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Summary. We have analyzed the correlation that
exists between the GC levels of third and first or
second codon position for about 1400 human cod-
ing sequences. The linear relationship that was found
indicates that the large differences in GC level of
third codon positions of human genes are paralleled
by smaller differences in GC levels of first and sec-
ond codon positions. Whereas third codon position
differences correspond to very large differences in
codon usage within the human genome, the first and
second codon position differences correspond to
smaller, yet very remarkable, differences in the ami-
no acid composition of encoded proteins. Because
GC levels of codon positions are linearly correlated
with the GC levels of the isochores harboring the
corresponding genes, both codon usage and amino
acid composition are different for proteins encoded
by genes located in isochores of different GC levels.

Furthermore, we have also shown that a linear
relationship with a unity slope and a correlation
coefficient of 0.77 exists between GC levels of in-
trons and exons from the 238 human genes currently
available for this analysis. Introns are, however,
about 5% lower in GC, on average, than exons from
the same genes.
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Introduction

Previous investigations (Bernardi and Bernardi
1985, 1986) showed that the GC levels of the three
codon positions show strong linear correlations with
those of the corresponding genomes. Such relation-
ships were essentially identical for the genomes (or
genome compartments, in the case of composition-
ally compartmentalized genomes) of all organisms
explored, which comprised prokaryotes, uni- and
multicellular eukaryotes, and viruses (small differ-
ences shown by the second codon positions of an-
imal viruses, as well as those due to the intergenic
sequences of vertebrates are neglected here; see Ber-
nardi and Bernardi 1986). These results pointed to
the existence of compositional correlations among
different codon positions and to changes in codon
usage and amino acid utilization associated with
compositional changes in the corresponding coding
sequences.

In the present work, we have studied in some
detail the compositional correlations among codon
positions of human genes in order to define them
as precisely as possible, and we have investigated
their consequences with regard to codon usage and
to the amino acid composition of the encoded pro-
teins.

The choice of human genes in this study was
primarily dictated by the following reasons: (1) the
availability (as of March 1990) of a large sample of
about 1400 coding sequences with known primary
structure, and of 238 genes with known exon and
intron sequences; (2) the extremely widespread
compositional pattern of human genes: the GC lev-
els of human coding sequences cover a GC range of



33-77%, those of third codon positions a 27-97%
range— these are extremely extended ranges, almost
as wide as those exhibited by the genes from all
bacterial species studied so far; (3) the similarity of
the compositional pattern of the human genome
with those of the genomes from mammals and warm-
blooded vertebrates in general (see Bernardi 1989,
for a review). Thus it is possible to extend the con-
clusions drawn here to these other genomes.

Another reason for this study was to compare the
compositional correlation among codon positions
as obtained for the 1400 coding sequences with those
obtained for a small sample of genes used in defining
the compositional correlation between human genes
and the isochores in which the genes are located
(Aissani et al. 1991). This comparison was used to
decide whether the sample of localized genes was
representative of human genes in general. For the
same reason, we investigated the correlation be-
tween GC levels of exons and introns from human
genes.

Materials and Methods

Weight-average GC levels of all exons, different codon positions,
and introns of any given gene were used. Exons (but not introns)
preceding the initiation codon AUG were disregarded. The gene
sequences used here were all those available from Release 63
(March 15, 1990) of GenBank. They were obtained using the
ACNUC retrieval system (Gouy et al. 1985). Duplicate sequences
were excluded.

Orthogonal regressions were used in plots of GC levels of
third codon positions and introns against GC levels of first and/
or second codon positions. This approach minimizes the sum of
square distances between points and regression line. The use of
orthogonal regression is appropriate in the cases under consid-
eration. Indeed, large differences exist in the spread of points
along the two cartesian axes; moreover, our aim here was to
obtain a good representation of the scatter diagram, rather than
to find (as with the linear regression) how one variable depended
upon the other one.

‘Results

When GC levels of third codon positions of all of
the 1400 or so human coding sequences available
in March 1990 were plotted against GC levels of
first or second codon positions, positive relation-
ships were found with slopes of 3.6 and 5.3, and
with correlation coefficients of 0.50 and 0.29, re-
spectively (Fig. 1). A linear relationship witha slope
of 4.6 and a correlation coefficient of 0.52 was found
when the GC level of third codon Dositions was
plotted against that of first + second codon positions
(Fig. 1). It should be noted that a small set of strongly
deviating genes (comprising collagen, elastin, and
proline-rich protein genes), which are represented
in Fig. 1 as open circles (surrounded by a broken
line in the plot of first + second codon positions),
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“was not taken into account in calculating the cor-

relation coeflicients and the slopes.

