA similarly treated
(Fig. 6). Based on weight average molecular
weight differences, we calculated the presence of
approximately one endonuclease-sensitive site
per 6.4 x 106 daltons of T5 DNA.

DISCUSSION
We previously suggested the use of the term

"base excision repair" to make the distinction
between excision repair involving the removal of
free bases from DNA and that involving removal
of nucleotides (nucleotide excision repair) (5, 8).
A number of authors (3, 18, 40; T. Lindahl, Prog.
Nucleic Acid Res. Mol. Biol., in press) have

J. BACTERIOL.
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FIG. 2. Comparative sensitivity of strains BD1II17 (ung+) and BDJJ19 (ung) to treatment with sodium

bisulfite in logarithmic phase (a) or stationary phase (b). See text for further experimental details.

100 proposed models for base excision repair, all of
which include the initial enzyme-catalyzed re-

* ~~~~~~~~movalof the free base followed by endonucleo-
0 ~~~~~~~lyticincision at the sites of base loss, excision of

the deoxyribose residue (possibly with other nu-
cleotides), DNA resynthesis, and rejoining. Ex-

\\\* perimental support for such a general mecha-
nism of repair comes from both enzymological

o\Qx and biological studies. Concerning the former,
there are two classes of enzymes that are
uniquely suited for a direct role in such a model,

_J \^ \DNA glycosylases and AP endonucleases. The
> isolation and properties of a number of examples
> \A of both classes of enzymes have recently been

reviewed by Lindahl (22; Lindahl, in press),
Friedberg et al. (7), and Linn (25).

Oe vBiological evidence for a base excision mode
in E. coli during the repair of DNA containing
U:A base pairs has been provided (29, 39-42, 44).
Uracil is incorporated into DNA, occasionally
replacing thymine during DNA replication. The
extent of uracil incorporation is apparently a
reflection of the intracellular dUTP pool size,
since in dUTPase-defective strains (dut) this

0 30 60 90 120
TIME OF INCUBATION (mins) xth) (A), and BW277 (ung+ xth) (0) to sodium bisul-

FIG. 3. Comparative sensitivity of strains BW273 fite. The cells were grown to stationary phase. See
(ung+ xth+) (), BW271 (ung xth+) (A), BW275 (ung text for further experimental details.
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FIG. 4. Comparative sensitivity ofstrains BD1154 (ung+polA), BD1153 (ungpolA), BKT406 (ung+ poLA),
and BKT411 (ungpolA) to sodium bisulfite. (a) *, BD1154; 0, BD1153; 4 BKT406. (b) *, BD1154; A, BKT406,
A, BKT411. Only a single data point (at 30 min of incubation) is shown for strain BKT406 in (a) since the 60-
and 90-min time points showed 0.001% survival. The experiments wereperformed on cells in stationary phase.
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FIG. 5. Comparative sensitivity of (a) T-odd and T-even phages and (b) phage T4 (wild type) (0) and
T42095 (0) to treatment with sodium bisulfite. See text for further experimental details.
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FIG. 6. Sedimentation profiles of phage T2 DNA (left) and phage T5 DNA (right) treated with sodium
bisulfite. Preparation of DNA, treatment with sodium bisulfite, and incubation with or without ura-DNA
glycosylase are described in the text. The open symbols indicate incubation in the presence of ura-DNA
glycosylase and the closed symbols indicate incubation in its absence. Phage DNA treated with sodium
bisulfite was centrifuged for 3 h at 35,000 rpm.

phenomenon is exaggerated. Under these con-
ditions the presence ofnormal levels ofura-DNA
glycosylase and AP endonuclease(s) results in
strand breaks in newly replicated DNA, gener-
ating so-called short Okazaki fragments. These
fragments are not observed in ung strains, how-
ever. In addition, the conversion of short DNA
fragments to higher-molecular-weight DNA fails
to occur in strains of E. coli defective in DNA
polymerase I activity or DNA ligase. Thus, these
studies support a model of base excision repair
in E. coli involving at least ura-DNA glycosy-
lase, AP endonuclease(s), DNA polymerase I,
and DNA ligase.
We have investigated the molecular mecha-

nisms of the repair of uracil present as a mis-
paired base in DNA (and hence potentially mu-
tagenic) arising by cytosine deamination. The
hydrolytic deamination of cytosine and cytidine
has been investigated by Shapiro and Klein (35),
and that of cytosine monophosphate has been
investigated by Lindahl (19). More recently, Lin-
dahl and Nyberg (24) investigated the heat-in-
