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Abstract Itis already clear that alternative splicing has an extremely important wle in expanding the pwotein di-
versity. Comparative study of the codon usage patterns of alternatively and commonly spliced genes may thereby be nec-
essary. In this paper the patterns of codon usage bias of two kinds of human genes, alternatively spliced genes and
commonly spliced genes were formulated through analyzing 344 nonredundant potein coding sequences from alterna-
tively spliced genes (188183 codons) and 386 from commonly spliced genes (223116 codons) in human chimosome
1. Overall codon usage data analysis indicated that the alternatively spliced genes showed a stronger codon usage bias
than commonly spliced genes. Very extensive heterogeneity of G+ C content in silent third codon position (GC3s) was
evident among these genes and GC3s content of alternatively spliced genes w as higher than that of commonly spliced
genes. G- or Gending codons were more abundant in alternatively spliced genes than commonly spliced genesin human
chromosome 1. The causation of differences created could be explained by prem RN A structural characteristics of ater
natively spliced genes influencing their codon usage bias.
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Altemative splicing has been found in nearly all metazoan organisms as a means for producing functionally
diverse polypeptides from a single gene, where variation in mRNA structure may take many different

forms 12!

. The positions of either 5 or 3 splice sites can shift to result in longer or shorter exons. Introns
that are normally excised can be retained in the mRNA. In addition to above changes in splicing, alterations in
transcriptional start site or polyadeny lation site may also allow production of multiple mRNAs from a single
gene. Exonic splicing enhancers are often found at the 5" and 3' ends. and sometimes in the middle of an exon
and may regulate the accessibility of different exons to the splicing machinery through the formation of sec-

[373 | Furthermore, secondary structure of RNA can also alter the splicing pattern of human

ondary structures
mRNA transcripts[(ﬂ . Recent estimates, based on analyses of ESTs, have suggested that the transcripts from
35% ~59 % of human genes are altematively spliced’” ~® . Findings above have strongly suggested an impor-
tant role for alternative splicing in the formation of biological complexity of human.

The previous studies on codons usage did not distinguish alternative splicing genes from common splicing
ones. Whether synonymous codon usage has the difference betw een them ornot, which is yet unclear. There-
by, the main aim of this study is to investigate differences of codon biased usage between alternative and com-

mon splicing genes in human chromosome 1. In the present work, the 344 protein-coding sequences (188183
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codons) of alternatively spliced genes and 386 protein-coding sequences (223116 codons) of commonly spliced
genes in human chromosome 1 were used to explore codon usage patterns of the human genes, and to identify

the differences of codon usage patterns between alternatively spliced genes and commonly spliced genes.
1 Materials and methods

1. 1 Complete protein Coding sequences of human chromosome 1

All nuclear protein-coding sequences annotated as deriving from human chromosome 1 were extracted
from the GenBank/ EMBL/DDBJ DNA sequence database. Duplicate sequences, partial sequences, short se-
quences (less than 100 codons), sequences predicted, and sequences containing ambiguous codons or multiple
stop codons were excluded, and a total dataset of 730 complete Coding Sequences (CDS) was yielded for data
analysis. They could be divided into two subsets based on annotation. One subset included 344 CDS of alter-
natively spliced genes representing 188183 codons. Another subset contained 386 commonly spliced genes with
223116 codons.
1. 2 Codon usage bias indices

Nec is the effective number of codons used by a gene, generally used to measure the bias of synonymous
codons and independent of amino acid compositions and codon numbers ™ . The values of N¢ range from 20
(w hen one codon is used per amino acid) to 61 (when all the codons are used with equal probability ). Nc ap-
pears to be a good measure of general codon usage bias. The lower the N¢, the higher the codon bias is.

Relative synonymous codon usage (RSCU) was used to study the overall codon usage variation among the
genes. RSCU is defined as the ratio of the observed frequency of codons to the expected frequency if all the
sy nonymous codons for those amino acids are used equa]ly[ "' RSCU values greater than 1.0 indicate that the
corresponding codon is more frequently used than expected, whereas the reverse is true for RSCU values less
than 1. 0.

GC3s is the frequency of use of G+ C in synonymously variable third positions of sense codons (i e. ,
Met, Trp, and 3 termination codons are excluded).

The parameters mentioned above were estimated by using the program CodonW 1. 3 (written by John

Peden, obtained from fip: //molbiol. ox. ac. uk/Win95. codonW. zip).

