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Summary. Postreplicative methylation of  adenine 
in Escherichia coli D N A  to produce G 6m ATC (where 
6r"A is 6-methyladenine) has been associated with 
preferential daughter-strand repair and possibly reg- 
ulation of  replication. An analysis was undertaken 
to determine if these, or other, as yet unknown roles 
of GATC, have had an effect on the frequency of  
GATC in E. coli or bacteriophage DNA. It was first 
ascertained that the most accurate predictions of 
GATC frequency were based on the observed fre- 
quencies of GAT and ATC, which would be ex- 
pected since these predictors take into account pref- 
erences in codon usage. The predicted frequencies 
were compared with observed GATC frequencies 
in all available bacterial and phage nucleotide se- 
quences. The frequency of  GATC was close to the 
predicted frequency in most genes orE. coli and its 
RNA bacteriophages and in the genes of nonenteric 
bacteria and their bacteriophages. However, for 
DNA enterobacteriophages the observed frequency 
of GATC was generally significantly lower than pre- 
dicted when assessed by the chi square test. No el- 
evation in the rate of mutation of 6mA in GATC 
relative to other bases was found when pairs of DNA 
sequences from closely related phages or pairs of 
homologous genes from enterobacteria were com- 
pared, nor was any preferred pathway for mutation 
of  6mA evident in the E. coli DNA bacteriophages. 
This situation contrasts with that of  5-methylcyto- 
sine, which is hypermutable, with a preferred path- 
way to thymine. Thus, the low level of  GATC in 
enterobacteriophages is probably due not to 6mA hy- 
permutability, but to selection against GATC in or- 
der to bypass a GATC-mediated host function. 
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Introduction 

All members of  the family Enterobacteriaceae and 
the genus Haemophilus tested contain DNA se- 
quences homologous to the dam gene (Brooks et al. 
1983) that encodes the Escherichia coil GrmATC - 
specific methylase (Hattman et al. 1978) (6~A is 
6-methyladenine). This methylase is unusual in that 
it is not associated with a restriction modification 
system (Smith and Kelly 1983). Furthermore, mu- 
tations in the dam gene ofE. coli are viable (Marinus 
et al. 1983). dam-Deficient mutants are, however, 
hyperrecombinogenic (Korba and Hays 1982) and 
have a mutator phenotype (Marinus and Konrad 
1976). This has been attributed to a lack of  strand 
discrimination in dam-methylation-dependent 
daughter-strand repair (Glickman and Radman 
1980; Herman and Modrich 1981; Pukkila et al. 
1983). dam-Overproducer mutants are also hyper- 
mutable (Glickman and Radman 1980; Herman and 
Modrich 1981), presumably because DNA meth- 
ylation occurs more rapidly after replication, re- 
ducing the opportunity for methylation-mediated 
strand discrimination. Given this role for dam there 
is no reason to expect an unusual frequency or dis- 
tribution of GATC sequences in E. coil chromo- 
somal DNA. Indeed, the distribution of  GATC 
sequences is fairly random as determined from di- 
gestions of  E. coli total chromosomal D N A  with 
restriction endonucleases that cut GATC (Szyfet al. 
1982). However, DNA sequencing has shown that 
some regions, for instance, the E. coli origin of rep- 
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l i ca t ion ,  a re  s ign i f i can t ly  e n r i c h e d  in  G A T C  ( M e i j e r  4o 
et  al. 1979; S u g i m o t o  et  al.  1979; Z y s k i n d  a n d  S m i t h  
1980; Z y s k i n d  et  al .  1983), sugges t ing  t h a t  G r m A T C  
m a y  be  i n v o l v e d  in  i n i t i a t i o n  o f  r e p l i c a t i o n .  T h e r e  
are  a l so  d a t a  t h a t  s h o w  G A T C  s e q u e n c e s  to  o c c u r  ~ s o  
p r e f e r e n t i a l l y  a t  the  e n d s  o f  O k a z a k i  f r a g m e n t s  
( G o m e z - E i c h e l m a n n  1979),  w h i c h  suggests  a spec ia l  
ro le  for  G A T C  d u r i n g  r e p l i c a t i o n .  

