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b Laboratoire de Génétique Moléculaire, Institut Jacques Monod, 2 Place Jussieu, F-75005 Paris, France

Accepted 15 June 1999; Received by T. Gojobori

Abstract

A compositional transition was previously detected by comparing orthologous coding sequences from cold- and warm-blooded
vertebrates (see Bernardi, G., Hughes, S., Mouchiroud, D., 1997. The major compositional transitions in the vertebrate genome.
J. Mol. Evol. 44, S44–S51 for a review). The transition is characterized by higher GC levels (GC is the molar ratio of
guanine+cytosine in DNA) and, especially, by higher GC3 levels (GC3 is the GC level of third codon positions) in coding
sequences from warm-blooded vertebrates. This transition essentially affects GC-rich genes, although the nucleotide substitution
rate is of the same order of magnitude in both GC-poor and GC-rich genes.

In order to understand the evolutionary basis of the changes, we have compared the hydrophobicity of orthologous proteins
from Xenopus and human. Although the differences are small in proteins encoded by coding sequences ranging from 0 to 65% in
GC3, they are large in the proteins encoded by sequences characterized by GC3 values higher than 65%. The latter proteins are
more hydrophobic in human than in Xenopus. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction tions) were relatively close, in GC-rich genes, GC3 values
are higher in warm-blooded vertebrates. In fact, the

A compositional analysis performed on high-molecu- compositional transition (i.e. the difference in GC
lar-weight DNA (Thiery et al., 1976) showed that the content affecting coding and non-coding sequences)
nuclear genomes of warm-blooded vertebrates are char- essentially concerned the GC-rich coding sequences of
acterized by a remarkable base composition hetero- cold-blooded vertebrates, which became much more
geneity, whereas those of cold-blooded vertebrates are GC-rich. At this point, it should be recalled that the
much more homogeneous. The major difference between gene concentration is low in the GC-poor regions of all
these two classes of genomes is that the former attain vertebrate genomes and high in the GC-rich regions [see
much higher GC levels (GC is the molar ratio of Bernardi (1995) for a review]. Interestingly, the
guanine+cytosine in DNA) than the latter. This finding increased GC levels of warm-blooded vertebrates were
was confirmed by detailed studies on the genomes of maintained since the compositional transition took
cold-blooded vertebrates (Hudson et al., 1980; Pizon place.
et al., 1984; Bernardi and Bernardi, 1990a,b; Aı̈ssani The major transition affecting the GC-rich minority
and Bernardi, 1991). The difference between warm- and of the vertebrate genome has been viewed as the result
cold-blooded vertebrates was also seen by comparing

of either selection for some directional changes favoring
total and homologous coding sequences (Perrin and

GC increase (Bernardi and Bernardi, 1986; BernardiBernardi, 1987; Bernardi et al., 1988, 1997; Bernardi
et al., 1988), or mutational bias (Sueoka, 1988, 1992).and Bernardi, 1991), showing that whereas, in GC-poor
In the present paper, we have further investigated thisgenes, GC3 values (the GC levels of third codon posi-
problem by analyzing the hydropathic changes at the
proteins level resulting from compositional changes in
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frequencies of the amino acids change as the GC content 2.3. Analysis of hydrophobicity in proteins
of the coding sequences changes (D’Onofrio et al., 1991,
1999b; Lobry, 1997), and that an increased hydrophobi- The 460 pairs of human/Xenopus orthologous genes

were first sorted according to GC3 levels in humancity is one of the forces contributing to protein stability
[see Pace et al. (1996) for a review]. genes, and then the dataset was divided into 20 groups

of equal size to perform reliable statistical tests. ForInvestigations on the maintenance of the composi-
tional patterns of mammalian coding sequences will be each group, a substitution matrix was used in order to

calculate: (1) the frequency difference (Daa) of eachpresented in the following paper (Chiusano et al., 1999).
amino acid; (2) the hydrophobicity difference (DH),
determined using the Daa values and the hydropathy
scale of Kyte and Doolittle (1982).

