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Abstract. The mode of replication and organisation of bacterial;genomel impose
asymmetry on their nucleotide compositio/n\.) The asymmetry is seen in coding and
non-coding sequences and is reflected in' the Jamino acid composition Jof [proteins.
The mechanisr?ls generating asymmetry inclumf rkr‘iﬁia‘lt)ighyratrés c?pﬁ’eaed
with replication and transcription, selection forces positioning genes and signal se-
quences nonrandomly in the genome, and protein coding constraints on coding se-

_quences. There are different methods of visualising and measuring the asymmetry.
Some of them can assess the contribution of individual mechanisms to the observed
asymmetry and those have been described in greater detail. Asymmetric mutational and
selection pressures differentiate the rates of evolution of genes on leading and lagging
strands. The genes relocated to the opposite strand have to adapt to a different
mutational pressure or are eliminated. Translocations from leading to lagging strands
are more often selected against than from lagging to leading strands. Comparison of
intergenic sequences that have lost the coding function to the original genes enables
finding the frequencies of the twelve substitution rates in sequences free from selection.
In the absence of selection, the half-time of substitution of a given type of nucleotide is
linearly correlated with the fraction of that nucleotide in the sequence.
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Glossary

antisense strand = coding strand = template strand = transcribed strand of a gene,

sense strand = noncoding strand = non-template strand = nontranscribed strand of a gene,
AT skew = (A-T)/(A+T),

GC skew = (G-C)/(G+C),

CAI = Codon Adaptation Index, 1.e. codon usage for optimal translation rate,

CDS = coding sequence,

non-CDS = noncoding sequence,

lagging DNA strand = strand synthesised from Okazaki fragments,
leading DNA strand = strand replicated continuously,
ORF = open reading frame,

PR2 = parity rules type 2, 1.e. [A]=[T] and [G]=[C] are true for a single DNA strand.

Definition of DNA asymmetry

The specific structure of the double-stranded DNA molecule implies many of its
genetic and chemical features. One of the most important features 1s
the complementarity of the two DNA strands, where the number of adenines 1s ex-
actly the same as the number of thymines, while the number of guanines 1s exactly
the same as the number of cytosines. These are the Chargaff’s rules (CHARGAFF
1950) which helped WATSON and CRICK (1953) to describe the structure of
the double helix and to find out that the Chargaff’s rules are deterministic. If we
assume that there are no mutational or selection pressures which influence
the composition of the two DNA strands, the rules: [A] =[T] and [G] = [C] should
be in force not only for double-stranded DNA but also for each of the two strands.
These rules for a single DNA strand are stochastic instead of deterministic, and are
called parity rules type 2, in short PR2 (LOBRY 1995). Deviation from PR2 means
that the two DNA strands are under different mutational or selection pressures
or both, which leads to asymmetric substitution patterns and DNA asymmetry.

Finding DNA asymmetry

PR2 are valid for random DNA molecules as well as for whole chromosomes. Let
us count the number of each of the four types of nucleotides in the Watson strand
of the Borrelia burgdorferi genome and construct a single-stranded “leading” and
“lagging” DNA sequences by drawing the nucleotides randomly from the pool
in which the frequency of each nucleotide is the same as in the B. burgdorferi &
nome. In Table 1 the composition of such arandom DNA sequence (an example of
one computer simulation) is shown. There are no significant differences in the nu-
cleotide composition of these two sequences. It is not the case when one Jooks at
the halves of the real Watson strand replicated as leading and lagging (se¢ Ta-
ble 1). The Chargaff’s parity rules are valid but PR2 are not: the differences be-
tween the numbers of complementary nucleotides in each strand are significant.



Mutational pressure 555

Table 1. Numbers of nucleotides in the leading and lagging part of the Watson strand of
the Borrelia burgdorferi genome. The random strand was obtained by drawing nucleotides
randomly from a pool of all nucleotides from the Watson strand.

Number of bases in strand

Strand type Strand length
A T G C
Random leading Watson strand 160,481 162,812 7 64,209 64,946 452,448
Random lagging Watson strand 162,216 165,081 65,453 65,526 458,276
Real leading Watson strand 145,921 178,068 75,741 52,718 452,448
Real lagging Watson strand 177,186 149,128 53911 78,051 458,276

Deviations from PR2 and differences in composition between the leading and
the lagging strands were observed in many eubacterial genomes (LOBRY 1996a,
1996b, BLATTNER et al. 1997, KUNST et al. 1997, FRASER et al. 1997, 1998,
ANDERSON et al. 1998, FREEMAN et al. 1998, MRAZEK, KARLIN 1998,
GRIGORIEV 1998, McLEAN et al. 1998, SALZBERG et al. 1998, MACKIEWICZ et
al. 1999a, 1999b, TILLIER, COLLINS 2000a) and are still detected in newly se-
quenced genomes. The asymmetry was also detected in many viruses (DANIELS et
al. 1983, FILIPSKI 1990, MRAZEK, KARLIN 1998, GRIGORIEV 1999). Generally it
was found that the leading strand is rich in guanine and thymine, and the lagging
strand, in cytosine and adenine.

