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Abstract
Recently we proposed that sequences in the immediate neighbourhood of cytosine residues whose sequence context permits
their methylation by DNA cytosine methyltransferase (Dem) experience hypermutagenesis in cells exposed to nonlethal
stresses. This hypothesis could explain the peculiar spectrum of the late-arising Lae+ mutants seen in the E. coli strain FC40.
Here we present results of computer analysis which show that Dem substrate sequences are overrepresented in the E. coli
genome. Interestingly, certain noncanonical Dcm sequences are more overrepresented than the canonical one. The most
overabundant of these, DCM-III (5~GCTGG31), forms the 5r end of the recombinogenic oetamer CHI (51 GCTGGTGG3~).
CHI is even more overrepresented than DCM-III. We propose that the overabundance of the DCM and CHI sequences is due
to their ability to enhance adaptive fitness of the host by inducing hyperrnutagenesis in cells exposed to nonlethal, growthblocking stresses. The CHI context seems to stimulate the adaptive activity of DCM-III by a mechanism which may not
directly involve its recombinogenic activity.
[Mahajan S. K., ShirkeN. D. and Bhattaeharjee S. K. 1998 The possibleinvolvementof CHI sequences in adaptive mutagenesis: evidence
from sequence analysis.J. Genet. 77, 105-114]

Introduction
The last decade has seen a vigorous debate on the possibility that microorganisms, in particular bacteria, may have
evolved mechanisms that enable them to acquire exclusively
growth-promoting mutations when they are exposed to
nonlethal, growth-blocldng stresses (Cairns et al. 1988; see
Hall (1997), Bhattacharjee and Mahajan (1998) and Foster
(1998) for recent reviews). The most detailed experiments
in this context have been with one E. coli strain, FC40.
Stationary-state cells of this strain produce apparently adaptive Lac- to Lac + revertants by a mechanism or mechanisms that differ from those responsible for producing most
of the Lac + revertants in growing ceils in at least two
important aspects, namely the biochemical machinery and
the nature and sites of the Lac + mutations (reviewed in
Torkelson et aL 1997). We recently proposed a model postulating that the stationary-state mutations are produced in
* E-mail: mbad@magnum.barc.emet.in.

close vicinity of methylatable cytosines (Bhattacharjee and
Mahajan 1998), by an error-prone, very short patch mismatch repair (VSPMR) mechanism. This model could
explain the spectrum of the late-arising Lac + mutants seen
in FC40 and was consistent with the observations of apparently adaptive mutations in several other bacterial systems.
The idea that VSPMR is a major pathway of adaptive mutagenesis makes several predictions, including the following.
(i) Sequence motifs that permit cytosine methylation,
namely CCTGG (DCM-I), CCAGG (DCM-II) or the
duplex CCTGG.CCAGG (unless otherwise mentioned
all sequences are written in 51 to 3 / direction), promote
hypermutagenesis in their neighbourhood in starving
cells. The presence of such motifs in the neighbourhood of the site of a potentially adaptive mutation
should increase the frequency of such mutations and
thereby enhance the adaptive fitness of the host cells
(Sniegowski et al. 1997; Taddei et al. 1997). In an
organism like E. coli, which frequently encounters
nutritional and other stresses in the enviromnent, this
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should lead to selection of cells with higher abundance
of the DCM sequences in the genome.
(ii) Noncanonical DCM sequences, which can also serve
as low-efficiency Dcm substrates and which on C to T
transition generate VSR sequences (substrates of the
endonuclease u
Glasner et at. 1995; Bandaru et al.
1996), may also increase adaptive fitness of the host
and, therefore, be overabundant in the genome compared to selectively neutral pentamers. However,
DCM-like sequences that lack the methylatable C or
are otherwise not vulnerable to C methylafion should
not show such overabundance.
(iii) Since RecBCD is required for the adaptive Lac +
mutagenesis in FC40 (Harris et aL 1994) and since
CHI (GCTGGTGG), which is recognized by RecBCD
(Myers and Stahl 1994), contains a noncanonical DCM
sequence (GCTGG), the known overabundance of CHI
(Blattner et aL 1997) may be at least partly accounted
for by the cytosine-methylation-dependent adaptive
advantage conferred by it on the host.
Here we present results obtained by computer analysis of
the entire E. coli genomic sequence which have bearing on
the above predictions.

Materials and methods
Materials: DNA sequences were obtained from the GenBank database. The E. coli sequence of the strain MG1655
was analysed (Blattner et al. 1997). The genome sequence
used for this work was largely from the original submission
on 16 January 1997 and a few subsequent files, all with the
accession number U00096 in GenBank. The length in the
original submission was 4,638,858 bp, with 168 ambiguities
(Guy Plunkett III, personal communication), which is 58 bp
more than what we have been able to obtain finally. The
reason for this discrepancy is not clear. The version M49
reported by Blatmer et al. (1997) has 4,639,221 bp; this
leaves a shortfall of 421 bp in our sequence. The errors due
to this discrepancy would be less than 0.01%, far below the
level of accuracy of the results reported here.

