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Higher mutation rate helps to rescue genes
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Abstract

Directional mutation pressure associated with replication processes is the main cause of the asymmetry between the leading
and lagging DNA strands in bacterial genomes. On the other hand, the asymmetry between sense and antisense strands of protei
coding sequences is a result of both mutation and selection pressures. Thus, there are two different ways of superposition of the
sense strand, on the leading or lagging strand. Besides many other implications of these two possible situations, one seems to be
very important — because of the asymmetric replication-associated mutation pressure, the mutation rate of genes depends on thei
location. Using Monte Carlo methods, we have simulated, under experimentally determined directional mutation pressure, the
divergence rate and the elimination rate of genes depending on their location in respect to the leading/lagging DNA strands in the
asymmetric prokaryotic genome. We have found that the best survival strategy for the majority of genes is to sometimes switch
between DNA strands. Paradoxically, this strategy results in higher substitution rates but remains in agreement with observations
in bacterial genomes that such inversions are very frequent and divergence rate between homologs lying on different DNA strands
is very high.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

- Evolution of genes requires two essential steps cor-
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ucts, proteins, which have to fulfil different functions usage, in amino acid composition of the coded pro-
in the cell. Every gene is a double-stranded fragment teins and even in the most conserved second codon
of DNA consisting of sense (coding) and anti-sense positions Mclnerney, 1998; Lafay et al., 1999; Mack
(non-coding) strands. The sense strand codes for pro-iewicz et al., 1999b; Rocha et al., 199% indicates
teins while the other one is transcribed to mRNA which that selection pressure may accept some mutations in
is next translated into the protein. Because of differ- these positions which means that genes tolerate some
ent roles of these strands, selection pressure on proteincodon substitutions (and in consequence some amino
coding sequences generates the local bias in the nu-acid substitutions in their products). Thus, the elimina-
cleotide composition between these two strands. The tion rate of genes should depend on the time they spend
bias is called DNA asymmetry and it is a consequence under the same directional mutational pressure, in fact
of selection for proper amino acid composition of the it should grow in time.

coded proteins and codon usage. The sense strand is To check this hypothesis we have analysed by com-
usually purine-rich and particular codon positions have puter simulations the evolution of genes in the asym-
their own composition biasshepherd, 1981; Smithies  metric Borrelia burgdorferigenome subjected to the

et al., 1981; Wong and Cedergren, 1986; Karlin and directional mutational pressure associated with repli-
Burge, 1995; Cebratetal., 1990nthe otherhand,the cation. TheB. burgdorferigenome seems to be very
mutational pressure introduces nucleotide substitutions appropriate for such analyses because it shows the
into DNA sequences and it is associated with the pro- strongest asymmetry between the leading and lagging
cesses of replication and transcription. The mutation strands detected so favi€Inerney, 1998; Mackiewicz
pressure associated with DNA replication generates in et al., 1999c; Lafay et al., 1999

the majority of bacterial chromosomes a global asym-

metry between two differently replicating DNA strands

called the leading and the lagging strandst{ry, 1996; 2. Materials and methods

Freeman et al.,, 1998; Grigoriev, 1998; McLean et

al., 1998; Mrazek and Karlin, 1998; Mackiewicz et al., Simulations were performed with 564 leading strand
1999a; Tillier and Collins, 2000a; Lobry and Sueoka, genes from thd3. burgdorferigenome l(:raser et al.,
2002. The leading strand is synthesised continuously 1997 whose sequence and annotations were down-
and the lagging strand is synthesised from Okazaki loaded from GenBankftp://www.ncbi.nlm.nih.goy.
fragments. The leading DNA strand usually is richer |n one Monte Carlo Step (MCS) each nucleotide
in guanine and thymine while the lagging DNA strand  of the gene sequence was drawn with a probability
is richer in adenine and cytosine. Many other mech- p,,,.=0.01, then substituted by another nucleotide with
anisms may contribute to this asymmetry (see for re- the probability given in the nucleotide substitution ma-
view Francino and Ochman, 1997; Frank and Lobry, trix (Table ). The matrix was constructed by the com-
1999; Kowalczuk et al., 200)aHowever, the main  parison of original genes with potential pseudogenes
force generating asymmetry seems to be the directional found in intergenic regions of th®. burgdorferichro-
mutational pressure associated with replication, mani- mosome Kowalczuk et al., 2001 The data used in
fested by different nucleotide substitution patterns dur-