T h e  ex i s t ence  o f  v i a b l e  d a m - d e f i c i e n t  m u t a n t s  ,~ zo 
a rgues  aga in s t  a s t r ic t  r e q u i r e m e n t  for  G r m A T C  in  ~, 
r ep l i c a t i on ,  b u t  l e a v e s  o p e n  the  p o s s i b i l i t y  t h a t  es-  
sen t i a l  s y s t e m s  m a y  be  G A T C  specif ic  w i t h o u t  a b -  
so lu te ly  r e q u i r i n g  G 6 m A T C  for  t h e i r  func t ion .  A1- 10 
t e rna t ive ly ,  s ince  m u t a n t s  m a d e  b y  p lac ing  in se r t i ons  
in  t he  d a m  gene  ( M a r i n u s  et  at.  1983)  m a y  n o t  b e  
c o m p l e t e l y  w i t h o u t  m e t h y l a s e  ac t iv i t y ,  t h e r e  c o u l d  
be  suff ic ient  r e s i d u a l  G6mATC in  d a m - d e f i c i e n t  
s t ra ins  to  e n a b l e  e s sen t i a l  G 6 m A T C - d e p e n d e n t  func-  
t i o n s  to  b e  c a r r i e d  out .  

G i v e n  the  spec ia l  ro le  o f  G A T C ,  i t  is  p r o b a b l e  Fig. 1. 
t ha t  r eg ions  o t h e r  t h a n  the  E. coli or ig in  a l so  d e v i a t e  
f r o m  p r e d i c t e d  G A T C  f r e q u e n c y  as  a c o n s e q u e n c e  
o f  t h e i r  i n t e r a c t i o n  w i t h  G r m A T C - m e d i a t e d  func-  
t ions .  A s u r v e y  was  u n d e r t a k e n  to  d e t e r m i n e  the  
b e s t  p r e d i c t o r  o f  G A T C  f requency ,  a n d  the  fre-  
q u e n c i e s  t hus  p r e d i c t e d  were  c o m p a r e d  w i th  the  
o b s e r v e d  f r equenc i e s  o f  G A T C  in  al l  a v a i l a b l e  b a c -  
t e r i a l  a n d  p h a g e  sequences .  

Methods 
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Frequency of GATC in bacterial DNA. The observed 
numbers of GATCs in bacterial DNA sequences were compared 
with the numbers expected from the trinucleotide predictor 
p(GAT) x p(ATC)/p(AT). This figure includes DNA sequences 
from 29 species of bacteria. Some species are grouped into genera 
to increase sample size. Abbreviations are those used by GEN- 
BANK. Species for which there is no DNA homology to the E. 
coli dam gene (Hattman et al. 1978) or that do not contain dam 
(Dreiseikelmarm and Wackemagel 1981) are indicated by "x  "s. 
Species with DNA homology to the E. coli dam gene or that 
probably contain dam are indicated by filled circles. E. coli genes 
are indicated by open circles. Lines connect predicted and ob- 
served numbers that have signlficances ofP  = 0.01 or P = 0.05 
by a chi square test 

Local variation in the frequency of GATC was determined by 
analyzing the number of GATCs in all the sequences in the data 
base of bacterial and phage nucleotide sequences compiled on 
GENBANK (Bolt, Beranek, and Newman, Boston, MA). The 
observed number of GATCs in each sequence was compared 
with the predicted number. 