2. Materials and methods

2.1. Data retrieval 3. Results

Due to the lack of reptilian sequences, the composi- 3.1. Compositional distributions of coding sequences from
tional transition from cold- to warm-blooded vertebrates human and Xenopus
can only be studied by comparing Xenopus and mamma-
lian genes. Homologous sequences from human (Homo The compositional distributions of the third codon
sapiens) and Xenopus (Xenopus laevis) were retrieved positions in human and Xenopus are reported in Fig. 1.
from the HOVERGEN Database (Duret et al., 1994, Each distribution shows the typical pattern of warm-
release 31 July 1998), using a new computer program and cold-blooded vertebrates, respectively [see Bernardi
written in C language. A first dataset of 664 pairs of (1995) for a review]. Indeed, the GC3 content in human
homologous genes was checked in order to remove ranged from 30 to 95%, and the gene distribution was
paralogous and partial genes. Paralogous sequences strongly skewed toward high GC3 levels. In contrast,
were identified on the basis of the distance the GC3 content in Xenopus only ranged from 30 to
D=ln(1−p−0.2p2) ( Kimura, 1983), where p is the 75%. The gene distribution was narrower, centered
proportion of amino acids that differ between two around 45%, and only a few genes (3.5%) exhibited a
sequences, using the PROTDIST software (Felsenstein, GC3 level higher than 70%.
1989). Finally, only proteins presenting a size difference The present set of orthologous genes only represents
minor than, or equal to, 30 residues were used, creating less than 8 and 20% of the sequences that are retrievable
a dataset with 460 pairs of orthologous genes. A sub- at present in databanks for human and Xenopus, respec-
dataset of 72 orthologous genes (hereafter referred to tively. It is, however, representative of the entire set of
as the three-species dataset) shared by human (Homo coding sequences in that it shows the same compositional
sapiens), calf (Bos taurus) and Xenopus (Xenopus laevis), properties. As expected, the correlation coefficient (R=
was retrieved using the same approach. 0.46, p<10−4) and the slope (s=2.88) of the orthogonal

regression line in the human versus Xenopus GC3 plot
(Fig. 2) are close to those previously reported, R=0.572.2. Analysis of amino acid frequencies
and s=2.47 (Bernardi et al., 1997).

Orthologous sequences were aligned with
CLUSTALW (version 1.7, Thompson et al., 1994), and
a C language program was written to compute the
substitution matrix based on the alignments. This substi-
tution matrix reports changes from one amino acid to
another in absolute frequency. Each matrix was then
handled in order to determine: (1) the total number of
substitutions; (2) the frequency difference (Daa) of each
amino acid; (3) the number of conserved/variable sites
and insertions or deletions (indels).

A substitution matrix was created for a GC-poor
(GC3<45%), a GC-intermediate (45%<GC3<65%)
and a GC-rich group (GC3>65%) of coding sequences.
The same criteria were used to divide the three-species Fig. 1. Compositional distribution of third codon positions (GC3) from
dataset, and in each group, a substitution matrix was human (A) and Xenopus (B). The number of genes analyzed for each

organism is 460.made for both human/calf and human/Xenopus.
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Table 1
Amino acid frequency diffrences obtained from the comparison of 460
orthologous genes from human and Xenopusa

I b II b III b D(III−I) D(III−II)
Arg 0.063 0.033 0.417 0.354 0.384
Pro −0.027 0.356 0.703 0.731 0.347
Ala 0.173 0.449 1.125 0.952 0.675
Gly −0.030 0.065 0.437 0.467 0.372
Leu 0.175 0.244 0.612 0.436 0.367
Ser −0.124 −0.154 −0.358 −0.233 −0.204
Thr −0.221 −0.193 −0.203 0.018 −0.010
Val 0.162 0.042 0.036 −0.127 −0.006

Fig. 2. Correlation between GC3 values of orthologous genes from Gln −0.017 0.035 −0.011 0.006 −0.046
human and Xenopus. The number of gene pairs analyzed is 460. The His 0.025 0.062 −0.057 −0.082 −0.119
equation of the orthogonal regression line and the regression coefficient Glu 0.156 0.005 0.011 −0.145 0.007
are indicated at the bottom of the figure. The broken line is the Asp −0.110 −0.188 −0.273 −0.163 −0.084
diagonal. Cys −0.084 −0.036 0.036 0.120 0.072

