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Summary. Weak to severe deficit of GATC se-
quences in the DNA of enterobacteriophages ap-
pears to be correlated with their undermethylation
during growth in dam* (GATC ade-methylase) bac-
teria. This observation is corroborated by the se-
quence analysis showing no evidence for site-spe-
cific mutagenicity of 6meAde. The MutH protein
of the methyl-directed mismatch repair system rec-
ognizes and cleaves the undermethylated GATC se-
quences in the course of mismatch repair. To en-
quire whether the MutH function of the methyl-
directed mismatch repair system participates in
counterselection of GATC sequences in enterobac-
teriophages, we have studied the yield of bacterio-
phage #X174 containing either 0, 1, or 2 GATC
sequences, in wild type, dam, and mut (H, L, S, U)
Escherichia coli. Following transfection with un-
methylated DNA containing two GATC sequences,
a net decrease in the yield of infective particles was
observed in all bacterial mutH* dam~ strains,
whereas no detectable decrease was observed in bac-
teria infected by DNA without GATC sequence.
This effect of the MutH function is maximum in
wild type and mutL and mutS bacteria whereas the
effect is not significant in 7ut U bacteria, suggesting
an interaction of the helicase II with the MutH pro-
tein.

However, in dam* bacteria, the presence of
GATC sequences leads to an increased yield of in-
fective particles. The effect of GATC sequence and
its Dam methylation system on phage yield in mutH~
bacteria reveals that methylated GATC sequences
are advantageous to the phage. These results suggest
that the methyl-directed mismatch repair system,
and in particular its MutH protein, may have par-
ticipated in severe counterselection of GATC se-
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quences from enterobacteriophages, presumably by
DNA cleavage or by interfering with DNA repli-
cation or packaging when GATC sequences are un-
dermethylated. Coevolution of the Dam and MutH
proteins could then account for the loss of GATC
sequences from DNA of bacteriophages growing in
dam™ hosts.’
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Introduction

Analysis of the incidence of diverse short DNA se-
quences in all available genomes or genomic frag-
ments has so far revealed two striking sequence def-
icits: a nearly 10-fold deficit of CpG sequences in
mammalian genomes (compared to any other di-
nucleotide sequence, e.g., GpC) (Cooper 1983; Coo-
per and Gerber-Huber 1985; Cooper and Krawczak
1989) and a mild to very severe deficit of GATC
sequences in some bacteriophages having specific
enterobacterial species as hosts (McClelland 1985).
In the former case, the cytosine methylation appears
to be responsible (Cooper 1983; Razin and Cedar
1984; Razin and Szyf 1984), as there exist regions
of mammalian genomes rich in CpG sequences in
which they are not methylated (Bird 1986). In ad-
dition, eukaryotic genomes devoid of cytosine
methylation do not show the CpG deficit (Doerfler
1983). Where the CpG deficit is compensated by the
excess of TpG and Cgﬁ sequences, it is likely that
either deamination of 5-methylcytosine (5-meC) to
thymine or the miscopying of 5-meC by adenine
causes this pronounced CpG — TpG sequence evo-
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lution (Cooper and Gerber-Huber 1985; Cooper and
Krawczak 1989; Yomo and Ohno 1989).