ing the leading and lagging DNA strand synthesis. The

most plausible explanation of the mutational pressure Table 1

asymmetry seems to be the cytosine deamination the'Nucleotide substitution matrix describing the mutational pressure on
ory proposed byrrank and Lobry (1999)The theory the leading strand of th. burgdorferigenome

assumes that during replication process, stretches ofy
the template for the newly synthesised lagging strand From A T G C

are temporarily single-stranded and are more exposed A - 0.103 0.067 0.023
to damage and mutations, which leads in consequence (T3 g-ggi o116 0.035 g-gﬁ
to more frequent transitions of cytosines to thymines. e 0.070 0.261 0.047 -

The asymmetry is so strong that it is reflected not
only in the intergenic sequences but also in the codon All probabilities sum up to 1.
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the construction of the matrix contained in the sum mutations, in comparison to its original sequence from

3737 aligned sites. All numbers in the matrix sum up the real genome.

to 1 and correspond to the probabilities of the substitu-  If T was below an assumed threshold, the gene

tion of a given nucleotide by any other one. The matrix stayed mutated and went to the next MCS, if not, the

represents the most probable pure mutational pressuregene was “killed” and replaced by its allele from the

associated with replication acting on the leading strand. second genomic sequence, originally identical, simu-

Because of strands’ complementarity, the matrix act- lated parallely.

ing on the lagging strand is a mirror reflection of the As the value of the threshold (equal to 0.3)

leading strand matrix. If the genes from the leading we have assumed the average value counted for

strand are under the mutational pressure characteristic442 pairs of orthologs belonging to two related

for them it means that the sense strands of these genegenomes:B. burgdorferi and Treponema pallidum

are under the mutational pressure for the leading DNA These orthologs were extracted from COGs (clusters

strand. If such a gene is inverted, it means that its senseof orthologous groups of proteins) database down-

strand is under the mutational pressure characteristicloaded from ftp://www.ncbi.nlm.nih.gov/pub/COG

for the lagging strand. Each COG contains protein sequences which are sup-
After each round of mutations, the nucleotide se- posed to have evolved from one ancestral protein and

quences were translated into amino acid sequences andulfil the same functionTatusov et al., 2001

compared to the original one. For each gene we cal- The number of accumulated substitutions and the

culated the selection parameté (vhich is the sum number of replacements of genes were counted after

of absolute values of differences in fractions of each each MCS. All simulations were performed for 1600

amino acid between the original sequenfgg énd the MCS, repeated 300 times and averaged.

sequence after mutationfg)(

20
T=Y Ifo— Al 3. Results
i=1
It describes the deviation in the global amino acid In Fig. 1the number of accumulated amino acid sub-

composition of a protein coded by a given gene after stitutions introduced during the prolonged simulations

% | + 0.0052
0.16 % Naa
1 0.0048
0.12
1 0.0044
0.08 -
— 1 0.004
0036

0 - ‘ ‘ ‘ ‘ . . 0.
0 200 400 600 800 1000 1200 1400 1600
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Fig. 1. The percentage of killed genes (the black line, theYeitis) from the leading strand of ti& burgdorferigenome and the number of
accepted amino acid substitutions per site (the grey line, theYigkis) in the encoded proteins £l in the course of their evolution when the
leading strand base substitution matrix was applied for the whole simulation.
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Fig. 2. The percentage of killed genes (the black line, theeikis) from the leading strand of thi burgdorferigenome and the number of
accepted amino acid substitutions per site (the grey line, the Yights) in the encoded proteins {Nl in the course of their evolution in the

case when substitution matrix switched every 200 time steps from the one specific for the leading strand to the mirror one — from the lagging
strand and vice versa.