Sequence management and analysis software: The program
PCGENE was obtained commercially and the programs
SGNUM, SQM and TMRG for genome management and
sequence analysis were developed by us.
(i) The PCGENE program was used to format the
downloaded sequence files.
(ii) The SGNUM program was used to generate 19 nonoverlapping contiguous sequence files, which cover the
entire E. coil genome sequence.
(iii) SQM is a highly interactive general-purpose sequence
analysis program suitable for carrying out the variant
analysis reported here. The maximum length accep106

table to SQM for analysis is 250 kilobases (hence the
subdivision into 19 sequences). A facility tbr generating random sequences from any given sequence with
identical base composition has been used to compare
the number of occurrences of various motifs in the
actual sequence and that in the randomized derivatives.
Each sequence file was separately randomized by SQM
as follows: A base at a given position was swapped
with that at another position. The second position was
chosen randomly. The process was carried out once for
every position sequentially, starting with the base at the
first position. The sequence obtained after every
swapping operation was used as input for the next
operation. In every case the entire randomization
process was done twice.
(iv) The TMRG program merged the variant analysis
statistics generated by SQM for the 19 genome
sequence files into one file along with calculated values
of relative abundance of each variant in the entire
genome.

Determination of frequencies o f variants by SQM: The
sequence under analysis was searched for the presence of
variants of a given oligomeric sequence that differed by a
single base substitution from the reference oligomer and
the count registered. The score of the total number from the
search and a table with the counts of each variant for all
the positions of the reference sequence were obtained as the
output file. The data from all the 19 output files covering the
entire genome of E. coIi were pooled and fed to the TMRG
program to compile a corresponding table for the entire
genome. The same procedure was used for the randomized
sequences. It may be noted that the number of occurrences
of any reference sequence or its variants may not
necessarily be correct to the last digit and, at times, there
may be insignificantly small discrepancy in the numbers of
occurrences of the same sequence determined b y counting
the fully homologous sequences in the genome and by
counting as a specific variant of a reference sequence. This
is due to one or both of the following reasons: (i) The
nonoverlapping 19 contiguous sequence files of the entire
genome create as many discontinuities for the search by
SQM. The counts Iost at the ends of these flies have not
been corrected for in the data presented here. (ii) The
ambiguities in the sequence data for the E. Coli genome are
ignored by SQM while counting variants (with one or more
nonhomologies with the reference sequence) but accepted if
any one of the ambiguous bases is identical to the one in the
reference sequence at the given position when searching for
complete homology.
Definitions: (i) n ( + ) / n ( - ) = N u m b e r
of times a specific
sequence occurs on the ( + ) / ( - ) strand. The (+) strand
goes 5~ to 3~ in the clockwise direction and the ( - ) strand in
the opposite direction.
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(ii) n ( W G ) = n(+) + n ( - ) ;
WG = whole genome.
(iii) IRA(S)= Index of relative abundance (of a sequence S)
in the E. coli genome
=

n(WG) for the sequence S in the actual genomic
sequence
n(WG) for the same sequence after randomization

Note that n(WG) for a randomized genomic sequence is the
same for all sequences of a given length in the case of the
E. coIi genome where A, T, G and C occur equally
frequently; for an n-mer this number would equal the total
length of the genomic sequence (i.e. 2 x 4,638,800) divided
by 4 n.
(iv) VSR = Pentamer duplexes containing a T: G mismatch
which can serve as substrates of the very short patch
mismatch repair enzyme Vsr (Glasner et al. 1995). At times
the single strand containing this rrfismatched T as the second
base (T2) is also referred to as the VSR sequence.
(v) IO(Bi/RS)=Index of overabundance of the ith base
(Bi) in four sequences in which all the bases other than the
ith base are identical to those of the reference sequence RS.
In the absence of any mutational or selection pressure the
value of IO(Bi/RS) should be 1 in the case of the E. coli
genome for all Bis for RSs with high n(WG). For an RS that
is overrepresented in the genome, a value of IO(Bi/RS)
significantly greater than 1 would suggest that the overabundance is due to a mechanism in which the base Bi has
an important role; an IO(Bi/RS) significantly lower than 1
would indicate that one or more RS-like sequences obtained
by changing Bi may have even greater overrepresentation
than the RS.
Example: The index of overabundance of the pentamer
CCAGG relative to those that differ from it at the 4th
base, i.e. CCATG, CCAAG and CCAC_G, would be (see
table 1)

Any departure of 300 or more (i.e. 3c or more) from the
mean abundance is likely to be significant and would
indicate a departure from the null hypothesis. For instance,
the probability that a pentamer like CCCGG [ n ( W G ) =
9397, IRA = 1.04; table 1] obeys the null hypothesis is
given by
P9397(9060) --- [e-9~176

~ 2.8 x 10 -5.