To determine the best predictor of tetranucleotide frequency 
seven different methods employing the mononucleotide, dinu- 
cleotide, and trinucleotide frequencies in 27 genes from E. coli 
were compared with respect to ability to predict the frequencies 
of all possible palindromic permutations of G, A, T, and C, i.e., 
GATC, CATG, GTAC, CTAG, TCGA, TGCA, ACGT, and 
AGCT. For instance, if p(i) is the frequency of the base or oli- 
gonucleotide i in a DNA sequence, equations used to predict 
GATC frequency were as follows: using mononucleotide fre- 
quencies, p(G) x p(A) x p(T) x p(C); using also dinucleotide 
frequencies, p(G) x p(AT) x p(C), and p(GA) x p(TC); and using 
also trinucleotide frequencies, p(GAT) x p(C), p(G) x p(ATC), 
and p(GAT) x p(ATC)/p(AT). Mononucleotide frequencies were 
a poor predictor of tetranucleotide frequencies (data not shown). 
The most consistently accurate predictors of all palindromes were 
the trinucleotide predictors. The predictor used, unless otherwise 
stated, was p(GAT) x p(ATC)/p(AT). The significance of the 
difference between observed and predicted numbers of GATC in 
each sequence was determined by using the chi square test with 
one degree of freedom. 

Computer analysis systems used were GENBANK and IN- 
TELLIGENETICS (Palo Alto, CA). 

Results 

U n l e s s  o t h e r w i s e  i n d i c a t e d ,  the  p r e d i c t o r  p ( G A T )  
x p ( A T C ) / p ( A T )  was  e m p l o y e d  in ana lyses .  U s i n g  
t r i n u c l e o t i d e  f r e q u e n c i e s  s u c h  as  p ( G A T )  a n d  
p ( A T C )  r e m o v e s  s o m e  o f  t h e  b i a s  d u e  to  v a r i a t i o n  
in  d i -  a n d  t r i n u c l e o t i d e  f r e q u e n c y  in  p r e d i c t i o n  o f  
the  f r e q u e n c y  o f t e t r a n u c l e o t i d e s .  W h e n  d i -  a n d  t r i -  
n u c l e o t i d e  f r equenc i e s  a re  t a k e n  i n to  a c c o u n t  in  th i s  
m a n n e r ,  a n y  r e s i d u a l  d i f fe rences  b e t w e e n  o b s e r v e d  
a n d  p r e d i c t e d  t e t r a n u c l e o t i d e  f r e q u e n c i e s  is  m o r e  
l i ke ly  to  be  d u e  to  effects a t  the  t e t r a n u c l e o t i d e  leve l  
t h a n  to  l o w e r - o r d e r  effects such  as  c o d o n  usage .  

The Frequency o f  GA T C  in Bacterial DNA 

T h e  to t a l  n u m b e r  o f  G A T C s  in  t he  E. coli c h r o -  
m o s o m a l  D N A  s a m p l e  was  767.  T h i s  was  92% o f  
the  n u m b e r  e x p e c t e d  f r o m  t r i n u c l e o t i d e  p r e d i c t o r s .  
D i -  a n d  m o n o n u c l e o t i d e  p r e d i c t o r s  gave  s i m i l a r  re-  
sults ,  b u t  w i t h  m o r e  s ca t t e r i ng  ( d a t a  n o t  shown) .  
S igni f ican t  d e v i a t i o n s  f r o m  p r e d i c t e d  G A T C  fre- 
q u e n c y  o c c u r r e d  in  o n l y  a few e n t e r o b a c t e r i a l  genes  
a n d  in  no  n o n e n t e r i c  s equences  (Fig.  1). A r e g i o n  o f  
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Fig. 2. Frequency of GATC in Bacteriophages. The same pre- 
dictors were used as in Fig. 1. Open circles represent DNA en- 
terobaeteriophages, filled circles represent RNA bacteriophages, 
and "x "s represent nonenteric bacteriophages. For T4 it should 
be noted that 19 restriction sites containing GATC have been 
r~apped to this phage (Gram et al. 1984). This compares with a 
predicted value (based on mononucleotide frequencies) of 79 
SUch sites, giving an observed/expected ratio of about 1:4. Thus 
GATC is likely to be rarer in T4 than is suggested by the 1:2 
observed/expected ratio calculated from the limited sequence 
data available 

Table I. Fate of GATC in bacteriophage T7 

Predictor 

Di- Tri- XXN- XNX- XXX- 
Sequence nucl. nucl. XX XX NX 

GATC . . . . .  