and the percentage of “killed” genes are shown. Dur- cepted substitutions increased rapidly when the genes
ing the whole period of the simulation, the genes posi- changed the strand. Moreover, there is statistically sig-
tioned in the real genome on the leading DNA strand nificant, strong negative correlation between the num-
were under the mutation pressure characteristic for the ber of accumulated substitutions and the number of
leading strand. The number of substitutions introduced killed genes. We obtained similar results when the sim-
into sequences decreases slightly in time, as sequencesilations were preformed on the lagging strand genes
adapt to the mutational pressure and their compositions (data not shown).
reflect better the composition of the sequence being
in the equilibrium with the mutational pressure. Such
an effect of adaptation is manifested by compositional 4. Discussion
asymmetry in prokaryotic genomes. The percentage of
killed genes (allelicreplacements) increasesintimeand  The results suggest that it is profitable for genes
it asymptotically approximates a relatively high value to be translocated from time to time to a differently
0.16%. The accumulation of substitutions measured asreplicating strand because such an inversion decreases
divergence rate between the original amino acid se- the probability of their elimination and increases
quences and sequences after simulation decreases atheir survival. Paradoxically, accumulating more
the killing effect increases. IRig. 2 the effect of the substitutions and higher divergence is accompanied
switching the DNA strand (and in consequence the by a lower killing effect. But this paradox could be
replication-associated mutational pressure) by genes iseasily explained by the higher probability of intragenic
shown. After 200 MCS the leading strand base sub- suppressor substitutions just after the switch. The
stitution matrix was replaced by the “mirror” one — translocation to the other strand results in the opposite
corresponding to the lagging strand’s one, and after the directional mutational pressure acting on the translo-
next 200 steps back by the previous one, and so on. Itcated gene and may reverse its composition to a proper
mimics the inversion of genes. state. For example, if the level of hydrophobicity drops
In these simulations, the rate of genes elimination below the threshold because of the mutational trend
decreased after each “inversion”. The number of ac- introducing too much adenine into the second codon
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positions, switching the mutation matrix replaces the
directional mutation pressure by the one with a trend of
introducing more thymine, which codes for hydropho-
bic amino acids if in the second codon position. The
other simple explanation is intrinsic to the genetic code
itself. Note, that all two-fold degenerate codons are
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genomes. Many authors have observed very high di-
vergence just for orthologs which are located on dif-
ferently replicating strands in the compared genomes
(Tillier and Collins, 2000b; Rocha and Danchin, 2001;
Szczepanik et al., 2001; Mackiewicz et al., 2003a
Moreover, it was found that genes which have switched

discriminated by purine versus pyrimidine in the third DNA strand accommodate to a new mutational pressure
codon positions. This corresponds to the compositional and, in respect to their composition, become similar to
bias between the leading and the lagging DNA strands. genes of the new strantddfay et al., 1999; Tillier and
The introduced mechanism of selection by the crude Collins, 2000b; Rocha and Danchin, 2001
amino acid composition parameter is a very degener-  Our results show that many genes which change
ate one. However, application of tolerance for amino DNA strand have a much higher probability of surviv-
acid composition as selection parameter has its justifi- ing than the genes which stay on the same strand for
cation. The amino acid global composition of proteins a long time. It suggests that positions of genes should
is sufficiently unique and sensitive to be used for iden- not be stable on chromosome for long evolutionary dis-

tification of particular proteinsSibbald et al., 1991;
Hobohm et al., 1994; Wilkins et al., 1996An un-
known protein may be identified by comparing its
amino acid composition with compositions of proteins

tances in compared genomes. Actually, many authors
have shown that rearrangements are very common in
bacterial chromosomeBblushegian and Koonin, 1996;
Kolsto, 1997; Watanabe et al., 1997; Bellgard et al.,

collectedin the database with especially developed pro- 1999; Itoh et al., 1999; Hughes, 20Ghd the fraction

grammes\Vilkins etal., 1996, 1998; Appel etal., 1994;
Hobohm and Sander, 1995; Grillasca et al., 2000

of orthologs lying on the differently replicating strands
increases very quickly with the phylogenetic distances

These methods can be applied even to cross-speciedbetween the compared genomésatkiewicz et al.,

protein identification because amino acid composi-
tion of functionally similar proteins is well conserved
(Cordwell et al., 1995; Galat et al., 1996; Wilkins
and Williams, 199Y. Moreover, many authors have
found that amino acid composition is unique for many
protein families Hobohm and Sander, 1995; Galat et
al., 1996; Galat and Rioux, 199@nd compositional
similarity search may be used in finding structural ho-
mologs even if sequence similarity falls below 25%
(Hobohm and Sander, 19pB®evertheless, simulations

20038. Accordingly, the fraction of orthologs staying

in the analysed genomes on the same strand drops very
quickly and reaches only afew percentage. These genes
at conserved positions code for ribosomal proteins and
stay mainly on the leading strand.