Similarly, the probability that random fluctuation should
give 6000 copies of a pentamer like CCAGG on one strand
when the predicted value is 4500 is given by
P6000 (4500) = [e-4500 (4500) 6000]/6000!,
which is < 10 -l~176

n(CCAGG)

In the case of octamers the numbers involved are comparatively smaller. For a selectively neutral, randomly distributed octamer, n(WG) = 141 4- 12. This indicates that any
values that depart from the mean by 50 or more can be
presumed to violate the null hypothesis.
Since most of the numbers used by us in deriving specific
inferences in this paper differ from the predicted means by
much larger extents, their statistical significance can be
presumed. Therefore, to keep the tables less crowded, we
have not shown the individual standard errors. However, in
each case we have given the actual abundance for each
strand. In nearly all cases n(+) and n ( - ) fall within 2or of
the mean value, indicating a largely random distribution.
T h e / R A values are calculated by dividing the actual n(WG)
in each case by the n(WG) value predicted by the null
hypothesis. These values should be good measures of the
actual abundances with fluctuations of no more than a few
per cent. According to our estimates, in none of the octamers
considered in this paper do the IO(Bi/RS) values have
standard deviations exceeding -t-7%. For pentamers these
values are less than -t-1% in all cases. These are also not
shown in the tobies because that would not affect our arguments in any significant manner.

-~n(CCAGG_G)+n (CCATG)+ n(CCAAG) + n (CCACG)]/4
6001 x 4
= 1.51.
6001 + 3825 + 1187 + 4886

Results and discussion

IO(G4/CCAGG) =

This suggests that the molecular machinery responsible for
the overabundance of CCAGG would require the presence
of G4 for its effective functioning and that the replacement
of this G by other bases (specially A) may greatly reduce
the efficiency of this mechanism.
Statistics: According to the simple null hypothesis that all
pentamers are equally likely to occur in the E. coli genome
sequence and are randomly distributed, any specific
pentamer should have a mean frequency of 1 in 1024 and
mean genomic abundance of 9060 on the two strands of the
E. coli genome (total length 2 • 4,638,800), with a
standard deviation (or) of 95 (-- v/-9-0-~), assuming a Poisson
distribution (which is reasonable in view of the low frequency but sufficiently high occurrence of the pentamers).

Chromosomal abundance of DCM and DCM-like pentamers in
E. coli

The values of the abundance of the DCM-I and DCM-II
sequence motifs on the (+) strand of the E. coli genome,
determined by SQM, were 6001 and 6048 respectively. As
expected, on the ( - ) strand these values were 6048 and 6001
respectively. These exceed the expected mean; 4530 -t- 67,
by about 22 standard deviations, indicating that overabundance of these pentamers cannot be due to simple statistical
fluctuations, and that they are likely to be associated with a
sequence-dependent physiologicat process that confers a
selective advantage on the host. Cytosine methylation could
be a part of such a process, though alternative/additional
mechanisms that act either on subsequences (e.g. trimers or
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Table 1.

n(+)
n(-)
n(WG)
IRA
n(+)
T
n(-)
n(WG)
IRA
n(+)
G
n(-)
n(WG)
IRA
n(+)
C
n(-)
n(WG)
IRA
IO(Bi/DCM-I)

A

Chromosomal abundance of the pentarners differing from DCM-I at one base.
C

C

T

G

7285
7329
14614
1.61
7464
7560
15024
1.66
12946
13378
26324
2.90
6048
6001
12049
1.33
0.72

3954
3825
7779
0.86
1173
1187
2360
0.26
4932
4886
9818
1.08
6048
6001
12049
1.33
1.52

6001
6048
12049
1.33
6048
6001
12049
1.33
4745
4652
9397
1.04
4652
4745
9397
1.04
1.12

128
123
251
0.027
2332
2426
4758
0.52
6048
6001
12049
1.33
2337
2326
4663
0.51
2.22

~

G
6792
6810
13602
1.50
4138
4130
8268
0.91
6048
6001
12049
1.33
7718
7813
15531
1.71
0.96

Both (+) and ( - ) strand sequences of the E. coli chromosome were searched for the occurrence of each of the pentamers derived by
replacing one base of the reference pentamer (CCTGG) shown in the top row by one of the bases shown in the left hand column. The
results of this search are shown. For instance, the number 3954 in the first row second column represents the number of times the
pentamer CATGG (obtained by replacing the second C (C2) of the reference seqence CCTGG by A) occurs on the (+) strand of the E. coli
chromosome.
See Materials and methods for abbreviations and definitions.
Table 2.

n(+)
n(-)
n(WG)
IRA
n(+)
T
n(-)
n(WG)
IRA
n (+)
G
n(-)
n(WG)
IRA
n(+)
C
n(-)
n(WG)
IRA
IO(Bi/DCM-II)
A

Chromosomal abundance of sequences differing from DCM-II at one base.
C

C

A

G

4130
4138
8268
0.91
6810
6792
13602
1,50
78 I3
7718
15531
1.71
6001
6048
12049
1.33
0.96

2426
2332
4758
0.52
123
128
251
0.027
2326
2337
4663
0.51
6001
6048
12049
1.33
2.22

6001
6048
12049
1.33
6048
6001
12049
1.33
4745
4652
9397
1.04
4652
4745
9397
1.04
1.12

1187
1173
2360
0.26
3825
3954
7779
0.86
6001
6048
12049
1.33
4886
4932
9818
1.08
1.52