The partial overlap of points in Fig. 1 obscures
their actual distribution in the diagram. This dis-
tribution is shown in Fig. 2, which presents histo-
grams of compositional classes corresponding to
2.5% GC intervals in first + second codon positions
and 5% GC intervals in third codon positions. The
data in Fig. 2 stress the fact that the positive cor-
relation seen in Fig. 1 corresponds, as expected, to
a line passing through the most abundant classes of
genes. It should be noticed, however, that the abun-
dant classes at 75-85% GC in third codon positions
and 55-60% in first + second positions suggests that
the linear relationship tends to bend to the right at
such high values; and that only very few extreme
genes lie outside lines that are parallel to the linear
relationship, but are shifted by £5% GC along the
abscissa axis (note that the set of strongly deviating
genes of Fig. 1, not represented in Fig. 2, would also
belong to this class).

The scatter of points in the plots of Fig. 1 deserves
to be analyzed further. Indeed, this scatter is ob-
viously not due to any experimental error (because
the points derive from primary structures), but to
some intrinsic factor that needs to be understood.
In fact, it can be shown easily that the scatter of
points along the horizontal axis in Fig. 1 is due to
particular frequencies of amino acids in the encoded
proteins. Indeed, amino acids can be divided into
three classes: (1) those that only contain G and/or
C in the first and second positions of their codons;
(2) those that only contain A and/or T; and (3) those
that contain G and/or C as well as A and/or T. The
GC class comprises four amino acids, alanine, ar-
ginine (quartet codons), glycine, and proline; the AT
class comprises seven amino acids, asparagine, iso-
leucine, leucine (duet codons), lysine, methionine,
phenylalanine, and tyrosine; the intermediate class
contains all other amino acids. Remarkably, al-
though the GC class corresponds only to quartet
codons, the AT class corresponds only to duet co-
dons, except for isoleucine and methionine codons
(a triplet codon and a singlet codon, respectively);
in contrast, the intermediate class corresponds to
both quartet and duet codons. The GCand AT class-
es comprise 11 amino acids (two of them, arginine
and leucine, only in some of their codons) and 30
codons (see Fig. 3).

Different GC levels of first + second codon po-
sitions correspond to variations in the molar ratio
of the GC class over the AT class, namely to changes
concerning half of the codons. Indeed, a plot of the
GC level of first + second codon position against
the logarithm of the GC class/AT class codon ratio
yields, as expected, a straight line with a correlation
coefficient of 1 (not shown).
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Fig. 1. Plot of GC levels of third codon positions against GC
levels of first (a), second (b), and first + second codon positions
(c). A set of 1380 human coding sequences was used. The solid
lines are the orthogonal regression lines (see Materials and Meth-
ods) through the points (neglecting the points represented by open
circles surrounded by a broken line in the plot of first + second
codon positions; see text).

When molar percentages for individual amino
acids were plotted against the GC levels of first +
second codon positions (see Fig. 4) absolute corre-
lation coeflicients were found (Table 1) to be in the
0.25-0.6 range for amino acids of the GC class or
the AT class (with, however, a lower value for lysine,
0.14). In the first case slopes were positive; in the
second they were negative. In contrast, the inter-
mediate class showed very poor absolute correlation
coefficients, below 0.25. As a consequence, the cor-
responding slopes (in italics in Table 1) had weak
or no significance.

The genes used in Fig. 4 and in Table 1 comprise
the two sets studied in the preceding paper (see Table
1 of Aissani et al. 1991), as well as a set of extreme
genes (see Table 2 for a list), namely the genes that
most deviate from the linear correlation of Fig. 2
along the abscissa. As it appears from Fig. 4, there
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Fig. 2. Number of coding sequences belonging to 5% GC in-
tervals in third codon positions and 2.5% GC intervals in first
+ second codon positions. The solid line is the orthogonal re-
gression line; the broken lines correspond to a shift of the re-
gression line by + 5% GC along the abscissa. Points corresponding
to open circles in Fig. 1 were not represented, because they would
fall outside the frame of Fig. 2.

