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Counteraction by MutT Protein of Transcriptional
Errors Caused by Oxidative Damage

F. Taddei,*t H. Hayakawa, M.-F. Bouton, A.-M. Cirinesi,
l. Matic, M. Sekiguchi, M. Radman

Oxidized guanine (8-oxo-7,8-dihydroguanine; 8-oxo-G) is a potent mutagen because of
its ambiguous pairing with cytosine and adenine. The Escherichia coli MutT protein
specifically hydrolyzes both 8-oxo-deoxyguanosine triphosphate (8-oxo-dGTP) and 8-
oxo-guanosine triphosphate (8-oxo-rGTP), which are otherwise incorporated in DNA and
RNA opposite template A. In vivo, this cleaning of the nucleotide pools decreases both
DNA replication and transcription errors. The effect of mutT mutation on transcription
fidelity was shown to depend on oxidative metabolism. Such control of transcriptional
fidelity by the ubiquitous MutT function has implications for evolution of RNA-based life,
phenotypic expression, adaptive mutagenesis, and functional maintenance of nondi-

viding cells.

Spontaneous errors in DNA, RNA, and
protein synthesis, all of which can influ-
ence protein activity, occur at rates of
about 107, 107>, and 10™* per residue,
respectively (1). Errors in DNA synthesis
can produce mutant genes, which lead to
alteration of proteins derived from those
genes in the mutant cell clone. However,
the higher error rates of transcription and
translation produce a wider variety and, in
general, a greater number of error-contain-
ing proteins. Erroneous proteins may have
altered functions that trigger an error
propagation process (2) resulting in func-
tional defects and, ultimately, cell death,
possibly by error catastrophe (3).

To examine the cellular controls of the
fidelity of information transfer from DNA
to protein, we have used six E. coli strains,
each containing a different single base
substitution in codon 461, which encodes
glutamic acid in the wild-type (WT) LacZ
protein (4). The lowest levels of residual
B-galactosidase activity (leakiness) were
observed in the strains used to measure the
mutations A:T to C:G and A:T to G:C
(about 0.013 Miller unit). At the DNA
level, A:T to C:G mutations are greatly
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increased in mutT-deficient bacteria.
MutT protein hydrolyzes 8-0xo-dGTP, a
major oxidation product, to 8-oxo-deoxy-
guanosine monophosphate (8-oxo-dGMP).
8-Ox0-dGTP is a potent mutagen in that it
is readily incorporated into DNA and is
inserted with equal frequency opposite tem-
plate C or A (5). By removing 8-0xo-dGTP
from the triphosphate pool, MutT protein
reduces spontaneous mutations by a factor
of 1000 (6-8).

8-Ox0-dGTP is produced by oxidation
of dGTP mediated by free radicals. It is
likely that oxygen free radicals oxidize
ribonucleotides and deoxyribonucleotides
with similar efficiencies and that the re-
sulting molecules are structurally similar.

MutT protein is known to hydrolyze some
ribonucleotide analogs, such as 8-bromo-
rGTP, albeit with low efficiency (9). If
MutT protein can hydrolyze other ribonu-
cleotide analogs such as 8-oxo-rGTP as
well as it hydrolyzes 8-oxo-dGTP, it may
have an important role in controlling the
fidelity of information transfer from DNA
to protein.

To examine the effect of mutT defi-
ciency on the fidelity of these processes in
vivo, we used P1-mediated transduction to
introduce a mutT mutation into the LacZ™
strains used to measure leakiness (i.e., par-
tial phenotypic suppression). A 30-fold
increase in leakiness in the strain requir-
ing template A to pair with G (namely,
A:T to C:G transversion strain) was ob-
served; the other mutant strains were un-
affected (Table 1).