duced deamination of cytosine in single- and
double-stranded E. coli DNA and in various
deoxyribopolymers. At physiological ionic
strength and pH the reaction for denatured E.
coli DNA has been measured at a rate of k = 2.2
x 10-7 s-' at 95°C. The expected rate at 37°C
has been calculated at k = 2 x 10-"' s'. Cytosine
deamination is effectively enhanced by a number
of reagents such as nitrous acid (6, 31, 32) and
sodium bisulfite (14, 15, 34, 36). We previously
reported that mutants of E. coli defective in ura-
DNA glycosylase, DNA polymerase I (either the
polymerizing or the 5' -- 3' exonuclease moiety
of this enzyme), or exonuclease III (which is the
major AP endonuclease activity in E. coli) are

abnormally sensitive to nitrous acid treatment
(3). More recently, Making and Munakata (27)
reported that a mutant of B. subtilis defective
in ura-DNA glycosylase activity (urg) was not
abnormally sensitive to treatment with sodium
nitrite. However, in our hands and in those of
others (4), the preparation and use of nitrous
acid for bacterial inactivation studies requires
great care due to the extreme lability of the
compound, and it is not clear that the procedure
used by Makino and Munakata is comparable to
that reported by Da Roza et al. (3). In our
opinion, the stringent substrate specificity of
ura-DNA glycosylase suggests that the increased
sensitivity of ung mutants to nitrous acid results
from the deamination of cytosine in vivo. How-
ever, in view of the pleiotropic effects of nitrous
acid on DNA, including alteration of purines,
depurination, and DNA cross-linking, the rela-
tionship ofthepoLA and xth genes to the excision
repair of uracil is less clear in that experimental
system.

In the present studies we have investigated
the repair of uracil arising from the interaction
of cytosine in DNA with sodium bisulfite. This
agent appears to be much more selective in its
action than nitrous acid (14). Under the condi-
tions used in our experiments purines are not
deaminated, and although thymine-bisulfite ad-
ducts can be formed, their yield is very poor and
they are readily reversible. Hayatsu et al. (15)
found that treatment of thymine with 1 M so-
dium bisulfite at room temperature and pH 6 to
7 followed by dilution in phosphate buffer at pH
7 resulted in quantitative recovery ofthe starting
material. Even heating at 60°C with 3M sodium
bisulfite at pH 6 did not result in thymine mod-
ification (15). The deamination of cytosine is

T5 DNA
- NaHS03- <S

_ TREATED II
0

I
,'v

No Enzynm=' ,P \

- f ,P Plus Enzyme *
-~~~~~~b

p
Crcr~~~~~~~~~~00-,j%.fO.I.I.II.I.I.II. I1I
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believed to occur in a three-step process involv-
ing (i) the acid-dependent formation of a cyto-
sine-bisulfite adduct, (ii) its deamination to a
uracil-bisulfite adduct, and (iii) the alkali-de-
pendent loss of the bisulfite ion to give uracil.
Sodium bisulfite is very readily oxidized, and
free radicals so generated can be reactive toward
nucleic acids. However, as pointed out by Hay-
atsu (14), the use of free radical scavengers or
anaerobic conditions reduces this problem.
Moreover, most of the free radical reactions are
difficult to accomplish at high concentrations of
bisulfite.
The present studies provide direct evidence

that the treatment ofDNA with sodium bisulfite
under defined experimental conditions results in
the formation of uracil. Thus, when either E.
coli or phage T5 DNA are incubated with puri-
fied ura-DNA glycosylase from E. coli and then
sedimented in alkaline sucrose gradients, alka-
line-labile sites are detected only in the bisulfite-
treated DNA. Since this enzyme probe does not
recognize hydroxymethyluracil in DNA (9), our
failure to observe enzyme-sensitive sites in the
phage T2 bisulfite-treated DNA does not indi-
cate the absence of this base. However, after
treatment of intact phages with sodium bisulfite,
the T-odd series were always more sensitive to
killing than the T-even series. In addition, a
mutant of T4 containing cytosine in its DNA
rather than HMC was also more sensitive. These
results suggest that deamination of HMC and/
or of the glucosylated form of this base occurs at
a significantly lower frequency than that of cy-
tosine, if at all. According to Hayatsu (14), bi-
sulfite reactions with 5-HMC derivatives have
not been reported. Since the substitution in the
5-position of cytosine and its glucosylation are
the only known features that distinguish the
chemistry of DNA in the T-even and T-odd
bacteriophages, the relative insensitivity of the
