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well as it hydrolyzes 8-0x0-dGTP, it may 
have an i~noortant  role in controlline the 'z 

Counteraction by MutT Protein of Transcriptional fidelity of information transfer from DNA 
to protein. 

Errors Caused by Oxidative Damage TO examine the effect of m u t ~  defi- 
7 - 

ciency on  the fidelity of these processes in  
F. Taddei,*W. Hayakawa, M.-F. Bouton, A.-M. Cirinesi, vivo, we used P1-mediated transduction to 

I. ~ a t i c ,  M. Sekiguchi, M. Radman introduce a mutT mutation into the LacZp 
strains used to measure leakiness (i.e., par- 

Oxidized guanine (8-0x0-7,8-dihydroguanine; 8-0x0-G) is a potent mutagen because of tial phenotypic suppression). A 30-fold 
its ambiguous pairing with cytosine and adenine. The Escherichia coli MutT protein increase in  leakiness in  the strain requir- 
specifically hydrolyzes both 8-0x0-deoxyguanosine triphosphate (8-0x0-dGTP) and 8- ing template A to pair with G (namely, 
0x0-guanosine triphosphate (8-0x0-rGTP), which are otherwise incorporated in DNA and A:T to C:G transversion strain) was ob- 
RNA opposite template A. In vivo, this cleaning of the nucleotide pools decreases both served; the other mutant strains were un- 
DNA replication and transcription errors. The effect of mutT mutation on transcription affected (Table 1 ) .  
fidelity was shown to depend on oxidative metabolism. Such control of transcriptional The specific increase in P-galactosidase 
fidelity by the ubiquitous MutT function has implications for evolution of RNA-based life, activities in the A:T to C:G tester strains in a 
phenotypic expression, adaptive mutagenesis, and functional maintenance of nondi- mutTp background cannot easily be explained 
viding cells. solely by generation of Lacf bacteria. The 

follomiing formula helps to consider the con- 
tribution of revertants to the p-galactosidase 
activity of the population, M(pop), lneasured 

Spontaneous errors in DNA,  R N A ,  and increased in mutT-deficient bacteria. in Miller units: M(pop) = M(lac+)fllac+) + 
protein synthesis, all of which can influ- MutT protein hydrolyzes 8-0x0-dGTP, a M(lacp)f(lacp) where M(lac+) and M(lacP) 
ence protein activity, occur at  rates of major oxidation product, to 8-0x0-deoxy- are P-galactosidase activities of Lac+ and 
about lop9, lo-', and per residue, guanosine ~ n o n o ~ h o s p h a t e  (8-0x0-dGMP). Lacp cells, and f( lacf)  and J(lacp) their 
respectively ( I  ) .  Errors in  DNA synthesis 8-0x0-dGTP is a potent mutagen in that it respective frequencies. 
can produce lnutant genes, which lead to is readily incorporated into DNA and is This formula can be applied to a n  over- 
alteration of proteins derived from those inserted with equal frequency opposite tern- night liquid culture where the frequency 
genes in the lnutant cell clone. However, plate C or A (5). By removing 8-0x0-dGTP of Lac- is close to 1 and the frequency of 
the higher error rates of transcription and from the triphosphate pool, MutT protein A:T to C:G Lacf revertants is less than 
translation produce a wider variety and, in reduces spontaneous mutations by a factor 10-' in a mutTp context (4,  10). Cultures 
general, a greater number of error-contain- of 1000 (6-8). containing more Lacf were discarded from 
ing proteins. Erroneous proteins may have 8-0x0-dGTP is produced by oxidation the analysis. Appropriate reconstruction 
altered functions that trigger a n  error of dGTP mediated by free radicals. It is experiments were carried out that have 
propagation process (2 )  resulting in func- likely that oxygen free radicals oxidize validated these assu~nptions ( 1  0).  Thus, if 
tional defects and, ultimately, cell death, ribonucleotides and deoxyribonucleotides the increase in P-galactosidase concentra- 
possibly by error catastrophe (3). with similar efficiencies and that the re- tion as a result of the mutT  nuta at ion 

