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Abstract

The family of Ser/Thr and/or Tyr kinases and that of His kinases play essential roles in signal transduction. For a long time, the former
has been found in eukaryotes, the latter in prokaryotes. Studies in the last decade have shown, however, that most bacteria possess from one
to more than 10 genes encoding Ser/Thr kinases. This observation raises an important question concerning the evolutionary origin of Ser/
Thr kinases found in bacteria. To answer this question, we have analyzed a family of 11 genes encoding Ser/Thr kinases in the
cyanobacterium Synechocystis sp. PCC 6803. This bacterium contains the largest number of Ser/Thr kinases among all bacteria whose
genomic sequences have been released so far. In this study, we have developed a user-friendly computer program for statistical analysis of
codon usages and GC content. The results demonstrate that Ser/Thr kinases have similar codon usages and GC contents as the average of
all possible open reading frames (ORFs) deduced from the genome. In contrast, ORFs encoding transposases, as a control in our analysis,
display a disparity in both codon usage and GC content, confirming their multiple origin and genetic promiscuity. In light of our results, we
propose that Ser/Thr kinases existed before the divergence between prokaryotes and eukaryotes during evolution, or were laterally
transferred into prokaryotes at the early stages of bacterial evolution. If Ser/Thr kinases have persisted ever since in prokaryotes under
evolutionary pressure, it is then expected that they play important, possibly even essential roles in regulating bacterial activities as do their

counterparts in eukaryotes. © 2001 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights

reserved.
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1. Introduction

Signal transduction is an essential mechanism required
for cell adaptation to changing environments. Bacterial
cells use two-component systems for signal transduction
and these systems are found in almost all bacterial strains
[1-3]. A typical two-component system contains a His ki-
nase and a response regulator. Upon ligand binding, the
His kinase autophosphorylates on a conserved His residue
and then transfers the phospho-group to a conserved Asp
residue of the response regulator. As a comparison, eu-
karyotic cells employ Ser/Thr and Tyr kinases for signal
transduction [4,5]. Thus protein phosphorylation is the
predominant form of signaling in both prokaryotes and
eukaryotes, but the enzymes involved have been consid-
ered different for a long time. This view is now changing
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as Ser/Thr and Tyr kinases have been reported in many
bacterial strains during the last few years [6,7].

Protein phosphorylation was first discovered in eukary-
otes in the mid-1950s (for a review, see [5]). A large family
of Ser/Thr and Tyr kinases is now found to operate in a
eukaryotic cell, and many of these enzymes form signaling
networks for the coordination of various cellular process-
es. Ser/Thr and Tyr phosphorylation in prokaryotes was
found much later, in the late 1970s, through biochemical
analysis (for a review, see [8]). In 1991, the first example of
protein Ser/Thr and Tyr kinases similar to those of eu-
karyotic ones was identified in the bacterium Myxococcus
xanthus by a molecular approach [9]. Since then several
laboratories have isolated genes encoding eukaryotic-like
protein kinases from different bacterial species [6,10].
Analyses of more than 20 bacterial genomes sequenced
so far indicate that, contrary to earlier belief, the presence
of eukaryotic-type protein kinases in bacteria is a general
rule rather than an exception [7]. It is true though that His
kinases of two-component systems outnumber Ser/Thr
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kinases in any given bacterial strain, in contrast to the
dominant presence of Ser/Thr and Tyr kinases in eukary-
otes.

The discovery of Ser/Thr kinases in many bacterial spe-
cies raises one fundamental question about the evolution-
ary origin of such enzymes in evolution. Genes encoding
Ser/Thr kinases could either be genuine prokaryotic en-
zymes or they were acquired through horizontal gene
transfer from eukaryotes. The answer to this question
will provide important guidance to the functional analysis
of eukaryotic-like Ser/Thr kinases in bacteria. If Ser/Thr
kinases existed before the divergence of prokaryotes and
eukaryotes and were maintained under selective pressure
during evolution, one would argue that these enzymes play
important roles in regulating cell activities in prokaryotes.
On the contrary, if Ser/Thr kinases were acquired later
from eukaryotes through one or multiple horizontal gene
transfer events, they may then play mostly secondary roles
for the molecular fitness or for cell activities added later in
prokaryotes.

In order to get an insight into the question of the evolu-
tionary origin of Ser/Thr kinases in prokaryotes, we have
used statistical analysis to compare several parameters be-
tween a gene family of Ser/Thr kinases and other genes on
the cyanobacterial genome Synechocystis sp. PCC 6803.
The genome of Synechocystis PCC 6803 was chosen for
several reasons. Firstly, this genome has been completely
sequenced and is thus suitable for statistical analysis on a
genomic scale [11]. Secondly, it contains a relatively large
number of Ser/Thr kinase genes compared to other bacte-
rial strains [7], which can generate relevant statistical val-
ues. Thirdly, cyanobacteria are of ancient origin, and signs
of their presence were recorded in fossils as early as more
than 3 billion years ago [12]. Our studies strongly suggest
that Ser/Thr kinase genes in cyanobacteria are genuine
prokaryotic ones as they share similar values of GC con-
tents and codon usages as other cyanobacterial genes on
average.