former to sodium bisulfite supports the stringent
specificity of this reagent for cytosine in DNA.
An alternative explanation is that hydroxymeth-
yluracil is indeed formed in the DNA of T-even
phages treated with sodium bisulfite, but this
base is efficiently repaired by an excision repair
pathway involving a phage-coded hydroxymeth-
yluracil-DNA glycosylase. However, we have
failed to detect such an activity in extracts of
T4-infected E. coli using labeled SPOl DNA
(which naturally contains hydroxymethyluracil)
as a substrate (R. Simmons and E. C. Friedberg,
unpublished data).

In our hands all ung strains of E. coli tested
are reproducibly more sensitive to sodium bi-
sulfite treatment than their congenic ung+ par-
ents. Thus, ura-DNA glycosylase is clearly in-
volved in the repair of uracil arising from the

deamination of cytosine in vivo. The observation
that E. coli strains are more sensitive to sodium
bisulfite in logarithmic than in stationary phase
is consistent with the known affinity of the re-
agent for single-stranded DNA, since one might
expect that in actively growing logarithmic-
phase cultures, the concentration of single-
stranded regions associated with DNA replica-
tion would be greater than in stationary-phase
cells. However, such a direct correlation has not
been experimentally demonstrated in our studies
and other explanations are equally tenable.

Since the repair of uracil incorporated into
DNA during semiconservative DNA synthesis
has an apparent requirement for AP endonucle-
ase(s), DNA polymerase I, and DNA ligase (39,
40, 42, 44), it is of interest to ask whether the
repair of uracil arising by cytosine deamination
(and hence mispaired with guanine) occurs by
the same enzymatic pathway. Our observation
that xth mutants defective in the major AP
endonuclease of E. coli do not demonstrate an
additive sensitivity to sodium bisulfite when cou-
pled with an ung mutation suggests that these
two genes function in a common pathway of
repair. These results also suggest that other
endonucleases reported to attack sites of base
loss in DNA in vitro are not biologically relevant
to this form of DNA repair. This is not too
surprising since these enzymes have been re-
ported to be present in small amounts in cell-
free systems (12, 13, 26). Finally, the observation
that xth mutants are as sensitive to sodium
bisulfite as ung mutants argues against alterna-
tive repair mechanisms in E. coli such as the
direct reinsertion of cytosine (or thymine in the
case of U:A base pairs) after ura-DNA glycosy-
lase-catalyzed base excision. These arguments
are supported by the studies of Weiss et al. (44),
who have observed that mutants defective in
both dUTPase activity (dut) and the major AP
endonuclease (xth) are inviable in the presence
of the ung+ genotype. In addition, studies by
Friedberg and Lindahl (unpublished data) have
failed to detect any activity in extracts of E. coli
that inserts cytosine into E. coliDNA containing
depyrimidinated sites. In these studies cytosine
in DNA was deaminated by alkali treatment
according to the procedure of Ullman and
McCarthy (43) and the DNA was reannealed.
The uracil present was removed by preincuba-
tion with purified ura-DNA glycosylase, and the
DNA was incubated with extracts in the pres-
ence of [14C]cytosine or -deoxycytidine.
The results obtained with the polA ung dou-

ble mutant might suggest more than a single
repair pathway operating after sodium bisulfite
treatment of E. coli. In our view the most likely
interpretation of the increased sensitivity of this
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mutant is that DNA strand breaks which cannot
be repaired by polA mutants are produced by
free radicals generated during the incubation,
despite the anaerobic conditions of the experi-
ments. This notion is supported by our obser-
vations that when DNA is treated with sodium
bisulfite in vitro, a significant reduction in the
molecular weight of the DNA is observed rela-
tive to untreated DNA (unpublished data).
On the basis of these results we postulate that

treatment of E. coli with sodium bisulfite causes
two distinct effects on DNA. One effect is the
deamination of cytosine to uracil, the repair of
which requires ura-DNA glycosylase, AP endo-
nuclease, and probably also DNA polymerase I
and DNA ligase. The other effect is to cause
strand breaks, the repair of which requires at
least DNA polymerase I and presumably DNA
ligase activity.
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