G
7560
7464
15024
1.66
7329
7285
14614
1.61
6001
6048
12049
1.33
13378
12946
26324
2.90
0.72

See table 1 for details. Notice that the abundance of any pentamer on the (+) strand equals that of its complement (shown in table 1) on
the ( - ) strand, and vice versa.
te(rarners) present in those pentamers or on bigger sequences
of which these pentamers are a part could not be ruled out
(Burge et al. 1992).
To check whether the vulnerability o f these sequences to
cytosine methylation made a contribution to their overabundance we estimated the relative importance of each of the
five bases of these pentamers in maintaining the overabundance. For this we determined the abundances of all the
pentamers obtained by changing a single base in DCM-I or
DCM-II (one-base variants or OBVs). The results are shown
108

in tables 1 and 2. A n examination of these two tables reveals
several interesting points.
(i) W h i l e the abundances o f all the pentamers on the ( + )
and ( - ) strands are comparable, the mean values for
individual pentamers vary widely.
(ii) In both D C M - I and D C M - I I the most crucial bases for
the overabundance appear to be C2 and G4 (which is
complementary to methylatable cytosine C2 of the opposite slrand) as the pentamers formed b y changing any
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one of these have greatly reduced abundance. Further,
even for the pentamers in which C2 and G4 are both
retained, if the central A or T is replaced by G or C the
abundance is significantly lower. This may be explained
by reduced Dcm activity on the resulting pentamers
(May and Hattman 1975; Yebra and Bhagwat 1995).
These results supported our prediction.
It is noteworthy here that the two methylatable cytosines in the duplex CCTGG.CCAGG are not equally
effective in this respect as seen by the different values
(1.52 and 2.24 respectively) of IO(C2/DCM-I) and
IO(C2/DCM-II). Further, it is seen from tables 1 and 2
that the most prominent indicator of the C-methylationdependent overabundance is IO(C2) for the pentamer
with A as the central base and IO(G4) for the pentamer
with T as the central base. We propose that this overabundance is due to the stationary-state hypermutagenesis in the neighbourhood of 5-methylcytosines. In
what follows we shall use these indices as measures of
the selective advantage associated with any sequence
containing a methylatable C.
(iii) In contrast to the deleterious effect of changing one of
the three central bases in DCM-I or DCM-II, most of
the pentamers (10 out of 12) obtained by changing C1
or G5 were ever[ more abundant than the canonical
pentamers. This could imply the existence of some
additional selective factors for which these noncanonical DCM pentamers are better substrates than the
canonical ones. These factors may act in the Dcmdependent pathway of hypermutagenesis; for instance
they could be other enzymes of the VSPMR pathway,
with better affinity for the noncanonical pentamers.
Alternatively, they could act in some other, Dcmindependent, pathway or pathways whose sequence
specificity coincidentally overlaps that of Dcm. As an
example of the latter, it can be argued that most
pentamers containing the triplet CAG.CTG are likely
to be overrepresented in E. coli because in this organism CTG and CAG are preferentially used codons
(Wada et al. 1991), and 3'GTCY is the site of initiation
of primer synthesis for Okazaki fragments by the
DnaG primase (Yoda and Okazaki 1991). Though
these, and other factors such as the vulnerability of
certain sequences to restriction enzymes and the variation in the abundance of different tetramers (see below),
would contribute to the overall abundance of the
DCM-like pentamers, they are unlikely to account for
their overabundance completely.
Apart from (ii) above, three facts (discussed below in
detail) supported the idea that cytosine methylation and
VSPMR were important factors responsible for the overabundance of the DCM pentamers and that the higher abundance of certain noncanonical variants was due to the
presence of additional selective forces that act in the same
pathway: (a) There is a positive correlation between the

relative abundance of specific DCM variants and their ability
to generate Vsr substrates on C2 to T2 transition. (b) There
is a strong positive correlation between the abundance of the
specific DCM variants and the IO(G4/RS) values obtained
when these variants are used as the reference sequences in
OBV analysis, suggesting that their overabundance is dependent on the presence of the methylatable cytosines. (c) RecA,
which is required far the production of the late-arising Lac +
mutants in FC40, seems to have high affinity for DCM-UI,
the most abundant pentamer, but relatively poor affinity for
DCM-I and DCM-II. Further, DCM-III is a part of the
octamer CHI, which is recognized by RecBCD, "another
enzyme involved in the stationary-state mutagenesis.
Glasner et al. (1995) identified 14 double-stranded pentamers (VSRs) as efficient substrates of Vsr, a sequencespecific, strand-specific endonuclease, which nicks T : G
mismatch-containing sequences with variable efficiency
(table 3, columns 1 and 2). Of these, 12 can be derived by a
C2 to T2 transition from DCM sequences that are significantly overrepresented on the chromosome (table 3, columns
3 and 4). On the other hand, none of the even moderately
underrepresented DCM sequences (IRA < 0.9) is associated
with a detectably active VSR sequence. These observations
support the idea that the overabundance of DCM sequences is
related to the selective advantage they confer on the host via
the Dcm-Vsr-dependent pathway of hypermutagenesis. In
this context, it is noteworthy that the IRA of both CTG and
CAG is 1.41, which is considerably lower than that of DCMIII (2.9), suggesting that these trimers cannot by themselves
account for the overabundance of DCM-III. The tetramers
CTGG.CCAG, CCTG.CAGG and GCTG.CAGC which are
present in the DCM pentamers have high IRA values, 3.8,
2.7 and 4.1 respectively, and could account for the overabundance of these pentamers (our unpublished results).
However, these tetramers me also good substrates of Vsr
Table 3. The dependence of the overabundance of DCM
pentamers on their ability to generate VSR pentamers by C2 to
T2 transition.

Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14

VSR pentamers and
their relative
efficiencies* as
Vsr substrates

The corresponding DCM
pentamers along with
their indices of relative
abundance (IRA)

CT_AGG.CCTGQG
(I.00)
CT_TGG.CCAGG (0.68)
CTAGC.GCTG_G_G
(0.57)
TT_AGG.CCTGA
(0.39)
GTAGG.CCTG_C
(0.36)
CT_AGT.ACTGG
(0.35)
CTAGA.TCTGG (0.27)
TT__TGG.CCA_GA
(0.27)
CT_CGG.CCGGG
(0.24)
ATAGG.CCTG_T
(0.22)
CT_TGC.GCAGG(0.16)
T_T_AGA.TCT_GA
(0.06)
TT_AGC.GCT_G_GA
(0.04)
CTGGG.CCCGG(0.05)

CC__AGG.CCT__GG
(1.33)
CC__TGG.CCAGG
(1.33)
CC__AGC.GCTGG
(2.90)
TCAGG.CCTGA (1.50)
GC_AGG.CCT_GG
(1.71)
CCAGT.ACTG_G(1.61)
CCAGA.TCTG_G(1.66)
TC_TGG.CCAGA(1.66)
CCCGG.CCGG_GG
(1.04)
ACAGG.CCTG_T(0.91)
CCTGC.GCAGG (1.71)
TCAGA.TCTGA (0.92)
T CAGC.GCTGA (1.95)
CCGGG.CCCGG (1.04)

*From Glasner et al. (1995).
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Table 4. Chromosomal abundance of pentamers differing from DCM-III (5~GCTGG3~) at one base.

A

n(+)
-(-)
n(WG)
IRA

a"

n(+)
,~(-)
n(WG)
IRA

G

n(+)
~(-)
n(WG)
IRA

c

~(+)
~(-)

n(WG)
IRA
IO(Bi/DCM-m)

G

C

T

G

7285
7329
14614
1.61
7464
7560
15024
1.66
12946
13378
26324
2.90
6047
5997
12044
1.33
t.55

6361
6587
12948
1.43
4360
4324
8684
0.96
5798
5938
11736
1.30
12946
13378
26324
2.90
1.75

7816
7718
15634
1.73
12946
13378
26324
2.90
5513
5644
11157
1.23
6568
6554
13122
1.45
1.60

346
362
706
0.08
3132
3166
6298
0.69
12946
13378
26324
2.90
3411
3319
6730
0.74
2.64

G
8760
8892
17652
1.95
6006
6041
12047
1.33
12946
13378
26324
2.90
8802
9162
17964
1.98
1.44

See table 1 for details and definitions.

(Merkl et aL 1992; Glasner et al. 1995) and their abundance
may also be traceable to the Dcm-Vsr-associated hypermutagenesis.
We examined the effect of single base changes on the
abundance of all the OBVs of DCM-I and DCM-II. The
results in respect of GCTGG (DCM-I/I), the most abundant
variant of DCM-I, are shown in table 4. The high value of
IO(G4/DCM-11I) again favours a role for the methylatable
cytosine in the overabundance of this pentamer. The detailed
data for other OBVs are not shown but IO(G4/RS) values
obtained by using each of these as the reference sequence
showed a positive correlation with chromosomal abundance
(figure 1). It is noteworthy here that the significantly higher
value of IO(G4/DCM-III) (2.644-0.02) than that of
IO(G4/DCM-I) (2.22 4- 0.02) cannot be explained in terms
of differential codon usage (Wada et al. 1991) since C1 to
G1 substitution, which converts DCM-I to DCM-III, should
not affect any codons of which G4 is a part. This suggests
that DCM-III is a better substrate than DCM-I of a cytosinemethylation-dependent selective mechanism.
Tracy and Kowalczykowski (1996) have presented
evidence suggesting that GCTGG (DCM-III) is efficiently
recognized by RecA protein in vitro. Out of 22 random 70mers of ssDNA selected for RecA binding, seven had the
pentamer GCTGG and none had CCTGG, while CCAGG
was present in one. However, the tetramers GCTG, GCAG,
CCTG, CAGC, CTGG and CAGG occurred frequently.
These tetramers were also found frequently in 18-reefs
selected for RecA binding. Since RecA mutations abolish
adaptive Lac + mutagenesis in FC40, our model would
suggest involvement of the RecA protein in the error-prone
VSPMR. If this is indeed so the higher abundance of DCMUI compared to DCM-I may be traceable to its higher
affinity for RecA and the consequent increased efficiency of
the repair of the Dcm-dependent T: G mismatch in this
110
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Figure 1. Correlation between IO(G4) and IRA of DCM-III and
all its single-base variants (16 pentameric sequences) in the whole
genome of E. coli.
context. Another interesting observation of Tracy and
Kowalczykowski (1996) was that the RecA-binding oligomers frequently contained the trimer TGG, indicating that
the octamer CHI (GCTGGTGG) should have high affinity
for RecA.
A likely role for CHI in the DCM-associated adaptive mutagenesis

