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Both the lethal and the mutagenic actions of N-methyl-N*-nitro-N-nitrosoguanidine (MNNG) on cells of
Streptococcus pneumoniae were greatly potentiated by a component of yeast extract added to the cellular
environment. This component was found to be an oxidation product of glutathione, glutathione disulfide
(GSSG). At low concentrations in the medium, both GSSG and glutathione potentiated MNNG action, but at
high concentrations, glutathione (and other sulfhydryl compounds) abolished the effect. Point mutations in a
cellular gene conferred resistance to the potentiating effect, and they blocked uptake of either GSSG or
glutathione into the cells as well. This gene apparently encodes a component of the system for glutathione
transport in S. pneumoniae. The mechanism by which GSSG, an apparently innocuous substance in the
environment, renders low levels of MNNG genotoxic and cytotoxic thus depends on its transport into the cell,
where it is reduced by glutathione reductase and then activates intracellular MNNG. Also, it was observed that
mutants of S. pneumoniae defective in DNA mismatch repair are more resistant to MNNG than are wild-type
cells by a factor of 2.5.

The Hex DNA mismatch repair system of Streptococcus
pneumoniae acts on heteroduplex DNA formed during genetic
transformation and on incorrectly synthesized DNA made dur-
ing chromosomal replication (for a review, see reference 6).
The latter activity prevents mutations. Defects in the hex genes
block such repair. The sequences of the hexA gene (29) and of
the related mutS gene of Salmonella typhimurium (10) were
recently used to detect a homologous human mismatch repair
gene, defects of which were shown to cause human colon
cancer (8, 22). Some time ago, it was observed that mutants
with defective hex genes accumulated in cultures of S. pneu-
moniae mutagenized by repeated cycles of treatment with N-
methyl-N9-nitro-N-nitrosoguanidine (MNNG) (15). Whereas
mutations in other genes of S. pneumoniae were found with a
frequency of ;0.2%, the hex mutant frequency was as high as
50%. This suggested that the hex mutants might be relatively
resistant to MNNG and led to the studies reported here.
The carcinogen MNNG is known to exert its mutagenic and

lethal effects by methylation of DNA. Although its most prom-
inent products are 7-methylguanine and 3-methyladenine (21),
the formation of O6-methylguanine appears to be responsible
for its mutagenic action (7, 24). The Mut mismatch repair
system of Escherichia coli, which is related to the Hex system
(6, 10, 29), recognizes mismatches of O6-methylguanine with T
or C (7, 12). To exert its action, MNNG must be converted to
an active intermediate, methyldiazohydroxide; this occurs
slowly in aqueous solution, but the rate of activation can be
increased 100-fold by addition of sulfhydryl compounds (21).
While investigating the susceptibility of cells of S. pneu-

moniae to MNNG, we observed a powerful enhancement of
mutagenic and lethal action by addition of yeast extract (YE)

to the medium. A seemingly innocuous substance was found to
be responsible. The potential hazard of such interactions be-
tween chemical substances placed into our environment should
not be overlooked.

MATERIALS AND METHODS

Chemicals. MNNG, glutathione (GSH), glutathione disulfide (GSSG), thio-
glycolic acid, and NADPH were obtained from Sigma Chemical Co. Solutions of
MNNG and GSH were prepared immediately before use at 10 mg/ml in dimethyl
sulfoxide and water, respectively. Glycine-2-[3H]GSH, 1.0 Ci/mmol, in 10 mM
dithiothreitol, was obtained from Dupont. To prepare [3H]GSSG from this
material, dithiothreitol was extracted according to the method of Butler et al. (3),
and the remaining [3H]GSH was oxidized in air according to the method of Heijn
et al. (11). Attempts to convert small amounts of [3H]GSH to [3H]GSSG with
hydrogen peroxide by the method of Akerboom et al. (1) apparently produced a
further oxidation product, which was eluted between GSSG and GSH in the
fractionation procedure described below.
YE was prepared by crumbling 1 lb (ca. 0.5 kg) of fresh baker’s yeast into 1

liter of water and heating the suspension to the boiling point. After cooling and
removal of the sediment by centrifugation, the supernatant fluid was sterilized by
filtration.
Fractionation of GSH, GSSG, and YE. Various mixtures of labeled and unla-

beled GSH and GSSG with or without YE were applied to a column (1.5 by 45
cm) of polyacrylamide beads (BioGel-P2 [Bio-Rad]) and eluted with 50 mM
NaCl–10 mM sodium phosphate (pH 5.8). Fractions of 2 ml were collected.
Labeled compounds were detected by scintillation counting, bulk GSH or GSSG
was detected by A202, and MNNG potentiating activity in YE was detected by
bioassay.
Bacterial strains. Strains of S. pneumoniae are derivatives of R6 and include

