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The splice-site sequences of U2-type introns are highly degenerate, so many different sequences can function as
U2-type splice sites. Using our new profiles based on hydrophobicity properties we pointed out specific properties
for regions surrounding splice sites. We built a set T of flanking regions of genes with |-3 introns from 21st and 22nd
chromosomes extracted from GenBank to define positions having conserved properties, namely hydrophobicity, that
are potentially essential for recognition by spliceosome.

GT-AG introns exist in U2 and U|2-types. Therefore, intron type cannot be simply determined by the dinucleotide
termini. We attempted to distinguish U2 and UI2-types introns with help of hydrophobicity profiles on sets of spice
sites for U2 or Ul2-type introns extracted from SpliceRack database. The positions given by our method, which may
be important for recognition by spliceosome, were compared to the nucleotide consensus provided by a classical
method, Pictogram. We showed that there is a similarity of hydrophobicity profiles inside intron types. On one hand,
GT—-AG and GC-AG introns belonging to U2-type have resembling hydrophobicity profiles as well as AT-AC and
GT-AG introns belonging to Ul2-type. On the other hand, hydrophobicity profiles of U2 and Ul2-types GT-AG
introns are completely different. We suggest that hydrophobicity profiles facilitate definition of intron type, distin-
guishing U2 and U2 intron types and can be used to build programs to search splice site and to evaluate their
strength.

Therefore, our study proves that hydrophobicity profiles are informative method providing insights into mechanisms
of splice sites recognition.

Key words: hydrophobicity, splice sites, U2-type introns, Ul2-type introns, Pictograms, P-value, consensus sequences,
splice sites recognition.

Introduction

Pre-mRNA splicing is a nuclear process that is
conserved across eukaryotes [1]. The spliceosome
recognizes conserved sequences at the exon-intron
boundaries, namely the 5' splice site (5'ss) and the 3'
splice site (3'ss). In addition, a third conserved in-
tronic sequence that is known to be functionally im-
portant in splicing is the so-called branch point site
(BPS) which is usually located very close to the end of
the intron, at most 40 nucleotides before the terminal
dinucleotide. The splicing mechanism involves the
following steps: cleavage at 5' splice site, nucleolytic
attack of the splice donor site at the invariant A of the
branch site to form a lariat-shaped structure, cleavage

at 3' splice site, leading to a release of the intronic
RNA as a lariat, and ligation of the exons. The above
reactions are mediated by a large RNA-protein com-
plex, the spliceosome, which consists of five types of
snRNA (small nuclear RNA) and more than 200 pro-
teins [2].

There are at least two classes of pre-mRNA in-
trons, based on the splicing machineries that catalyze
the reaction. U2 snRNP-dependent introns make up
the majority of all introns and are excised by spli-
ceosomes containing the Ul, U2, U4, U5 and U6
snRNPs. These introns consist of three subtypes, ac-
cording to their terminal dinucleotides: GT-AG,
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GC-AG and AT-AC introns. U12 snRNP-dependent
introns are the minor class of introns and are excised
by spliceosomes containing U11, U12, U4atac, Ubatac
and U5 snRNPs. The overall similarity in the pre-
dicted secondary structure between analogous U2
and U12-type snRNAs suggests that the spliceosome
rearrangements during catalysis are conserved be-
tween the two spliceosomes [3-4]. U12 introns mainly
consist of two subtypes, as defined by their terminal
dinucleotides: AT-AC and GT-AG introns. In addi-
tion, a small fraction of the Ul2-type introns exhibit
other terminal dinucleotides [5-7]. Whereas U2-type
introns have been found in virtually all eukaryotes [1]
and comprise the vast majority of the splice sites
found in any organism, Ul2-type introns have only
been identified in vertebrates, insects, jellyfish and
plants [8].

Moreover, the Ul2-type of introns is character-
ized by highly conserved consensus sequences at the
donor and branch sites [9]. Therefore, Burge et al. [8]
designed a computer program, named UI12Scan, to
identify Ul2-type introns based on search of con-
served motives.

