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ABSTRACT
GT and AG, located at the 5’ and 3’ ends of introns, are important for correct splicing. It is anticipated
that natural selection decreases frequency of AG and GT near the 5" and 3’ ends of exons, preventing
appearance of cryptic splicing sites. The data presented in this article support the expectation.

T is common knowledge that GT and AG dinucleo-
tides, located at the 5" and 3’ ends of introns, respec-
tively, constitute an important part of the donor and ac-
ceptor splice sites. These sites are highly conserved and
essential for correct splicing (BURSET et al. 2000). Muta-
tions in these sites inevitably lead to severe disruptions
of normal splicing (N1sS1M-RAFINIA and KereM 2002).
Still a question can be asked whether the presence of
AG at the 5" ends of nonfirst exons may confuse identi-
fication of the last 3" AG of preceding introns, which
are known to be involved in splicing. A similar question
may apply to GT located at the 3" ends of nonlast exons,
which in turn may confuse recognition of the first 5’
intronic GT also essential in splicing. If the answer to
both questions is positive, one may expect that natural
selection would affect 5" and 3’ ends of exons by reduc-
ing frequencies of AG and GT in the vicinity of the
intron-exon boundaries. To test this hypothesis we col-
lected and compared data concerning observed and
expected frequencies of AG in the 5’ ends and GT in
the 3’ ends of exons in three model species as well
as conducted several other independent studies. It is,
however, clear from numerous publications that the
role of AG and GT in determining the splicing point is
not exclusive and that there are other factors affecting
the process (FAIRBROTHER el al. 2002; MANIATIS and
Tasic 2002).
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DISTRIBUTION OF AG PAIRS AT
5" ENDS OF EXONS

Information relevant to Caenorhabditis elegans, Drosoph-
ila melanogaster, and Homo sapiens was extracted from
the exon-intron database (EID), which was compiled in
the W. Gilbert laboratory, Department of Molecular and
Cellular Biology, Harvard University (SAXONOV el al.
2000). The database contains protein-coding intron-con-
taining genes and is available on the Internet at http:/
www.mcb.harvard.edu/gilbert/eid/. From the version of
the database that we used, the following data were ex-
tracted: C. elegans, 14,836 genes and 98,581 exons; D.
melanogaster, 13,361 genes and 58,801 exons; H. sapiens,
7150 genes and 47,908 exons. A program was written to
align exons at the 5’ or 3’ ends and to search sequences
within exons. The program gives an option to ignore
the first or the last exon in a gene. The program is also
capable of ignoring all exons except the first or the last.
Expected frequencies of nucleotide pairs were calcu-
lated using the formula fixg = fin,, X fic/ur1, Where fr,
is a frequency of A in position n from the beginning of
the exon and fr;,,+ is a frequency of G in position n + 1
from the beginning of the exon. A similar procedure
was used for GT pairs. As we show, 5" and 3’ alignments
of different and numerous exons negate possible codon
usage biases (our unpublished data) and we believe that
this factor does not affect results discussed in this article.

Pictograms representing frequencies of different nu-
cleotides at the first 10 5’ positions of exons are shown
in Figure 1. Itis to be expected (LEwIN 1994) that while
the first position at the 5" exonic end is predominantly
occupied by A or G and the second position by mainly
T or A (or G in humans) other positions starting from
the third or fourth positions do not have strong bias
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The first 10 nucleotides of exons, 5° end alignment

The last 10 nucleotides of exons, 3° end alignment
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F1icure 1.—Pictograms of
the first 10 nucleotides at
the 5" ends and the last 10
nucleotides at the 3’ ends
of exons in C. elegans, D. mel-
anogaster, and H. sapiens. The
first and last exons of each
gene were excluded from this
analysis. Size of a letter on a
pictogram is proportional to
frequency of relevant nucle-
otide. Pictograms were built
by a program developed by
C. Burge, which is available
from http://genes.mit.edu/
pictogram.html.
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toward certain nucleotides in the studied species. In-
deed no obvious similarities between C. elegans, D. mela-
nogaster, and H. sapiens can be found beyond the first
two positions.