AT class
U U U0 ] AAA
m m AA Uuu
cuU ACU
Phe Tyr Asn  Lys lle Met Leu2
Y * - * L -
Intermediate class

CCCC| I6GGG| [AAAA
UUuUU| ([ULDUY} [cccc
ACGU| [ACGU] {ACGU

UUUUAA| [UU] [cT) [CCT] [66| [G6] [AA)

ccecios| 66| (AA [AA]l [aA] |AAl 5G]

Aceuicy| |cy| [Ae] [cuf |AG) [V (AS]
o . f ]

Leud Yal Thr Trp Ser Cys Gln His Glu Asp Arg2
] » - . * ) -

GC class . .

cccc 6666 G GGG cccec

6666, [CCCC 6666 ccece

ACGU ACGU ACGU ACGU

Arg 4 Ala Gly Pro

Fig. 3. Table of codons modified from Grantham (1980) to
show the AT, GC, and intermediate classes (these classes concern
first and second codon position, see text)



Table 1. Slopes and correlation coefficients from Fig. 4
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Table 2. Compositional properties of extreme genes

Amino acid Slope R

Phe -1.36 0.53
Ile —1.52 0.47
Met -0.57 1030
Tyr —-0.63 0.26
Asn —-1.02 0.44
Lys e -0.71 0.14
Leu 2 ) -0.89 0.39
Leu2 + 4 -2.01 0.38
Leu 4 . —-1.19 0.23
Val -0.29 0.09
Trp —-0.30 0.19
Thr —-0.47 0.17
Ser —0.56 0.14
Cys 0.03 0.01
Gln 0.44 0.13
His —0.43 0.20
Asp —-0.85 0.22
Glu -0.90 0.18
Arg 2 0.55 0.21
Arg2 + 4 1.49 0.36
Arg 4 0.94 0.26
Ala 1.51 0.30
Gly 4.21 0.57
Pro 427 0.63

Absolute values are given for correlation coefficients. Slopes in
italics are not statistically significant

is a considerable scatter of points when individual
amino acids are considered, instead of whole classes.
Some exceptions do exist, however, the most re-
markable one being that of proline. In the case of
leucine and arginine, relationships are shown for
both classes of codons, encoding each one of these
amino acids, as well as for the sums of the two.
Finally, diagrams of GC levels of introns plotted
against GC levels of the corresponding exons or third
codon positions are shown in Fig. 5. In the first case,
a slope of 1.02 and a correlation coefficient of 0.77
were found; the least-square line is slightly lower,
by about 5% GC, than the unity slope line through
the origin. In the second case, a slope of 0.56 and
a correlation coefficient of 0.81 were found. A plot
of intron GC level against the GC level of first +
second codon positions exhibited a correlation co-
efficient of 0.53 and a slope of 2.75 (Fig. 6).

Discussion

The present work dealt mainly with the problem of
the compositional correlations among codon posi-
tions using a large sample of about 1400 coding
sequences from a single genome, the human ge-
nome. It is clear that GC levels of third codon po-
sitions are positively correlated with those of first
and/or second positions, as expected from previous
work (Bernardi and Bernardi 1985, 1986). The cor-
relations of Figs. 1 and 2 indicate that, on the av-

Genes GC%
{(mnemonics) Exons I I 111 I+1I
CFANT 46.32 - 42.11 27.37 68.42 34.74
MRP8 46.45 47.87 23.40 67.02 35.64
FABPLA 47.14 43.75 2891 68.75 36.33
IFNBIF 44.68 43.62 29.26 60.64 36.44
FP 44.20 60.27 17.41 54.46 38.84
CAATP1 51.85 53.33 2444 717.78 38.89
MAS 48.16 42.02 36.81 65.64 39.42
CYCAA 44.34 44.34 3491 53.77 39.62
ARM 43.73 47.14 30.95 52.86 39.85
CRBPY- 53.68 55.15 27.94 77.21 41.54
" TNCS 54.53 59.26 24.07 79.63 41.67
XEH 54.75 51.32 36.62 76.10 43.97
TC2 57.76 59.01 29.81 84.47 44 41
OPS— 57.78 49.86 39.26 84.24 44.56
GNAZ 58.52 52.81 37.36 85.11 45.08
MGPH® 58.53 _ 58.33 35.19 81.94 46.76
IDB 62.56 59.59 3493 93.15 47.26
DLDH 41.37 53.33 41.37 29.22 47.35
LPDH 41.44 53.53 41.57 29.02 47.55
ACADAM 40.48 52.84 42.42 27.25 47.63
SAACY 61.64 54.76 40.74 89.15 47.75
ETFA 45.21 57.19 43.71 34.43 50.45
CKB 64.31 64.14 37.70 90.84 50.92
CREB 47.15 58.23 45.43 37.80 51.83
HMGI14A 50.83 56.44 47.52 48.51 51.94
RNPBIA 44.92 54.52 49.72 30.23 52.12
RNPC2A 45.32 55.26 50.29 30.12 52.78
-HBA4 - 64.80 63.64 41.96 88.81 52.80
SNEXIN 49.46 59.10 49.89 39.19 54.50
"H33G2" 51.46 61.03 49.26 4412 55.15
GAP43A 53.97 66.53 49.37 45.61 57.95
YBI1A 56.18 64.47 52.52 51.26 58.49
HMG17G 51.28 61.54 48.35 42.86 59.45
MEA 57.711 73.66 45.70 53.23 59.68
GFB 61.45 63.99 56.40 63.51 60.19
IGHBP! 61.11 66.67 55.56 58.33 61.11
AlATR3 56.22 64.18 58.21 44.78 61.19
SPR2A 60.27 60.27 63.01 57.53 61.64
SNRAA 56.98 66.80 61.00 42.74 63.90
C4A2 63.11 72.45 62.11 54.70 67.28