The asymmetry is observed even at the level of codons and amino acids
(PERRIERE et al. 1996, MCINERNEY 1998, LAFAY et al. 1999, MACKIEWICZ et al.

1999b, ROCHA et al. 1999a, ROMERO et al. 2000). This kind of asymmetry gener-
ally does not exist in archaeal genomes (MRAZEK, KARLIN 1998, GRIGORIEV

1998, MCLEAN et al. 1998) and was found only in some of them (SALZBERG et al.

1998, LOPEZ et al. 1999, 2000). Analyses of eukaryotic genomes do not show
the asymmetry on a large scale (MRAZEK, KARLIN 1998, GRIGORIEV 1998,
GIERLIK et al. 2000), although some specific asymmetry in subtelomeric regions
of yeast chromosomes was observed (GIERLIK et al. 2000, see also GRIGORIEV

1998). | |
The asymmetry is so strong that it can come to assistance in experimental

searches for the origin and terminus of replication (QIN et al. 1999, PICARDEAU et
al. 1999, 2000, ZAWILAK et al. 2001).

Mechanisms generating asymmetry

A substitution in one DNA strand is reflected by a change in the complgmentary
strand. However, to understand the origin and meaning of asymrnetry? it is impor-
tant to find where, and how the primary changes occur which lead to different sub-

stitutions in different regions of the genome.
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Mechanisms that could introduce asymmetry into DNA strands have been dis-
cussed many times (see for review: FRANCINO, OCHMAN 1997, MRAZEK,
KARLIN 1998, FRANK, LOBRY 1999, KARLIN 1999, TILLIER, COLLINS 2000a).
Nucleotide composition of a sequence 1s shaped by two different and sometimes
opposite forces: mutational and selection pressures. Generally, they include
mutational pressures on DNA during replication and transcription, selection
forces positioning genes and signal sequences nonrandomly in the genome, and
protein coding constraints on coding sequences. In this paper we would like to
present and shortly comment on the most important causes of asymmetry accepted
to date.

Replication-associated mutational pressure

An important structural feature of the DNA molecule is that the two strands are
antiparallel. Together with the properties of replication mechanisms, it has very
significant genetic implications. DNA strands can be synthesised only in one di-
rection: from the 5° to 3’ end. Because the strands are antiparallel and replication
forks move along the maternal double strand molecule, the two new strands have
to be synthesised by different mechanisms and different replication-associated
mutational pressures may influence their nucleotide composition. After many
generations, parity rules type 2 should not be in force in such DNA molecules (see
Table 1, the composition of the replichores of the B. burgdorferi genome).

Synthesis of one strand, called the leading strand, is continuous, while synthe-
sis of the other strand, called the lagging strand, has short intermediates named
Okazaki fragments (OKAZAKI et al. 1968). Differences between the synthesis Of
the strands have been reviewed by FRANK and LOBRY (1999). In Escherichia coli
both DNA strands are synthesised by symmetric core enzymes (Pol 1
holoenzyme, BAKER, WICKNER 1992, MARIANS 1992, YUZHAKOV et al. 1996),
and therefore base incorporation and proof-reading should be the same for both
strands. However, the enzyme complexes differ in processivity (tendency to re-
main on a single template, MARIANS 1992). The leading strand complex needs to
be more processive to remain on the template, while the lagging strand complex
needs to dissociate more often, which facilitates excision of a mismatch by some
cellular exonuclease (FIJALKOWSKA, SCHAAPER 1996). Thus, the lagging strand
synthesis should be more faithful. Also, the strands may differ in stepwise pro-
gression speed and mismatch repair mechanisms (RADMAN 1998). The lagging
strand polymerase should synthesise DNA faster to compensate for the time Ofltj
recycling, so more errors may be committed in the process, but on thc? other hap
the discontinuous replication provides nicks in DNA, which are required l?y mis-
match repair, so the lagging strand repair could be more efficient. E.xpe.rlm‘mt/ae
analyses of the relative fidelity of the leading and lagging strand replication 122 .
given contradictory results (e.g. compare IWAKI et al. 1996 and FJALKOWS "
al. 1998). Generally, in experiments lagging strands seem more pronc to m
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tions (e.g. TRINH, SINDEN 1991, BASIC-ZANINOVIC et al. 1992, VEAUTE, FUCHS
1993, ROBERTS et al. 1994, THOMAS et al. 1996). However, these results should
be carefully considered, because the experiments were performed in specific con-
ditions, e.g. the strains used in the studies were deficient in proof-reading or mis-
match repair.