The deficit of GATC sequences is found only in
the genomes of bacteriophages growing in entero-
bacteria endowed with the Dam-methylase activity
that methylates the adenine in the GATC sequence
to 6-methyladenine (6-meA) (Barbeyron et al. 1984;
McClelland 1985) and is not related to a host re-
striction-modification system (McClelland 1985;
Sharp 1986). If, in analogy to 5-meC, 6-meA were
an unstable base, i.e., chemically unstable or fre-
quently miscopied by a nonthymine base, one would
expect a deficit of GATC sequences in bacterial DNA
as well and an increase in GXTC tetranucleotide
sequences (where X is T, G, or C) in bacteriophages
with a severe GATC deficit. For example, $X174
single-stranded phage DNA has no GATC sequence
(15 expected, see Materials and Methods section for
the methods of calculation of the expected number
of GATC sequences) and T7 phage has six GATC
sequences (141 expected); yet we found, in agree-
ment with McClelland (1985), no increase in GXTC
sequences over other tetranucleotide sequences,
suggesting that GATC sequences did not mutate
away by a preferential and specific change of their
maodified A. Furthermore, single-stranded phages
like M13 (3 GATC sequences, 17 expected) show a
lower level of GATC methylation than the double-
stranded phage A (116 GATC sequences, 212 ex-
pected). The case of double-stranded phages T1, T3,
and T7, which code for an inhibitor of the restric-
tion-modification system of Escherichia coli (ade-
nine methyltransferase in T1, S-adenosylmethio-
nine hydrolase for T3, or the gene 0.3 product for
T7) (Spoerel and Herrlich 1979; Spoerel et al. 1979;
Wagner et al. 1979; Auer and Schweiger 1984; Ban-
dyopadhyay et al. 1985; Kriiger et al. 1985; Hughes
et al. 1987), suggests that it is the absence rather
than the presence of 6-meA in GATC sequences
within dam* bacteria that causes the loss of these
sequences. To examine how unmethylated GATC
sequences could be counterselected, we have con-
sidered the fact that the dam™ bacteria are also en-
dowed with the methyl-directed mismatch repair
system, components of which can recognize and cut
unmethylated GATC sequences. We have examined
whether these mismatch repair components are in-
volved in counterselection of GATC sequences. The
key components of the methyl-directed mismatch
repair system are mismatch recognition {MutS pro-
tein), complex formation (MutL protein), helicase
activity (MutU or UvrD protein), and the recog-
nition and nicking of unmethylated GATC sequenc-
es (MutH protein) (Radman and Wagner 1986;
Modrich 1989). To test for counterselection of
GATC sequences in different mismatch repair and/
or adenine methylation mutants, we have used
$X 174 phage devoid of GATC sequences (Sanger

et al. 1977) and derivatives carrying either one or
two GATC sequences (Langle-Rouault et al. 1986,
1987). Our results indicate that the mismatch repair
components, in particular mutH function, may have
caused counterselection of GATC sequences in bac-
teriophage DNA.

Materials and Methods

Escherichia coli Cell Strains. Table 1 gives the description of the
bacterial strains used.

&X174 Mutant Phage. ®X174 Eam3 J-F ins3 carrying no
GATC sequence, $X174 Eam3 J-F ins6 carrying 1 GATC se-
quence, and $X174 Eam3 J-F ins5 carrying 2 GATC sequences
were described previously (Muller and Wells 1980; Lingle-Rou-
ault et al. 1986, 1987). We obtained am* derivatives of these
three phages by selection on sz~ bacteria HF 4704. They will be
referred to throughout the text as 0 GATC, 1 GATC, and 2 GATC
inserts, respectively. $X174 Ts (temperature sensitive) 116 was
used as an internal 0 GATC control for all the experiments.

DNA Preparation. Single-strand $X174 DNA of diverse mu-
tants was prepared following the method of Cunningham et al.
(1980) and extracted with phenol at 55°C (Schekman et al. 1971)
from CsCl-purified phages (Radman 1976).

Transfection and Scoring of Infective Centers. Spheroplasts
for the transfection were prepared by the lysozyme-EDTA pro-
cedure (Benzinger 1978). To increase the precision of transfection
efficiency measurement and of phage titering, we used an internal
standard phage DNA carrying a 75 mutation in otherwise wild
type (wt) phage. Thus the transfection was performed with a
mixture of a roughly equal amount of DNA from a GATC-free
$X174 Ts 116 mutant and a derivative carrying either 0, 1, or
2 GATC, at 32°C either for 8 min (killing experiments) or 4 h
(vield experiments), the peak time for the yield was determined
from the kinetics of the production of infective particles for each
transfecting DNA, and the spheroplasts or the phage were plated
on HF 4733 su* indicator and incubated at 32°C until plaques
appeared. To discriminate between the 75 mutant plaques and
the plaques originating from one of the three Ts+ derivatives,
plaques were selected and phage progeny spotted on replica plates
incubated either at 32 or 42°C.

Data Analysis. The primary results for a given transfection
were expressed as the Ts+/7s ratio, i.e., the ratio of the number
of infective centers growing at 42°C (i.e., from phages containing
the insert with 8, 1, or 2 GATC sequences) to the number of
infective centers appearing only at 32°C (originating from the Ts
116 phages). In a second step this ratio was compared to that of
the mutH experiment to give either the fraction of surviving
phages or that of the proportion of infective phages produced by
the bacteria transfected using mutH as the standard. When sta-
tistical tests were applied (t-test, ANOVA, Kruskal-Wallis, chi-
square), the significance level was taken as the probability P
corresponding to the risk associated with the rejection of the nuil
hypothesis. A P value <5% permits the conclusion, at risk P,
that the compared groups are not sampled from the same pop-
ulation.

