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We show here that transcription by the bacteriophage T7 RNA polymer-
ase increases the deamination of cytosine bases in the non-transcribed
strand to uracil, causing C to T mutations in that strand. Under optimal
conditions, the mutation frequency increases about ®vefold over back-
ground, and is similar to that seen with the Escherichia coli RNA polymer-
ase. Further, we found that a mutant T7 RNA polymerase with a slower
rate of elongation caused more cytosine deaminations than its wild-type
parent. These results suggest that promoting cytosine deamination in the
non-transcribed strand is a general property of transcription in E. coli and
is dependent on the length of time the transcription bubble stays open
during elongation. To see if transcription-induced mutations have in¯u-
enced the evolution of bacteriophage T7, we analyzed its genome for a
bias in base composition. Our analysis showed a signi®cant excess of thy-
mine over cytosine bases in the highly transcribed regions of the genome.
Moreover, the average value of this bias correlated well with the levels of
transcription of different genomic regions. Our results indicate that tran-
scription-induced mutations have altered the composition of bacterio-
phage T7 genome and suggest that this may be a signi®cant force in
genome evolution.
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Introduction

The spontaneous mutational spectra of many
genes in organisms as diverse as Escherichia coli,
yeast Saccharomyces cerevisiae and humans are
dominated by C to T mutations (Coulondre et al.,
1978; Greenblatt et al., 1994; Hutchinson &
Donnellan, 1998; Kunz et al., 1998). The likely
reason for this phenomenon is that cytosine bases
hydrolytically deaminate to uracil bases at signi®-
cant rates (Lindahl, 1993). Unless removed by ura-
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cil-DNA glycosylase (UDG), uracils base-pair with
adenine during DNA replication, causing C to T
mutations. Cytosine molecules in single-stranded
DNA deaminate at a rate 140-fold faster than in
double-stranded DNA (Frederico et al., 1990). For
this reason, cellular processes such as transcription
and replication, which transiently separate DNA
strands, have the potential to promote C to T
mutations.

We have showed that transcription by E. coli
RNA polymerase (RNAP) promotes C to T
mutations in the non-transcribed strand of DNA,
but not in the transcribed strand (Beletskii &
Bhagwat, 1996). We refer to this phenomenon as
transcription-induced mutations (TIM). The
mutations resulted from C to U deamination and
were largely, but not completely, eliminated by the
presence of UDG in cells. Further, the frequency of
C to T mutations increased in rough proportion to
the level of transcription (Beletskii & Bhagwat,
1998). Under optimal conditions, the level of C to
# 2000 Academic Press
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T mutations in the non-transcribed strand
increased up to tenfold compared to the transcrip-
tionally uninduced state (Beletskii & Bhagwat,
1998). These results are explained by a model in
which cytosine bases in the non-template DNA
strand within the transcription bubble are exposed
to the aqueous environment, promoting their dea-
mination. In contrast, the bases in the transcribed
DNA strand are better protected by the RNAP or
by the mRNA (Beletskii & Bhagwat, 1996).

It should be noted that Jinks-Robertson and col-
leagues have shown that frame-shift mutations in
the LYS2 locus increase when the gene is tran-
scribed, and they call these transcription-associated
mutations (Datta & Jinks-Robertson, 1995; Morey
et al., 2000). The underlying mechanism for this
effect is likely to be different from that of TIM,
because the increase in the level of yeast mutations
is insensitive to the presence of UDG in cells
(Morey et al., 2000). Further, the LYS2 mutations
increase in cells de®cient in nucleotide-excision
repair (Morey et al., 2000), while TIM is not
affected by this DNA repair pathway (A. Johnson
& A.S.B., unpublished results).

We wished to determine whether other RNA
polymerases were capable of causing TIM, and
chose bacteriophage T7 RNAP as a test enzyme.
This RNAP is encoded by a single gene and has
very strong speci®city for its own promoters
(Studier & Moffatt, 1986). Further, some of the T7
promoters are known to be very strong and this
property is advantageous for promoting mutations.
Finally, the T7 RNAP is non-essential for cellular
growth and hence it is possible to work with
mutant RNAPs without affecting cellular growth.
Our results suggest that T7 RNAP does promote
mutations and that this has affected the evolution
of the T7 genome.