To study the problem posed in the title of this article,
we calculated observed and expected frequencies of AG
pairs in the 5’ part of exons in the compared species.
Figure 2 represents the distributions of AG frequencies
starting from the 5" end along nonfirst exons. The first
exons were excluded from this count as they do not
have the preceding intron-exon boundary and thus dif-
fer from all the rest. Periodic variations of AG frequen-
cies, which can be seen in all distributions, are discussed
in a separate article. As can be seen in Figure 2 the first
five positions in the three compared species differ from
the following positions. Taking this fact into account
we compared observed and expected frequencies of AG
pairs on the intervals 6-30 and 101-125 (not shown in
Figure 2) positions. In the nonfirst exons of C. elegans
expected frequencies are significantly higher within
both compared intervals (Table 1), while the intensity
of the differences slightly declines in the 3’ direction.
Correlation (r = —0.65; P < 0.0001) between AG posi-
tion in the exons and the difference between expected
and observed values was found. In D. melanogaster sig-
nificant differences are found in the first interval (posi-
tions 6-30) but not in the second (positions 101-125;
Table 1). Correlation (r = —0.40; P < 0.0001) between
AG position in the D. melanogaster exons and the differ-
ence between expected and observed values was also
observed. Thus, the nonfirst exons of C. elegans and D.
melanogaster demonstrate significantly lower than ex-
pected AG frequencies in the positions adjacent to the

5’ end of the exon and the difference diminishes down-
stream. Interestingly the observed frequencies of GA
pairs (data not shown) are significantly higher than
expected (for C. elegans, t = 14.751, P = 0 and for D.
melanogaster, t = 6.155, P = 0, in the first 50 positions)
and much higher than observed frequencies of AG pairs.
One may presume that selective pressure against AG
pairs could contribute to the observed phenomenon.

On the contrary the first exons do not have a preced-
ing intron-exon junction and were not expected to show
specific selection pressure against AG. Table 2 presents
comparisons between observed and expected frequen-
cies of AG on the same intervals as is shown above
for nonfirst exons. In C. elegans and D. melanogaster no
differences were observed in either interval in the first
exons. This observation supports the idea that the pre-
ceding intron-exon junction likely contributes to selec-
tion against exonic AG in the vicinity of splicing site in
the nonfirst exons.

In H. sapiens the situation seems to be different. Ob-
served and expected frequencies of AG practically do
not differ from expected in the first four positions, after
which the pattern changes and observed frequencies
of AG are higher than expected. Obviously there is a
disparity between H. sapiens and the two other studied
species. What could be a rational interpretation of this
difference? One cannot rule out that splicing mecha-
nisms in H. sapiens slightly differ and specific selection
against AG typical for C. elegans and D. melanogaster
might be much lower or even disappear in H. sapiens
exons. It is also possible that in H. sapiens additional
factors might be involved, which could mask possible
selection pressure against AG. For instance, we found
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FiGURE 2.—Expected and
observed frequencies of AG
pairs at the 5’ ends of nonfirst
exons in C. elegans, D. melano-
gaster, and H. sapiens. Blue bars
represent observed and red

bars represent expected fre-

& &

o= Al gl e e

H. sapiens

quencies of AG in certain posi-
tions of exons aligned at the
5’ ends. Numbers on the x-axis
indicate position of nucleotide
A'in AG pairs from the start of
an exon. Observed frequencies
were calculated as proportion
of AG among all possible 16
duplets in a certain position.
Expected frequencies were cal-
culated using the formula in

=
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the text. Exon-intron database
was obtained from http:/www.
mcb.harvard.edu/gilbert/
eid. Graphs were created using
MS Excel’s chart wizard tools.
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that in H. sapiens exons observed frequency of CG is
dramatically lower (~200% less, data not shown) than
expected, while in the other compared species this was
not the case. As frequencies of dinucleotides are interre-
lated, one may guess that an increased level of observed
AG in H. sapiens could be a compensation for low fre-

quency of CG and some other dinucleotides in exons.
In any case the difference of H. sapiens from the two
other species is apparent.