T o  examine the cellular controls of the sulting ~nolecules are structurally similar. (from 0.013 to 0.39) were due only to 
fidelity of information transfer from DNA 
to protein) we 'lave used six E. coli Table 1. MutT protein counteracts the effect of oxidatve metabolism on the residual p-gaactosdase 
each containing a different single base activ~ty (leakiness) of an E. coli IacZ mutant. For clar~ty, only the values obtained for the A,T to C:G 
substitution in codon 461, which encodes reversion mutaton stran are shown. For tester strans representing all other possible base-par chang- 
glutalnic acid in the wild-type ( W T )  LacZ es, under both aerobc and anaerobc condtions, the mutT/WT ratio of p-galactosidase activ~ties varied 
protein (4). ~h~ lowest levels of residual between 0.7 and 1.3, thus show~ng the specificty of mutTeffect. Bacterial strans were constructed by 

transferrng CC101-106 (4) epsomes to NR3835 [&(pro-lac) ara thi trpE97771, which had previously 
P-galactosidase activity (leakilless) were been cured from t s  epsome by treatment with acridne orange. A mutT mutaton was Introduced in the 
observed in strains used to lneasure the six strains by P I  -medated cotransduction w~th 1eu::TnlO. Liquid cultures were grown in rich 869 
mutations A:T to C:G and A:T to G:C medum (5 g of NaC per ter ,  10 g of Bactotryptone per hter, 5 g of yeast extract per liter agar per liter) 
(about 0.013 Miller unit).  A t  the DNA under aerobic or anaerobic conditions (the latter were obtained by using Generbox), p-Gaactosdase 
level, A:T to C:G lnutatlons are greatly activities were measured and are expressed as descr~bed by Miller (1 1). To measure ow levels of 

p-gaactosdase actvities, longer incubaton times were necessary (up to 1 day, always controlling for 
spontaneous hydrolysis of o-nitropheny-p-D-gaactoside). Each value IS the average i- standard error 
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reversion mutations, each revertant would 
need to produce 3.8 X lo4 p-galactosidase 
Miller units,,, which is at least 10-fold 
greater than the value obtained for a fully 
induced WT lac2 gene (10, 11). O n e  
might also suggest that there is up to I 
Lac+ per 10,000 total cells and that most 
are not able to grow on  lactose plates. This 
would be an interesting pheno~nenon,  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  nuta at ions (1 2 ) ,  
then it rnav be caused bv the lack of some 
unknown activity of tlle 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 P-galactosidase activity was re- 
duced to twofold (Table 1)- which was not 
the case for the mutations (13). 

W e  cannot rule out the possibility that 
MutT has some unknown activities that 
are resvonsible for the increased biosvn- 
thetic irrors. Given the known biochem- 
ical activities of this enzvme and the effect 
of oxygen, a likely candidate is elimina- 
tion of the  oxidized ribonucleotide 8-0x0- 
rGTP.  This would explain the specificity 
of the m u t T  mutation effect, as misincor- 
poration of 8-0x0-rGMP 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 8-0x0-rGTP, 
and 8-0x0-rGMP should be misincorpo- 
rated in R N A  opposite DNA template A. 