Later, Levine and Durbin applied resembling
methods to recognize human Ul2-type introns [6].
The Ul2-type introns in the human genome were
predicted first, and then confirmed by expressed se-
quence data from dbEST downloaded from the NCBI
(available from
http:/ /www.ncbi.nlm.nih.gov/Genbank/). How-
ever, both methods have some limitations: any
Ul2-type introns having DistBAs shorter than 8nt or
longer than 21Int would not be located. In addition,
the later approach would not identify any Ul2-type
introns if they are flanked by exons shorter than 32bp.
Therefore, a universal approach to recognized a splice
site and distinguish its type has not been built yet.
Partly, it can be explained by the fact that the U2-type
splicing signals have highly degenerate sequence mo-
tifs; many different sequences can function as
U2-type splice sites. It is not clear how degenerate
sequences at the splice sites of U2 intron types are
recognized by spliceosomal complex. Clearly, if ter-
minal dinucleotides were sufficient to be recognized,
then GT-AG introns of U2 and Ul2-type introns
would be excised by both U2 and U12 spliceosomes,
however nothing of this kind has been described.
Findings of Shellenberg et al. in 2006 [10] indicate an
intimate association between protein p14 and RNA at
the heart of mammalian spliceosome during the
course of splicing. Subsequent experiments showed
that this protein crosselinked directly to the BPS.
Kauzman [11] showed that the nature of pro-

tein-protein and RNA-protein cooperation is based
on hydrophobic-hydrophilic interactions.

Research Purpose

We attempt to use our approach based on hy-
drophobicity evaluation to find out regions with
conserved properties, namely hydrophobicity, which
must be functionally important to be recognized by
spliceosomal machinery. Hydrophobic-hydrophilic
properties of amino acids and nucleotides may be
predicted on the base of half-empirical coefficients of
hydrophobicity. [12]. We expect profiles based on
hydrophobicity properties pave the road towards
general understanding of recognition mechanisms of
exon-intron junctions by spliceosome. Also we expect
to use hydrophobicity profiles to distinguish U2 and
Ul2-types of introns.

Methods and Programs

In order to distinguish regions having conserved
properties, namely hydrophobicity, we defined a
general hydrophobicity profile. Regions whose hy-
drophobicity differs from an average value are ex-
pected to be essential for recognition by spliceosome.
We first tested this hypothesis on one set T then
compared out method to a classical one.

Hydrophobicity profile

First, genes of 21st and 22nd chromosomes con-
taining 1 to 3 introns were extracted from GenBank
(http:/ /www.ncbinlm.nih.gov). This yielded 313
introns of length greater than 200 nt and ones of 385
exons of length greater than 60 nt. In order to com-
pute an average hydrophobicity value, we deter-
mined the background frequency of the bases in ex-
ons and introns separately. We counted the bases
distributions along the full length of exons and in-
trons. There is no statistically confirmed difference
between the two ones. Base frequencies were found
to be g(A) =0.237, g(C) = 0.283, q(G) = 0.276 and q(U) =
0.204. For introns of lengths greater than 200, we
counted the base distribution at the 5 boundaries
only. Indeed, it is well known that a polypyrimidine
track exists near the 3" boundaries of introns that does
not allow taking them into account. Base frequencies
were found to be g(A) = 0.210, q(C) = 0.249, q(G) =
0.299 and q(U) = 0.241.

To build hydrophobicity profile we built the set
T of flanking sequences (30 nt within the exon and 30
nt within the intron) extracted at both exon-intron
junctions, at 5'ss and 3'ss boundaries. Given a set of
splice sites, one defines a hydrophobicity profile as
follows. A hydrophobicity coefficient hc(i) may be
associated to each base i . DNA basic hydrophobicity
coefficients given in [12] have been used to compute
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an average hydrophobicity value for each splice site
position. DNA basic coefficients were suggested ap-
propriate to be extrapolated to ribonucleotides since
nucleotide hydrophobicity is mostly determined by
the “bases” moieties varied in size, shape and polar-
ity not by the hydrocarbon component. Values of co-
efficients are hc(A)=-1.07, hc(C)=-0.76, hc(G)=-1.36 and
he(U)=-0.76. As hydrophobicity coefficient for uracil
was not determined experimentally in [12], we used
the hydrophobicity value for cytosine (-0.76) for
uracil because both ribonucleotides belong to
pyrimidines and correspondingly have resembling
size and shape correlating quite well with physical
properties [13]. However, there is NH2 group at the
fourth position of cytosine basis and oxygen at the
same position of uracil. This difference is graded by
close hydrophobicity values of these groups [13].

For each position j and each base i, let 7i(j) be the
number of occurrences of base i at position j in this
set. The average hydrophobicity value at position j is

h(j) = sum _{i in {A,C,G, U} ni(hc(i).

For our set T we aligned all flanking sequences
of the 5 boundaries, that are 60 nt long, using termi-
nal dinucleotides as an anchor. The hydrophobicity
values were computed for each position of splice site
set. We proceeded similarly for 3' boundaries of the
set T as well.