Try 0.019 0.027 0.035 0.016 0.008
Lys −0.091 −0.169 −0.482 −0.391 −0.313

3.2. Amino acid frequencies Asn 0.063 −0.163 −0.700 −0.763 −0.537
Tyr −0.051 −0.089 −0.173 −0.123 −0.084
Phe 0.025 0.014 −0.082 −0.107 −0.095The results concerning substitution matrices are
Ile −0.040 −0.270 −0.761 −0.721 −0.491reported in Fig. 3. Panels (A), (B) and (C), were
Met −0.067 −0.069 −0.311 −0.243 −0.241arranged from top to bottom by increasing GC3 levels,

and in each panel, amino acids were sorted from GC-rich a The last two columns report the difference between the third class
(black bars) to GC-poor (white bars), according to the and the two other.

b I, II and III represent the class of composition (respectively
GC-poor, GC-intermediate and GC-rich class).

GC content in the first and second codon positions
(D’Onofrio et al., 1991).

In the 0–45% GC3 group, the Daa values were very
small in the three classes of amino acids. Indeed, the
mean and standard deviations of the Daa absolute values
(|Daa|�) were 0.073±0.07 and 0.06±0.02, for the
GC-rich and the GC-poor classes, respectively, and only
slightly higher in the intermediate class (0.11±0.07).

In the 45–65% GC3 group, |Daa|� was higher in the
GC-rich and GC-poor classes (0.23±0.21 and
0.13±0.09, respectively), whereas it remained the same
in the intermediate class, 0.10±0.09.

In the 65–100% GC3 group, the |Daa|� values of
the two extreme amino acid compositional classes are
much higher, reaching the maximum mean values of
0.67±0.33 and 0.42±0.28 for the GC-rich and the
GC-poor class, respectively. The |Daa|� values of the
intermediate class also showed a small increment, reach-
ing a mean value of 0.16±0.20.

The |Daa|� increase accompanying the increasing
GC3 levels is not to be ascribed to only a few amino
acids. Indeed, using the absolute value of the highest
frequency difference (that of Thr) in the <45% GC3Fig. 3. Histograms showing amino acid frequency differences between group as a reference, 11 amino acids were above this

orthologous protein from human and Xenopus. Proteins were parti- value in the >65% GC3 range, namely Arg, Pro, Ala,
tioned in three groups according to the GC3 values of the correspond-

Gly, Leu, Ser, Asp, Lys, Asn, Ile and Met (see Table 1).ing human coding sequences. N is the number of genes in each group.
Interestingly, the substitution rate was rather constantAmino acids encoded by GC-rich, GC-intermediate and GC-poor

codons are shown in black, gray and white, respectively. in the three GC3 groups (27, 23 and 26%, from the low



18 S. Cruveiller et al. / Gene 238 (1999) 15–21

to the high GC3 group), confirming the lack of depen- increasing in human, whereas Daa values of the GC-poor
amino acids become negative. Unexpectedly, the GCdence of rate on composition previously reported

(Bernardi et al., 1993). levels of the genes also influence the Daa values of the
intermediate class since an increase of Leu and a decrease
of Asp and Ser were observed.3.3. Orthologous genes in human, calf and Xenopus

The t-test for paired comparisons shows that the Daa
values in the <45% GC3 range for the human/calfIn order to estimate the fluctuation values of amino

acid frequencies in the absence and in the presence of a comparison are not much different from those of the
human/Xenopus comparison. They become increasinglycompositional transition, the three-species dataset of

orthologous genes was analyzed, the human/calf Daa significant in the 45–65% and >65% GC3 ranges, with
p<5×10−3 and p<2×10−3, respectively.values providing references for those of human/Xenopus.

The three-species dataset of orthologous genes was
divided as previously described (see Section 2). The 3.4. Hydrophobicity
histograms of the human/calf and human/Xenopus com-
parisons are reported in Fig. 4A–C and A∞–C∞ (see also The Daa increase accompanying the GC3 increase,

prompted us to check the hydropathy of the proteinsTable 2). The range of Daa variability in each GC3
group of the human/calf comparison, delimited by affected by the compositional transition Xenopus/

human. The set of 460 orthologous genes was dividedbroken lines, is reported on the corresponding
human/Xenopus comparison. into 20 protein sub sets, and for each group, the

hydrophobicity difference (DH) was calculated.In the human/Xenopus comparison, the number of
Daa values that lie outside the broken lines increases as The DH values are positively correlated with the

DGC3 values (Fig. 5), with a correlation coefficient, R=the GC3 levels increase. Indeed, in the lowest GC3
group, only one Daa value, that of Ala, is above the 0.59, that is statistically significant, p<6.5×10−3.