Transitions 

AATC + + + + + 
GGTC + + + + + 

Homotransversions 

CATC + + + + + 
GTTC + + + + + 

Heterotransversions 
TATC + + 0 0 + 
GCTC + 0 0 0 - 

Using the sequence of  T7 bacteriophage DNA (Hoffatt et al. 
1983), the frequencies of GATC and of  each tetranucleotide gen- 
erated by a single point mutation from GATC were compared 
with the frequencies calculated using five different predictors. A 
plus sign indicates that the observed frequency for the tetranu- 
cleotide sequence in that row is greater than the frequency pre- 
dicted by the method indicated at the top of  that column. A 
minus sign represents the converse. The first two predictors were 
based on di- and trinucleotide frequencies (see Methods). The 
other three predictors were the frequencies of sequences with 
bases in the same order as in GATC but noncontiguous. For 
instance, when reading across the row for GATC, the last three 
columns, XXNXX, XNXXX, and XXXNX, represent compar- 
isons of the frequency of  GATC with those ofGANTC, GNATC, 
and GATNC, respectively, where N is any base 

250 base pairs at the E. coil origin of  replication 
(ECOORI) contains 11 GATCs  (Meijer et al. 1979; 
Sugimoto et al. 1979; Zyskind and Smith 1980; Zys- 
kind et al. 1983) (Fig. 1). This is an enr ichment  o f  
more  than threefold relative to that  predicted f rom 
trinucleotide frequencies. The  origins o f  replication 
of  five other  related species also contain 11-14 oc- 
currences o f  the dam site within approximate ly  250 
base pairs, seven o f  which are conserved in all six 
Species (Zyskind et al. 1983). Other  pal indromes 
Were not  conserved in this region. The  only other  
E. coli chromosomal  gene with an elevated G A T C  
content  was the D N A  A gene (ECODNAA),  which 
Codes for a DNA-binding  protein involved  in the 
init iation o f  D N A  replication (Hansen et al. 1982). 
Eight GATCs  were found in 220 base pairs proximal  
to the gene. 

The Frequency of GA TC in Bacteriophages 

I f  GrmATC sequences have no  special role outside 
of  Ori  C-media ted  replicat ion and daughter-strand 
repair, then no  increase or decrease in the frequency 
o f  G A T C  relative to that  predicted by di- and trinu- 

cleotide frequencies should be found in bacterio- 
phages. However ,  the f requency o f  G A T C  was sig- 
nificantly lower than predicted in mos t  D N A  
enterobacter iophage sequences examined  (Fig. 2). 
For  instance, bacter iophage T7 (40,000 base pairs) 
(Dunn and Studier 1983) contains 6 GATCs,  where- 
as the predicted n u m b er  is 141. In contrast ,  R N A  
enterobacter iophages (in which the sequence o f  in- 
terest is GAUC)  and Bacillus D N A  phages, which 
are not  methyla ted at G A T C  (Dreiseikelmann and 
Wackernagel 1981), had close to the predicted fre- 
quencies o f  GATC.  Thus,  G A T C  is rare only in 
those D N A  phages that infect hosts with dam meth-  
ylases. 

The cause o f  the general rari ty o f  G A T C  in the 
D N A  enterobacter iophages examined  is not  ob- 
vious. It could be due to selection against GATC,  
or to some peculiari ty o f  6mA, for instance, hyper-  
mutabil i ty.  There  is a precedent  for  this in that  the 
other  c o m m o n  modif ied base in bacterial DNA,  
5 - m e t h y l c y t o s i n e  (smC), is h y p e r m u t a b l e  (Cou-  
londre et al. 1978). However ,  6ram hypermutabi l i ty  
seems unlikely, since the level o f  G A T C  is normal  
in E. coli ch romosomal  DNA.  Nevertheless,  to test 
the possibility that  6mA is hypermutable  and mu-  
tates by a preferred pathway,  the observed and pre- 
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Table 2. Tetranucleotide sequence conservation in pairs of closely related enterobacterial DNAs 