2 Results

2.1 Level of codon usage among alternatively and commonly spliced genes
Several measures of the degree of codon bias for a given gene have been developed. Here we used the ef-

[0 N appears to be a good mea-

fective number of codons (Nc¢) to estimate the level of codon usage of gene
sure of general codon usage bias. The lower the N¢, the higher codon bias is. The 344 protein-coding se-
quences (188183 codons) of alternatively spliced genes and 386 protein-coding sequences (223116 codons) of
commonly spliced genes in human chromosome 1 were employed to analyze codon usage level. The level of
codon usage skew ness across these genes was represented in Fig. 1. The mean Nc of altematively spliced genes
was somew hat less than that for commonly spliced genes. It indicated that altematively spliced genes had a
greater proportion of very highly preferred genes than commonly spliced genes did. When we considered ex-
treme bias such as an Nc of 40 or less, 12 8% of alternatively spliced genes and 10. 9% of commonly spliced
genes were in this category. Moreover, commonly spliced genes exhibited a greater variance (SD) in codon
usage than alternatively spliced genes. Those conclusions revealed that the level of codon usage in alternatively

spliced genes was higher than that in commonly spliced genes.
2.2 Relationship between Nc¢ and GC3s

The heterogeneity of codon usage bias among genes was examined in human chromosome 1. Effective

number of codons (N¢) used by a gene and (G + C)) percentage at the, third, synonymous w ere used to explore
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the codon usage variation. For the genes from 80 g Alternatively spliced gene (341
alternatively spliced genes subset, GC3s value 2 0 5 Féeo:;zn‘lli Ziﬁf‘;gﬁzzene -

varied from 27. 5% to 92. 8% with a mean of g:Jc 60 senes:48. 53:£6. 44)

64. 66% and standard deviation of 15. 17%; “ Zg

while in commonly spliced genes subsets GC3s 8 30

values varied from 24. 7% to 94 4% with a 2 20

mean of 59.97% and standard deviation of 10

15.67%. The findings indicated that alterna- ° 25 30 35 40 45 50 55 60

Ne

tively spliced genes had a rather higher content
of G+ C in silent the third codon position than Figure 1 N distribution of alternatively spliced genes( D and com-

commonly spliced genes. Further analyzing the monly spliced genes( L)) in chromosome 1. The number of

heterogeneity of GC3s showed that there were
the mean Nc of 41. 45, 51.06, 51.56 of the
high G + C range (0.70—0.93; 44.93% of
the genes), midterm G + C range (0. 45—0.70; 42. 03% of the genes), and low G + C range (0. 27—
0. 45; 13. 33%4 of the genes) in alternatively spliced genes subsets respectively; whereas, in commonly spliced
genes subsets, there were the mean Ncof 41. 11, 51. 97, 52.21, from the high G + C range (0. 70 ~0.95;
32. 12% of the genes), midterm G + C range (0.45—0.70; 48 96 %5 of the genes), andlow G + C range
(0.24—0. 45; 19. 17% of the genes) respectively. These investigations proved that the G + C contents of
the third codon position of human genes were scattered in the G + C range of 0.24 ~0. 95 in the third codon
position, and the higher the G + C content of the third codon position (GC3s), the higher level of codon

genes for alternative splicing and common splicing and the

mean Nc=£SD are shown in brackets

bias.

Plotting N¢ values against GC3s was used to explore the codon usage heterogeneity among the genes from
human chromosome 1 (Fig. 2) . The Nc plot revealed that there were very similar patterns of codon usage
bias between alternatively spliced and commonly spliced genes. It was very clear from Fig 2 that the most
number of points lay in the GC-rich regions, only smaller points in the expected curve. For these genes from
both altenatively spliced and commonly spliced ones, however, a majority of sequences had rather lower Nec
values than expecteds which indicated that these genes had additional codon usage skewness other than ge-
nomic GC composition. This position in the lower part of the plot might imply a pattern of codon usage bias
generated by selection for translationally optimal codons. These results suggest that apart from compositional
constraints, other trends might influence the overall codon usage variation among these genes of human chro-

mosome 1.
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Figure 2 Nec plot of alternatively spliced genes (a) and commonly spliced genes (b) in human chromosome 1. The continuous
curve represents the expected curve between GC3s and Nc under random codon usage
2.3 Overall codon usage analysis among alternatively and commonly spliced genes
The codon usage across these genes was outlined in Table 1. It was clear from Table 1 that the most
markedly used codons were those ending in either C or G. This result intensively supports that the human
genes do prefer those codons ending in either C or G. To further analyze, for each of the six amino acids with

two-fold degenerate sets of synonyms ending in U er C, the C-ending codon usage (average RSCU of 1. 182)
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in alternatively spliced genes was more frequent than that (average RSCU of 1. 105) in commonly spliced
genes. Similarly, among amino acids with two-fold degenerate sets of synonyms ending in A or G, the G-end-
ing codon (average RSCU of 1. 287) in alternatively spliced genes was somewhat higher than those (average
RSCU of 1. 257) in commonly spliced genes, and in alternatively spliced genes, among amino acids with six-
fold degeneracy both C and G ending codons had average RSCU values of 1. 328, 1. 204, respectively; while in
commonly spliced genes, they was 1. 268, 1. 186, respectively. Between amino acids with four-fold degenera-
cy> C ending codons in alternatively spliced genes had higher average RSCU values of 1.402, while in com-
monly spliced genes it was 1. 366; in both alternatively spliced genes and commonly spliced genes, however,
the G ending codons had lower average RSCU values than 1 (Table 1). In addition, when we subject RSCU
values of ending in G and C to t- tests, the C- ending codons usage has a significant difference ( ¢ = 3. 5494,
P = 0.0032<C 0.005), and the G-ending codons usage also has a significant difference( t = 2. 4141, P =
0. 0327<C 0. 05) between alternatively spliced genes and commonly spliced genes. Those results implied that
GC-ending codons are more abundant in alternatively spliced genes than commonly spliced genes in human
chromosome 1.