The specific increase in B-galactosidase
activities in the A:T to C:G tester strains in a
mutT~ background cannot easily be explained
solely by generation of Lac* bacteria. The
following formula helps to consider the con-
tribution of revertants to the B-galactosidase
activity of the population, M(pop), measured
in Miller units: M(pop) = M(lac*)f(lac™) +
M(lac™)f(lac™) where M(lac™) and M(lac™)
are B-galactosidase activities of Lac™ and
Lac™ cells, and f(lac*) and f(lac™) their
respective frequencies.

This formula can be applied to an over-
night liquid culture where the frequency
of Lac™ is close to 1 and the frequency of
A:T to C:G Lac* revertants is less than
1075 in a mutT~ context (4, 10). Cultures
containing more Lac™ were discarded from
the analysis. Appropriate reconstruction
experiments were carried out that have
validated these assumptions (10). Thus, if
the increase in B-galactosidase concentra-
tion as a result of the mutT mutation
(from 0.013 to 0.39) were due only to

Table 1. MutT protein counteracts the effect of oxidative metabolism on the residual -galactosidase
activity (leakiness) of an E. coli lacZ mutant. For clarity, only the values obtained for the A:T to C:G
reversion mutation strain are shown. For tester strains representing all other possible base-pair chang-
es, under both aerobic and anaerobic conditions, the mutT/WT ratio of B-galactosidase activities varied
between 0.7 and 1.3, thus showing the specificity of mutT effect. Bacterial strains were constructed by
transferring CC101-106 (4) episomes to NR3835 [A(pro-lac) ara thi trpE9777], which had previously
been cured from its episome by treatment with acridine orange. A mutT mutation was introduced in the
six strains by P1-mediated cotransduction with feu::Tn70. Liquid cultures were grown in rich 869
medium (5 g of NaCl per liter, 10 g of Bactotryptone per liter, 5 g of yeast extract per liter agar per liter)
under aerobic or anaerobic conditions (the latter were obtained by using Generbox). 3-Galactosidase
activities were measured and are expressed as described by Miller (77). To measure low levels of
B-galactosidase activities, longer incubation times were necessary (up to 1 day, always controlling for
spontaneous hydrolysis of o-nitrophenyl-B-D-galactoside). Each value is the average =+ standard error
of at least four experiments. The relatively high variation in the mutT— background remains to be
explained (one might want to invoke the role of secondary mutations or some kind of error propagation).
Reconstruction experiments show that this variation is not due to errors associated with measurements
of low levels of B-galactosidase activity.

B-Galactosidase WT mutT mutT/WT
Aerobiosis 0.013 = 0.002 0.39 = 0.21 30
Anaerobiosis 0.009 =+ 0.001 0.018 # 0.002 2
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reversion mutations, each revertant would
need to produce 3.8 X 10% B-galactosidase
Miller units, , which is at least 10-fold
greater than the value obtained for a fully
induced WT lacZ gene (10, 11). One
might also suggest that there is up to 1
Lac* per 10,000 total cells and that most
are not able to grow on lactose plates. This
would be an interesting phenomenon, for
which no evidence has been found.

Alternatively, if the increase in leaki-
ness in the mutT~ mutant is not due to
8-0x0-dGTP-mediated mutations (12),
then it may be caused by the lack of some
unknown activity of the MutT protein
(e.g., an unknown repair process or hydrol-
ysis of some other damaged nucleotides).
Such activity appears to counteract the ef-
fect of oxygen (13), because in cultures
grown anaerobically the effect of the mutT
mutation on (-galactosidase activity was re-
duced to twofold (Table 1), which was not
the case for the mutations (13).

We cannot rule out the possibility that
MutT has some unknown activities that
are responsible for the increased biosyn-
thetic errors. Given the known biochem-
ical activities of this enzyme and the effect
of oxygen, a likely candidate is elimina-
tion of the oxidized ribonucleotide 8-oxo-
rGTP. This would explain the specificity
of the mutT ™ mutation effect, as misincor-
poration of 8-o0xo-rtGMP in the mRNA
opposite template A in the mutant codon
would then lead to a precise reversion at
the protein level (Fig. 1). If this hypoth-
esis is correct, then two biochemical pre-
dictions should be verified: MutT protein
should specifically hydrolyze 8-0xo-rGTP,
and 8-0x0-rGMP should be misincorpo-
rated in RNA opposite DNA template A.