Then, we compared this result to the back-
ground. Hydrophobicity value at a given position can
be interpreted as the sum of k random variables. We
compared it to the sum of k random variables with a
Bernoulli distribution given by the background fre-
quencies. The associated distribution is approxi-
mately normal. We computed the average back-
ground value, E= sum _{i in {A,C,G,U}} q(i)hc(i) that
is -0.999 for exons and -1.003 for introns. The corre-
sponding variances, e.g sum _{i in {ACG,U}}
q(i)hc(i)"2 -E~2 were found to be VE = 0.0649 and VI =
0.0689. We computed the limits of 0.9995 of confi-
dence interval, that we denoted

hp = E + Z(0.9995) sqrt(V/k), with Z(0.9995) = 3.2905.

Tables of normal distribution give "Z(1-alpha/2)"
for a confidence level alpha (=0.001 here):

P(Z>=Z(1-alpha/2))=alpha/2.

When h(i) was out of this range, we used the
large deviation formula [14] to compute the P-value

of h(i).

Consensus sequences and hydrophobicity pro-
files for two types of introns

We will compare two methods that identify
common and distinguishing features in each

splice-site type. We built four sets of 200 introns with
two confirmed splice sites that were extracted from a
user-friendly resource, SpliceRack
(http:/ /katahdin.cshl.edu:9331/SpliceRack/). Two
sets are associated to human U2-type introns, with
GT-AG termini for one set and GC-AG termini for
the other. Two sets are associated to human U12-type
introns with GT-AG termini for one set and AT-AC
termini for the other. On the set T it was shown that
in exons only the nearest positions to exon-intron
junction deviate from an average hydrophobicity
value, since that for each site one extracts a 38 nt long
region around each exon-intron junction at the 5'ss
and at the 3'ss. More precisely, we extracted 8 nt
within the exon and 30 nt within the intron. These
new sets are spread out on several chromosomes;
therefore we use a different background. The back-
ground frequencies of nucleotides were evaluated
from a set of 1228 human genes extracted from Gen-
Bank (http:/ /www.ncbi.nlm.nih.gov) and were found
to be g(A) = 0.219, g(C) = 0.269, q(G) = 0.280 and q(U) =
0.233.

An average hydrophobicity value and a variance
were E=0.996 and V = 0.0652 correspondingly. Here
we did not compute the average hydrophobicity val-
ues separately for exons and introns since they were
not significantly different as it was shown in calcula-
tions on the set T.

The splice sites of each set were separately
aligned using Pictogram program designed by Chris
Burge and Frank White
(http:/ / genes.mit.edu/ pictogram.html). Pictogram is
a handy tool to visualize consensus sequences. Its
input is an array of sequences of equal length. For
each position j, it computes for each base i its relative
frequency, e.g. the ratio pi(j)/gi of the frequency of
each nucleotide pi(j) to the background frequency gi.
It also computes the information content that is de-
fined as }pi(j) log pi(j)/qi. Information content is
commonly used to study the variability (or level of
conservation) at each position, varying from 2 (one
event is certain) to 0 (all observed frequencies are
equal to background probabilities. Pictogram output is
a diagram of letters. It must be said that Pictogram
program replaces U to T to plot output diagrams
(Figure 2 and 3) thereupon to be consistent with pic-
tograms we used GT-AG and AT-AC designations for
intron terminal dinucleotides. For each position j, the
height of i-th letter is proportional to the ratio pi(j)/gi.
Additionally, information content is written below.

Our method based on hydrophobicity evalua-
tion allowed pointing out regions which may be es-
sential for recognition by spliceosome since they have
conserved properties, namely hydrophobicity. We
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built hydrophobicity profiles for four sets of splice
sites of both U2 and U12-type introns and compared
obtained results to the results derived by Pictogram
method.

Results and Discussion

Distinguishing positions with conserved prop-
erties, namely hydrophobicity

Sliding along all regions of our set T, we com-
puted an average hydrophobicity value for each posi-
tion. Hydrophobicity profile is illustrated in Figure 1.
The terminal dinucleotides of the introns are marked
in red. P-values were computed for all positions of
exons and introns using our large deviation formula
(Supplementary material).

The hydrophobicity profiles of the donor (left)
and the acceptor (right) sites are shown.

The positions of nucleotides are marked on the
x-axis and hydrophobicity values are indicated by the
scale on y-axis. Average hydrophobicity values are
marked by red line. Limits of 0.9995 confidence in-
tervals are given by blue dotted lines.