Table1 Overall codon usage in human chromosome 1 genes

AA Codon AS genes CS genes AA Codon AS genes CS genes
N RSCU N RSCU N RSCU N RSCU
Phe uuu 2 602 0 74 3744 091 Ser ucu 2683 L 05 3 436 L 12
uucC 4 450 L 26 4479 L 09 uccC 3334 L 30 4 068 L 33
Leu UUA 1 145 0 37 1562 0 42 UCA 2258 0 88 2 741 0 90
uuG 2211 072 2 845 0 76 ucG 892 0 35 905 0 30
cuu 2 317 075 3011 0 80 Pro CCU 3170 L 14 3 862 L 13
cuc 3 866 L 26 4408 L 17 CCC 3702 L 33 4 592 L 35
CUA 1110 0 36 1688 0 45 CCA 2815 L 01 3 730 L 09
cUG 7767 253 9021 2 40 CCG 1420 0 51 1471 0 43
Ile AUU 2791 L 01 3558 L 07 Thr ACU 2159 0 82 2 960 0 98
AUC 4 321 L 56 4 885 L 48 ACC 4292 L 63 4 376 L 46
AUA 1 186 0 43 1489 0 45 ACA 2819 L 07 3 420 L 14
Met AUG 4 238 L 00 4900 L 00 ACG 1289 0 49 1273 0 42
Val GUU 1922 0 68 2353 0 70 Ala GCU 3421 L 06 4 245 L 08
GUC 2 850 L 01 3226 0 96 GCC 5233 L 62 6 479 L 65
GUA 1 080 0 38 1577 0 47 GCA 2877 0 89 3 537 0 90
GUG 5 423 L 92 6 355 L 88 GCG 1373 0 43 1412 0 36
Tyr UAU 2071 079 2712 0 87 Cys uGu 2052 0 85 2 242 0 88
UAC 3167 L 21 3545 L 13 UGC 2802 L 15 2 867 L 12
Ter UAA 101 0 88 90 0 70 Ter UGA 174 L 52 204 L 59
UAG 69 0. 60 92 072 Trp UGG 2873 L 00 2 769 L 00
His CAU 1 746 0 78 2213 0 82 Arg CGU 1013 0 57 1029 0 51
CAC 2 728 L 22 3177 L 18 CGC 2143 L 20 2274 L 12
Gln CAA 2 028 0 52 2931 0 53 CGA 1051 0 59 1 509 0 74
CAG 5711 L 48 8170 L 47 CGG 2390 L 34 2 601 L 28
Asn AAU 2 893 0 84 3807 0 95 Ser AGU 2252 0 88 2 755 0 9
AAC 3 964 L 16 4233 L 05 AGC 3965 L 55 4 426 L 45
Lys AAA 4 027 079 5079 0 84 Arg AGA 2154 L 21 2 346 L 16
AAG 6 187 L 21 6 999 L 16 AGG 1920 L 08 2 424 L 19
Asp GAU 3917 091 4 864 0 94 Gly GGU 1884 0 58 2279 0 62
GAC 4 656 1 09 5497 L 06 GGC 4616 L 42 5 167 L 41
Glu GAA 5 872 0 83 6861 0 86 GGA 2946 091 3 539 0 96
GAG 8 226 L 17 9 085 L 14 GGG 3569 L 10 3722 1 01

Note: AA, amino acids N, number of codons RSCU, cumulative relative synonymous codon usage AS, alternatively

spliced; CS, commonly spliced.
3 Discussion

This jis the first attempt -to systematically compare the differences of synonymous codon usage bias be-
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tween alternatively and commonly spliced genes by analyzing the large data set from human chromosome 1.
The results show that the level of codon usage in alternatively spliced genes is relatively higher than that in
commonly spliced genes, and alternatively spliced genes have a higher content of G+ C in silent third codon
position than commonly spliced genes do. In addition, commonly spliced genes have a more heterogeneity than
alternatively spliced genes, and the high G + C content of the third codon position demonstrates a higher
codon usage preference. All these imply that mutation bias has an influence on synonymous codon usage in hu-
man, although other factors such as the sharp heterogeneity of GC3s may also play an important role in shap-
ing codon usage patterns. Overall codon usage analyses indicate that G- and C-ending codons are predominant
in alternatively and commonly spliced genes, revealing that the human genes do prefer those codons ending in
either C or G, and GC-ending codons are more frequent in alternatively spliced genes than commonly spliced
genes in human chromosome 1. We suggest that the prem RN A structural characteristics of alternative splic-
ing may strongly influence their codon usage bias, resulting in the differences of alternatively genes from com-

monly spliced genes in codon usage bias.
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