MutT protein isolated from E. coli was
tested for its ability to hydrolyze 8-oxo-

-GAG-  -TAG- -TAG-
DNA .cTC- -ATC- -ATC-
v v v
mRNA -GAG- ~UAG- -GAG-
cuc- STOP cuc-
tANA CGm Ccslu
.Gal ¥ 2
-Ga
activity + - +-

Fig. 1. Partial phenotypic suppression by 8-oxo-
rG (G°). 8-oxo-rG can be incorporated by the RNA
polymerase opposite DNA template A during RNA
synthesis. The ATC trinucleotide in the transcribed
strand of the mutant would then be copied to
8-0x0-GAG (which would pair with CUC glutamic
acid anticodon) rather than to a UAG stop codon.
Thus, this RNA transcript would code for a WT
B-galactosidase, whereas the vast majority of
mRNAs code for truncated proteins (the cell
would then have intermediate levels of B-galacto-
sidase activity).
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dGTP, 8-0x0-rGTP, dGTP, and rGTP (Fig.
2). The results show that MutT hydrolyzes
8-0x0-rGTP at least as well as 8-0xo-dGTP,
but that it has no effect on either rGTP or
dGTP.

To test whether 8-0x0-rGMP can be
incorporated into RNA, in vitro transcrip-
tion assay was carried out with E. coli RNA
polymerase in the presence of a->?P-labeled
8-0x0-rGTP. With E. coli DNA used as the
template, the rate of misincorporation of
8-0x0-rGMP into the transcript was 1/10th
that of GMP (Fig. 3A). Next, we used
poly(dA-dT) as a template to determine
whether 8-oxo-rGMP was incorporated op-
posite adenine residues. 8-Oxo-rGMP was
incorporated into polynucleotides at a rate
1/5th that of uridine monophosphate
(tUMP) and at a much greater rate than
was observed for rGMP with this template
(Fig. 3B).

Because the two biochemical predic-

tions have been verified, the role of 8-oxo-
rGTP in specific transcription errors is the
most likely explanation, even if we cannot
rule out the implication of other mecha-
nisms. Therefore, the data presented sup-
port the idea that, in addition to its effect
on DNA replication fidelity, the mutT~
mutation also affects transcriptional fidel-
ity, which is compromised by oxidative
damage. MutT protein appears to ensure
this fidelity by removing 8-oxo-rGTP
from the ribonucleotide triphosphate pool,
which is otherwise misincorporated by the
RNA polymerase opposite template A.
These results are likely to be relevant
to other organisms because MutT ho-
mologs have been identified in several
mammalian species (14~17). Furthermore,
MutT homolog protein purified from
mouse cells catalyzes hydrolysis of 8-oxo-
rGTP (18), and human Jurkat cell extracts
have been found to contain an activity

Fig. 2. Specific hydroly- @ 80 40 4
sis of 8-0x0-dGTP and & & 60 A B 3 C
8-oxo-GTP by the £ B3 30
coli MutT protein. The 2 g 40 20 2
MUtT protein was titrated & 3 20 10| 1
in a nucleoside triphos- £ 8 o
hat ith f 249 0 0 . 0 :
phatase assay with four = 0 10 20 30 6 1 53 4 5 o 10 20