Results

Genetic system for studying transcription-
induced C to T mutations

We have previously described alleles of the kan
gene from the transposon Tn5 that revert to kan� as
Table 1. Mutations caused by T7 RNA polymerase

K

T7 RNA polymerase Culture Without

No 1 2.0 � 1
2 7.9 � 1
3 6.4 � 1

Meanb 5.4(�3.0) �
Yes 1 3.5 � 1

2 1.8 � 1
3 2.6 � 1

Meanb 2.6(�0.9) �
a Ratio of revertant frequency in the presence of IPTG to revertan

same colony.
b Mean (� SD) for three independent cultures is reported.
a result of a speci®c C to T change (Bandaru et al.,
1995; Wyszynski et al., 1994). We cloned one of
these alleles, kanS-D94, under the control of the T7
gene 10 promoter. This arrangement places the
mutable C in the non-template strand with respect
to the promoter. The transcription unit containing
kanS-D94 allele was then placed on a mini-F plas-
mid and this episome (pAB6) was maintained in the
cells by selecting for the ampicillin-resistance gene
within it. Maintaining the phage promoter at (or
near) single copy levels was expected to prevent the
inhibition of cell growth frequently seen with tran-
scription from strong T7 promoters. Kanamycin-
resistant (KanR) revertants were scored on plates
with kanamycin and the ratio, the number of KanR

revertants:total number of cells, was determined
under different experimental conditions.

An E. coli strain used in these experiments,
BH161, harbors a single copy of the T7 RNAP gene
under control of the lacUV5 promoter. It also con-
tains the lacI gene, which controls expression from
the lacUV5 promoter. Consequently, addition of
IPTG to the growth medium induces expression of
the T7 RNAP gene and initiates transcription of the
kanS-D94 allele. We used only 100 mM IPTG for the
induction of kanS-D94 transcription because use of
IPTG concentrations above 100 mM signi®cantly
decreased the growth rate of cells containing pAB6
(not shown).

Transcription by T7 RNA polymerase increases
C to T mutations

The addition of IPTG to the growth medium had
the expected effect on transcription of pAB6. The
amount of kanS-D94-speci®c RNA in BH161 cells
increased approximately sevenfold after the
addition of IPTG, while IPTG had little effect on
RNA levels in cells lacking T7 RNAP (Figure 1).

In BH161, addition of IPTG to the growth med-
ium caused a ®vefold increase in the frequency of
revertants (Table 1). This increase was reproducible
and was similar to the fourfold increase previously
seen with the E. coli tac promoter (Beletskii &
Bhagwat, 1996). As expected, in the host lacking
the T7 RNAP gene (strain BH156), IPTG had little
anR revertant frequency

IPTG With IPTG Ratioa

0ÿ8 1.9 � 10ÿ8 1.0
0ÿ9 1.4 � 10ÿ8 1.8
0ÿ8 2.4 � 10ÿ8 0.4

10ÿ8 1.9(�0.5) � 10ÿ8 1.1 � 0.7
0ÿ8 1.3 � 10ÿ7 3.6
0ÿ8 1.3 � 10ÿ7 6.8
0ÿ8 1.5 � 10ÿ7 5.7

10ÿ8 1.4(�0.1) � 10ÿ7 5.4 � 1.6

t frequency in the absence of IPTG for cultures grown from the



Figure 1. Transcripts produced
from the non-coding strand of the
kanS-D94 gene. The levels of RNA
in the absence of T7 RNAP, are
shown for wild-type RNAP and for
the G645A mutant. The RNA
amounts are expressed in arbitrary
units because they re¯ect phos-
phorescence intensities measured
by the phosphorimager. The data
represent the mean of two indepen-
dent experiments.
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effect on revertant frequency (Table 1). This
demonstrates that, similar to the E. coli RNAP,
transcription by the T7 RNAP also promotes C to
T mutations in the non-transcribed strand.