A theory (named the cytosine deamination theory) that explains the influence
of replication-associated mutational pressure on asymmetry was presented
by FRANK and LOBRY (1999). During replication, stretches of the template for
the newly synthesised lagging strand are temporarily single-stranded. In this state
the template is more exposed to damage and mutations (similarly to the sense
strand during transcription). The most frequent mutation is deamination of cyto-
sine and its homologue 5-methylcytosine to uracile (ECHOLS, GOODMAN 1991,
LINDAHL 1993, KREUTZER, ESSIGMANN 1998), which leads in consequence to
C—oT transition. It was found that cytosine deaminates 140 times faster in sin-
gle-stranded DNA than in double-stranded (FREDERICO et al. 1990). This transi-
tion explains the excess of guanine and thymine in the leading strand, and adenine
and cytosine in the lagging strand; similarly for the less common A—G transition
resulting from deamination of adenine to hypoxantine (LINDAHL 1993).
The deamination theory gives an especially convincing explanation of asymmetry
in mitochondrial (TANAKA, OZAWA 1994, REYES et al. 1998) and viral genomes

(GRIGORIEV 1998, 1999).

Transcription-associated mutational pressure

The genetic information stored in DNA can also be read only in one direction:
from the 5° to 3’ end. However, there are six possible reading frames and the tran-
scribed strand of a gene may be located in the same or opposite direction to
the replication fork movement (on the leading or lagging strand). Because genes
are not distributed uniformly in the genome, and coding and non-coding strands
are treated differently by transcription, PR2 may be violated.

A potential cause of asymmetry may also be deamination of m.ethylated
cytosines which leads to thymines. Some authors have claimed that this type of
substitution differentiates sense and antisense strands of coding sequences, and
that transcription mechanisms introduce the asymmetry into DNA strands
(FRANCINO et al. 1996, FRANCINO, OCHMAN 1997, FREEMAN et al. 1998). Dur-
ing transcription a part of the nontranscribed DNA strand is exposed and. morse
on (BELETSKII, BHAGWAT 1996), while the other strand 1s pro-
mplex and by transcription-coupled repair
dimers (MELLON, HANAWALT 1989,

have proved that the frequency of muta-
er than into the tran-

prone to deaminati
tected by the enzymatic transcription co
that preferentially repairs pyrimidine
HANAWALT 1991). Some experiments
tions introduced into the non-transcribed DNA strand is high

scribed one (FRANCINO et al. 1996).
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Unequal distribution of genes and oligomers on the chromosome

Transcription-associated mutational pressure alone does not distinguish between
the leading and lagging strand. However, if highly transcribed genes are prefera-
bly located on one strand, the bias between strands should be generated in coding
sequences and in the intergenic regions that are partly transcribed.

There are preferences for transcribing DNA strands in the direction of replica-
tion, rather than in the inverse direction, possibly to avoid collisions between rep-
lication and transcription complexes (BREWER 1988). In Mycoplasma genitalium,
M. pneumoniae and Bacillus subtilis over 75% of genes are located on the leading
strands (FRASER et al. 1995, HIMMELREICH et al. 1996, KUNST et al. 1997).
Hence, transcription-associated mutational pressure may contribute to the lead-
ing/lagging strand asymmetry. However, in the E. coli genome the bias is rela-
tively low and only 54% of genes are located on the leading strand (BLATTNER et
al. 1997), so it cannot account for the asymmetry observed in that genome.