Sequence Analysis. The sequences from genes of E. coli, Ba-
cillus subtilis, and their related bacteriophages were obtained from
GenBank using Bysance analysis system from CITI 2 (Paris,
France). The same software package was also used for the ho-
mology study between E. coli and Streptococcus sequences. To
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Table 1. Bacterial strains used in this study
E.coliK 12 Description Relevant Source (reference)
genotype
HF 4733 F-, thy, thr, gal, lac, endol-, sull*, X, sut P. Howard-Flanders
strps, dra/m~
HF 4733 dam As HF 4733 but dam3 su* ES548 x GM81 (Marinus 1973, conjugation
G Maenhaut-Michel and G Lingle-Rouault)
HF 4704 F-, thy, thr, uvrA13, ®Xs, strps, su- su- P. Howard-Flanders (Lindqvist and Sinshei-
mer 1967)
HF 4704 dam As HF 4704 but dam3 dam P1 transduction of dam13::Tn9 from
GM2199 (Marinus et al. 1983), this study
ES 548 trpaso0, strA, thi, lacZ(ICR 36) Wild type  E. Siegel (Vaccaro and Siegel 1977)
ES 871 As ES 548 but mutL 25 mutL E. Siegel (Vaccaro and Siegel 1977)
RH 4447 As ES 548 but mutH 101, thy mutH ES548 x KMBL3773 (Glickman and Radman
1980, conjugation G Maenhaut-Michel and
G Lingle-Rouault)
ES 548 dam As ES 548 but dam3, strp, thy*, spc* dam ES548 x GMS81 (Marinus 1973, conjugation
G Maenhaut-Michel and G Lingle-Rouault)
ES 548 dam mutH  As ES 548 but mutH 101, dam3 dam mutH (Caillet-Fauquet et al. 1984)
KMBL 3790 (\c*), F-, thyA306, lysA65, argA103 dam mutU (Glickman and Radman 1980)
bio37, pheA97, cysC, endoA101, dam3,
mutU (uvrE)
GM 150 F-, thil, leuB6, prod2, his4, metB1 dam mutL. M. Marinus
lacY1, galK2, dam3, mutL451
GM 169 F-, aral4, thil, thyd12, strd, tsx3 dam mutS M. Marinus
deoB16, dam3, mutS453
estimate the expected number of a particular tetranucleotide in Table 2. Survival ratio, relative to mutH bacteria, of the num-

a gene of a genome, we used a second-order Markov chain pre-
dictor that takes into account the observed frequency of tri- and
dinucleotides (McClelland 1985; Sharp 1986; Phillips et al.
1987a,b). We tested that this predictor gave a good estimation
of the tetranucleotide frequency on our data set. We tested also
the zero and first orders of the Markov chain analysis and con-
firmed that they do not apply to our set of data. This estimator
of the expected number of tetranucleotides, for the GATC se-
quence for example, is equal to

p(GAT) x p(ATC)/p(AT)

The use of the trinucleotide frequencies such as p(GAT) and
p(ATC) removes some of the bias due to variation in di- and
trinucleotide frequency and takes into account preferences in
codon usage.

Results

GATC Sequences and the Formation of
Infective Centers in Mismatch
Repair Mutants

The data in Table 2 show that there is no significant
detectable mut-dependent inactivation of unmeth-
ylated DNA in either dam™ or dam bacteria, with
the possible exception of dam* mutL bacteria strains.
In this strain we observed a slight but significant
killing of the 1 GATC DNA (P = 0.023) and a slight
protection in the same bacteria for the 0 GATC
DNA (P = 0.048). Although formally significant,
the effect of MutL mutation cannot be interpreted
in view of current knowledge (Modrich 1989), there-
fore, at this stage, we cannot draw any conclusion

ber of infective centers obtained after transfection of different
bacterial strains by unmethylated DNA of phages containing dif-
ferent numbers of GATC sequences

0 GATC 1 GATC 2 GATC
dam* Wildtype 1.13(1103) 1.22(1270) 1.19 (608)
mutH 1.0 (626) 1.0 (737) 1.0 (681)
mutL 1.35(1632)* 0.9 (1542)* 1.45(1151)
dam Wild type 1.05(1012) 1.19(1557)  0.96 (1016)
mutH 1.0 897) 1.0 (1226) 1.0 (1079)
mutU 1.21(827)  L.11(450)  1.11(1577)