Effect of RNA polymerase elongation rate
on TIM

The current model for TIM predicts that the
length of time the mutable cytosine base spends in
an unpaired state determines the probability of its
mutation to thymine. This length of time can be
increased in two ways: by increasing the number
of times the transcription bubble goes past the
cytosine, and by increasing the length of time the
base remains unpaired during each passage of the
bubble. We previously showed (Beletskii &
Bhagwat, 1998) that increasing the frequency of
transcription initiation leads to an increase in C to
T mutations. To demonstrate that TIM also
depends on the length of time it takes for the tran-
scription bubble to go past a base, we used a
mutant T7 RNAP with a reduced rate of
elongation.

T7 RNA polymerase mutant G645A has a two-
to threefold slower rate of elongation than the
wild-type enzyme (Bonner et al., 1994, 1992), but
its processivity is close to 80 % of wild-type
(Makarova et al., 1995). The gene for the G645A
mutant was placed under the control of the lacUV5
promoter by cloning it into the bacteriophage l
cloning vector D69 (Studier & Moffatt, 1986) and
then inserting the recombinant bacteriophage into
the E. coli chromosome as a lysogen (strain
BH200). Upon induction of the G645A RNAP, the
amount of kanS-D94-speci®c mRNA increased to
Figure 2. Frequency of KanR

revertants in the presence and
absence of T7 RNAP transcription.
The KanR revertant frequencies in
the absence of T7 RNAP, are
shown for wild-type RNAP and for
the G645A mutant. The data are
means of at least six or more inde-
pendent colonies from two or more
experiments.



Figure 3 (legend opposite)
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�70 % of the level found in cells containing the
wild-type RNAP (Figure 1). However, in the
absence of IPTG, the amount of kanS-D94-speci®c
mRNA found in cells with G645A mutant was 1.7-
fold higher than that produced by the wild-type
polymerase (Figure 1). The high background level
of transcription in the mutant RNAP-containing
cells can be explained by the fact that while the
wild-type RNAP gene is in the DE3 orientation in
the l D69 vector, the G645A mutant gene is in the
DE4 orientation (not shown). As a result, the pI

and pL promoters can direct the expression of the
G645 RNAP gene, but not of the wild-type gene
(Studier & Moffatt, 1986).

Regardless, the G645A mutant caused more C to
T mutations than the wild-type enzyme and this
was independent of the state of induction of the
lacUV5 promoter (Figure 2). It is particularly strik-
ing that in the induced state the mutant RNAP
produced only 70 % kanS-D94-speci®c RNA
compared to the wild-type polymerase, but it
promoted 2.4 times as many mutations. When
normalized with respect to the amount of
transcript produced, the G645A mutant promotes
�3.5 times as many mutations as the wild-type
enzyme. This is roughly consistent with the two- to
threefold lower rate of elongation of the G645A
RNAP enzyme (Bonner et al., 1992, 1994).

The effect of TIM on the T7 genome
composition

The nucleotide sequence of the T7 genome is
known and its genetic organization and overall
pattern of gene expression are understood at the
nucleotide level (Dunn & Studier, 1983; Studier &
Dunn, 1983). The phage DNA contains a number
of strong promoters, and the genome is transcribed
from left to right on its genetic map (Figure 3(a)).
We wondered whether the ability of the T7 RNAP
to promote C to T mutations had affected the base
composition of the T7 genome.