216 (malM597), 706 (malM597 hexA4 nov), and 533 (sul str bry nov ery). Strains
1277 to 1282 are spontaneous mutants of 216 or 706 isolated as colonies resistant
to MNNG together with GSSG, GSH, or YE as follows: from strain 216, 1277
(GSSG), 1278 (GSH), 1281 (YE), and 1282 (YE); from strain 706, 1279 (GSSG)
and 1280 (GSH). Strains 1283 to 1288 are str transformants with DNA from
strain 533 of strains 1277 to 1282, respectively. Unless otherwise specified, cells
of strain 216 were used in the experiments.
Growth and transformation of bacteria. Cultures of S. pneumoniae were

grown in a semisynthetic medium and transformed as described previously (14).
To select transformants resistant to MNNG and GSSG, cells were plated in a
bottom agar layer containing MNNG at 30 mg/ml and GSSG at 10 mg/ml. They
were covered with a top agar layer containing one-third of the volume and triple
the concentrations of MNNG and GSSG to allow gradual diffusion of additional
amounts of the active agents into the bottom layer. To select for resistance to
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MNNG and GSH or YE, GSH at 10 mg/ml or 3% (vol/vol) YE replaced the
GSSG in the bottom layer and triple these concentrations replaced GSSG in the
top layer. Spontaneous mutants were obtained from platings of cells not treated
with DNA.
Assays for survival and mutagenesis. Portions of cultures grown to an optical

density at 650 nm of 0.2 (approximately 108 CFU/ml) were placed in tubes
containing various amounts of MNNG and potentiating agents, and 0.1-ml sam-
ples were taken after various periods of incubation at 378C and diluted into 0.9
ml of medium at 08C. Survival was determined by plating appropriate dilutions
in agar (14). For routine assays, samples were taken only at 0 and 60 min.
Potentiating activity in fractions was determined in the presence of MNNG at 15
mg/ml, a concentration that gives no killing by itself. Lethal units in the tested
sample were calculated as 2ln(S/S0), where S/S0 is the surviving fraction at 60
min.
For mutagenesis experiments, 1-ml portions of culture were treated as de-

scribed above and diluted into 1 ml of chilled medium. A sample was taken for
measurement of survival, and 0.8 ml was diluted into 7.2 ml of medium contain-
ing 0.2% sucrose and thymidine at 50 mg/ml. After incubation for 3 h at 378C for
expression of the mutations, the cells were centrifuged, washed with 2 ml, and
suspended in 0.9 ml of medium without sucrose. Samples were plated in medium
with 0.2% maltose to detect Mal1 mutants (14); in medium with 0.2% sucrose,
thymidine at 50 mg/ml, and trimethoprim at 20 mg/ml to detect Tmpr mutants
(presumably defective in the gene for thymidine synthetase [16, 27]); and in
medium with 0.2% sucrose for the total count of CFU.
Measurement of GSH and GSSG uptake. Cultures were grown to an optical

density at 650 nm of 0.2. After addition of [3H]GSH or [3H]GSSG at 50 nCi and
10 mg/ml, 1-ml portions were incubated at 378C for various periods and filtered
on Millipore disks. The cells were washed three times with 5 ml of chilled
medium, the disks were dried and placed in scintillation fluid, and the radioac-
tivity was counted.
GSH reductase assay. Cell extracts were prepared as described previously

(19), except that no dithiothreitol was added. Enzyme activity was determined
spectrophotometrically according to the method of Carlberg and Mannervik (4).