The number of infective centers analyzed is given in parentheses.
The results are the mean of two to four experiments
* Significantly different at the 5% level from the mutH control

based on this observation. Nevertheless, with the
possible exception of 1 GATC in mutL background
(S = 0.9) no killing could be observed in dam~ or
dam* background for unmethylated DNA whatever
the number of GATC in the molecule. These results
indicate that the phage DNA, with or without GATC
sequences, is not inactivated as it enters bacteria
and that some replication cycles are allowed (Korn-
berg 1980).

GATC Sequences and the Yield of
Infective Phage Particles in Different
mut Strains 2

The described killing experiments with infective
center assay do not take into account the number
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Table 3. Yield of infective centers relative to mutH bacteria,
after transfection of different bacterial strains with DNA (un-
methylated in dam and methylated in dam* experiments) con-
taining different numbers of GATC sequences

0 GATC 1GATC 2 GATC
dam — mwH 10 (3179) 1.0 (4348) 1.0 (3316)
wit 0.93(3147)  0.76 (3216)  0.58 (2991)*
mueU  1.09(1994)  1.26(1833)  0.81 (1981)
muwtL  1.20(799)  0.61(1451)  0.37 (1476)*
mutS  0.80(759)  0.92(1399)  0.63 (1510)*
dam* mwH 10 (2544) 10 (1750) 1.0 (1781)
wt 0.74 (1827)*  0.79(1622)  1.21(1289)
muwl  0.48(2209)*  0.80 (1804)  0.80 (1620)

The number of infective centers analyzed is given in parentheses;
dam wt, dam mutU, dam mutL, dam mutS, dam* wt, and dam*
mutL are all mutH* strains

* Significantly different at the 5% level from the mutH control

of phage particles produced in the different test bac-
teria (burst size). It was previously observed that
phages containing 2 GATC sequences in dam bac-
teria always produced a smaller yield of infective
particles than the ones containing 0 or 1 GATC
sequence (F. Lingle-Rouault and G. Maenhaut-
Michel, personal communication). The phage yield,
after transfection by methylated or unmethylated
DNA from the three derivative phages in the dif-
ferent bacteria, relative to the phage yield in mutH
bacteria is given in Table 3. This phage yield takes
into account only the progeny of the surviving phage
and so is independent of the killing experiments. In
a dam background, unmethylated 0 or 1 GATC
DNA vield a similar number of infective phage par-
ticles (as compared to the mutH control strain) for
all the strains (Table 3), although there is a nonsig-
nificant smaller phage vield of 1 GATC phages in
dam wt and dam mutL bacteria. However, the fate
of 2 GATC unmethylated DNA is somewhat dif-
ferent: compared with the mutH strain, the yield of
infective particles by this unmethylated DNA is de-
creased in the four bacterial strains. This decrease
is significant in all bacterial strains except the dam
mutU. This decrease represents about 40% in the
wt and mutS strains and 60% in mutL. In the case
of the mut U bacteria the decrease in the phage yield
is small, about 20%, and is not significant. The sit-
uation is different for the yield of infective phages
by methylated DNA in dam* bacteria (Table 3): a
decrease in the yield of infective phages was ob-
served for 0 GATC DNA relative to a similar phage
yield for the 1 and 2 GATC DNA. This result is not
related to the state of methylation of DNA as similar
results were obtained with unmethylated DNA (re-
sults not shown). To understand this result we tested
the effect of the dam gene product by transfecting
the three DNASs into mutH strains, either dam or
dam* (Table 4). A high phage yield was observed

Table 4. Yield of infective centers in dam* mutH bacteria rel-
ative to dam mutH bacteria after transfection with unmethylated
DNA containing different numbers of GATC sequences

0 GATC 1 GATC 2 GATC
dam* mutH 0.97 (1014) 1.57 (1380) 1.47 (1340)*
dam mutH 1.0 (1228) 1.0 (1385) 1.0 (1181)

The number of infective centers analyzed is given in parentheses
* Significantly different at the 5% level from the dam control

in dam™ bacteria for 1 and 2 GATC DNA as seen
by the increased vield of the respective phages (how-
ever, the only significant difference is observed for
2 GATC DNA), whereas the yield was similar in
dam and dam™ bacteria for the 0 GATC DNA.