substrates [8-oxo-rGTP
©), 8-0x0-dGTP (@),
rGTP (A), and dGTP (A)] and the production of nucleoside monophosphates was analyzed by thin-layer
chromatography. A homogeneous preparation of E. coli MutT protein was used. The elution profiles of
the activities against 8-oxo-rGTP and 8-oxo-dGTP were essentially the same. [a-32P]8-0oxo-rGTP and
other a-2?P-labeled nucleoside triphosphates were prepared and purified as described (74). The MutT
protein was overproduced in E. coli MKB02 (mutT~) harboring pMA106 and purified to physical
homogeneity as described (28). Protein concentration of MutT preparation was determined by the
method of Bradford (29) with bovine serum albumin (BSA) as a standard. Labeled nucleotides (200
pmol) were incubated with 9 ng (A) or varied amounts (B) of MutT protein in a reaction mixture (10 )
containing 4 mM MgCl,, 40 mM NaCl, BSA (80 wg/ml), 8 mM dithiothreitol (DT T), 10% (v/v) glycerol and
20 mM tris-HCI (pH 8.0). The reaction was run at 30°C and terminated at the indicated times (A) or after
30 min (B) by adding 2.5 wl of 50 mM EDTA. The production of nucleoside monophosphates was
followed by thin-layer chromatography (TLC) (PEI-cellulose plate; Merck) with 1 M LiCl and the autora-
diogram was processed with a Fujix 2000 Bio-Image analyzer. (C) A purified MutT protein was applied
to a Superdex X75 column, and the protein was eluted with a buffer containing 1 mM EDTA, 0.1 mM
DTT, 5% (v/v) glycerol, 0.15 M NaCl, and 20 mM tris-HCI (pH 7.5).

Time (min) Protein (ng) Fraction

Fig. 3. Misincorporation of 8-oxo-rGMP by
E. coli RNA polymerase. (A) In vitro tran-
scription with £. coli DNA as a template.
The reaction was carried out with E. coli
RNA polymerase (0.12 unit/pl) (Sigma) in
0.1 Mtris-HCl (pH 7.8), 5 mM MgCl,,, 2 mM
MnCl,, 0.2 mM DTT, E. coli DNA (0.5 ng/
wh) 0.1 mM cytidine triphosphate (rfCTP),
0.1 mM adenosine triphosphate (rATP),
0.1 mM uridine triphosphate (rtUTP), and 5
uM [a-22PIrGTP (A), or [a-32P]8-0x0-rGTP
(©). After incubation at 37°C for the times indicated, the reaction was terminated by addition of an equal
volume of 50 mM EDTA and analyzed by TLC as described in Fig. 2. To confirm that the incorporated
material is 8-oxo-rGMP, the acid-insoluble material was digested with P1 nuclease and analyzed by
HPLC with a C18 reverse-phase column. The labeled material was coeluted with 8-oxo-rGMP added as
a marker, and no radioactivity was found in the rGMP fraction (data not shown). (B) In vitro transcription
with poly(dA-d T) as a template. The reaction was performed as described above, except that 0.1 mM
poly(dA-dT) was used as a template and 0.1 mM rATP and 0.1 mM [a-32PJrUTP (O), [a-32P)rGTP (4),
or [a-32P]8-ox0-rGTP (O) were used as ribonucleotide substrate.
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that degrades 8-oxo-rGTP (19).
This effect of a well-known DNA rep-

lication fidelé,ty enzyme on transcriptional

fidelity may be the tip of the iceberg. The
tNTP and ANTP pools and single-stranded
RNA are probably more susceptible than
double-stranded DNA to free radical at-
tack and other chemical modifications, a
proposition used to explain why the DNA
world has replaced the RNA world (20).
The fidelity of RNA, a molecule that can
be viewed as the disposable soma of genet-
ic information—whereas DNA would be
the heritable germ line—has been much
less studied than that of DNA. So far, the
only other example of a mutant affecting
transcriptional fidelity is an RNA poly-
merase mutant that results in a three- to
fourfold decrease in fidelity (21). There
may be RNA repair activities still undis-
covered. Such RNA repair activities
might affect other important RNA trans-
actions such as editing and splicing.