Palindrome 

Sequence GATC GTAC ACGT AGCT CATG CTAG T C G A  TGCA Total 

Bacteriophage sequences 

F1 1 2 1 2 1 0 2 2 11 
Shared 3 16 19 16 12 3 8 10 87 
Fd 1 2 I 0 2 0 2 2 10 

Trp D 

E. coli 0 2 1 2 1 1 0 1 8 
Shared 2 1 2 1 3 0 3 1 13 
S. typ. 2 0 1 3 2 0 1 1 10 

E.  coli 0 2 2 1 1 1 0 0 7 
Shared 2 1 1 2 3 0 3 2 14 
S. dys. 0 0 0 1 1 0 1 0 3 

Trp A and B 

E. coli 4 2 4 5 3 0 4 5 27 
Shared 1 1 2 1 2 0 1 2 l 0 
S. typ. 6 6 2 2 7 0 2 1 26 

Ori C 

E. coli 0 0 0 0 0 0 0 0 0 
Shared 13 0 0 2 0 0 0 0 15 
S. typ. 0 1 0 1 0 1 0 0 3 

Available bacterial and bacteriophage DNA sequences that showed a high level of homology were aligned and the numbers of 
occurrences of GATC and the seven other palindromes containing G, A, T, and C were determined for each sequence. Ira palindrome 
was found at the same position in both sequences, it was placed in the "Shared" category, and not included in the count for the single 
sequence. I fa  palindrome was found in only one sequence, the mutation involved was determined (Table 3). Phages compared were 
F1 and Fd, and species compared were E. coli, Salmonella typhimurium (S. typ. ) and Shigella dysenteriae (S. dye. ) 

Table 3. Mutations involved in the loss or gain of GATC 

Base in aligned 

Mutation in GATC sequence 
involving A G T C Total 

Internal base (A or T) A -- 5 1 2 8 
External base (G or C) G 4 -- 1 1 6 

The mutations involved in the losses and gains of GATC shown 
in Table 2 were determined. The data are condensed such that 
a mutation involving C or T in GATC is represented by the G 
or A, respectively, of the complementary strand. For instance, 
the presence of a GATC in one sequence and a GAGC in the 
aligned sequence is counted as an A ,~ C mutation. The directions 
of mutation (i.e., loss or gain of GATC) could not be determined 

d i e t e d  f r equenc ie s  o f  al l  s equences  d i f fer ing  f r o m  
G A T C  b y  a s ing le -base  s u b s t i t u t i o n  were  de t e r -  
m i n e d  for  b a c t e r i o p h a g e  T7.  N o  p r e f e r e n t i a l  p a t h -  
w a y  for  the  e l i m i n a t i o n  o f  G A T C  was  d e t e c t e d  (Ta -  
b le  1). T h e  f r equenc ie s  o f  al l  s e q u e n c e s  d i f fer ing  
f r o m  G A T C  b y  a s ingle  ba se  e x c e p t  the  h e t e r o t r a n s -  
v e r s i o n s  T A T C  a n d  G C T C  were  e l eva t ed .  In  pa r -  
t i cu la r ,  t he  i nc rea se  in  f r e q u e n c y  o f  the  s equences  
in  w h i c h  the  b a s e  d i f fe rence  o c c u r r e d  in  one  o f  t he  
o u t e r  b a s e s  ( G  o r  C) was  s i m i l a r  to  t h a t  o f  the  se-  
quences  in  w h i c h  the  base  d i f fe rence  o c c u r r e d  in  one  
o f  the  cen t r a l  b a s e s  (A  o r  T).  S i m i l a r  r e su l t s  were  