Extreme genes are defined here as the genes located outside the
broken line of Fig. 2. Genes are listed in order of increasing GC
levels in first + second codon positions.

erage, large GC increases in thig_gﬂgogon positions
are accompanied by s C increases in first and

second positions. In other words, large codon usage

changes are accompanied by smaller, yet very re-

N s o

arkable, amino acid changes in the proteins en-

coded by the corresponding genes. It should be not-
ed that the relationship of Figs. 1 and 2 is a universal
one, as indicated by early results (Bernardi and Ber-
nardi 1985, 1986) and by recent work (Bernardi and
Bernardi 1991; and unpublished).

Codon Usage

Several explanations were provided for given co-
dons being preferred to other synonymous codons.
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These explanations (see Grantham 1980; Bernardi
and Bernardi 1986) include (1) the optimization of
codon—anticodon interaction energy and the conse-
quent optimization of translation efficiency in highly
expressed genes; (2) the fulfillment of requirements
for mRNA secondary structure and stability; (3) the
adaptation of codons to the actual populations of
isoaccepting tRNAs; (4) the regulation of replication
or transcription by RNA secondary structure; and
(5) a metabolic discrimination between nucleotides
at the time of DNA replication. Although some of
these explanations may be correct, they are clearly
incomplete, as they do not account, for instance, for
the different codon usages found in different species
of living organisms, nor for the different codon us-
ages within a single organism (see below).

An important step toward a better understanding
of codon usage was made when it was realized that
codon usage is a strategy associated with a given
genome or genome type (Grantham 1980; Grant-
ham et al. 1980). This genome hypothesis subse-
quently underwent two major conceptual changes
as a consequence of later investigations (Bernardi
and Bernardi 1985, 1986; Bernardi et al. 1985): (1)
Codon usage, as studied through the GC levels of
third codon positions, is not simply related to the
genome of a species, but to the base composition of
the genome. (2) Multiple codon usages are found in
compositionally compartmentalized genomes, like
those of most if not all eukaryotes, including warm-
blooded vertebrates. Obviously, these findings fur-
ther stress the correlation between codon usage and
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Fig. 5. Plot of GC levels of introns
against GC levels (A) of exons and (B) of

third codon positions from the same
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Fig. 6. Plot of GC levels of introns against GC levels of first +

second codon positions from the same genes. The orthogonal
regression line is shown. Data concern the gene sample of
Fig. 5.

DNA composition of the genome, or genome com-
partments.

Figures 1 and 2 confirm that codon usage can
vary greatly within a single genome, when this ge-
nome is compositionally compartmentalized. This
conclusion, already drawn from previous investi-
gations (Grantham 1980; Bernardi and Bernardi
1985, 1986; Bernardi et al. 1985; Bernardi 1989),
is reinforced by the analysis of the much larger gene
sample used in the present work. That differences
in codon usage may be extremely striking within a
single genome is stressed by the fact that, at 100%
GC in third codon position, a value that is closely
approached by a number of genes, 50% ofthe codons
simply cannot be used because they are absent.

Amino Acid Composition of Proteins

The existence of a correlation between third and
first + second codon positions (Figs. 1 and 2) leads

to the following considerations. First and second

codon positions are associated with specific amino
acids. Therefore, as third codon positions increase

genes; 238 genes available for this pur-
pose were used

or decrease in GC levels, amino acid compositions
tend to change toward amino acids corresponding
to codons characterized by higher or lower GC levels
in second and first codon positions. Such differences
concern the relative abundance of alanine, arginine,
glycine, and proline, on the one hand, and of as-
paragine, isoleucine, leucine, lysine, methionine,
phenylalanine, and tyrosine, on the other hand, in
the proteins encoded by genes that are GC-poor or
GC-rich in their first + second codon positions. The
analysis shown in Fig. 4 was extended to all genes
available and found in the extended sample as well.
There is, therefore, no doubt about the existence of
particular trends in amino acid compositions of pro-
teins encoded by genes characterized by different
GC contents.