2. Materials and methods

All genomic information of Synechocystis sp. PCC 6803
can be accessed on the CyanoBase internet site (http://
www.kazusa.or.jp/cyano/cyano.html). According to vari-
ous reports [7,13], 11 genes encoding Ser/Thr kinases can
be found on the genome of Synechocystis PCC 6803, and
they are compiled here as sll1770, sl10005, slr0889, slr1919,
slr1225, slr1443, sll1575, slr0152, slr1697, slr0599, [7,13].
Ninety-nine genes encoding transposases are recorded in
the CyanoBase and were used for comparative studies [11].

For the comparison of GC content, an average GC
content was first obtained by analyzing all open reading
frames (ORFs) of the genome. The difference in GC con-
tent between a given gene and the average was then calcu-
lated according to the following mathematical model:

Mgc =(GCa—GCg)2, where GC, is the average GC con-
tent of all ORFs deduced from the whole genome, and
GG, is the GC content of a given ORF. If the Mgc value
is zero or close to zero, it means that the GC content of
the gene is the same as or close to the average GC content
of the whole genome. The bigger the Mgc value, the larger
the difference in GC content between this gene and the
genomic average. The distribution of Mgc values was
then generated and compared.

For the comparison of codon usages, the average usage

in each codon was calculated for all the ORFs on the
genome. For each ORF, the usage of each codon was
compared to the average, and this difference of all codon
usages is summed up by using the following mathematical
formula:
Mcy = (CU,1—CU,1)’+(CU,2—CU,2)’+(CU,3—CU,3),
...+(CUa64—CUg64)2. In this formula, CU, is the average
usage of one codon for the whole genome, CU, is the
usage of the same codon for a given gene, and 1-64 depict
numbers 1-64 of all possible codons. Mcy is thus the sum
of all differences in codon usages between a specific gene
and all genes on the genome. The bigger the My value,
the larger the difference in codon usage between this gene
and the genomic average. The distribution of Mcy was
then generated and analyzed.

3. Results

3.1. Analysis of GC content and codon usages of the whole
genome of Synechocystis sp. PCC 6803

In order to analyze statistically the codon usages and
GC contents of ORFs in Synechocystis sp. PCC 6803, a
computer program, CodonWarrior, was written based on
the two mathematical models described above. The coding
sequences of all ORFs of Synechocystis sp. PCC 6803 were
downloaded from the CyanoBase, and the codon usage
and the GC content of any gene can be compared to those
of the average of the whole genome by using this com-
puter program. The codon usage and GC content of each
ORF were compared to the average values generated from
all ORFs. These differences, expressed as Mcy (for codon
usages) and Mgc (for GC content), respectively, as outline
above, are shown in Figs. 1 and 2.

A bell-shaped distribution curve for Mcy values was
obtained (Fig. 1A). Most ORFs give a Mcy value less
than 20, indicating that they are not very different from
the average of codon usages of the genome. However,
some ORFs gave a Mcy value as big as 90, meaning
that they display an extremely different codon usage as
compared to the average of the genome. These genes could
be either acquired by Synechocystis sp. PCC 6803 through
horizontal gene transfer, or strongly regulated in their ex-
pression level through the bias of codon usage [14,18].

Since the Mcy value represents the sum of differences in
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Fig. 1. Distribution of Mcy values reflecting codon usages of different ORFs on the genome of Synechocystis sp. PCC 6803. The Mcy value of each

ORF, generated from the mathematical model described in the text, was

plotted against the number of ORFs. For example, there are about 200 ORFs

on the genome displaying a Mcy value of 6. A: Distribution of Mcy values of all ORFs deduced from the genome. B: Mcy values of the gene family
encoding Ser/Thr kinases. C: Mcy values of genes encoding transposases.

codon usage of up to 64 codons, one could ask whether it
is valid in reflecting the overall difference in usages of
individual codons. For that reason, two chosen ORFs,
representing two different ranges of Mcy values (7 for
slr1697, and 60 for sll0699), were analyzed in detail. The
usage of each codon was compared between a given ORF

and the genomic average. As shown in Fig. 3, the higher
the Mcy value, the more marked the difference between
usages in individual codons as compared to the genomic
average. Thus the My values do reflect the overall differ-
ence in codon usages as well as difference in usages of
individual codons.
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Fig. 2. Distribution of Mgc values based of the GC content of coding sequences of genes on the genome of Synechocystis sp. PCC 6803. See text for
the calculation of GC content. A: Distribution of Mgc values of all ORFs deduced from the genome. B: Mgc values of the gene family encoding Ser/

Thr kinases. C: Mgc values of genes encoding transposases.