RESULTS

Resistance of hex mutants to MNNG. To test the relative
resistance to MNNG conferred by a hex mutation, we com-
pared an isogenic pair of strains, 216 and 706. Strain 216
contains mal597 and is wild type for hex. Strain 706 contains
hexA4 in addition to mal597. (It also contains nov, which was
used to introduce the hex mutation into strain 216 [18].) Sur-
vival of these two strains at two different MNNG concentra-
tions is shown in Fig. 1. The logarithmic killing rate in the
Hex2 strain was approximately 40% of that in the Hex1 strain
at both concentrations. The hexA4 mutant tested presumably
carries a missense mutation at a single site in the gene, because
in multiple dosage it shows a partial Hex1 phenotype (2).
Similar enhancement of survival was obtained (data not
shown) for a lengthy insertion mutation, hexA::cat-9 (29), and
for the hexB3 mutation, which occurred in another hex gene
identified in S. pneumoniae (2, 6). Several other isogenic pairs
of Hex1 and Hex2 strains also showed the same differential
killing (data not shown).
In examining the above survival data, we were puzzled by the

apparent resistance of the wild-type strains to MNNG, because
in the original experiments of mutagenesis with MNNG (15),
we found that survival was reduced to 0.1% at 60 min even with
an MNNG concentration of only 20 mg/ml. Those experiments
were different, however, in that YE had been added to the
medium. That the addition of YE remarkably affects the sur-
vival rate is shown in Fig. 2. When MNNG was added at 15
mg/ml to the medium in the absence of YE, no killing was
observed in this time period (data not shown). In the presence
of YE, survival at 60 min was reduced to 0.1% with this con-
centration of MNNG.
Identification of the factor in YE potentiating MNNG. Col-

umn fractionation of the potentiating activity in YE by gel
filtration and anion-exchange chromatography showed it to
behave predominantly as a single substance (data not shown).
From the sizing column, it appeared to have a molecular
weight between 500 and 2,000. Because sulfhydryl compounds

can activate MNNG (21, 25) and the oxidized form (GSSG) of
GSH has a molecular weight (612) in this range, we tested the
effect of these compounds on killing by MNNG. Concentra-
tions of either GSH or GSSG as low as 1 mg/ml greatly reduced
survival in the presence of MNNG (see Fig. 4, below).
To see whether the YE factor corresponded to GSSG, we

compared its behavior with GSSG on a gel filtration column
(BioGel-P2 [Bio-Rad]). We prepared labeled [3H]GSSG by air
oxidation of [3H]GSH and saw that it eluted at the position of
authentic GSSG (Fig. 3a); GSH was retained significantly
longer by the column. Fractionation of YE together with tracer
amounts of [3H]GSSG showed that most of the potentiating
activity eluted as a single peak at the position of GSSG, al-
though some activity eluted later, as a shoulder of the peak
(Fig. 3b). This behavior was reproducible. The major active
component of YE appears to be GSSG; the minor component
may be a further oxidation product of GSH (see Materials and
Methods).
Potentiation of both lethal and mutagenic effects of MNNG.

YE and GSSG both enhance the mutagenic effect of MNNG as
well as its lethal effect, as demonstrated in Table 1. Two types
of mutations were examined. The mutations to Mal1 represent
back-mutations of malM597 from G:C to A:T at position 2572
in the amylomaltase gene of S. pneumoniae (5). The mutations
to Tmpr, which confer trimethoprim resistance in the presence
of thymidine, correspond for the most part to forward muta-
tions in the gene for thymidylate synthetase (16, 27). They
relieve the biosynthetic demand for folate compounds, the
production of which is reduced by inhibitors of dihydrofolate
reductase, such as aminopterin or trimethoprim. The frequen-

FIG. 1. Sensitivity of Hex1 and Hex2 cells to MNNG. Closed symbols, Hex1

strain 216; open symbols, Hex2 strain 706. Circles, MNNG at 45 mg/ml; triangles,
MNNG at 75 mg/ml.
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cies of both types of mutants, which were barely affected by
MNNG alone at 15 mg/ml, were considerably increased by
addition of either YE or GSSG. The frequencies observed
were comparable to those obtained with MNNG alone at 60
mg/ml; that is, at a given level of survival similar frequencies
were found. This is evident from the similarity in mutant fre-
quencies per lethal hit (Table 1) and is consistent with a com-
mon activated form of MNNG in the presence and absence of
potentiation.
A comparison of the effects of various concentrations of