Discussion

Initially, we have studied the fate of the GATC
sequence in enterobacteriophages. Several authors
(McClelland 1985; Sharp 1986; Phillips et al.
1987a,b) have previously addressed this question
but none have verified whether the methylation of
the adenine leads to an increased mutability of this
base, converting the GATC sequence into GXTC
where X is T, G, or C. To address this specific ques-
tion, we used a small set of data as the basic findings
were already published (McClelland 1985; Phillips
et al. 1987a,b). We used a second-order Markov
chain predictor, which takes into account the ob-
served frequency of tri- and dinucleotides (Mc-
Clelland 1985; Sharp 1986; Phillips et al. 1987a,b),
in order to calculate the predicted number of a given
sequence. This comparison was done on a gene-by-
gene basis for E. coli, B. subtilis, T3, and T4 or for
complete genome for the other bacteriophages. For
16 genes of E. coli we found no statistical difference
(by a chi-square test) between the observed number
and the expected number of GXTC sequences (Ta-
ble 5). This was also found for three genes of B.
subtilis and for B. subtilis phages (Table 5). These
two results are in agreement with previously pub-
lished results (McClelland 1985; Phillips et al.
1987a,b). However, in E. coli bacteriophages, be-
sides the great deficit in GATC sequences already
reported (McClelland 1985) (Table 5 and Fig. 1), we
found a slight but significant deficit in all the derived
sequences except the GTTC (which exhibits a slight
increase in the observed number, which is not ob-
served for the complementary GAAC sequence)
(Table 5 and Fig. 1). Thus, the GXTC sequences
seem to be counterselected in general in all bacte-
riophages (Table 6), supporting the hypothesis that
the deficit in GATC sequence does not derive from
a hypermutability of the methylated adenine in such
a sequence.
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Table5. Comparison between observed and expected number of GATC and related sequences in Escherichia coli (16 genes accounting
for 42,959 bases), bacteriophages having E. coli as host (complete genome for F1, FD, M13, $X174, G4, A, T7, 11 genes from T4
and 3 genes from T3 accounting for 166, 133 bases), Bacillus subtilis (3 genes accounting for 3892 bases) and sequences from phages
having B. subtilis as host (7 genes from sp and 29 accounting for 10,477 bases

GATC GGTC GCTC GTTC GACC GAAC GAGC
E. coli = = = = == = =
E. coli phages - - - = + - — -
B. subtilis = = = = = = =
B. subtilis phages = = = + = = =

The comparison was made by a chi-square test. The equal sign (=) indicates no significant difference between the observed and the
expected number of sequences, a single (+) or (—) sign indicates a significant difference at the 5% level with an indication of whether
the observed number was greater (+) or lower (—) than the expected number. A double sign has the same meaning as a single sign
but the difference is significant at the 1% level. GACC, GAAC, and GAGC are the complementary sequence of GGTC, GTTC, and

GCTC sequences, respectively
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Fig. 1. Comparison between the ob-
served number and the expected number
of different sequences GXTC (where X =
A, T, G, or C) for nine coliphages [$X174
(1), G4 (2), M13 (3), Fd (4), F1 (5), T3 (6),
T7 (7), T4 (8), A (9)). The line drawn rep-
resents identity between observed and ex-
pected values. The points above the line
indicate a deficit in the sequence under
consideration whereas those under the line
represent an excess of observed number as
compared to the expected number (see Ta-
ble 6). Due to the logarithmic scale used,
we cannot represent the zero number of
GATC sequence observed in $X174 and
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GGTC
GCTC
GTTC
GACC
GAAC
GAGC
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We have shown that transfection of mutH+ bac-
teria by unmethylated 2 GATC phage DNA leads
to a decreased yield of infective bacteriophage par-
ticles. This could result from a decreased efficiency
of DNA replication and/or packaging, or from DNA
inactivation processes due to MutH function. In ei-
ther case, targets for these effects would be the un-
methylated GATC sequences in either single- or
double-stranded DNA. The latter hypothesis could
be supported by considering the known activities of
the MutH protein: MutH, in conjunction with MutS
and MutL, is known to cut DNA heteroduplexes
containing mismatched bases at unmethylated
GATC sequences (Modrich 1989), but a weak en-
donuclease activity of the free MutH protein [cleav-
ing d(GATC) sequences 5’ to the dG] on the un-
methylated DNA strands was detected irrespective
of the presence of mismatches (Welsh et al. 1987).
This endonuclease activity could act, in mismatch
repair, at the strand discrimination stage of mis-
match correction, which involves scission of the un-
methylated strand (Lingle-Rouault et al. 1987,
Modrich 1989). Thus, the decreased yield of infec-
tive particles containing 2 GATC sequences ob-

TTTTY

therefore we add a zero point outside the
frame of the figure to represent this partic-
ular situation.

