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The mutD (dnaQ) gene of Escherichia coli codes for the proofreading activity of DNA polymerase III. The
very strong mutator phenotype of mutD5 strains seems to indicate that their postreplicational mismatch repair
activity is also impaired. We show that the mismatch repair system of mutDS strains is functional but saturated,
presumably by the excess of DNA replication errors, since it is recovered by inhibiting chromosomal DNA
replication. This recovery depends on de novo protein synthesis.

The mechanisms ensuring accuracy of DNA replication
have been elucidated by study of mutator mutants affecting
specific accuracy functions (for a review, see reference 4). In
Escherichia coli, mutator mutations mapping in the dnaE
gene presumably affect nucleotide selection by DNA poly-
merase III (28). Mutations mapping in the dnaQ gene (also
called mutD) affect the proofreading 3'->5' exonuclease
function of the DNA polymerase III holoenzyme (6, 8),
whereas mutH, mutL, mutS, and mutU mutations cause

defects in methyl-directed postreplicative mismatch correc-

tion (for reviews, see references 21 and 24). mutD5 and
dnaQ49 mutants are the most potent mutator strains known.
All classes of transition, transversion, and frameshift muta-
tions are increased up to 105-fold when mutD5 strains are

grown in rich medium (5, 10, 11). The mutD5 gene of E. coli
encodes the epsilon subunit, which carries out the 3'-*5'
proofreading exonuclease function of the DNA polymerase
III holoenzyme (6, 8). However, the high-mutation-rate
effect of mutD5 strains cannot be explained only by the
defect in exonuclease activity, as this mutation rate is
comparable to the error rate of in vitro replication with a

polymerase devoid of proofreading activity (9, 16). The
strong mutator phenotype of mutD5 suggested that mis-
match repair functions may be impaired as well. This pre-
diction was supported by results from DNA heteroduplex
transfection experiments (23, 25, 26). One hypothesis is that
the high error rate in DNA replication saturates mismatch
repair in mutD5 mutants (23). Therefore, we have tested the
mismatch repair capacity of mutD5 strains under conditions
in which chromosomal DNA replication was or was not
allowed. Mismatch repair activity was determined by the
extent of pure infective centers derived from infection with
packaged hemimethylated heteroduplexes of lambda DNA.
Under these conditions, bacteria proficient in mismatch
repair produced essentially pure infective centers, whereas
bacteria deficient in mismatch repair produced mostly mixed
infective centers.
To evaluate mismatch repair activity, pure hemimethy-
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lated heteroduplexes of lambda DNA containing an A. C or

a G T mismatch were artificially constructed and intro-
duced into mutD5 and other appropriate strains. Hemimeth-
ylated heteroduplexes of lambda DNA with defined mis-
matches were prepared as previously described (19) by
reannealing the separated DNA strands of a lambda mutant
carrying a sequenced mutation in the cI gene of the lambda
repressor and its wild-type allele. Lambda bacteriophages
were obtained from Franklin Hutchinson (Yale University).
The c1857 parental phage is wild type (turbid) at 32°C. The
UV23 phage is derived from the c1857 phage by a

G C-*A T transition in position 43 of the lambda cI gene.
The UV23 phage is mutant (clear) at 32°C. Unmethylated
DNA was prepared from phages grown in dam (deficient in
adenine methylation) bacteria, strain GM33 (18). Fully meth-
ylated DNA was prepared from phages grown in a Dam
methylase overproducer strain, JC4588 (14). The heterodu-
plexes were then packaged into phage particles using
Lambda Packaging Kits (Amersham Corp.).
The hemimethylated heteroduplexes were allowed to in-

fect bacteria singly. The infected centers were plated before
lysis under conditions that allowed discrimination between
cells yielding only clear, only turbid, or both kinds of
phages. Methyl-directed mismatch repair is expected to
excise the mismatched base from the unmethylated strand,
and the phage progeny of individual repaired molecules will
consist of the genotype (pure turbid or pure clear infective
centers) of the methylated strand. If no mismatch repair
occurs, phages of both parental genotypes will be found in
most infective centers (mixed infective centers) (for a re-

view, see reference 24). Thus, mismatch repair activity is
manifested by the decrease in mixed infective centers and by
the bias preserving information on the methylated strand in
pure infective centers. Transition mismatches (G T and
A C) are well-repaired mismatches in wild-type E. coli (7).
For the purpose of our study, a dnaA(Ts) mutation was P1
transduced into the mutD5 strain so that mismatch repair
efficiency could be determined under conditions in which E.
coli DNA replication was allowed or prevented. P1 trans-
ductions were performed as described elsewhere (20). The
dnaA(Ts) mutation does not affect lambda DNA replication
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TABLE 1. Bacterial strains