It has also been found that in prokaryotic genomes usually the majority of
highly expressed genes are located on the leading strand. Those genes use a small
subset of specific codons (GOUY, GAUTIER 1982, SHARP, LI 1987), which may
contribute to the asymmetry observed. TILLIER and COLLINS (2000a) tried to esti-
mate the contribution of transcription to asymmetry by analysing Codon Adapta-
tion Index (CAI) values of genes. They found that genes with the highest and
lowest CAI did not account for the correlation of base composition skew with rep-
lication orientation, and these skews were not completely explained by the selec-
tion for highly expressed genes on the leading strand. However, these analyses
assumed that CAI value (which actually measures translation level/intensity) cor-
responded to transcription level/intensity, which may not be true. Only experl-
mental research can provide evidence that genes on the leading strand are more
intensively transcribed than genes on the lagging strand. |

Leading- and lagging-strand-specific codon usage has been observed 1n
B. burgdorferi, Treponema pallidum and Chlamydia trachomatis (MCINERNEY
1998, LAFAY et al. 1999, ROCHA et al. 1999a, ROMERO et al. 2000). Howeyer, bc_a-
cause the presumably highly expressed genes in those genomes do not differ n
codon usage from other genes located on the same strand, some authors conc?lude
that the two different patterns are the result of replication-associated mutational
pressure and not selection, and codon usage is strand-specific and not correlated
with the level of expression (MCINERNEY 1998, LAFAY et al. 1999). .

Oligomers that are over-represented on one of the strands COUld’Contl:ﬂ;uiS
to DNA asymmetry. For example, Chi sequence 5’ GCTGGTGG. 3’, whlcd :
a recombinational hot-spot, is located preferentially on the leading stran i
the E. coli genome (BLATTNER et al. 1997). SALZBERG et al. ('1998) Obsdcrvln
skewed distribution of some oligomers on leading and lagging straré S.an
B. burgdorferi, T. pallidum, E. coli, B. subtilis and other genomes 7-},l (;rigin
9-mers are statistically significantly skewed and are helpful in finding the
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and terminus of replication. The nucleotide composition of these oligomers is cor-
related with the most abundant codons in those genomes, although they do not oc-
cur preferentially within coding regions. Their asymmetry is much stronger than
the inequality in the distribution of coding sequences. Their function is unknown
but they are expected to play a role as biological signals in replication and tran-
scription (ROCHA et al. 1998), so their distribution should be subject to selection.
However, Chi-sites make up only 0.25 % of the E. coli genome and are not likely
to be an important source for global base composition asymmetry (FRANK,
LOBRY 1999), which is further supported by analyses of several genomes
by TILLIER and COLLINS (2000a). Removal of all skewed octamer sequences
from the E. coli and Haemophilus influenzae genomes gave reduced asymmetry
but did not eliminate it. Apparently skewed oligomers are not the main source of

asymmetry.
Protein coding constraints on coding sequences

Coding for proteins requires a specific nucleotide composition. It has been long
known that coding strands of genes are rich in purines (e.g. SHEPHERD 1981,
SMITHIES et al. 1981, KARLIN, BURGE 1995, FRANCINO et al. 1996, CEBRAT et
al. 1997a, FREEMAN et al. 1998). DNA sequences which code for proteins have
a triplet structure. Each position in the codon has specific preferences in nucleo-
tide composition (WONG, CEDERGREN 1986, ZHANG, ZHANG 1991, GUTIERREZ
et al. 1996, MRAZEK, KARLIN 1998, CEBRAT et al. 1997b, 1998, MCLEAN et al.
1998, WANG 1998), which suggests that it plays a unique role and remains under
a specific selection pressﬁre. Generally, the first codon positions of protein'coding
sequences are rich in adenine and guanine and the second are rich in adenme. and
cytosine. The asymmetry between coding and non-coding strands of genes is so
strong that it can be used to successfully discriminate between coding and
non-coding sequences (CEBRAT et al. 1997a, 1997b, 1998). N
There are many mechanisms which contribute to the specific composition of
genes. The common presence of purines in the sense strand 18 favour.ed by .evolu-
tion because they are less prone to mutations than pyrimidines (especially dimers)
(HUTCHINSON 1996). During transcription the sense strand is more e.xposeq than
the antisense strand which is preferably repaired by removal of pyrimidine dlmérs
(MELLON, HANAWALT 1989, HANAWALT 1991). Therefore selection should in-
crease the purine content of the coding strand (FREEMAN et al. 1998, FRANK,

LOBRY 1999).
Furthermore, the base composition of the first and second pos

reflects the high usage of acidic amino acids coded by GAN (KARLIN, MRAZEK

1996) and Gly, Ala and Val (KARLIN et al. 1992). The second codon position dc?-
termines the polarity of the encoded amino acid and its change may have a detri-

mental effect on the protein.

itions in codons
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Periodical codon composition pattern (GCU), plays a role in mRNA-rRNA in-
teraction during translation 1n the ribosome (TRIFONOV 1987, 1992,
LAGUNEZ-OTERO, TRIFONOV 1992). Guanines in the first codon positions inter-
act with periodically distributed cytosines in rRNA and ensure the correct reading
frame during translation.