1000

served in dam mutH+* (whether mut*, mutU, mutL,
or mutS) bacteria for unmethylated DNA could be
due to the cleavage of this DNA by the MutH pro-
tein. In the same strains, transfection with DNA
containing only one GATC sequence led to a de-
crease (though not significant) in the yield of infec-
tive particles (the yield of phage containing an insert
with no GATC sequence is the same in dam mutH
and dam mutH* bacteria). There is a significant
inverse correlation between the number of GATC
sequences of the transfecting DNA and the yield of
phage resulting from transfection by this DNA. In
dam background, all bacteria that are defective in
another protein of the mur system show a significant
decrease in the yield of 2 GATC phages, except the
mutU (Table 3). For dam mutU we observed a small
decrease in phage yield of 2 GATC phage and no
decrease at all for 0 and 1 GATC DNA. It is possible
that there is an interaction between the MutU and
MutH proteins as suggested by Radman and Wagner
(1986). It was proposed that helicase II opens the
double-stranded DNA Hue to the presence of mis-
match, creating single-stranded DNA, and then
“walks along” the DNA in conjunction with MutH
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Table 6. Observed (0) and expected (e) number of GXTC sequences (where X = A, T, G, or C) in different bacteriophages

Genomes
Sequences X o ®Xe Gdo Gde fdo fde M13o Ml3e
GATC 0 15 2 17 4 16 3 17
GGTC 15 20 16 20 15 22 13 20
GCTC 24 23 34 34 29 27 31 30
GTTC 28 32 23 22 49 40 50 39
GACC 22 19 25 21 16 14 16 12
GAAC 11 12 17 24 6 12 5 11
GAGC 13 15 6 7 8 11 11 12
Sum 124 151 129 154 141 153 141 154

= In the case of T3 and T4, the sequences of a number of their genes were pooled for this analysis

until a nonmethylated GATC sequence, which is
then cut by MutH. This interaction would explain
the small decrease in the yield observed in mutU
bacteria. We do not rule out a decrease in the yield
of 1 GATC phages in dam bacteria, as the yield of
these phages in wt and mufL bacteria was inter-
mediate between the 0 GATC control and the 2
GATC DNA. This observation mirrors that of mis-
match repair measurement with the same three
DNAs and agrees with the notion that at least one
unmethylated GATC sequence is required for mis-
match repair (Lingle-Rouault et al. 1986, 1987; La-
hue et al. 1987; Lu 1987; Welsh et al. 1987) but that
2 GATC sequences lead to a higher efficiency.

In dam™ bacteria, we observed no decrease in the
yield for GATC-containing DNA, which is in agree-
ment with observations that MutH protein does not
interact with methylated GATC sequences (Welsh
et al. 1987). However, we have observed a MutH-
dependent decrease in the phage yield for the DNA
that does not contain any GATC sequence (Table
3). This observation could reflect an involvement
of MutH, which is irrespective of GATC sequences,
e.g., a binding or nuclease activity, although such
an activity has not been demonstrated (Welsh et al.
1987). It cannot be excluded that 6-meAde residues
provide some selective advantage to the phage DNA.
It is possible also that Dam protein itself protects
the DNA containing GATC sequences (Szyf et al.
1986). To test these hypotheses, we compared the
phage yield from unmethylated DNA in dam mutH
and dam™ mutH bacteria (Table 4): no decrease in
phage yield was detected for 0 GATC DNA in dam*
as compared to dam bacteria. However, the phage
yield for DNA containing 1 or 2 GATC sequences
in dam* bacteria is about 50% higher than that ob-
served for 0 GATC DNA (although only the result
for 2 GATC DNA is significantly different from the
control). This selective advantage appears to be due
to the Dam protein alone as it 1s independent of the
MutH function (Table 4). Thus, it may be that the
Dam protein or its methylase activity protects DNA
containing GATC from the effects of the MutH and

some other unknown functions that decrease the
phage yield.