E. coli strain Relevant genotype Reference

C600 supE thr leu thi lac 1
C600 mutL As C600 but mutL::Tn5 7
W3110 Prototroph 2
W3110 dnaA(Ts) As W3110 but tnaA::TnJO This study

dnaA46; W3110 x P1 (S. Rosenberg)
(GC 2698)

KD1079 mutD5 mutD5 thr leu argE his 5
(tonB-trpAB)

KD1079 mutD5 As KD1079 but tnaA::TnIO This study
dnaA(Ts) dnaA46; KD1079 mutD5 (S. Rosenberg)

x P1(GC2698)

(22). Bacterial strains were all E. coli K-12 derivatives (Table
1).

Replication-allowed experiments were performed at 32°C.
Fresh exponential culture (0.2 ml) grown in standard L broth
(20) was incubated with the in vitro-packaged heteroduplex
DNA for 15 min at 32°C to allow adsorption. Infected
bacteria were then plated on L-broth plates and incubated at
32°C. Infected mutDS bacteria were diluted and plated with
an excess of indicator bacteria (C600) so that infective
centers would not develop on a mutator bacterial lawn. To
avoid direct infection of indicator bacteria, the unadsorbed
phages were first inactivated by incubating the infected
bacteria for 20 min with 10 W1 of extracted lambda receptor.

(Lambda receptor was extracted as described elsewhere [12]
from bacterial strain 6371, which produces high amounts of
the LamB protein [27].) Infective centers were scored after
being streaked on indicator bacteria at 32°C. The results of
infection experiments with the two heteroduplexes are pre-
sented in Table 2. Wild-type E. coli C600 repaired mis-
matches efficiently at 32°C, producing 95 to 96% pure

infective centers of the genotype carried by the methylated

strand. mutL bacteria, which are deficient in mismatch
repair, produced predominantly mixed infective centers at
32°C (86%). Mismatch repair in W3110 and W3110 dnaA(Ts)
bacteria was similar to that of C600 bacteria. At 32°C the
mutDS and mutDS dnaA(Ts) strains exhibited a low effi-
ciency of mismatch repair for both heteroduplexes. The 39 to
52% pure infective centers indicate that mismatch repair was
still active though inefficient, in these strains.
When the infection experiments were performed at 42°C,

bacteria were -first grown to exponential phase at 32°C, as
described above, and then shifted'to-42°C for 2 h. L broth
was added so that the growing bacteria remained physiolog-
ically in the exponential phase. Phages'were adsorbed for 15
min at 42°C. Infected bacteria were plated on prewarmed
plates and incubated at 42°C. Growth-restricted [dnaA(Ts)]
and mutDS bacteria were plated in the presence of indicator
bacteria after inactivation of u,nadsorbed phages with ex-
tracted lambda 'receptor. All strains tested, except the
mutD5 dnaA(Ts) strain, showed similar mismatch repair
efficiency at 42 and 32°C (Table 2). The dnaA(Ts) mutation

TABLE 2. Genetic analysis of infective centers" derived from two hemimethylated heteroduplexes with a single G T mismatch

Frequency of infective centers(%)

Culture conditions c + G r me+ c-+ r me
E. coli strain (temp[°C] and c T I me c T I me+

supplementb)
Turbid Mixed Clear Turbid Mixed Clear
(c.+) ((-/C+) (c ) (c+) (C/C+) (c)

C600 32 96 3 1 1 4 95
32 + CM 97 2 1
42 93 7 0 1 9 90
42 + CM 91 8 1

C600 mutL 32 13 86 1 1 86 13
32 + CM 7 92 1
42 12 87 1 1 92 7
42 + CM 15 84 1

W3110 32 96 3 1 0 4 96
32 + CM 99 0 1
42 97 2 1 1 4 95
42 + CM 92 8 0

W3110 dnaA(Ts) 32 95 5 0 0 3 97
32 + CM 80 20 0
42 97 2 1 0 3 97
42 + CM 96 4 0

KD1079 mutDS 32 40 60 0 0 48 52
32 + CM 35 64 1
42 40 60 0 1 49 50
42 + CM 41 59 0

KD1079 muiDS dnaA(Ts) 32 39 61 0 1 48 51
32 + CM 38 61 1
42 79 20 1 0 10 90
42 + CM 41 59 0