MutT protein isolated from E.  coli was 
tested for its ability to hydrolyze 8-0x0- 

DNA - G A G -  - T A G -  - T A G -  
- C T C -  . A T C -  - A T C -  

C C J. 
mRNA - G A G -  - U A G -  -G 'AG-  . . . . . .  

p-Gal 
4 4 4 

activity + 

+I- 

Fig. 1. Pariia phenotypic suppression by 8-0x0- 
rG (Go). 8-0x0-rG can be incorporated by the RNA 
polymerase oppos~te DNA template A during RNA 
synthesis, The ATC trinucleotide in the transcribed 
strand of the mutant would then be copied to 
8-0x0-GAG (wh~ch would pair w~th CUC glutam~c 
acid ant~codon) rather than to a UAG stop codon. 
Thus, th~s RNA transcript would code for a WT 
P-galactosidase, whereas the vast majority of 
mRNAs code for truncated proteins (the cell 
would then have intermediate levels of P-galacto- 
sidase act~vity). 

dGTP, 8-0x0-rGTP, dGTP, and rGTP (Fig. 
2).  The  results show that MutT hydrolyzes 
8-0x0-rGTP at least as well as 8-0x0-dGTP, 
but that it has no effect on either rGTP or 
dGTP. 

T o  test whether 8-0x0-rGMP can be 
incorporated into RNA, in vitro transcrip- 
tion assay was carried out with E. coli R N A  
polymerase in the presence of ~ t - ~ ~ P - l a b e l e d  
8-0x0-rGTP. With E. coli DNA used as the 
template, the rate of ~nisincorporation of 
8-0x0-rGMP into the transcript was 1110th 
that of GMP (Fig. 3A) .  Next, we used 
poly(dA-dT) as a template to determine 
whether 8-0x0-rGMP was incorporated op- 
posite adenine residues. 8-0x0-rGMP was 
incorporated into polynucleotides at a rate 
115th that of uridine monophosphate 
(rUMP) 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 8-0x0- 
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 cornpro~nised by oxidative 
damage. MutT protein appears to ensure 
this fidelity by removing 8-0x0-rGTP 
from the ribonucleotide triphosphate pool, 
which is otherwise rnisincorporated by the 
R N A  poly~nerase opposite template A. 

These results are likely to be relevant 
to other organisms because MutT ho- 
mologs have been Identified in several 
mammalian species (1 4-1 7). Furthermore, 
MutT homolog protein purified from 
mouse cells catalyses hydrolysis of 8-0x0- 
rGTP (18) ,  and human Jurkat cell extracts 
have been found to contain a n  activity 

Fig. i s  of 2. 8-0x0-dGTP Specific hydroly- and " 2 zmm im 
8-0x0-rGTP by the E. a' 
coli MutT protein The 2 { 401 
MutT protein was titrated 3 4 20 
In a nuceos~de triphos- g g 0 0 4  

phatase assay with four '0 10 20 30 '0 1 2 3 4 5 '0 10 20 
substrates [a-0x0-rGTP Ti me (mi n) Protein (ng) Fraction 
(01, 8-0x0-dGTP (a), 
rGTP (A), and dGTP (A)] and the production of nuceos~de monophosphates was analyzed by thin-ayer 
chromatography. A homogeneous preparat~on of E, coli MutT prote~n was used. The elution prof~les of 
the activities against 8-0x0-rGTP and 8-0x0-dGTP were essentially the same. [a-32P]8-o~o-rGTP and 
other ~-~'P-labeled nucleoside triphosphates were prepared and purified as descr~bed (74). The MutT 
protein was overproduced In E, coli MK602 (mutT-) harbor~ng pMAlO6 and purified to physical 
homogeneity as described (28). Prote~n concentration of MutT preparation was determined by the 
method of Bradford (29) w~th bov~ne serum abum~n (BSA) as a standard. Labeled nucleotides (200 
pmol) were incubated w~th 9 ng (A) or varied amounts (B) of MutT protein in a react~on mixture (1 0 kl) 
containing 4 mM MgCI,, 40 mM NaCI, BSA (80 pg/ml), 8 mM dithiothreitol (DTT), 10% (v/v) glycerol and 
20 mM tr~s-HC (pH 8.0) The react~on was run at 30°C and terminated at the indicated times (A) or after 
30 mln (8) by adding 2.5 k1 of 50 mM EDTA The production of nucleoside monophosphates was 
followed by thin-layer chromatography (TLC) (PEl-cellulose plate; Merck) w~th 1 M LiCl and the autora- 
diogram was processed w~th a Fujix 2000 Bio-mage analyzer, (C) A purified MutT prote~n was applied 
to a Superdex X75 column, and the prote~n was eluted with a buffer containing 1 mM EDTA, 0.1 mM 
DTT, 5% (vlv) glycerol, 0.1 5 M NaCI, and 20 mM tr~s-HCI (pH 7.5). 