The total nucleotide count at the third position
of fourfold degenerate codons in the T7 genome is
1137 A, 2405 T, 994 G and 1194 C, suggesting that
there may is a bias in the non-template strand in
favor of thymine bases. To evaluate this further,
we de®ned a novel function, cumulative CT skew,
which calculates the excess of cytosine over thy-
mine bases (see Materials and Methods). The pyri-
Figure 3. Organization of the T7 genome and its sequen
important genetic elements in the T7 genome are schematica
minators. The E. coli RNAP promoters and terminator are re
moters and terminator are shown by ®lled symbols. Prom
represented by circles. Second line, the position of the bidir
the three classes of T7 genes are shown. Bottom line, per
�40 kbp. (b) Cumulative CT skew for the T7 genome. Positi
origin of replication (ORI), transcriptional terminators TE an
cal lines. The segments of the T7 genome corresponding to t
genes have been divided into IIIa and IIIb subclasses as indi
overlapping 50 bp windows in each promoter class and the m
midines at the third positions of codons in the
coding strand were used in this analysis because
they are not strongly affected by selective press-
ures. The CT skew was calculated in non-overlap-
ping windows along the T7 sequence, moving
from the left end of the genetic map to the right
along the non-transcribed strand (see Materials
and Methods). Further, the CT skew values in suc-
cessive windows were added together, and this
cumulative skew was plotted against the physical
map of the genome (Figure 3(b)).

The T7 genome can be divided into three classes
according to the level of transcription (Dunn &
Studier, 1983; Studier & Dunn, 1983). The class I
genes are transcribed the least and lie at the left
end of the genome (Figure 3(a)). The class II genes
are transcribed moderately, while the class III
genes, mostly coding for virion proteins and virion
assembly proteins, are transcribed at extremely
high levels (Studier & Dunn, 1983). We further
divided class III genes into class IIIa and class IIIb;
the former genes are upstream of the transcrip-
tional terminator Tf, while the latter are down-
stream from it.

The cumulative CT skew diagram shows that
the excess of T over C is non-random, and is most
pronounced in the highly transcribed regions of
the T7 genome. One of the striking features of the
diagram is the sharp drop in the CT skew in class
IIIa genes (Figure 3(b)). Just as important, the CT
skew levels off immediately downstream of the Tf
transcription terminator. This may be explained by
the fact that genes 11 and 12 do not have their
own promoters and are transcribed entirely by
read-through transcription past Tf (Studier &
Dunn, 1983). On the other hand, gene 13 and other
genes downstream of Tf have strong class III pro-
moters, and show a signi®cant decrease in CT
skew (Figure 3(b)). The cumulative plot diagram
for all three codon positions in T7 genome was
qualitatively similar to fourfold degenerate site dia-
gram, but the magnitude of the skew was smaller
(not shown).

This correlation can also be seen by comparing
the average CT skews of the different classes of
genes (Figure 3(c)). As expected, class IIIa genes
exhibited the lowest CT skew among all T7 genes.
They were followed by the class IIIb, class II, and
class I genes (Figure 3(c)). The average CT skew
for the class IIIb genes is less negative compared to
ce bias. (a) Genetic organization of the T7 genome. The
lly shown. Top line, the promoters and transcription ter-
presented by open symbols, while phage T7 RNAP pro-
oters are depicted as triangles, while terminators are

ectional origin of replication. Third line, the locations of
centage scale for the genome. The complete genome is
ons of the E. coli promoters A1, A2 and A3, the principal
d Tf, and T7 promoters 9, 10 and 13 are shown as verti-
he three classes of genes are also indicated. The class III
cated in the text. (c) The CT skew was calculated in non-

ean skew for the different classes is shown.
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that of class IIIa genes, because the former group
includes genes 11 and 12, which are not strongly
transcribed.

Discussion

We have shown here that the T7 RNAP can
cause C to T mutations in the non-transcribed
strand of DNA and this ®nding extends our pre-
vious results with the E. coli RNAP (Beletskii &
Bhagwat, 1996). In particular, it shows that the
structure of the RNAP may not be important for
this phenomenon. The two RNAPs do not share
signi®cant sequence homology, and while the
E. coli RNAP is a large multi-subunit complex, T7
RNAP is a single polypeptide.

We have suggested that TIM is an unavoidable
consequence of transcription, and the feature of the
transcription bubble that causes cytosine deamina-
tions is the exposure of the non-template strand to
the aqueous environment (Beletskii & Bhagwat,
1996). The data presented here are consistent with
this idea. Further, the structure of the transcription
bubble may be similar in all organisms (Mooney &
Landick, 1999), and hence TIM is likely to be a
general property of transcription elongation by all
RNA polymerases.