This conclusion has an important implication.
Because GC levels of coding sequences and of their
different codon positions are correlated with those
of the isochores in which they are located (Bernardi
et al. 1985; Bernardi 1989; Aissani et al. 1991), the
amino acid composition of proteins is also corre-
lated with genome (isochore) localization (and even
the localization in Giemsa-positive, Giemsa-nega-
tive, or telomeric chromosomal bands) of the cor-
responding genes. In turn, this implies variations of
external (lysine and arginine), internal (phenylala-
nine, leucine, isoleucine, methionine), and ambiv-
alent amino acids (proline, alanine, glycine), which
are relevant factors in determining protein structure.
This raises an interesting point—that of the exis-
tence of some extent of correlation between func-
tional properties (in the broad sense) of proteins and
the isochore localization of the corresponding genes.

Interestingly, the correlation between amino acid
composition and GC levels of genomes was first
found by Sueoka (1961) in his pioneering study on
these properties in 11 bacterial species. This work,
performed before the genetic code was elucidated,

‘showed that, out of 18 amino acids tested, alanine,

arginine, glycine, and proline are positively corre-
lated with increasing GC content; isoleucine, lysine,
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aspartic acid plus asparagine, glutamic acid plus glu-
tamine, tyrosine, and phenylalanine are negatively
correlated; and histidine, valine, leucine, threonine,
serine, and possibly methionine show no detectable
evidence of correlation. Although this is in overall
agreement with the present findings, some differ-
ences also exist: in fact, both glutarmc acid and glu-
tamine are not correlated asparagine is negatxvely
correlated, but aspartic acid is not correlated, and
methionine is hegatively correlated. Moreover, both
arginine and leuciné are correlateéd or not according
to the codons used; finally, the two amino acids not
analyzed, tryptophan and cysteine, are both not cor-
related. '

7Compositional Correlation between Introns
and Exons

This relationship, first detected when studying a
small number of genes from different vertebrates
(Bernardi et al. 1985), was then shown to exhibit a
high correlation coefficient (0.76) using a set of 56
human genes (Bulmer 1987). The present results on
238 genes show (Fig. 5) that the correlation is not
only characterized by a high correlation coefficient
(R = 0.77), in full agreement with the previous re-
port, but also by a unity slope (s = 1.02), and by
the fact that, on the average, intron points lie on a
line about 5% lower than the unity slope line through
the origin; this indicates a slightly lower GC level
for introns relative to exons from the same genes.
A plot of intron GC levels against third codon po-
sition GC levels exhibits a linear correlation with a
slope of 0.56 and a correlation coefficient of 0.81.
More interestingly, a linear correlation with a coef-
ficient of 0.53 and a slope of 2.71 (as judged by the
orthogonal regression approach) is exhibited when
intron GC levels are plotted against GC levels of
first + second codon positions (Fig. 6). Likewise,
linear relationships between GC levels of intergenic
sequences [which basically correspond to the com-
positional fractions investigated in Aissani et al.
(1991)] or 5’ flanking sequences (Aissani et al. 1991)
and GC levels of first + second codon positions
were also found, with correlation coefficients 0f0.61
and 0.54, respectively.

7Comparison of Data from the Present Work with
Data for Localized Genes

Two points raised by the present results will be dis-
cussed elsewhere. The first point is that a compar-
ison of the data obtained on the human genes in-
vestigated in the preceding paper (Aissani etal. 1991)
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‘and in the present one indicate that the genes studied

previously are representative of human genes in gen-
eral. Indeed, the compositional correlations be-
tween third and first + second codon positions, as
well as that between introns and exons are essen-
tially the same for the set of human genes studied
in the preceding paper (Aissani et al. 1991) and for
the 1400 or so genes investigated here. (Needless to
say, in such comparisons, the same approach was
used in calculating the slopes of the third versus first
+ second codon positions.) This conclusion allows
reconstruction of the distribution of genes of known
coding sequence in the isochores of the human ge-
nome and even in the Giemsa-positive, Giemsa-
negative, or telomeric chromosomal bands (unpub-
lished).
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