Distributions of AG frequencies shown in Figure 2
represent a mixture of three phases (0, 1, and 2) in
each species. Phase separation of any of these distribu-

TABLE 1

Comparisons of differences between observed and expected frequencies of AG at the 5’ ends
of the nonfirst exons and GT at the 3’ ends of the nonlast exons

AG pairs at the 5’ ends of exons,
difference between observed and
expected frequencies

GT pairs at the 3’ ends of exons,
difference between observed and
expected frequencies”

Species Positions { statistic P value Positions { statistic Pvalue
C. elegans 6-30 7.97930 0.00000 —6 to —30 13.70754 0.00000
101-125 4.89402 0.00001 —101 to =125 7.55123 0.00000
D. melanogaster 6-30 2.89362 0.00588 —6 to —30 11.30163 0.00000
101-125 0.00461 0.99634 —101 to =125 10.26395 0.00000
H. sapiens 6-30 —6.2786 0.00000 —6 to —30 12.38340 0.00000
101-125 —7.06285 0.00000 —101 to =125 10.10876 0.00000

“Positions were counted from the 3’ ends of exons upstream.
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TABLE 2

Comparisons of differences between observed and expected frequencies of AG at the 5’ ends
of the first exons and GT at the 3’ ends of the last exons

AG pairs at the 5’ ends of exons,
difference between observed and

expected frequencies

GT pairs at the 3’ ends of exons,
difference between observed and
expected frequencies”

Species Positions { statistic Pvalue Positions { statistic Pvalue
C. elegans 6-30 1.38884 0.17121 —6 to —30 2.83826 0.00685
101-125 1.10813 0.27310 —101 to —125 2.15865 0.03713
D. melanogaster 6-30 0.06501 0.94844 —6to —30 2.85932 0.00687
101-125 —0.25218 0.80203 —101 to —125 1.76302 0.08578
H. sapiens 6-30 —2.51296 0.01526 —6 to —30 4.05915 0.00018
101-125 —1.57308 0.12268 —101 to —125 2.14499 0.03746

The ttest statistics were calculated using the two-sample calculator from http://calculators.stat.ucla.edu/

twosamp/.

“Positions were counted from the 3’ ends of exons upstream.

tions into three distributions (phase 0, phase 1, and
phase 2) reveal the same pattern, which is more sharply
expressed (data not shown).

In an attempt to further test the selection hypothesis
we compared frequencies of pairs of synonymous co-
dons located at the 5" end of exons (phase 0) in the

three studied species, which differ in the third position.
The compared codons are AAA and AAG (lysine), CAA
and CAG (glutamine), and GAA and GAG (glutamic
acid). If natural selection really operates against AG
pairs located near the splice junction (5" end of exons),
one can also expect selection against AG-carrying co-
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F1GURE 3.—Comparisons of frequencies of synonymous codons differing in the third position at the 5" end of exons (phase
0) in the three studied species. The compared codons are AAA and AAG (lysine), CAA and CAG (glutamine), and GAA and
GAG (glutamic acid). Numbers on the x-axis indicate position of codons starting from the 5" end of exons. Exon-intron database
was obtained from http:/www.mcb.harvard.edu/gilbert/eid. Graphs were created using MS Excel’s chart wizard tools.
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TABLE 3

Comparisons of AG differences (expected — observed) between three codon positions

Comparisons between

codon positions C. elegans D. melanogaster H. sapiens
First “deleterious” — t = 8.31901 1= 11.456397 t = 3.67899
second “less deleterious”
P = 0.000001* P =0.000000" P = 0.001500"
Third “deleterious” — t = 3.528592 t = 11.04588 t = —0.234401
second “less deleterious”
P = 0.003452° P = 0.000000" P = 0.816946

Exons starting from phase 0 (phase of the preceding intron) only were used in this comparison; 10 codons

were compared starting from the second codon.
“ Differences are statistically significant.

dons, while AA-carrying codons should not be affected
in the same degree or at all. This type of comparison
based on studying two observed values is very much
different from hitherto used comparisons of observed
and expected values. Figure 3 supports the hypothesis
of specific selection against codons carrying AG. It is
quite obvious that in all nine cases presented in Figure
3 the frequency of AG-containing codons in the first
few 5" positions and particularly the first position is
lower than the frequency of AA-containing codons.
There is also a distance effect: frequencies of AG-con-
taining codons increase in the 3’ direction. Compari-
sons of the first 10 codons located at the very 5’ end of
exons with the 10 codons located at positions 41-50 are
highly significant (P < 0.01) except codon AAG in H.
sapiens. However, even in this case the first codon is
considerably below the average value. AA-containing
codons behave differently and do not show strong dis-
tance-related selection effects, while some compensa-
tory increases near the 5’ end of exons are possible.
Such contrasting behavior of synonymous codons could
hardly be explained by other causes and thus supports
the tested selection hypothesis quite convincingly. Possi-
bly this observation could add an extra factor affecting
codon choices during evolution (KARLIN and MRAZEK
1996).