Fig. 3. Misincorporation of 8-0x0-rGMP by - - 60 
E scription 0 1  A with polymerase E. coil DNA (A) as In a t o  template, t a n  " g 73 4oEl i : ~ ~  
The reaction was carried out with E, coli 2 
RNA polymerase (0.12 unitlpl) (Sigma) in = 8 
0.1 M tris-HCI (pH 7.8) ,5 mM MgCI,, 2 mM 20 
MnCI,, 0.2 mM DTT, E. coli DNA (0.5 kg/ p, $ - pi) 0.1 mM cytid~ne triphosphate (rCTP), -I .- 0 
0.1 mM adenos~ne triphosphate (rATP), 0 10 20 O o  l o  i o  
0.1 mM ur~dine triphosphate (rUTP), and 5 Time (min) 
pM [a-32P]rGTP (A), or [a-32P]8-o~o-rGTP 
(0). After incubation at 37°C for the times indicated, the reaction was termmated by addition of an equal 
volume of 50 mM EDTA and analyzed by TLC as described in Fig. 2. To confirm that the incorporated 
mater~al is 8-0x0-rGMP, the acid-insoluble material was digested with PI nuclease and analyzed by 
HPLC with a C18 reverse-phase column. The labeled materlal was coeuted w~th 8-0x0-rGMP added as 
a marker, and no radioact~vity was found In the rGMP fraction (data not shown). (B) In vitro transcription 
with poy(dA-dT) as a template, The reaction was petformed as descr~bed above, except that 0.1 mM 
poy(dA-dT) was used as a template and 0.1 mM rATP and 0.1 mM [ ~ L - ~ ~ P I ~ U T P  (O), [ N - ~ ~ P I ~ G T P  (A), 
or [~t-~~P]8-oxo-rGTP (0) were used as r~bonuceotide substrate. 
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that degrades 8-0x0-rGTP (1 9 ) .  
This effect of a well-known DNA rep- 

lication fidel1,ty enzyme on transcriptional 
fidelity may be the tip of the iceberg. The 
rNTP and dNTP 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 vie~i~ed 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 
povide 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, ~i~hereas 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 f~inctional 
maintenance of cells, and in  articular of 
nondividing cells such as heart muscle, 
neurons, and other predominantly quies- 
cent (G,/Go phase) cells. 
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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 lPSPs in thalamo- 
cortical neurons of the dorsal lateral geniculate nucleus: Low-frequency tonic discharge 
resulted in small-amplitude lPSPs mediated by GABA, receptors, burst firing resulted 
in large-amplitude GABA, IPSPs, and prolonged burst firing activated lPSPs 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. 

G ~ ~ ~ e r ~ i c  neurons are the major inhibi- 
tory cell type in the 111ammalian brain and 
exhibit a wide variety of morphological and 
physiological properties ( 1  ). The activation 
of GABAergic neurons call inhibit postsyn- 
aptic target cells through increases in C1- 
conductance, mediated by the G A B A ,  re- 
ceptor, and increases in Kt conductance, 
mediated by the GABAB receptor (2), al- 
though it remains unclear ~ i~hether  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 f~lnctional 
influence of these on the postsynaptic 
GABA response has not yet been deter- 
mined (6, 7). The f~lnctional properties of 
IPSPs mediated by the G A B A ,  and 
GABA, receotors are intirnatel~~ involved 

11 I 

in the operation of thalalnic and cortical 
networks 18). , , 

Thalarnocortical 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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