sulfhydryl compounds and GSSG on potentiation of the lethal
effect of MNNG gave insight into the mechanism of potentia-
tion. Although the lethal effect remained strong as the concen-
tration of GSSG increased 300-fold, high concentrations of
GSH reversed the effect of low concentrations and eliminated
the lethal effect (Fig. 4). This is interpreted to indicate that, at
low concentrations, GSH is taken up and concentrated by the
cells, where it activates internalized MNNG, but at high con-
centrations outside the cells, GSH can precociously activate
external MNNG, which decays without access to its DNA tar-
get. GSSG, which does not directly interact with MNNG, does
not show this effect. Another sulfhydryl compound, thioglycolic
acid, cannot potentiate the action of MNNG, as shown in Fig.
4. However, when MNNG is potentiated by addition of YE,
the further addition of higher concentrations of thioglycolic
acid reduces and eliminates the potentiation. These results can
be explained by the inability of the cells to take up thioglyco-
late (in contrast to GSH) and by its action similar to that of
GSH outside the cells.
Mutants resistant to potentiation of MNNG. Mutants resis-

tant to the potentiating effects of YE, GSSG, and GSH were
readily obtained by plating cells of S. pneumoniae in the pres-

ence of any of these agents and MNNG. In all cases tested, the
mutants were simultaneously resistant to the potentiating ef-
fect of all three agents, but the mutants retained the same
sensitivity to MNNG alone at concentrations of .30 mg/ml
(data not shown). In the Hex1 strain 216, the mutant fre-
quency was 1026. In the Hex2 strain 706, it was 4 3 1025; the
higher value presumably results from the absence of mismatch
repair. Both of these background mutation frequencies are
higher than the usual spontaneous mutation frequencies in S.
pneumoniae because the selective agent itself is a mutagen.
Transformation of S. pneumoniae cells by the marker con-

ferring resistance could be observed and its frequency could be
measured by the same selection procedure used to obtain the
mutants. Analysis of the transformation frequencies in Hex1

and Hex2 recipients demonstrated that point mutations in a
single gene could give rise to the resistant phenotype. It is
known that the Hex mismatch repair system recognizes only
base mismatches or very small deletions or insertions (6, 23).
Therefore, if the Hex system affects the frequency of transfer
of a marker, the marker must be a point mutation (or at most
a deletion or insertion of 5 nucleotides). Table 2 lists the

FIG. 2. Potentiation of MNNG action by YE. Open circles, MNNG at 45
mg/ml; closed circles, MNNG at 15 mg/ml with YE at 3% (vol/vol). In the absence
of YE, MNNG at 15 mg/ml gave no detectable killing.

FIG. 3. Gel filtration of GSSG and MNNG-potentiating activity in YE. (a)
Correspondence of [3H]GSSG preparation with authentic GSSG. Arrow indi-
cates position of elution of GSH. (b) Elution of MNNG-potentiating activity of
YE. Closed circles, radioactivity; open circles, A202; squares, lethal units of
potentiating activity.
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frequencies of transformation obtained with DNA from mu-
tants selected for resistance to potentiation of MNNG killing
by YE, GSSG, or GSH. A streptomycin resistance mutation
was introduced into the DNA donors to serve as a reference
marker, since individual cultures can vary in competence for
transformation (17). With the Hex2 recipient, the Ntgr/Strr

ratios were all approximately equal to 1.0, which indicates that
these mutations to resistance did not correspond to large de-
letions (14) and, therefore, that each one occurred in a single
gene. It is possible that the mutations all affected the same
gene. With the Hex1 recipient, the ratios were much lower,
0.05 to 0.17, which indicates that the heteroduplex mismatches
were recognized by the Hex system, and so the loss of poten-
tiation resulted from point mutations. Transformants were
tested and found to have the same properties as the original
mutants with regard to resistance to MNNG and, as described
below, transport of GSH.