The above results could account for the counter-
selection of GATC sequences observed in bacterio-
phages specific to enterobacteria (McClelland 1985),
as even small effects on phage yield can have large
long-term fitness effects. It is known that the Dam
methylation is delayed relative to DNA synthesis
(Marinus 1976; Geier and Modrich 1979; Lyons and
Schendel 1984; Szyf et al. 1984; Ogden et al. 1988)
and that it never methylates all GATC sequences
in either double-stranded (Dreiseikelmann et al.
1979) or single-stranded (Lu et al. 1983) phages.
Thus, DNA containing unmethylated GATC se-
quences could be inactivated by the MutH protein,
leading to a significant decrease in the yield of phages
containing numerous GATC sequences, therefore
providing a selective advantage for phages that lose
GATC sequences (an extreme case being $X174,
which is completely devoid of GATC). Besides this
specific activity toward unmethylated GATC se-
quences, MutH (and perhaps some other proteins)
is probably able to decrease the phage yield irre-
spective of GATC sequence (Table 3). However, the
Dam protein itself seems to provide some selective
advantage to DNA containing GATC sequences.
This protection could not be complete as on the one
hand there is a lag between synthesis of DNA and
methylation by Dam protein, leaving GATC se-
quences unmethylated for a short time (Lyons and
Schendel 1984; Szyf et al. 1984; Ogden et al. 1988)
and on the other hand because the Dam protein is
not able to complete the methylation of all GATC
sequences in phage DNA (Lu et al. 1983).

Our results indicate that the components of the
methyl-directed mismatch repair system could be
responsible for the counterselection of GATC se-
quence in enterobacteriophages. A speculation is that
the counterselection effect is formally analogous to
a weak restriction system, as propositions were made
by Claverys and Lacks (Claverys and Lacks 1986;
Lacks 1988) that the Hex mismatch repair system
and the Dpn II methylase and endonuclease of
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Genomes .

flo fle Ao Ae T70 T7e T30 T3e T4* 0 T4e
4 17 116 212 6 141 3 42 51 125
15 20 118 157 194 173 71 51 88 75
33 28 133 161 174 187 43 54 75 75
49 39 181 190 246 188 69 54 157 129
16 14 149 173 222 184 56 52 74 50
4 11 224 242 250 226 78 81 150 155
11 12 194 186 121 165 35 48 76 68
145 153 1316 1558 1309 1371 380 410 753 739

Streptococcus, on one hand, and the Mut system
from E. coli, on the other hand, would have a com-
mon ancestor some 10° years ago. The Dam and
MutH proteins would be the counterparts of the
Dpn II system of Streptococcus, whereas Hex A
would be the equivalent of MutS. Indeed, there is
a 36% identity between Hex A and MutS and 30%
identity between Dam and Dpn II methylases (Man-
arelli et al. 1985) (our analysis showed two large
domains conserved up to 40-45%, results not
shown), however, we found only about 20% identity
between MutH and Dpn Il endonucleases, although
they have the same substrate. The molecular weight
of the monomer of Dpn II endonuclease and that
of MutH are very close, but the latter acts as a mono-
mer (Manarelli et al. 1985). This could account for
the difference in substrate for these two enzymes,
Dpn 11 recognizing unmethylated GATC in double-
stranded DNA, whereas the best substrate for MutH
seems to be hemimethylated GATC in double-
stranded DNA (Welsh et al. 1987) or, as we pos-
tulate here, unmethylated GATC in single-stranded
DNA. The involvement of Dam methylation in the
methyl-directed mismatch repair of E. coli suggests
a coevolution of the Dam and MutH functions. In
dam bacteria the methyl-directed mismatch repair
system would act by cutting DNA at GATC se-
quence, thus inactivating phages and leading to a
lower yield of phages containing numerous GATC
sequences (other means of interfering with phage
yield is not excluded as discussed). In dam™ bacteria
the counterselection mechanism could be the same
except that the number of unmethylated GATC se-
quences is smaller and therefore the selective pro-
cess would take a longer time to lead to a significant
decrease in the number of GATC sequences in a
given genome. The coevolution of the MutH and
Dam functions could account for the puzzling ob-
servations that the counterselection of GATC se-
quences correlates with their undermethylation in
dam* mutH* bacteria.
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