An approximately normal distribution of hy-
drophobicity values is observed at positions -30 to -3
and +8 to +30 at the 5'ss as well as at positions +2 to
+30 at the 3’ss.

Regions at the positions -2 to +6 at the 5’ss and
-26 to +1 at the 3’ss deviate from the background hy-
drophobicity with significant P-values (Supplemen-
tary material). Slow decay at positions -26 to -5 due to
pyrimidine abundance correspond to polypyrimidine
track. General hydrophobicity profile of splice sites of
genes with 1- 3 introns from 21st and 22nd chromo-
somes resembles to the U2-type introns hydrophobic-
ity profile (Figure 2 A, E and 2 B, F), because of the
low proportion of Ul2-type introns that does not ex-
ceed 0,34% [6].

Figure |. The hydrophobicity profiles of the 5’and 3’ splice
sites from the set T.

Consensus sequences and hydrophobicity pro-
files for two types of introns

In this section, we report results concerning a
comparison of two methods identifying the variabil-
ity of each splice site position by estimation of nu-
cleotide consensus (method Pictograms by Chris
Burge and Frank White) and conservation of proper-
ties, namely hydrophobicity in order to find out po-
tential binding sites of spliceosomal particles. In Fig-
ures 2 and 3, the hydrophobicity profiles of U2 and
U12- dependent introns with different termini and
corresponding pictograms are depicted and may be
compared. For all pictures of hydrophobicity profiles,
the numbers of nucleotides are marked on the x-axis
and hydrophobicity values are indicated by the scale
on y-axis. The terminal dinucleotides of the introns
are marked in red. Average hydrophobicity values
are marked by red line. Limits of 0.9995 confidence
intervals are given by blue dotted lines. In pictograms
the nucleotide consensus is displayed by the letter
size that indicates the base frequency distribution at
each position of the splice sites.

U2-type introns

200 splice sites with GT-AG and GC-AG termi-
nal dinucleotides extracted from SpliceRack were used
to construct each pictogram. GT-AG and GC-AG
subtypes of U2-type introns are considered separately
in order to compare our results to the ones obtained
by classical methods.

The hydrophobicity profiles and corresponding
pictograms of the donor (left) and the acceptor (right)
sites of two subtypes U2-type introns with GT-AG
(Figures 2a-d) and GC-AG (Figures 2e-h) terminal
dinucleotides are shown for pairwise comparison.

Although the pictograms of GT-AG and
GC-AG subtypes are significantly different (Figure
2¢, d, g h), the hydrophobicity profiles are quite
similar. Indeed, nucleotide consensus at the 5’ss of
U2-type introns mainly contain quite hydrophilic
purines when termini are either GT-AG (Figure 2a) or
and GC-AG (Figure 2e).

The consensus sequence for 5'ss motif of U2-type
GT-AG introns corresponds to a perfect base pairing
to the Ul snRNA 5' end, in spite of more conservation
in the exonic nucleotides for 5'ss of U2 GC-AG in-
trons, in comparison with the 5'ss of U2 GC-AG in-

Intron
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trons. In GC-AG introns, the substitution at position
+2 of the 5'ss introduces a mismatch in the Ul: 5'ss
helix. The identity of hydrophobicity coefficients of T
and C that are both hydrophobic pyrimidines appar-
ently compensates the mismatch at position +2 of U2
GC-AG introns. As it is seen from the pictograms 2 C
nucleotide content is highly degenerate at the 5’ss of
U2 GT-AG introns. Indeed, both G and A nucleotides
can be found at its third intronic position. We suggest

that they are competent for splicing since both belong
to purines having small values of hydrophobicity co-
efficients.

Pictograms method, that attempts to point out a
nucleotide consensus, does not show high nucleotide
conservation at the 3’ss among U2 GT-AG (Figure
2d) and GC-AG (Figure 2h). Moreover, the
polypyrimidine track (PPT) of U2-type GT-AG is C-
rich while one of U2-type GC-AG is T- rich.

GT-AG U2-type introns

Intron

‘ -0.8

i
.G%GGC

¢
il

Figure 2. The hydrophobicity profiles and corresponding pictograms for pairwise comparison of the U2-type introns.

We are particularly interested to reveal mecha-
nisms of the competence of both U2-subtypes with
inconsistent 3’ss for splicing machinery. We attempt
to point out a consensus of properties, namely hy-
drophobicity. We show that the 3’ss of both subtypes
of U2-type introns have resembling hydrophobicity
profiles (Figure 2b, f). Intronic nucleotides of both
subtypes of U2-type introns are enriched in
pyrimidines and as a result hydrophobic. Therefore,
our results indicate that the mechanism of functional
regions definition is probably based on recognition of

conserved features, but not only on nucleotide base
pairing.