Mutants defective in GSH transport. Wild-type cells of S.
pneumoniae can readily take up and accumulate both GSH and
GSSG (Fig. 5). Uptake abilities for both of these compounds
are almost completely lost in the mutants resistant to potenti-
ation of MNNG (Fig. 5). This was true whether the mutant was
originally selected for resistance to potentiation by GSSG,
GSH, or YE. The mutants shown in Fig. 5 contain str, but this
marker had no effect on the uptake phenotype (data not
shown). We conclude that a common gene product is required
for transport of GSH and GSSG and that the mutants are
defective in a gene required for making this product. We call
this gene glt, for glutathione transport. Most likely, the product
is a protein that acts as a permease for GSH and its derivatives.
Extracts of wild-type and mutant cells were assayed for glu-

tathione reductase, the enzyme that converts GSSG to GSH by
reduction with NADPH as the electron donor. This enzyme
activity was present in both wild-type strains and in all the
MNNG-resistant mutants and transformants tested. The ob-
served activities ranged between 10 and 20 nmol/min/mg of
protein.
Mechanism of potentiation of MNNG by GSSG. The pro-

posed mechanism of potentiation by GSSG of MNNG killing
and mutagenesis is summarized here. At low concentrations of
MNNG in the medium, the amounts taken into the cell are too
slowly activated to show much of an effect. However, when
GSSG is added to the medium even at low concentrations, it is
taken up and concentrated by the cell and reduced to GSH by
the intracellular glutathione reductase. The sulfhydryl com-

FIG. 4. Potentiation of MNNG action by GSH and GSSG. Survival is shown
after 60 min with MNNG at 15 mg/ml and additives as follows: triangles, GSH;
squares, GSSG; open circles, thioglycolic acid; closed circles, 3% (vol/vol) YE
and thioglycolic acid as indicated.

TABLE 1. Potentiation of MNNG mutagenesis by YE and GSSG

Addition(s)
(per ml)

Time
(min)

Survival
(S/S0)

No. of mutants/mla Mal1 mutant frequency

Tmpr Mal1 Per survivor Per lethal hitb

None 0 1.00 10 10 3.8 3 1028

15 mg of MNNG 5 0.97 20 16 6.2 3 1028 NDc

15 mg of MNNG 10 1.02 70 20 7.4 3 1028 ND
15 mg of MNNG 1 30 ml of YE 5 0.64 695 813 7.53 1026 1.7 3 1025

15 mg of MNNG 1 30 ml of YE 10 0.11 1,150 688 4.83 1025 2.2 3 1025

15 mg of MNNG 1 15 mg of GSSG 5 0.63 3,550 1,282 7.73 1026 1.6 3 1025

15 mg of MNNG 1 15 mg of GSSG 10 0.05 1,350 426 3.03 1025 1.0 3 1025

60 mg of MNNG 5 1.09 760 564 2.0 3 1026 ND
60 mg of MNNG 10 0.67 2,380 1,874 1.1 3 1025 2.7 3 1025

a Tmpr, resistant to trimethoprim in the presence of thymidine; Mal1, able to use maltose.
b Lethal hits were calculated as 2ln(S/S0).
c ND, not determined because of insignificant measurement of killing at low doses.

TABLE 2. Frequencies of resistant colonies in transformation of
Hex1 and Hex2 strains by DNA from mutants resistant to

potentiation of MNNG by GSSG, GSH, and YEa

DNA donor
strainb

Recipient strain resistance frequency

216 (Hex1) 706 (Hex2)

Ntgr Strr Ratioc Ntgr Strr Ratioc

None 1.1 3 102 4.6 3 103

1285 (GSSG) 1.2 3 104 2.4 3 105 0.05 2.8 3 105 3.2 3 105 0.87
1286 (GSH) 1.0 3 104 2.0 3 105 0.05 2.8 3 105 3.3 3 105 0.84
1288 (YE) 3.4 3 104 2.0 3 105 0.17 3.7 3 105 3.4 3 105 1.08

a Frequencies are numbers of colonies per milliliter of transformed culture.
Ntgr, resistant to MNNG plus GSSG.
b Potentiating agent used in selection of resistant mutation is shown in paren-

theses.
c Ratio of Ntgr to Strr transformants for each combination of donor and

recipient.
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pound will activate intracellular MNNG so that it methylates
DNA, thereby exerting its lethal and mutagenic effects. Low
concentrations of GSH in the medium will be accumulated by
the same transport system and activate MNNG directly in the
cell; at high concentrations, however, GSH activates and de-
stroys MNNG outside the cell. Sulfhydryl compounds that are
not taken up, such as thioglycolate, are not effective. The
potentiation is specific for MNNG; another DNA methylating
agent, methyl methane sulfonate, was not affected by the ad-
dition of either GSSG or GSH (data not shown). Mutants that
lack the GSH transport system do not show the potentiation.
Two other bacterial species tested, Bacillus subtilis and E. coli,
showed neither potentiation of MNNG action nor uptake of
GSH (data not shown).