The GC content of each ORF was also compared to the
average GC content of the whole genome. As shown in
Fig. 2A, the GC content of the majority of ORFs in the
genome of Synechocystis sp. PCC 6803 is the same as, or
very close to, the overall GC content of the whole genome.
A few ORFs have a GC content very different from that
of the whole genome, and they may represent the results of
horizontal gene transfer events.

A good correlation between Mgc and Mcy could be
found for each ORF analyzed in this study. For example,
slr1697, sll0700 and sll0699 gave My values of 7, 28 and
60, respectively, and Mgc values of 0, 25 and 27, respec-
tively. These results further validate our approach in ana-
lyzing the relationship among different gene families on a
bacterial genome.
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Fig. 3. Comparison of codon usages of two individual ORFs, slr1697 (A) and sll0699 (B), with the average codon usages of all ORFs on the genome

of Synechocystis PCC 6803. Each codon is given below, and the usage of

each codon (in %) is indicated on the left on each panel. The open bar depicts

the codon usages of the whole genome, and the filled bar the codon usages of one specific ORF. slr1697 displays Mcy and Mgc values of 7 and 0, re-
spectively, and the Mcy and Mgc values for sll0699 were 60 and 27, respectively.

3.2. Analysis of the Ser/Thr kinase gene family

Both the GC content and the codon usages were ana-
lyzed for all members of the gene family encoding eukary-
otic-like protein kinases in Synechocystis sp. PCC 7120.
Both parameters of all members of this gene family are
close to the average of the whole genome. Their Mcy
values range from 3 to 7, similar to the majority of
ORFs in the genome (Fig. 1B). Similarly, their Mgc
values obtained were from 0 to 6, which also fall within
the range of those of most ORFs of the genome (Fig.
2B).

3.3. Genetic mosaics of genes encoding transposable
elements

To further validate our results, we have also analyzed
all deduced ORFs related to genes encoding transposases
on the genome of Synechocystis sp. PCC 6803 [11]. Trans-
poson elements are known for their great genetic promis-
cuity and could be transferred among different bacterial
strains [15,16,18]. As shown in Figs. 1 and 2, the distribu-

tion of Mcy and Mg values derived from genes encoding
transposases is random and does not show a bell shape, in
contrast to those of all ORFs on the genome. Their Mcy
values range from 13 to 87 (Fig. 1C), and Mgc values
from 0 to 67 (Fig. 2C). The disparity in Mgc and Mcy
values for genes encoding transposases confirms the multi-
ple origin of these genes, as expected from such mobile
genetic elements [15,16].

4. Discussion

Horizontal gene transfer is one important force for gen-
erating genetic diversity in living organisms. Such events
are believed to have occurred among eukaryotes and pro-
karyotes, as well as between eukaryotes and prokaryotes
[16]. These lateral transfers could enable an organism to
acquire new characters and new possibilities to colonize
different environments. By certain estimation with se-
quenced bacterial genomes, the range of foreign DNA
varies from 0.0 (Mycoplasma genitalium) to as high as
16.6% (Synechocystis sp. PCC 6803) of total genomic in-
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formation [16]. It thus seems that horizontal gene transfer
events have been particularly frequent for cyanobacteria.

Our statistical analyses presented here strongly suggest
that Ser/Thr kinases in Synechocystis sp. strain PCC 6803
are genuine prokaryotic enzymes since their corresponding
genes show a GC content and codon usages similar to the
averages of all genes from the genome. Or at least, they
were acquired by cyanobacteria through lateral gene trans-
fer at the early stage of their evolution in order for Ser/Thr
kinase genes to adapt to the genetic background of this
bacterial strain. The discovery in almost all sequenced bac-
terial genomes of genes encoding putative Ser/Thr kinases
argues rather against the idea that they were acquired
through horizontal gene transfer events from eukaryotes
[6]. All of these observations favor the possibility that Ser/
Thr kinases existed before the divergence between pro-
karyotes and eukaryotes in evolution. The persistence of
genes encoding Ser/Thr kinases in prokaryotes despite the
evolutionary pressure suggests that they are required for
cell growth. It can then be expected that some Ser/Thr
kinases are important or even essential in regulating bac-
terial activities.

Although computer programs for analyzing GC content
and codon usages have existed for many years, most of
them are rather complex to use [14]. The computer pro-
gram described here, CodonWarrior, is small in size and
easy to handle. It can be used for other analytical pur-
poses as well. For example, the comparison of codon usag-
es, between two ORFs or between one ORF and the aver-
age of a whole genome, can be easily performed with this
program (Fig. 3). Such information may be of help in
cases where an optimized-expression level is sought in a
heterologous expression system by recognizing biased co-
don usages that often limit the expression level of recombi-
nant proteins [17].

While our article was being reviewed, Mrazek et al.
published a paper predicting highly expressed or horizon-
tally transferred genes in Synechocystis sp. PCC 6803 [18].
Their study was also based on the analysis, on a genomic
scale, of the codon usage of all genes in this cyanobacte-
rium. This analysis, together with ours, should provide
guidance for functional genomic study in cyanobacteria.
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