Third codon positions are degenerated and most substitutions in them are si-
lent. These substitutions are not necessarily neutral. They may change the rate of
translation of the product (IKEMURA 1981, BENNETZEN, HALL 1982, SHARP,
COWE 1991). However, selection on third positions in codons is the weakest and
the effect of mutational pressure should be observed in them.

If coding sequences are in the same number on both leading and lagging
strands, their compositional bias should be cancelled out. Otherwise, if they are
not randomly distributed on the chromosome, they can contribute to the global

asymmetry (asymmetry of the whole chromosome).

Relative contribution of different factors to DNA asymmetry

Although there are many different and sometimes contradictory hypotheses and
opinions about the influence of asymmetry, it is possible to draw some conclu-
sions. The impact of uneven gene distribution on global asymmetry is different
in various genomes. TILLIER and COLLINS (2000a) have assessed the relative con-
tribution of gene orientation in many genomes to base composition asymmetry.
In some genomes the influence of gene bias is opposite to that resulting from
mutational pressure (MCLEAN et al. 1998, TILLIER, COLLINS 2000a). Highly ex-
pressed genes and signal sequences contribute to the bias only to a very small ex-
tent. The replication-associated mutational pressure is the most significant factor
of the observed asymmetry. Some authors (CEBRAT et al. 1999, MACKIEWICZ et
al. 1999a, 1999b, 1999¢, TILLIER, COLLINS 2000a) have filtered by different
methods the influence of replication from other mechanisms. Although the degrfi?
of influence of transcription-associated mutational pressure still remains open, 1t
seems that it is weaker than the influence of replication (FRANK, LOBRY 1999).
The time of single-stranded state is shorter for the coding strand than for the lag-
ging strand template. Deaminations in the sense strand cause only premutagenic
lesions that have to wait for the next round of replication to become fixed and d}lf -
ing this time can be repaired. The uracile resulting from deaminations Of.CytOSl'nC
occurring in the lagging strand template is almost immediately paired with an 10~
coming adenine in the synthesis of the lagging strand.

Furthermore, the influence of transcription on asymmetry may be
with the influence of replication-associated mutational pressure, beca_uSe
deamination of cytosine occurs both in the lagging strand template during rephca(;
tion, and during transcription in the coding strands, which are preferably locate

on the leading strand.

consistent
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Methods of analysing DNA asymmetry

Deviations from PR2 are usually analysed in terms of an excess of the number of
guanines relative to cytosines or adenines relative to thymines. The bias is mea-
sured by GC and AT skews, (G—-C)/(G+C) and (A-T)/(A+T), respectively.
The method of analysing GC and AT skews with a sliding window (LOBRY
1996a) is helpful to detect replication origin in some prokaryotic genomes but
the results are often difficult to interpret. If a small-sized window is used, strong
fluctuations obscure the asymmetry (MRAZEK, KARLIN 1998), if the window 1is
large, the trends in nucleotide composition are diminished (MCLEAN et al. 1998).
Cumulative skew diagrams or plots of numerically integrated skew of GRIGORIEV
(1998) and TILLIER and COLLINS (2000a) eliminate fluctuations and give a much
clearer picture. FREEMAN et al. (1998) performed cumulative diagrams of purine
(A+T versus T+C), keto (G+T versus A+C) and coding strand excess.

ROCHA et al. (1999a, b) applied a statistical linear discriminant function to as-
sess strand asymmetry at the level of nucleotides, codons and amino acids.

A method which differentiates the influence of replication processes and
transcriptional/translational forces on genomic sequences has been proposed by
TILLIER and COLLINS (2000a). Their ANOVA analyses quantify and measure sta-
tistical significance of individual effects of replication and gene direction on GC
and AT skews. The skews were measured in each codon position of CDS and
in non-CDS separately. They found that the effect of replication orientation 1s in-
dependent of the effects of transcriptional or translational processes and 1n fact
can be of the opposite sign. They also found that AT and GC skews in non-CDS
are similar in size and sign to the skews seen with replication orientation at the

third positions in codons.