Our results also con®rm a prediction based on
this model for TIM. Because cytosine deamination
occurs in the strand displaced by the RNAP, a
slower RNAP should cause more C to T mutations
than a faster one (Beletskii & Bhagwat, 1996). Con-
sistent with this idea, the G645A mutant of T7
RNAP transcribes at a slower rate and yields a
higher level of mutations than the wild-type
enzyme.

The demonstration of TIM for T7 RNAP
suggested to us that heavily transcribed genes in
the T7 genome may have accumulated C to T
mutations in the non-transcribed strand over the
evolutionary time-scale. To examine this possi-
bility, we introduced a new integral skew function,
the cumulative CT skew. The cumulative skew dia-
gram is easier to interpret than plots of the skew
value itself, since ¯uctuations in the small sequence
windows used to calculate the skew in the latter
case often hide the general plot trends. We
observed that changes in CT skew in T7 genome
regions are roughly proportional to the level of
transcription of these regions.

It should be noted that the cumulative CT skew
may have wide applicability in the study of gen-
ome evolution. To test its usefulness, we used it to
analyze the H-strand of the human mitochondrial
genome, which has a pronounced excess of thy-
mine over cytosine bases, due to a strand-speci®c
delay in DNA replication. The shape of the cumu-
lative CT diagram in mitochondria (not shown)
indicates that the relative excess of T over C
decreases linearly from oriH to oriL, in full agree-
ment with the results of a previously published
study (Reyes et al., 1998) which used a less direct
method of analysis to arrive at this conclusion.

A notable feature of the cumulative CT skew is
that it peaks just before the bidirectional origin of
replication in the T7 genome and decreases in
either direction from it (Figure 3(b)). This pattern is
similar to the behavior of the GC skew in different
organisms where the global minimum and maxi-
mum of cumulative GC skew coincide with repli-
cation origin and terminus, respectively (Grigoriev,
1998, 1999). We believe that the shape of the T7 CT
skew diagram is consistent with both transcription
and replication, contributing to strand bias
observed in the T7 genome.

It is generally believed that during DNA replica-
tion, the coordinated synthesis of the leading and
lagging strands creates single-stranded regions in
the lagging strands that are bound by the single-
strand DNA-binding protein (Kornberg & Baker,
1992). This has been speci®cally shown to be true
for DNA synthesis by T7 DNA polymerase (Lee
et al., 1998; Park et al., 1998). Assuming that the T7-
coded single-stranded DNA-binding protein,
gp2.5, does not protect the exposed cytosine bases
in the lagging strand templates, they should dea-
minate at a higher rate. As a result, when replica-
tion and transcription have the same directionality,
as is true for 85 % of the T7 genome that lies to the
right of the origin of replication, both replication
and transcription should create identical bias in
pyrimidine composition. This was proposed in the
context of the T4 bacteriophage genome evolution
(Kano-Sueoka et al., 1999) and is schematically
shown in Figure 4.

Consequently, the observed negative CT skew in
class II and class III genes of T7 is likely to be an
additive effect of replication and transcription.
However, there is good correlation between the
level of transcription in different subgroups of
genes within these classes and their average CT
skews (Figure 3(c)). This suggests that TIM makes
a substantial contribution to the CT skew of class
II and class III genes.

The situation is more complex to the left of the
T7 replication origin. Here the lagging strand tem-
plate and the non-transcribed strand do not
coincide, and C to U conversions in the lagging
strand template should not affect the CT skew for
the non-template strand of T7 genome (Figure 4).
Further, TIM should have little in¯uence on the
cumulative CT skew in this region because this
region is transcribed at a low level for a brief
period by the E. coli RNAP (McAllister et al., 1981).
Despite this, the cumulative skew increases in this
region (Figure 3(b)). There is no good explanation
for the increase.