In conclusion, the directional, asymmetric mu-
tational pressure would eventually generate in
equilibrium two sequences differing in the nucleotide
composition — one characteristic for the leading DNA
strand and the other characteristic for the lagging

performed on sequences of individual genes with toler-
ance applied on the level of the hydrophobicity or iso-
electric point of their products have given very similar recombination mechanism, avoiding the killing effect
results — lower rate of elimination of genes under tem- of the prolonged mutational pressure of the same
porarily switched mutational pressure, accompanied substitution trends.

with higher divergence rate after switches. Although This strategy seems to be available only for prokary-
the results were obtained from analyses of simulations otic genomes where the conservation of position of a
performed on one genome, they should be the same forparticular gene in the genome is not very important
many other bacterial genomes showing the DNA asym- — genes can move around the genome. This is not a
metry which is caused by the asymmetric directional case for eukaryotic, sexually reproducing organisms.
mutational pressure. This phenomenon of asymmetry In such species, the positions of genes are much more
seems to be universal in an overwhelming number of conserved because of the possibility of producing un-
bacterial genomes. The results obtained in the com- balanced gametes. Even if the replication-associated
puter simulations are in good agreement with analyses mutational pressure is also asymmetf@idrlik et al.,

of genes evolution and rearrangements in prokaryotic 2000; Niu et al., 200Beukaryotic genes have a possi-

DNA strand. Sequences of genes can oscillate between
these two states due to inversions — relatively frequent
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bility of switching between the two pressures because Freeman, J.M., Plasterer, T.N., Smith, T.F., Mohr, S.C., 1998. Pat-
the strategy of the genome replication of eukaryotesis  terns of genome organization in bacteria. Science 279, 1827.
different. There are many autonomously repIicated se- Galat, A., Rioux, V., 1997. Convergence of amino acid compositions
: ARSS) initiati licati Si th . of certain groups of protein aids in their identification on two-
quences ( S) In_' |a_|ng rep ICg _I_On'_ ince e_re I_S no dimensional electrophoresis gels. Electrophoresis 18, 443-451.
absolute synchronisation of the nitiation of replication, - Galat, A., Gerbod, M.C., Bouet, F., Riviere, S., 1996. Proteins and
the same region can be replicated from different ARS  their amino acid compositions: uniqueness, variability, and ap-
in the consecutive replication cycles. Thus, a gene se-  Pplications. Arch. Biochem. Biophys. 330, 229-237.
guence, “choosing” the proper position between ARSs Gierlik, A., Kowalczuk, M., Mackiewicz, P., Dudek, M.R., Cebrat, S.,

n fit to the br rfr n f switches between th 2000. Is there replication-associated mutational pressure in the
ca 0 the proper irequency of switches betwee e Saccharomyces cerevisigenome? J. Theor. Biol. 202, 305-314.

two asymmetric replication-associated mutation pres- Grigoriev, A., 1998. Analysing genomes with cumulative skew dia-
sures. Such tuning could be executed simply by anin-  grams. Nucleic Acids Res. 26, 2286—2290.
sertion or a deletion of an intergenic sequence betweenGrillasca, J.P., Planells, R., Aubert, D., Antonini, F., 2000. SPAC:
the gene and ARS. It can explain Why there are so identification of polypeptides using their amino-acid composi-

. . . . tion. Comput. Chem. 24, 235-238.
many intergenic sequenceg Ir_‘ the eulfaryotlc genomesHobohm, U., Sander, C., 1995. A sequence property approach to
and why so many eukaryotic intergenic SeqUENCES are  searching protein databases. J. Mol. Biol. 251, 390-399.

transposable while in prokaryotic genomes rather the Hobohm, U., Houthaeve, T., Sander, C., 1994. Amino acid anal-

coding sequences are movable. ysis and protein database compositional search as a rapid and
inexpensive method to identify proteins. Anal. Biochem. 222,
202-209.
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