DNA walks

A lot of information can be obtained by analysing sequences with so-called DNA
walks (CEBRAT, DUDEK 1998). In one version of a DNA walk, which is very simi-
lar to cumulative diagrams, the walker moves in two-dimensional space (A —T, or
G — C) depending on the type of nucleotides analysed (MACKIEWICZ et al. 1999a).
The shifts are: (1, 1) for G and for A, and (1, —1) for C and for T. Thus, the plot
shows for each position on the chromosome (X-axis co-ordinates) the relative
abundance of A over T or G over C (Y-axis co-ordinates). The result of the DNA
walk for the whole Treponema pallidum genome is shown in Figure lia. Extrem'a\
in the plots represent the positions of the origin (minimum) and terminus (max1-
mum) of replication, where the role of DNA strands changes from the leading to
lagging or vice versa. The walk has been normalised by the length of the analysed
sequence to compare asymmetry in different sequences and genomes. The walk
on intergenic sequences of T. pallidum (Figure 1b) looks similar, contrary to
walks on the three codon positions of CDS (Figure 2a-c). The latter sequences



562 M. Kowalczuk et al.

a b

0.05 - 005 4
. .

© 0.04 4 —GC 0.04 -
0.03 - 003 -
0.02 A 0.02 -
0.01 4 001 -

0] T T —y —— — 0

0 300000 600000

-0.01 1 001 A
-0.02 - -002 -

Figure 1. The DNA walks performed on the whole chromosome (a) and intergenic
sequences (b) of the Treponema pallidum genome. Scale on the X-axis corresponds to the real
co-ordinates of the chromosome in base pairs. Numbers on the Y-axis indicate cumulative
~ abundance of A over T and G over C normalised by the length of the analysed sequence.

show very strong trends connected with coding for proteins which mask other
trends. These walks can be corrected by a factor which allows the walker to finish
the walk at y = 0. In Figure 2d-f such detrended walks are shown, where the dis-
tinct asymmetry differentiating leading and lagging sequences is revealed. It 18
the strongest in third codon positions, which are under the weakest selection pres-
sure. Numbers on the Y-axis indicate local relative cumulative abundance of A
over T and G over C in the analysed sequence independently of the whole base
composition of analysed sequence and its length. The same method can be used
for analysing the chromosome structure in respect to many other parameters
i.e. nucleotide, codon and amino acid composition of proteins, G/C relations oOr
purines to pyrimidines (MACKIEWICZ et al. 1999b). Examples of DNA walks of
this type can be found at our web site: http://smORFland.microb.uni.wroc.pl-

Subtraction and addition of DNA walks

Transformations of detrended DNA walks enable distinguishing between the ef-
fects which treat the two complementary strands unequally (subtraction of DNA
walks) and the effects which have the same influence on both strands (addition of
DNA walks) (CEBRAT et al. 1999, MACKIEWICZ et. al. 1999a, b, ¢). To subtract
walks, separate analyses of the two DNA strands are performed: the Watson (W)
strand, the one whose sequence is in GenBank, and the Crick (C) strand, coﬁ}ple‘
mentary to W. The asymmetry introduced by replication-associated mechanlSr_n?
into the leading and lagging DNA strands is of reciprocal sign. To enhance the P’g
ture of replication-associated asymmetry, one needs to subtract the values o
walks performed on Watson strands from walks on non-complementary
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strand of the Treponema pallidum genome. (a-c) normal DNA walks, as described for

Figure 1; (d-f) detrended DNA walks. Scale on the X-axis corresponds to the real co-ordinates

of the chromosome in base pairs. Numbers on the Y-axis indicate cumulative abundance

(or local relative cumulative abundance for detrended DNA walks) of A over T and G over C,
normalised by the length of the analysed sequence.

Figure 2. The DNA walks p
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Figure 4. DNA walks (spiders) performed on Borrelia burgdorferi sequences; (a) coding
sequence lying on the leading strand (gene BB0005; tryptophanyl-tRNA synthetase),
(b) intergenic sequence. For detailed description see text.
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Figure 5. DNA walks (spiders) performed on the sequence of all genes from the leading (a) and
' lagging (b) strand of the Borrelia burgdorferi genome spliced together.

compare asymmetry in sequences of different length. Figure 5a-b shows these
walks performed on leading and lagging strand genes from the B. burgdorferi g¢-
nome. The walks on first and second positions in codons are similar for both
strands, but third codon positions show opposite trends. Selection pressure 01
third positions in codons is the weakest and they show asymmetry introduced_by
replication-associated mutational pressure, which is of opposite sign on leading
and lagging strands (MACKIEWICZ et al. 1999c¢).
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Rate of evolution on leading and lagging strands

Comparisons of orthologs from closely related genomes

Replicgtion-associated mutational pressure is strong enough to influence gene
evol-utlon and rearrangements. A way to observe the influence of replication di-
rection on gene evolution is to compare pairs of orthologs from closely related
genomes. LAFAY et al. (1999) compared codon and amino acid usage between
leading and lagging strand genes of B. burgdorferi and T. pallidum. Despite spe-
cies-specific G+C content and chromosome structure and organisation, they
found similar G-T versus A—C biases between the leading and lagging strands
in these two species. The biases were found at the level of nucleotides, codons,
and amino acids. The orthologs that have switched strands have adapted their
codon and amino acid usage to their new strand and have the same codon usage as
the genes of the new strand.