Next we investigated whether positions of AG within
codons in the 5’ region of exons may have different
selective values. Clearly there are three possible posi-
tions. When AG occupies position 1 within a codon
(AG|N) and confuses splicing machinery, which may
accept this particular AG as the last 3" AG of the previous
intron, it leads to abnormal splicing and causes a
frameshift in the downstream part of the gene. The
same is true when AG occupies position 3 within a codon
(NNAG]); both of these positions (1 and 3) should be
deleterious. However, position 2 (NAG|) seems to be
less deleterious in this regard as it will not cause a
frameshift but rather causes a loss of one or a few codons
in the case of abnormal splicing.

To test this hypothesis we calculated differences be-

tween expected and observed frequencies of AG and com-
pared these values among three codon positions using
the approach explained above. The results presented
in Table 3 show that the differences between expected
and observed values were significantly smaller in the
second position of codons (“less deleterious”) than in
the two other positions in all studied cases, except the
third position in humans. The same conclusion is cor-
rect for exons in all three phases (data not shown).
A smaller difference between expected and observed
frequencies of AG in the second codon position indi-
cates that this position is subjected relatively less to the
specific selection pressure than are two other positions.
These data provide additional support for the tested
selection hypothesis.

Several independent types of evidence presented here
create sufficient grounds to believe that AG dinucleo-
tides located on the 5’ ends of exons experienced nega-
tive selection pressure in order to reduce the risk of their
being mistakenly recognized as the last 3’ end intronic
AG signal and thus to diminish the chance of deleterious
splicing.

DISTRIBUTION OF GT PAIRS
AT 3" ENDS OF EXONS

A similar approach was applied for studying distribu-
tion of GT pairs at the 3’ end of exons. We investigated
how distribution of the 3" exonic GT could be affected
by GT pairs nearly always located at the 5’ splice sites
of introns. The last exons of genes were separated from
the rest, as they do not have the following intron-exon
boundary and probably exist under different selection
pressures. Position —1 represents the last two 3’ positions
of exons, which were aligned by their 3" ends (Figure 4).
As expected (LEWIN 1994) in C. elegans, D. melanogaster,
and H. sapiens the last two positions in Figure 4 (corre-
sponding to the last 3’ positions in exons) have high
frequencies of AG pairs (see also Figure 1), which obvi-
ously prevent appearance of other pairs, including GT,
in considerable frequencies. This would explain a lack
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C. elegans

Ficure 4.—Expected and
observed frequencies of GT at
the 3’ ends of the nonlast ex-
ons in C. elegans, D. melanogas-
ler, and H. sapiens. Blue bars
represent observed and red

bars represent expected fre-

quencies of GT in certain posi-

tions of exons aligned at the

3’ ends. Numbers on the x-axis
indicate position of nucleo-
tide G of GT pairs starting from
the second-to-last nucleotide.
Observed frequencies were cal-
culated as proportion of GT
among all possible 16 dup-
lets in a certain position. Ex-
pected frequencies were calc-
ulated using the formula in
the text. Exon-intron database

was obtained from http:/www.

mcb.harvard.edu/gilbert/eid.

Graphs were created using MS

Excel’s chart wizard tools.
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of GT at the last 3’ positions of exons. Differences be-
tween expected and observed GT frequencies are simi-
lar in all studied species; observed frequencies are lower
throughout.

Interestingly the observed frequencies of TG pairs
(data not shown) do not differ from expected frequen-
cies for C. elegans (t = 0.7788, P = 0.4379) and for D.
melanogaster (t = 1.1286, P = 0.2618) in the first 50
positions. In H. sapiens observed frequencies of TG were
even higher than expected (¢ = 12.1069, P = 0, in the
first 50 positions). These data indicate that frequencies
of GT and TG pairs behave differently at the 3’ ends
of exons.