"One hundred infective centers were analyzed for each experimental point.
b CM, Chloramphenicol.
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did not affect mismatch repair activity in the W3110 strain.
Unlike its activity at 32°C, the mutD5 dnaA(Ts) strain
repaired mismatches at 42°C as efficiently as the wild-type
strains (79 to 90% pure infective centers) after replication
was inhibited for 2 h. In the mutD5 dnaA(Ts) bacteria, the
heteroduplex methylated on the strand carrying the c+
genotype showed 79% pure turbid infective centers, whereas
the same heteroduplex methylated on the strand carrying the
cI genotype produced 90% pure clear infective centers. This
difference may be related to the appearance of forward
mutations due to the mutD5 mutator effect. (Under the same
experimental conditions, mutD5 bacteria infected with c+
phages produced only 90% pure turbid infective centers,
whereas 100% pure clear infective centers were obtained
when mutD5 bacteria were infected with cI phages [data not
shown].) Results similar to those described in Table 2 were
obtained with the two reciprocal heteroduplexes carrying an
A. C mismatch (data not shown). Thus, only the mutD5
strain with ongoing chromosomal DNA replication showed
deficiency in mismatch repair at 42°C. This suggests that
mismatch repair capacity was saturated by the large number
of mismatches occurring during DNA replication in the
mutD5 strain.

Since the 3'-*5' proofreading exonuclease function is
defective in mutD5 strains, the effect of chromosomal repli-
cation on mismatch repair efficiency in these mutants may be
related to the high frequency of mismatches left after repli-
cation; e.g., a large number of mismatches could saturate the
Mut system, allowing mismatches to escape repair (23).
Indeed, lacZ fusions to the promoters of the mutL and mutS
genes showed that these genes are expressed at a low level.
An E. coli cell may contain only 10 to 30 MutL and MutS
molecules (A. Brandenburger, J. M. Franssen, M. Faelen,
and M. Radman, unpublished data).
To test whether de novo protein synthesis was necessary

for the recovery of mismatch repair in the mutD5 dnaA(Ts)
strain under nonreplicative conditions (42°C), we performed
the heteroduplex infections in the presence of chloramphen-
icol, a protein synthesis inhibitor. Chloramphenicol (100
,ug/ml, final concentration) was added to the medium at the
end of the exponential growth phase. Twenty minutes later,
cultures were either switched to 42°C for 2 h or left at 32°C
for 2 h in the presence of chloramphenicol. Then phage
adsorption was performed, and infective centers were plated
on L-broth plates without chloramphenicol. The addition of
chloramphenicol did not affect mismatch repair efficiencies
at 32°C (Table 2); i.e., mismatch repair enzymes were still
active after 2.5 h of protein synthesis block. However, at
42°C, the presence of chloramphenicol prevented mutD5
dnaA(Ts) bacteria from recovering their mismatch repair
activity, indicating that de novo synthesis of at least one
protein is necessary for recovery of efficient mismatch repair
following saturation of its activity in replicating mutD5
strains. The effect was probably not due to an unstable
component of the mismatch repair system, since mismatch
repair in wild-type bacteria is not affected by the inhibition of
protein synthesis. It may be that at least one of the mismatch
repair enzymes of E. coli is inactivated in the course of
mismatch repair. Candidates are MutL and MutH proteins
whose overproduction in mutDS cells fully restores the
mismatch repair activity (R. M. Schaaper and M. Radman,
submitted for publication). A precedent for protein suicide
during DNA repair is already known: the 06-methyl-trans-
methylase of E. coli is inactivated by the act of transmeth-
ylation (17).

Saturation of the Hex mismatch repair system during

transformation of Streptococcus pneumoniae has been pro-
posed (13, 29). An excess of either homologous DNA or
heterologous DNA did not alter marker effects which reflect
mismatch repair in transformation. The apparent loss of
marker effects was observed with an excess of DNA from a
nonisogenic strain, which was interpreted as the inhibition of
mismatch repair by the excess of mismatches present in the
hybrid DNA formed between the donor strand and the
recipient strand.
Whatever the precise mechanism of saturation of inacti-

vation of mismatch repair in fast-growing mutD5 mutator
strains, this and other studies (23, 25, 26) can now explain
the excessive mutator effect of mutD (dnaQ) mutants as
being due to the initial structural defect in the proofreading
exonuclease and to the acquired, reversible defect in mis-
match repair. The former defect increases the rate of DNA
replication errors, and the latter decreases the efficiency of
correction of replication errors. Their coincidence in the
mutDS mutant results in an error amplification phenomenon.
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