The enhanced variability of RNA and
the consequent effect on proteins may
provide an increased spectrum of enzymat-
ic activities available to a given genome
and, perhaps, facilitate adaptive mutagen-
esis (22—25). Possible reverse transcription
of RNA errors into DNA, or generation of
transient mutators (26, 27), could be a
significant source of variations in DNA-
based genomes, whereas a change in RNA
fidelity could influence the evolution of
RNA viruses. Although DNA fidelity may
be most important in avoiding malignant
cell transformation in dividing cells, RNA
fidelity may be essential for the functional
maintenance of cells, and in particular of
nondividing cells such as heart muscle,
neurons, and other predominantly quies-

cent (G,/G, phase) cells.

REFERENCES AND NOTES

1. J. Ninio, Biochimie 73, 1517 (1991).

2. J. Gallant and L. Palmer, Mech. Ageing Dev. 10, 27
(1979).

3. L. E. Orgel, Proc. Natl. Acad. Sci. U.S.A. 49, 517
(1963).

4, C. Cupples and J. H. Miller, ibid. 86, 5345 (1989).

. H. Maki and M. Sekiguchi, Nature 355, 273 (1992).

. H. P. Treffers, V. Spinelli, N. O. Belser, Proc. Natl.

Acad. Sci. U.S.A. 40, 1064 (1954).

7. C.Yanofsky, E. C. Cox, V. Hom, ibid. 55, 274 (1966).

8. T. Tajiri, H. Maki, M. Sekiguchi, Mutat. Res. 336, 257
(1995).

9. S. K. Bhatnagar and M. J. Bessman, J. Biol. Chem.
263, 8953 (1988).

10. F. Taddei et al., unpublished observations.

11. J. H. Miller, Experiments in Molecular Genetics (Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY,
1972).

12. Other specific mutations are probably not responsi-
ble for the observed increase in B-galactosidase ac-
tivity. For instance, an interesting candidate, sug-
gested by one of the referees, is a T-to-G mutation
on the transcribed strand leading to a Ser at position
461. Such amutant has a B-galactosidase activity of
30 Miller units [C. G. Cupples and J. H. Miller, Ge-
netics 120, 637 (1988)] and could therefore contrib-

[oNe]

130

ute to the observed leakiness. However, the formula
could be modified to estimate the effect of Ser46!
mutants: M(pop) = M(Ser)f (Ser) + M(lac™)f (lac™),
where M(Ser) and f (Ser) are the Miller units and fre-
quencies of Ser*®! mutants. f (Ser) would need to
constitute >1% of each liquid culture to account for
the increase in B-galactosidase concentration. Such
a high mutation frequency at a single site seems
highly unlikely. By the same basic logic, mutations
induced by lack of MutT activity cannot easily explain
the extent of the observed increase in leakiness.
However, it is difficult to eliminate the possibility that
a variety of mutants are responsible for some of the
observed effects, especially if such mutants are not
colony forming.

13. This is different from the effect of the mutT mutation
on frequencies of mutation, which are similar in rich
medium under anaerobiosis and aerobiosis [R. G.
Fowler, J. A. Erickson, R. J. Isbell, J. Bacteriol. 176,
7727 (1994); F. Taddei et al., unpublished observa-
tions]. The fact that, under anaerobiosis, we can sep-
arate the effect of MutT on DNA and RNA fidelity is
consistent with the idea that mutT—-mediated muta-
tions are not responsible for the observed increase in
B-galactosidase activity in a mutT— aerobic culture.

14. J. Y. Mo, H. Maki, M. Sekiguchi, Proc. Natl. Acad.
Sci, U.S.A. 89, 11021 (1992).

15. K. Sakumi et al., J. Biol. Chem. 268, 23524 (1993).

16. T.Kakuma, J. Nishida, T. Tsuzuki, M. Sekiguchi, ibid.
270, 25942 (1995).

17. J.-P. Cai, T. Kakuma, T. Tsuzuki, M. Sekiguchi, Car-

cinogenesis 16, 2343 (1995).