Again as in the previous section of this article, we
compared observed and expected frequencies of GT
pairs in the 3’ part of nonlast exons on two intervals,
—6 to —30 and —101 to —125 (not shown in Figure 4)
in the studied species. In C. elegans expected frequencies
of GT are significantly higher within both compared
intervals (Table 1), while the intensity of the differences
declines in the 5" direction. In D. melanogaster significant

differences are also found on both intervals (Table 1).
A similar pattern was found in H. sapiens. Thus the
compared species demonstrate significant differences
between expected and observed GT frequencies in the
positions adjacent to the 3’ ends of the exons, which
diminish in the 5’ direction. One may presume that
selective pressure against GT pairs could contribute to
the observed phenomenon.

The last exons do not have a following exon-intron
junction and were not expected to show specific selec-
tion pressure against GT. Table 2 presents comparisons
between observed and expected frequencies of GT on
the same intervals calculated for the last exons. In all
but one case there is a statistically detectable difference.
This result is contradictory to our expectation that in
the last exons there would not be specific selection
pressure against GT. However, statistics for the last ex-
ons indicate a dramatic decline in the differences be-
tween observed and expected frequencies of GT, as
compared to the nonlast exons. This may show a re-
duced selection pressure against GT; however, other
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TABLE 4

Comparisons of GT differences (expected — observed) between three codon positions

Comparisons between

codon positions C. elegans D. melanogaster H. sapiens
Second “deleterious” — first 1=29.103178 t = 7.986985 t = 9.233449
“less deleterious”
P = 0.00000“ P = 0.000001" P = 0.000002“
Third “deleterious” — first t = 5.919415 t = —9.953226 t= —4.148004
“less deleterious”
P =0.00011 P = 0.00000“ P = 0.000788"

Exons starting from phase 0 (phase of the preceding intron) only were used in this comparison; 10 codons

were compared starting from the second codon.
“ Differences are statistically significant.

factors may be the cause of the differences between
observed and expected values in the last exons. It is
quite possible that there are other independent selec-
tion pressures, which may reduce observed GT frequen-
cies in the last exons, making the situation more com-
plex.

Distributions of GT frequencies shown in Figure 4
represent a mixture of three phases (0, 1, and 2) in
each species. Phase separation of any of these distribu-
tions into three distributions (phase 0, phase 1, and
phase 2) reveal the same pattern, which is just more
sharply expressed (data not shown).

Comparative analysis of pairs of synonymous codons
located at the 3’ end of exons similar to those described
earlier in the article is presented in Figure 5. It can be
seen that in many cases the last few 3’ positions (1-5)
and particularly the last position (1) have lower fre-
quency of GT-containing codons compared with fre-
quency of alternative synonymous codons. There are
also distance effects in several cases: frequencies of GT-
containing codons slightly increase in the 5’ direction.
However, it was not common for all studied cases. The
data provide some support for the hypothesis, while not
as compelling as the data for AG pairs (Figure 3).

Finally we compared differences between expected
and observed frequencies of GT using the same logic
that was applied to AG analysis earlier. The only differ-
ence is that in this case the first position of codons is
“less deleterious.” The results presented in Table 4 show
that the differences between expected and observed
values were significantly smaller between the second
and the first position of codons, while the difference
between the third and the first positions was significant
only for C. elegans (Table 4).

It is well known that nucleotides surrounding intron-
exon boundaries are essential for correct splicing. The
latest data also demonstrate the importance of spliceo-
some structures (MANIATIS and Tasic 2002), exonic
splicing enhancers (FAIRBROTHER et al. 2002), and vari-

ous aspects of mRNA metabolism (MENDELL and DIETZ
2001). These factors contribute to fidelity of splicing
and could make identification of specific selection pres-
sures on the ends of exons less simple.

Recent publications provide good reasons to exercise
a cautious approach in assuming possible selection pres-
sures on dinucleotide frequencies (DURET and GALTIER
2000) or on codon usage (URrRUTIA and HURrsT 2001).
We hope the data presented here were considered cau-
tiously enough to avoid possible traps of complex pro-
cesses operating on the molecular level.

We thank A. Fedorov for advice concerning the exon-intron data-
base (EID) and E. Koonin and I. Ruvinsky for useful comments. We are
also grateful to an anonymous reviewer for very helpful suggestions.
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