TILLIER and COLLINS (2000c), who compared orthologs from Chlamydia
trachomatis and C. pneumoniae, also observed that the genes that switched
the strand have acquired the skew of their current strand. Comparison of amino
acid similarity and identity between the orthologs showed that the switched genes
were on average more diverged that the nonswitched ones. Changing the replica-
tion direction significantly changed the amino acid sequence and affected evolu-
tion of these sequences. Thus the substitutions resulting from mutational pressure
are not neutral.

SZCZEPANIK et al. (2001) have measured differences in the rate of divergence
between genes lying on the leading strand, lagging strand, and genes which
changed their positions on chromosome during evolution. Analyses have been
performed on 12,645 orthologs derived from 11 eubacterial genomes showing ev-
ident compositional asymmetry between leading and lagging strands. In almost all
cases the distances between genomes measured by the divergence of orthologs
from the lagging strand are statistically significantly larger than the distances
counted on the basis of the leading strand orthologs. Apparently the orthologs sit-
uated on lagging strands diverge quicker than the orthologs situated on leading
strands. This phenomenon can be explained either by a higher mutation rate on
the lagging strand, or by stronger selection on the more conserved genes located
on the leading strand (SZCZEPANIK et al. 2001). For closely related genomes
the rate of divergence between the orthologs located on different strands ig even
greater than that of the lagging strand orthologs. The genes which have switched
the strand recently are under a greater mutational pressure and diverge very
quickly. The differences in the rate of divergence are significant epough to affect
the structure of phylogenetic trees constructed on the basis of leading and lagging
strand orthologs (SZCZEPANIK et al. 2001). Different mutational pressures on
the two DNA strands group genes into slower and faster evolving groups. It may
play an important role in adaptation to the quickly changing environment.
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Rearrangements in genomes

vi- ~<TEWICZ et al. (2001a) have found a method to determine which of two
ortnoiogs located on different strands has actually been relocated. Two pairs of
highly asymmetric genomes were analysed, C. frachomatis vs. C. pneumoniae,
and B. burgdorferi vs. T. pallidum. CG and AT skews were measured for each
analysed gene as well as mean values and standard deviations for all leading
and lagging strand genes in each genome. The gene whose GC and AT skews were
more distant from the mean for its current strand was considered switched.
The authors have found that genes have been relatively more often transferred
from lagging to leading DNA strands than vice versa. That may be because
the more conserved genes from the leading strand can tolerate fewer substitutions
which change their amino-acid composition and codon usage when affected by
a higher mutational pressure after inversion. Highly expressed genes seem to be
more sensitive to discrimination control through codon usage (i.e. IKEMURA
1981, GOUY, GAUTIER 1982, SHARP, LI 1987). Moreover, the possible collisions
between transcription and replication complexes may be more deleterious for
highly expressed genes switched from the leading to lagging strand (MCINERNEY
1998).

The most specific rearrangements occur around the origin of replication
(SUYAMA, BORK 2001, EISEN et al. 2000, READ et al. 2000, TILLIER, COLLINS
2000b). In closely related genomes, many orthologs coding for the same function
remain at the same distance and orientation to the origin or terminus of replication,
but they can be positioned on either of the two replichores. This property gives
a specific picture when the positions of genes in one genome are plotted against
the positions of their homologs in a closely related genome. TILLIER and COLLINS
(2000b) have argued that the structure of replication forks, which are hot-spots of
recombination, is responsible for that picture. However, the strand and distapce
from the origin of replication may be as well conserved by selection
(MACKIEWICZ et al. 2001b). Firstly, the distance from the origin of replication de-
termines copy number of a gene in bacteria whose generation time is shorter than
replication period. In those cells the newly replicated origins initiate the next
round of replication before the end of the previous round. Thus, in the cell there
are several copies of genes proximal to the origin. Highly and lowly expressed
genes should be located in optimal distances from the origin (L1U, SANDERSON
1995, 1996). Secondly, transfer of a gene to the opposite strand increases
mutational pressure on that gene, as mentioned above, and thus shogld be selected
against. Thirdly, there is a trend to keep both replichores the same size (LIU,_ SAN%
DERSON 1996), possibly because that ensures the shortest time of replication 0