o b t a i n e d  for  t he  p h a g e s  p h i X  174, F1 ,  a n d  l a m b d a  

( d a t a  n o t  shown) .  H o w e v e r ,  t he  i n i t i a l  loss  o f  G A T C  
in these  p h a g e s  m a y  h a v e  b e e n  q u i t e  a n c i e n t  a n d  
thus  o b s c u r e d  b y  m u l t i p l e  hi ts .  T o  ru le  o u t  t h i s  pos -  
s ib i l i ty ,  r e c e n t l y  d i v e r g e d  s equences  f r o m  the  F d  
b a c t e r i o p h a g e s  were  a l i g n e d  w i t h  t h o s e  o f  F 1; o t h e r  
s e q u e n c e d  b a c t e r i o p h a g e s  were  n o t  suf f ic ient ly  h o -  
m o l o g o u s  for  m e a n i n g f u l  c o m p a r i s o n  o f  t he  fa tes  o f  
G A T C  in t h e i r  s equences .  F o r  each  p a i r  o f  a l i gned  
sequences ,  t he  n u m b e r s  o f  G A T C s  a n d  o f  t he  s e v e n  
o t h e r  t e t r a n u c l e o t i d e  p a l i n d r o m e s  c o n t a i n i n g  G,  A,  
T,  a n d  C were  d e t e r m i n e d .  W h e r e  a t e t r a n u c l e o t i d e  
was  n o t  c o n s e r v e d  b e t w e e n  r e l a t e d  sequences ,  the  
base  change  i n v o l v e d  was  d e t e r m i n e d .  T h e  d i r ec -  
t i on  o f  the  m u t a t i o n  t ha t  r e s u l t e d  in  t he  b a s e  change  
c o u l d  n o t  be  d e t e r m i n e d .  S ince  a n y  m u t a t i o n  pref -  
e r ence  o f  6mA w o u l d  be  e x p e c t e d  to  o c c u r  in c h r o -  
m o s o m a l  as  wel l  as  in  b a c t e r i o p h a g e  D N A ,  the  ana l -  
ys is  was  a l so  p e r f o r m e d  for  t he  k n o w n  D N A  
sequences  o f  the  T r p  A,  B, a n d  D genes  a n d  the  
o r ig ins  o f  r e p l i c a t i o n  o f  e n t e r o b a c t e r i a .  T h e  da ta ,  
s u m m a r i z e d  in  T a b l e  2, suggest  t h a t  t h e r e  is  a t  m o s t  
o n l y  a s l ight  d i f fe rence  b e t w e e n  the  r a t e  o f  m u t a t i o n  
o f  G A T C  a n d  t h o s e  o f  o t h e r  t e t r a n u c l e o t i d e  pa l i n -  
d r o m e s .  E x c l u d i n g  the  o r ig ins  o f  r e p l i c a t i o n ,  t he re  
were  14 m u t a t i o n s  o f  G A T C  in  22 occu r r ences ,  a 
r a t i o  o f  I :  1.6, c o m p a r e d  w i th  113 m u t a t i o n s  o f  o t h e r  
p a l i n d r o m e s  in  226 occu r r ences ,  a r a t i o  o f  1:2. F u r -  
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thermore, 8 of  14 mutations involved the central 
AT of  GATC (Table 3), which is not a significant 
bias in favor of  mutation of  6ram or T relative to 
mutation of  G or C. In the origins of  replication, 
GATCs were not only extremely abundant, but, far 
from being hypermutable, were in fact highly con- 
served, as one would expect if they have an impor- 
tant function. 

Discussion 

Evidence for Selection against GATC in DNA 
Enterobacteriophages 

The dam methylation target GATC is rare in most 
DNA enterobacteriophages. However, evidence has 
been presented here that 6mA is not hypermutable, 
eliminating a possible explanation for this rareness. 
It is possible that selection is occurring against the 
recognition sequence of  a GATC-specific restriction 
endonuclease. Precedents for this occur in the B. 
subtilis phages phi29 and SPO1, in which the se- 
quence GGCC is absent or rare (Ito and Roberts 
1979; Reeve et al. 1980), presumably because of  
selection against Bsu RI, a common GGCC-specific 
restriction system in B. subtilis. Similarly, Eco RI, 
Eco K, and Eco B recognition sequences are two- 
to fourfold rarer than predicted in enterobacterio- 
phage DNA (data not shown). However, there is no 
evidence for a GATC-specific restriction system in 
enterobacteria (Smith and Kelly 1983). Thus, it is 
more likely that the hypothesized selective force 
arises due to a need to bypass the known role of  
G6~ATC in repair, recombination, or replication 
(Coulondre et al. 1978; Glickman and Radman 1980; 
Herman and Modrich 1981; Marinus et al. 1983; 
Pukkila et al. 1983). For instance, selection could 
be a consequence of  the need for rapid (low fidelity) 
replication or unusual replication modes such as the 
rolling circle. RNA enterobacteriophages and non- 
enteric bacteriophages do not encounter dam meth- 
ylation, and thus these phages have normal levels 
of GATC. 