The amino acids were then partitioned into three setsrange, whereas in the highest GC3 group, ten Daa values
are outside the broken lines. More precisely, the Daa (hydrophobic, amphipathic or hydrophilic) according

to the hydropathy scale of Kyte and Doolittle (1982).values of the GC-rich amino acids become positive, thus

Fig. 4. Histograms showing Daa between orthologous proteins from human and calf ( left) shared by Xenopus (right) for each group of composition.
N is the number of proteins for the GC3 level considered.
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Table 2
Amino acid frequency diffrences obtained from the comparison of the 72 orthologous genes from human, Xenopus (right), shared by calf ( left)

Human/calf Human/Xenopus

I a II a III a I a II a III a

Arg −0.191 0.147 0.069 0.027 0.282 0.172
Pro 0.055 −0.027 −0.146 0.068 0.215 0.549
Ala 0.409 −0.241 0.155 0.709 0.390 1.159
Gly −0.041 0.200 0.121 0.055 0.081 0.489
Leu −0.191 0.174 0.181 0.027 0.537 0.764
Ser −0.382 −0.107 −0.086 −0.191 −0.349 −0.258
Thr −0.273 −0.307 0.138 −0.354 −0.510 −0.094
Val 0.123 0.080 −0.112 0.150 0.107 0.146
Glu 0.068 0.160 0.146 0.068 −0.175 0.120
His 0.177 −0.013 −0.052 −0.095 0.296 −0.069
Gln 0.259 −0.147 −0.060 0.164 0.175 0.112
Asp −0.136 0.254 −0.086 −0.150 −0.013 −0.395
Cys −0.027 0.040 −0.069 −0.068 −0.027 −0.043
Try −0.027 0.067 0.112 −0.027 0.107 −0.009
Lys −0.109 −0.094 −0.189 −0.177 −0.349 −0.421
Asn 0.136 −0.040 0.077 −0.095 0.175 −0.541
Tyr −0.177 0.067 −0.155 −0.055 −0.255 −0.369
Phe 0.286 0.040 −0.138 0.245 0.121 −0.206
Ile 0.000 −0.174 0.129 −0.259 −0.725 −0.953
Met 0.041 −0.080 −0.034 −0.041 −0.081 −0.155

a I, II and III represent the class of composition (respectively GC-poor, GC-intermediateand GC-rich class).

Fig. 6 shows the exchange frequency differences 4. Discussion
observed among the three groups of amino acids.
Hydrophilic amino acids are strongly substituted by The comparison of 460 orthologous genes from

human and Xenopus corroborates the observation thathydrophobic amino acids in the GC-richest group, but
barely so in the GC-poorest group. Hydrophilic amino the majority of human genes underwent an increase in

GC level (Bernardi, 1989, 1995; Bernardi et al., 1997).acids are also very strongly substituted by amphipathic
amino acids in the GC-richest group, whereas the trend Indeed, as much as 77% of the genes showed a higher

GC3 level in human (Fig. 2). This compositional trans-is opposite and modest in the GC-poorest group. Finally,
amphipathic amino acids are equally substituted by ition is not related to an increase in the substitution rate

affecting the GC-rich genes since the substitution ratehydrophobic amino acids in both groups.
(25% on the average) in the GC-poor genes was as high
as that in the GC-rich genes. The compositional trans-
ition must then be ascribed to the directional changes

Fig. 5. Correlation between DGC3 and Dhydrophobicity of ortholo-
gous proteins from human and Xenopus. Proteins were first sorted
according to the GC3 values of the corresponding human coding

Fig. 6. Substitution frequency differences among hydrophobic, amphi-sequences, and then the entire dataset was divided in 20 groups, each
comprising 23 proteins. The equation of the linear regression line and pathic, hydrophilic amino acids from Xenopus and human. Values in

normal type refer to the 0–45% GC3 group of proteins, whereas valuesthe regression coefficient are indicated at the bottom of the plot. The
significance of the correlation is p=0.0065. in bold refer to the >65% GC3 group of proteins.
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