the genome.
Deciphering the mutational pressure

It is impossible to find out which substitutions generate the observed g§ymm€tl§z
just by measuring the asymmetry itself. The asymmetric DNA composition can
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realised by an infinite number of combinations of frequencies of the twelve possi-
ble nucleotide substitutions. Protein coding sequences are not only under
the mutational pressure typical for their location, but are also subject to selection
for function, which mercilessly eliminates all undesirable substitutions. However,
the intergenic sequences which are remnants of duplications of genes should accu-
mulate all mutations. Their comparison with the original genes should reveal
the influence of mutational pressure. This approach was adopted by KOWALCZUK
et al. (2001a). About thirty intergenic sequences were found in the B. burgdorferi
genome, which read from the leading strand had some homology to ORFs from
that genome’s database. They were aligned and all the observed differences be-
tween the ORFs and their homologues were assumed to result from substitutions
in the intergenic sequences. In that way the frequencies of all substitutions were
found and a table of mutations for the leading strand was constructed (Table 2).

C—T transition is the most frequent, as predicted by deamination theory (see
above). The obtained table of substitution frequencies was tested in computer sim-

Table 2. Frequencies of substitutions in the leading strand of
the Borrelia burgdorferi genome. All frequencies sum up to 1.

To
A T G C
£ A - 0.103 0.067 0.023
ue- T 0.065 — 0.035 0.035
G 0.164 0.116 — 0.015
& 0.070 0.261 0.047 -

ulations. When a random, equimolar ([A] = [T] = [G] = [C]) DNA sequence was
put under such a mutational pressure, after a sufficient number gf generations 1t
had the same asymmetry as the third codon positions of the leading strand ORFs
of the real B. burgdorferi genome. When the B. burga’orfer.i ORF's were put undgr
the pressure of the table, the nucleotide composition of third .codon positions did
not change. Also, precise corrections could be counted, Whlch should be intro-
duced into experimentally found differences in nuclegtlde sequences to find
the real numbers of substitutions during the divergence time (KOWA;CZUK et al.
2001b). The correction proposed by KIMURA (198(.)).d0es not take into account
different rates of mutation of each nucleotide. Now 1t 1s possible to count the cor-
rections very precisely and for a wider degree pf homology. F urthermore, 1t
should be possible to separate the effects of mutational anq selection pressures.
The table of substitutions has an interesting feature: the time When a half of nu-
cleotides of a given type are substituted by other nuleeotldes is linearly correlated
with the fraction of the analysed type of nucleotide in the sequence. It seems to be
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a property of the pure mutational pressure. A table of substitution rates for se-
quences under strong selection (ZHANG 1999) gave no correlation. Also, a com-
puter-generated table of substitutions by KOWALCZUK et al. (1999b) imposed
asymmetry on DNA sequence but there was no correlation between fractions of
nucleotides 1n that sequence and the rate of their substitution. However, correla-
tion was found for substitution matrices which were obtained for sequences free
from selection pressure by TAMURA (1992), ADACHI, HASEGAWA (1996), LI et
al. (1984), YANG (1994), and GOJOBORI et al. (1982). Apparently the mutational
pressure in a genome is highly correlated with its nucleotide composition in such
a way that the higher substitution turnover of a nucleotide determines the lower
fraction of this nucleotide in the sequence.

Conclusions

In prokaryotic genomes, location of a gene on the chromosome influences its nu-
cleotide composition, which is reflected by its codon composition and amino acid
composition of the protein. In different regions of the genome, mutational and se-
lection pressures act differently, often oppositely. The skews introduced by partic-
ular mechanisms generating asymmetry are universal, but relative contribution of
various mechanisms is species-specific. The basic division between these forces
lies between the parts of the chromosome replicated as leading and lagging
strands. Consequently rates of divergence for the genes from the two strands arc
not equal. Translocation of a gene to the opposite strand results in sudden increase
in the number of mutations and may be detrimental, especially if it was transferred
into the lagging strand. If the gene is to survive, it has to adapt to local DNA com-
position.

Methods of analysis available to date enable assessment of relative contribu-
tion of mutational and selection forces to the observed asymmetry. The frequency
of each kind of substitution can be found for sequences free from selection.
This will enable measuring phylogenetic distances more precisely, and construct-
ing better phylogenetic trees.
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