Several observations suggested a likely role for CI-I[ in
stationary-state mutagenesis. (i) CHI is recognized by
RecBCD (see Smith et aI. 1995) and RecA (see above)
proteins, both of which are required for adaptive mntagenesis
in FC40 (Foster and Cairns 1992; Harris et aL 1994). RecA
seems to specifically recognize G1 and G5 of GCTGG (Tracy
and Kowalczykowski 1996). (ii) The largest number of the
stationary-state Lac + revertants in FC40 arose at a site near
a CHI-like sequence (ACTGGTGA.TCACCAGT), which
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Table 5. Chromosomal abundance of octamers differing from CHI at one base.

n(+)
n(-)
n(WG)
IRA
n(+)
T
n(-)
n(WG)
IRA
n(+)
G
n(-)
n(WG)
IRA
n(+)
C
n(-)
n(WG)
IRA
IO(Bi/CI-II)
A

G

C

T

G

G

T

G

G

137
163
300
2.12
198
213
411
2.90
499
510
1009
7.13
136
163
299
2.11
2.0

197
183
380
2.69
113
108
221
1.50
235
228
463
3.27
499
510
1009
7.13
1.96

144
141
285
2.01
499
510
1009
7.13
85
91
176
1.24
146
161
307
2.17
2.26

6
8
14
0.10
47
38
85
0.60
499
510
1009
7.13
39
31
70
0.49
3.42

257
284
541
3.82
106
115
221
1.56
499
510
1009
7.13
409
439
848
5.99
1.54

102
96
198
1.40
499
510
1009
7.13
67
71
138
0.97
613
664
1277
9.02
1.54

127
124
251
1.77
220
226
446
3.15
499
510
1009
7.13
194
191
385
2.27
1.94

325
322
647
4.57
173
170
343
2.42
499
510
1009
7.13
275
280
555
3.92
1.58

See table 1 for details.

matches CHI in six out of eight bases, while the other, colder,
mutational spots had no neighbouring sites resembling CHI.
(iii) DCM-III, which has the highest abundance and the
highest IO(G4/RS) value among all DCM-like pentamers, is
a subsequence of CHI. (iv) One of the low-ranking (no. 13 in
table 3) VSR sequences, TTAGC.GCTGA, could be derived
from a sequence, TC__AGC.GCTGA, which differed from the
canonical DCM sequences at two places but had a very high
IRA (1.95); one strand of this DCM sequence, GCTGA, had
the first four bases of CHI.
To investigate the likely adaptive role of CHI further we
determined the chromosomal abundance of this octamer and
its OBVs by SQM. There are 499 copies of CHI on the (+)
strand and 510 on the ( - ) strand, giving the figure of 1009
for the whole genome, against 142 4- 12 expected in the
absence of any selective advantage. This large overrepresentation of CHI (IRA =7.1) suggested that it may
confer much higher adaptive advantage on the host than
even DCM-III. If so, the adaptive role of CHI could be
entirely due to its recombinogenic activity, which can
help in repair of DNA during replication or after environmental damage (see Myers and Stahl 1994), or because it
makes the Dcm-Vsr-dependent adaptive pathway more
efficient. As we see below the latter possibility seems more
likely.
If the CHI context enhances the adaptive advantage
conferred by DCM-UI via VSPMR then the values of
IO(Bi/CHI), i = 1 , . . . , 5, should be higher than those of
IO(Bi/DCM-III). In particular, IO(G4/CHI) should be
greater than IO(G4/DCM-III). Comparison of the results
obtained by OBV analysis of CHI (table 5) with those for
DCM-III (table 4) confirmed this prediction. IO(Bi/CHI)
values are higher for each of the five DCM-III bases in the
CHI context than for DCM-III in general. In particular, C2,
T3 and G4 have significantly enhanced indices of over-