According to pictograms methods the PPT of
both U2-type GC-AG and U2-type GT-AG start at the
position -30. Using P-values we reveal that the large
P-values corresponding to poly-pyrimidine track only
start at the position -21 in intones of U2-type GT-AG
and at the position -26 in introns of U2-type GC-AG
(Supplementary material).
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Ul 2-type introns

The hydrophobicity profiles and corresponding
pictograms of the donor (left) and acceptor (right)
sites of two subtypes Ul2-type introns with AT-AC
(Figures 3a-d) and GT-AG (Figures 3e-h) termini are
shown for pairwise comparison.

The pictograms of the 5'ss of Ul2-type introns
(Figure 3c, g) show a high degree of conservation and
the large P-values (Supplementary material) at in-
tronic positions +1 to +9. This sequence consensus is
enriched in hydrophobic pyrimidines that are a per-
fect splicing signal intensified by the region, lying to
the right of position +10, with hydrophobicity values
close to the average ones.

Quite high degree of conservation of hydropho-
bicity was found by our method for the BPS of
Ul2-type introns joined to the 3" of introns. Indeed,
the BPS is rich of pirimidines for both Ul2-type
GT-AG and AT-AC. However, we reveal inconstancy

of nucleotide content at positions -14 to -3 at the 3’ss
for U12-type AT-AC and GT-AG as it shown in pic-
tograms (Figure 3d and h).

In order to explain recognition mechanisms of
the U2 and the Ul2 - dependent introns with the
same terminal dinucleotides we compared the hy-
drophobicity profiles of the U2 and the Ul2 - de-
pendent introns (Figures 2a, 3e and 2b, 3f). The 5'ss
profile for Ul2-type GT-AG is different from the
U2-type GT-AG. Indeed, exonic and intronic nucleo-
tides of the 5’ss of U2 - dependent introns have hy-
drophilic purine rich consequence, while 5’ss of U12-
dependent introns match hydrophobic pyrimidine
rich canonical ATCCTTT consensus (plateau in Fig-
ures 3a and e) that succeeds terminal dinucleotides.

The 3'ss profile for Ul2-type GT-AG is different
from the U2-type GT-AG. Ul2-type introns lack ob-
vious PPT at the 3’ss and the BPS lies close to the 3’
end of introns (Figures 2b, 3f and 2d, 3h).

AT-AC Ul2-type introns

2 --0.7

Intron

r-0.7

Intron

1 14

Al G RToRo0g

¢
(60 e

ceE CCCCCCCC 0

G

Figure 3. The hydrophobicity profiles and corresponding pictograms for pairwise comparison of the Ul 2-type introns.
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We suggest our findings partly explain accurate
distinguishing of U2 and U12- types GT-AG by U2
and U12 spliceosomes.

Limitation of hydrophobicity profiles method

The method of hydrophobicity profiles was sug-
gested to visualize the difference between two intron
types and to show similarity of properties, namely
hydrophobicity inside intron types.

Consequently, for estimation of nucleotide con-
sensus Pictogram method is more suitable.

Indeed, when a strong consensus with value A
is found (see Figures 3a, b and f) our large deviation
formula does not give large P-values because hydro-
phobicity value for A is close to the average hydro-
phobicity value. Nevertheless, if we increase the
number (n) of sequences (n), the hydrophobicity val-
ues slowly depart from the average. We plan to im-
prove our P-value approach to deal with this case.
Therefore, the methods of hydrophobicity profiles
and Pictograms are complementary.

Conclusion

We show that there is a similarity of hydropho-
bicity profiles inside intron types. On the one hand,
GT-AG and GC-AG introns belonging to U2-type
have resembling hydrophobicity profiles as well as
AT-AC and GT-AG introns belonging to Ul2-type.
On the other hand, hydrophobicity profiles of U2 and
Ul2-types GT-AG introns are completely different.
Our analysis should be a step forward for a general
understanding of recognition of regions, which are
essential for splicing, by spliceosome and for a dis-
tinction of U2 and Ul2-types of introns. We suggest
that hydrophobicity profiles facilitate definition of
intron type, distinguishing U2 and U12 intron types
and can be used to build programs to search splice
site and to evaluate their strength.

Therefore, our study proves that hydrophobicity
profiles are informative method providing insights
into mechanisms of splice sites recognition.

Supplementary Material
Supplementary Material [http://www.biolsci.org/v05p0013s1.pdf]
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