DISCUSSION

A significant, albeit limited (2.5-fold) resistance of mismatch
repair system mutants to MNNG was found in S. pneumoniae.
A possible mechanism for the relative sensitivity of Hex1 cells
is the formation of irreparable double-strand breaks in DNA
by attempts to repair DNA simultaneously on opposite strands.
In this case, recognition by the Hex system of O6-methylgua-
nine mismatches with thymine in replicating DNA could re-
move a segment of the nascent strand. Removal of a 3-meth-
yladenine lesion in the opposite strand could give rise to a
strand break by successive action of a 3-methyladenine DNA
glycosylase similar to the enzyme reported in E. coli (33) and
an AP-endonuclease, such as ExoA in S. pneumoniae (30). This
general type of mechanism was proposed for the sensitivity of
dam mutants of E. coli to MNNG (12), but in this case, the
difference between MutS1 and MutS2 was far greater and
presumably resulted from simultaneous removal of length seg-
ments from opposite strands triggered by action of MutH in
nicking (20) both nascent and parental unmethylated DNA
strands. In the case of human cells, however, a great difference
in sensitivity to MNNG was reported for the MT1 mutant (9),
which has been shown to be defective in mismatch repair (13).
It is not obvious why the human system differs so much from S.
pneumoniae, inasmuch as no role for DNA methylation or a
MutH-like protein has been found in either of these two sys-

tems, and strand targeting is presumably due only to breaks in
the nascent DNA strands.
Overshadowing the effect of hex mutations on MNNG sen-

sitivity was the dramatic effect of GSH. When added to the
culture medium in either oxidized or reduced form, GSH in-
creased killing and mutagenesis of the bacteria by MNNG at
least 100-fold (Fig. 4 and Table 1). The mechanism of this
potentiation is apparently intracellular activation of MNNG by
GSH that is either taken up directly by the cell or produced by
glutathione reductase from GSSG taken up by the cell. S.
pneumoniae appears to have a common transport mechanism
for GSH and GSSG, which can be rendered defective by a
single point mutation. Although it has been reported before
that intracellular levels of GSH affect sensitivity to MNNG (21,
31, 32), this is the first instance shown for an indirect effect of
GSSG and for implication of GSH and GSSG transport in the
activation process. In oxidative environments, which most com-
monly occur, GSH would be present in the form of GSSG. This
was true for the case of the YE added to the bacterial medium,
in which we first observed the potentiating effect.
This study points up the danger of an apparently innocuous

substance in the environment, GSSG, serving as a strong acti-
vating agent for a potential mutagen or carcinogen that may be
added to or already in the environment. It shows that, as well
as considering the directly harmful action of a substance added
to the environment, it is advisable to consider also the possible
interaction with other substances present. The interaction may
be quite subtle, and apparent only after uptake of the sub-
stances by living cells, as in the present case.
Not all cells can transport GSH. We observed that B. subtilis

and E. coli lack this ability. Thus, it is not surprising that
addition of GSH to the medium protects E. coli from muta-
genic action rather than potentiating it (28). In general, GSH
protects mammalian cells, by acting as an antioxidant (26).
Some mammalian cells can take up GSH (31), and mammalian
membrane vesicles have been shown to transport GSSG (1,
11), although the latter transport would be out of the cell. The
fact that glt mutations in the GSH uptake system are readily
selected in S. pneumoniae by their conferring of resistance to
the combination of MNNG and GSSG should facilitate anal-
ysis of the genetics and molecular biology of GSH transport.
Cells of S. pneumoniae may be unusual among bacteria in

their ability to accumulate GSH. It might be possible to use this
property of the S. pneumoniae bacterium to treat cases of
pneumonia, particularly when caused by antibiotic-resistant
strains. Although the obvious treatment with a combination of
GSSG and MNNG may be too harsh to body tissues and
dangerously mutagenic, it is conceivable that the GSH trans-
port system might be harnessed to introduce a lethal agent
specific for bacteria.
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