Finally, the observed strand bias in C to T
mutations in the evolution of enteric bacterial
genes has been attributed to transcription-coupled
repair (Francino et al., 1996; Francino & Ochman,
1997). There is no evidence that T7 RNAP is able
to support transcription-coupled DNA repair
machinery. Further, the proposed mechanism of



Figure 4. Cytosine deaminations induced by DNA replication and transcription of phage T7. Bidirectional replica-
tion of the T7 phage and its transcription are schematically shown. Replication is shown as white arrows, while tran-
scription is shown as green arrows. RNA polymerase is shown as a purple ellipse and gp2.5 is shown as yellow
circles. ORI, principal origin of replication of T7.
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transcription-repair coupling (Selby & Sancar,
1993) and the lack of sequence similarity between
the two polymerases makes this unlikely. Conse-
quently, it is unlikely that observed sequence bias
in the T7 genome is related to the action of tran-
scription-coupled repair.

There is considerable interest in the existence of
strand asymmetry of DNA sequences and its
causes (Francino & Ochman, 1997; Frank & Lobry,
1999). Speci®cally, GC and AT skew diagrams
were introduced by Lobry (1996b) for the analysis
of short regions of bacterial chromosomes and
were later used for the analysis of complete gen-
omes of bacteria (Blattner et al., 1997; Grigoriev,
1998; Lobry, 1996a) and viruses (Grigoriev, 1999).
We have used a CT skew to analyze the T7 gen-
ome, and our results suggest that transcription
should contribute to the evolution of genomes in
two ways. First, the non-template strand of genes
should suffer more C to T mutations than the tem-
plate strand. Second, highly transcribed genes
should experience more C to T mutations than the
less transcribed genes. Both these predictions can
be tested by sequencing genes of natural T7-like
phages and identifying the sequence changes that
are responsible for their evolution. The well-
characterized biology of the T7 phage makes this
an attractive model system for the study of mol-
ecular evolution.

Materials and Methods

Construction of the genetic reversion system

The strains, GM31 and BH156 (�GM31 ung) have
been described (Lutsenko & Bhagwat, 1999). A cassette
containing the mutant allele kanS-D94 was excised from
pKanS-D94 (Wyszynski et al., 1994) with BamHI and
cloned into pET3 (Rosenberg et al., 1987) to generate
pAB1. Plasmid pAB1 was partially digested with BglII to
release the BglII fragment containing kanS-D94 ¯anked
by the T7 gene 10 promoter and terminator. This frag-
ment was ligated into the pUC18 BamHI site and the
orientation in which the kanS-D94 was co-linear with
lacZ0 gene was called pAB2. A KpnI-Asp718 fragment of
pAB2 encompassing the kanS-D94 gene and the T7 gene
10 promoter and terminator was treated with Klenow
fragment to ®ll-in protruding 50 termini and ligated into
RSF1050H3 (Lutsenko & Bhagwat, 1999) plasmid which
was cut with HindIII and treated with Klenow fragment.
The resulting plasmid pAB4 contains an active transpo-
son Tn3 with the T7 promoter-driven kanS-D94 transcrip-
tion unit co-linear with the b-lactamase gene. Plasmid
pAB4 was transformed into the RR1023 strain (Patterson
et al., 1986) containing mini-F0 episome pOX38 (Guyer
et al., 1981). The cells were grown at 30 �C and mated
with GM31 to separate the cointegrates between pAB4
and mini-F plasmid generated by Tn3 transposition (Lee
et al., 1983). Streptomycin was used to select against the
donor. Following spontaneous resolution of the cointe-
grate in the recipient, the mini-F::Tn3-kanS-D94, called
pAB6, was isolated using a plasmid isolation kit (Qia-
gen) and used for the reversion assays.

Construction of E. coli strains with the T7
RNA polymerase

The T7 RNAP gene was introduced into BH156 -by
lysogenizing the strain with lDE3 phage (Studier &
Moffatt, 1986) using published protocols (Silhavy et al.,
1984). The resulting strain BH161 was transformed with
plasmid pAB6 for use in reversion assays.