Some properties of  certain D N A  enterobacte- 
riophages may reduce selection against GATC. For 
instance, the lysogenic DNA phages have higher 
levels of  GATC than the lytic DNA phages (Fig. 2). 
Perhaps this is because in their quiescent state ly- 
sogenic phages are replicated and repaired many 
times under host control and at a rate similar to that 
of  normal host DNA. This could require maintain- 
ing a level of  GATC similar to that of  the host. 
Another modulator may be heavy modification of 
bacteriophage DNA, as occurs in T4 and which ren- 
ders the DNA resistant to darn methylation (Hart- 
man 1970). This could reduce the resultant selection 
pressure against GATC by disrupting the interaction 

responsible for this pressure. A consequence of  a 
lack of  dam methylation in T4 is that this bacteri- 
ophage may not undergo daughter-strand repair (Se- 
chaud et al. 1965; Sinha and Goodman t 983). Next, 
there is some evidence that phage-encoded mech- 
anisms may inhibit dam methylation of  phage DNA 
in some cases (Dreiseikelmann et al. 1979; Bauer et 
al. 1981; Lundahl 1982). Finally, phage mu contains 
a gene that is positively regulated by dam methyl- 
ation of  its promoter (Hattman 1979, 1982; Plasterk 
et al. 1984). Clearly, there should be selection to 
maintain the regulatory dam sites in such a phage. 

It is not clear whether selection against GATC in 
enterobacteriophages is due to selection against 
G6mATC. TO test this it should be possible to vary 
the number of  GATCs in DNA enterobacterio- 
phages by in vitro mutagenesis. Loss or gain of 
GATC sequences can be achieved without altering 
encoded amino acids because of  the degeneracy of  
the genetic code. The possibility of  selection against 
GATC can then be investigated by assaying the loss 
of  GATC sequences after many infective cycles or 
by competing GATC-rich phage with wild-type or 
GATC-depleted phage by means of  mixed infection. 
Thus, the effect of  6mA could be determined by com- 
paring phage growth and competition experiments 
using dam + cells with similar experiments using 
dam- cells. 

The availability of  plasmid clones of  adenine- 
specific restriction methylases such as M.Eco RI 
(which produces GA6mATTC), M . H p a  I 
(A6mAGCTT), and M.Taq I (TCG6mA) (McClelland 
1983) should allow the specificity of  the 6"A-de- 
pendent systems to be detemined. If  darn- E. coli 
mutants are rescued or some phenotypic effects part- 
ly relieved by other sequence-specific adenine meth- 
ylases, this would suggest that ~mA need not be in 
the sequence GATC to perform at least some aspects 
of  its function. Furthermore, selection against ad- 
enine-specific restriction methylase recognition se- 
quences other than G6mATC may be tested in DNA 
enterobacteriophages grown on dam-  restriction- 
methylase-positive E. coli. 

Conclusions 

G6mATC is apparently not hypermutable, and GATC 
occurs at predicted frequencies in most E. coli chro- 
mosomal genes. However, GATC is rare in some 
DNA enterobacteriophages. This is probably due to 
selection against GATC in order to circumvent a 
GATC- or 6mA-mediated host function involved in 
restriction, daughter-strand repair, replication, or 
recombination. Partial relief from this hypothesized 
selection pressure against GATC may occur in ly- 
sogenic phages, the DNAs of which must more 
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c lose ly  r e s e m b l e  t hose  o f  t he i r  hos ts ,  a n d  in  bac te -  

r i ophages  tha t  u n d e r g o  e x t e n s i v e  D N A  m o d i f i c a -  

t ion .  
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