abundance in CHI. Of these, at least the C2 and T3 effects
cannot be explained in terms of any differential codon
generation in the CHI and D C M - m contexts. The extremely
high value of IO(G4/CHI) (3.42) indicates that G4 is the
most important base for the adaptive function of CHI, and is
consistent with the idea that the CHI context stimulates the
Dcm-Vsr-dependent adaptive pathway (VSPMR).
Table 6 lists one strand each of CHI and the 10 complementary octamer pairs that are more abundant than CHI in
E. coil. Eight of these (including CHI) contain the DCM-III
pentamer GCTGG (though not always at the 5 / end as in
CHI) and two others contain the four-base sequence CTGG
of this pentamer (table 6). IO(G4/RS) values using these as
the reference sequences indicated that methylatable Cs
make a major contribution to the nigh IRA values of these
octamers (table 6, column 4). This seemed true even for
several highly abundant octamers with IRA values somewhat lower than CHI (data not shown). However, CHI
Table 6. Analysis of the most abundant octamers in the E. coli
genome.
Sequence (name)
cGCTGGcg (OCT-l)
ggcGCTGG (OCT-2)
tGCTGGcg (OCT-3)
GCTGGcgg (OCT-4)
gcGCTGGc (OCT-5)
tggcGCTG (OCT-6)
GCTGGcge (OCT-7)
GCTGGcga (OCT-8)
CTGGcgea (OCT-9)
CTGGeggc (OCT-10)
GCTGGtgg (OCT-11,CHI)

n(WG)

IRA

IO(G4/RS)*

1507
1387
1317
1276
1178
1176
1171
1039
1019
1019
1009

10.70
9.80
9.30
9.03
8.33
8.29
8.29
7.34
7.20
7.16
7.13

3.06
3.10
3.15
3.12
2.63
2.59
2.69
3.29
2.70
3.02
3.42

*The bases in all these sequences are numbered taking the T of
CTG as base position 3. Therefore G4 in each case is the G of
CTG.
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had the highest IO(G4/RS), which suggests that it might
stimulate adaptive activity of the Dcm-Vsr pathway to the
highest extent.
CHI may stimulate adaptive activity of DCM-III by a mechanism
distinct from its recombinogenic activity

Though the level of adaptive mutagenesis is modified by
defects in homologous recombination genes (see Harris
et aL 1994, 1996; Foster et al. 1996), there is evidence
suggesting that the recombinogenie and the adaptive functions of CHI may be mechanistically different. (a) The
range of recombinational exchanges stimulated by CI-II is
about 10 kb (McMilin et aL 1974) but the range of the errorprone VSPMR appears to be no more than 10-12bp
(Bhattacharjee and Mahajan 1998). (b) The recombinational
activity of CHI variants is not correlated with their putative
adaptive activity. Smith and his coworkers (Schultz et al.
1981; Cheng and Smith 1984, 1987) have tested several
CHI-like octamers for their genetic hyperrecombination
activity and in vitro CHI-cutting activity. Next to CHI the
variant with highest recombinogenic activity ( ~ 40% of
CHI) is GCTAGTGG, which has the least chromosomal
abundance and presumably no positive adaptive activity. On
the other hand, the sequence TCTGGTGG should have a
reasonably high adaptive activity lIRA = 3 and IO(G4)
= 3.04] but has no detectable recombinational activity.
Similarly OCT-4 (GCTGGCGG) has no detectable recombination stimulation activity but has high abundance with a
large DCM-III-dependent component [IO(G4)= 3.12].
If the adaptive activity of CI-II is mechanistically distinct
from its recombinogenic activity then the fact of the dependence of the adaptive mutagenesis in FC40 on recombination genes like RecA and RecB becomes intriguing. Several
possibilities are open in this context. One is that the adaptive mutagenesis requires some SOS functions, e.g. uvrA,
uvrB, uvrC, uvrD (Hall 1995), and that RecA and RecBCD
are required for the SOS induction (see Mahajan 1988).
Another possibility, which we favour, is that RecA and
RecBCD are components of a repair replication enzyme
complex which can be assembled near a CHI site and which
is the primary biochemical machinery for the error-prone
VSPMR. There is evidence for the existence in E. coil of an
enzyme complex harbouring these two recombination proteins along with DNA polymerase I, DNA ligase and some
as yet unidentified proteins (Martin 1997). As we have mentioned earlier, Tracy and Kowalczykowski (1996) have
presented evidence that RecA may recognize CHI, especiaUy its first and fifth G residues. This binding of RecA to
CHI (indeed to DCM-III) may help in recruiting RecBCD,
PolA and other enzymes of the repair complex. It is even
possible that the higher relative abundance of certain
octamers (OCT-1 to OCT-10) with lower IO(G4/RS) values
than CHI (presumably due to their lower affinity for Dcm or
Vsr or both) is traceable to their better affinity for certain
components of this complex.
112