To construct an E. coli strain with the T7 RNAP
mutant G645A, the 4.3 kb BamHI fragment of pAR1219-
like plasmid (Davanloo et al., 1984) containing the
G645A mutant of T7 RNA (Bonner et al., 1992; Makarova
et al., 1995) along with the lacI gene was cloned into the
unique BamHI site of the lD69 vector. The ®nal DNA
ligation mix was packaged with Gigapack III Gold
Packaging Extract (Stratagene) according to the manufac-
turer's instructions and plaques screened for b-galactosi-
dase activity directed from the T7 promoter and
restriction analysis of the phage DNA. We selected for
further work the lG645A/DE4 construct in which the T7
RNA polymerase gene is colinear with the l int gene.
Strain BH156 was lysogenized with this phage in the
same way as lDE3. PCR was used to con®rm the pre-
sence and the orientation of kanS-D94 in the resulting
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lysogens. The resulting strain, BH200, was used in rever-
sion assays with pAB6 plasmid as described below.

Total RNA isolation and quantification

Total RNA was isolated from different cells carrying
pAB6 plasmid as described (Beletskii & Bhagwat, 1996)
and transferred to nylon membranes for quanti®cation.
The membranes were successively probed with kan-
speci®c and rpoC-speci®c probes. The latter is a constitu-
tively expressed gene and was used to correct any pipet-
ing errors. The bound radioactivity from the kan-speci®c
probe was quanti®ed using a phosphorimager (Molecu-
lar Dynamics) and normalized with respect to the
amount of signal obtained using the rpoC-speci®c probe.

Reversion assay for C to T mutations

For each reversion assay, a midlog (absorbance at
550 nm � 0.3) culture of cells with pAB6 plasmid was
diluted 100-fold into two tubes containing LB medium;
one containing 100 mM IPTG and the other without
IPTG. The resulting cultures were again grown to an
absorbance at 550 nm of 0.3 and plated on kanamycin
plates to determine the level of revertants. The total cell
count was determined by plating dilutions of the cul-
tures on LB plates.

Cumulative CT skew analysis of the T7 genome

The complete T7 genome sequence was obtained from
GenBank (accession numbers V01146, J02518, X00411).
Because some of the T7 genes overlap (some in the same
frame or not), an analysis of the third codon position
(abbreviation 3cp) in all the coding sequences of T7
would account for some bases multiple times. It would
also include 3cp bases in one gene which may be in 1cp
or 2cp in an overlapping gene. To analyze only the 3cp
bases and to prevent repeated counting of them, the
overlaps were treated as follows. Genes 6A (part of gene
6B), 4B (part of 4A), 5.5-5.7 (fusion of 5.5 and 5.7), 10A
(part of 10B) as well as short genes generating out-of-
frame overlaps (4.1, 19.2 and 19.3) were excluded from
the analysis. Other out-of-frame overlaps (between genes
2.8 and 3, 3.8 and 4A, 5.9 and 6, 6 and 6.3, 18.5 and 18.7)
and all start and stop codons and intergenic regions
were replaced by the equivalent number of Ns in the
sequence.

Base composition analysis was performed using the
method of cumulative skew diagrams (Grigoriev, 1998).
Consider a genome of length G, divided into k non-over-
lapping windows W1 . . . Wk, each w base-pairs long. For
a window Wi, containing [C] cytosine and [T] thymine
bases, CT skew is calculated as si � ([C] ÿ [T])/
([C] � [T]). We chose a window size of 50 bp, hence
k � 799 for the T7 genome. The w/G ratio is small, so a
cumulative CT skew, or a sum S(m) � �i

msiw/G in adja-
cent windows W1 . . . Wm (m 4 k), represents a numerical
integration of si over the contiguous sequence segment
covered by the windows W1 . . . Wm. In addition, mean
CT skew values were calculated for each promoter class
region (class I to class IIIb). In addition, mean (non-
cumulative) CT skew values were calculated by aver-
aging across the genomic regions corresponding to pro-
moter classes I to IIIb (the same 50 bp windows were
used). Thus, for a region covering R such windows, the
mean skew was (R) � (1/R)�i

Rsi.
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