18. H. Hayakawa and M. Sekiguchi, unpublished obser-
vation (1997).

19. H. Hayakawa, A. Taketomi, K. Sakumi, M. Kuwano,
M. Sekiguchi, Biochemistry 34, 89 (1995).

20. M. Radman, J. Rommelaere, M. Errera, in Physico-
chemical Properties of Nucleic Acids, J. Duchesne,
Ed. (Academic Press, London, 1973), vol. 3, p. 161.

21, A, Blank, J. A. Gallant, R. R. Burgess, L. A. Loeb,
Biochemistry 25, 5920 (1986).

22, J. Cairns, J. Overbaugh, S. Miller, Nature 335, 142
(1988).

23. B. A. Bridges, ibid. 375, 741 (1995).

24, T. Galitski and J. R. Roth, Genetics 143, 645 (1996).

25, F. Stahl, Nature 335, 112 (1988).

26. J. Ninio, Genetics 129, 957 (1991).

27. J. H. Miller, Annu. Rev. Microbiol. 50, 625 (1996).
28. M. Akiyama, H. Maki, M. Sekiguchi, T. Horiuchi,
Proc. Natl. Acad. Sci. U.S.A. 86, 3949 (1989).

29. M. M. Bradford, Anal. Biochem. 72, 248 (1976).

30. We thank D. Touati and S. Stambuk for providing
strains, R. Wagner for rewriting the initial manuscript,
and R. D’Ari for revising the final version. Supported
by grants from the Ministry of Education, Science
and Culture of Japan and from the French agencies
Association de la Recherche contre le Cancer and
Actions Concertées Coordonnées Sciences du Vi-
vant du Ministere de I'Enseignement Supérieur et de
la Recherche and Groupement de Recherche et
d'Etudes sur les Génomes.

9 April 1997; accepted 7 August 1997

Functional Dynamics of GABAergic Inhibition
in the Thalamus

Uhnoh Kim, Maria V. Sanchez-Vives, David A. McCormick*

The inhibitory y-aminobutyric acid-containing (GABAergic) neurons of the thalamic
reticular and perigeniculate nuclei are involved in the generation of normal and abnormal
synchronized activity in thalamocortical networks. An important factor controlling the
generation of activity in this system is the amplitude and duration of inhibitory postsyn-
aptic potentials (IPSPs) in thalamocortical cells, which depend on the pattern of activity
generated in thalamic reticular and perigeniculate cells. Activation of single ferret peri-
geniculate neurons generated three distinct patterns of GABAergic IPSPs in thalamo-
cortical neurons of the dorsal lateral geniculate nucleus: Low-frequency tonic discharge
resulted in small-amplitude IPSPs mediated by GABA, receptors, burst firing resulted
in large-amplitude GABA,, IPSPs, and prolonged burst fiting activated IPSPs mediated
by GABA, and GABA receptors. These functional properties of GABAergic inhibition
can reconfigure the operations of thalamocortical networks into patterns of activity
associated with waking, slow-wave sleep, and generalized seizures.

GABAergiC neurons are the major inhibi-
tory cell type in the mammalian brain and
exhibit a wide variety of morphological and
physiological properties (1). The activation
of GABAergic neurons can inhibit postsyn-
aptic target cells through increases in Cl~
conductance, mediated by the GABA , re-
ceptor, and increases in K™ conductance,
mediated by the GABAy receptor (2), al-
though it remains unclear whether these
different receptors are activated by the same
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or different subgroups of GABAergic neu-
rons (3-5). In addition, some types of
GABAergic neuron can generate high-fre-
quency burst discharges, and the functional
influence of these on the postsynaptic
GABA response has not yet been deter-
mined (6, 7). The functional properties of
IPSPs mediated by the GABA, and
GABA}, receptors are intimately involved
in the operation of thalamic and cortical
networks (8).

Thalamocortical neurons in the dorsal
lateral geniculate nucleus (LGNd) are
densely innervated by the GABAergic neu-
rons of the perigeniculate nucleus (PGN)
(9) in a manner that is equivalent to the
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