Concluding remarks
The idea that the immediate neighbourhood of methylatable
cytosines might experience hypermutagenesis in stationarystate cells, thereby enhancing the probability of production
of adaptive mutations, was first proposed to explain the
mutational hotspots of the late-arising Lac + mutants in
FC40 cells plated on lactose plates. It can also explain the
spectrum of mutations seen in nondividing cells in several
other cases (see Bhattacharjee and Mahajan 1998; Foster
1997). Significant genomic overabundance of DCM-I and
DCM-II is consistent with this idea, especially in view of
the dependence of this overabundance on methylatable C.
But still higher overabundance of DCM-III and certain other
OBVs of DCM-I and DCM-II appeared at first to contradict
this hypothesis. However, this observation can be reconciled
with our hypothesis by a reasonable postulate that the net
selective advantage conferred by a methylatable cytosine
will depend not only on the efficiency of its methylation but
also on the efficiencies of the subsequent steps leading to
the stationary-state hypermutagenesis, namely deamination
of the 5-methylcytosine to generate the T: G mismatch and
the repair of this mismatch by a pathway involving Vsr and
other enzymes like RecA, RecBCD and PolA. The net
advantage associated with a specific DCM-like pentamer
should depend on the efficiency of its interaction with all
these proteins. This is supported by the higher abundance of
those pentamers that yield good VSR sequences by C2 to
T2 transition and by the fact that many of these pentamers
(and tetramers comprising them) are recognized by RecA
(Glasner et aL 1995; Tracy and Kowalczykowski 1996).
The likely role of CHI in the Dcm-associated mutagenesis was suggested by several facts, including the presence
of DCM-III in CHI, the recognition of the sequence TGG
(of which there are two copies in CHI) by RecA, and the
requirement of RecA and RecBCD for the adaptive mutagenesis in FC40. The very high chromosomal abundance of
CHI and the strong dependence of this overabundance on
the presence of G4 suggest that the CHI context may
stimulate the Dcm-Vsr-dependent pathway of stationarystate hyperrnutagenesis. Surprisingly, this stimulation does
not seem to depend on the recombinogenic activity of CHI.
We suggest that the repair synthesis required for VSPMR is
dependent on RecA and RecBCD and that the CHI context
stimulates this synthesis by facilitating the recruitment of
these proteins.
It is atso noteworthy that CTG and CAG are preferred
codons in E. coli and 3'GCT5 ~ is recognized by DnaG to
initiate synthesis of RNA primers for Okazald fragments,
which are eventually joined by PolA (Wada et aL 1991;
Yoda and Okazaki 1991). Taken together these facts suggest
that the structures of enzymes like Dcm, Vsr, RecA,
RecBCD and PolA may have coevolved to use CHI and its
subsequences as efficient substrates to effect hypermutagenesis in resting cells exposed to nonlethal stresses. It must
be noted, however, that the entire overabundance of the
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DCM and CHI-like sequences may not be explained by this
Dcm-Vsr-dependent mechanism of hypermutagenesis and
that a host of other mechanisms, some known and some
probably unknown so far, determine the overall abundance
of any given sequence motif.
Recently overproduction of Vsr endonuclease has been
shown to increase the frequency of adaptive Lac + revertants
in FC40 background (Foster and Rosche 1998). This
supports our model. However, in earlier work (Sohail et al.
1990), deletion of the vsr-dcm operon had failed to significantly decrease this frequency. We think the latter result
does not rule out our model. It is likely that an alternative
mutagenic mechanism, presumably with a different mutational spectrum, becomes prominent in stationary-state cells
lacking dcm-vsr. This mechanism may also be responsible
for the 15% mutants seen outside the hotspots in the earlier
experiments with FC40 (Foster and Trimarchi 1994;
Rosenberg et al. 1994). Since the mutational spectrum
was not determined in the new study (Foster and Rosche
1998), the specific role of methylatable C, which is central
to our hypothesis, cannot be inferred.
WhiIe cytosine methylation by Dcm and hydrolytic
deamination of 5-methylcytosine (or of cytosine) have been
generally considered mutagenic, the Vsr-dependent VSPMR
has been ascribed both antimutagenic and mntagenic
functions (Zell and Fritz 1987; Lieb 1991; Gabbara et al.
1994; Wyszynski et al. 1994; Zhang and Mathews 1994;
Glasner et al. 1995; Modrich and Lahue 1996; Lieb and
Rehmat 1997). Both these functions have been proposed to
have roles in evolution of the sequence of the E. coil
genome. It has been argued that this evolution is largely by
'free drift' and that the overrepresentation of the DCM
pentanucleotides harbouring a methylatable C and the
extreme underrepresentation of pentamers in which this C
is replaced by T is due to the VSPMR activity (Bhagwat and
McClelland 1992; Glasner et al. 1995). Our analysis also
supports a role for Dcm and VSPMR in evolution of the
genome but in our view it is natural selection rather than
free drift that is the primary force driving evolution. We
propose that the sequence motifs containing methylatable
cytosines are overabundant not because VSPMR corrects Ts
to Cs but because the 5meCs add to the evolutionary fitness
of the cell by permitting activation of the hypermutagenic
VSPMR, which helps in surviving growth-blocking nonlethal stresses. The two functions of VSPMR in stationarystate cells, the correction of C to T mutation within a DCM
site and the hypermutagenesis in its neighbourhood (Lieb
and Rehrnat 1997; Bhattachatjee and Mahajan 1998), have
been both selected because each offers an evolutionary
advantage to the host cell, According to our model, while
the latter increases the production of adaptive mutants that
can overcome the growth block, the former helps in
retention of the substrate sequence containing the methylatable C, which can generate a T: G mismatch and hypermutagenesis in a future emergency. The sequences that
escape, containing an uncorrected T, are selected against

because they are useless in surviving a future stress and
because the C to T mutation is frequently deleterious,
producing missense mutations and even the stop codon
(TAG) in a proportion of cases.
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