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Abstract

The importance of U1 snRNA binding free energy in the regulation of alternative splicing has been studied in some genes with
site-directed mutagenesis. Here we report a large-scale analysis of its impact on 5 0 splice site (5 0ss) selection in human genome. The
results show that free energy exerts different effects on alternative 5 0ss choice in different situations and �8.1 kcal/mol is a threshold.
When both free energies of two competing 5 0ss are larger than �8.1 kcal/mol, the 5 0ss with lower free energy is more frequently used.
However, in other pairs of 5 0ss, lower-free-energy 5 0ss does not seem to be favored and even the other 5 0ss is used more frequently,
which suggests that very low binding free energy would impair splicing. Some observations hold true only for those alternative 5 0

splicing with short alternative exons (<50nt), which implies a complex mechanism of 5 0ss selection involving both U1 snRNA bind-
ing free energy and regulatory factors.
� 2005 Elsevier Inc. All rights reserved.
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Alternative splicing (AS) is an important mechanism
to expand proteome diversity and is prevalent among
higher eukaryotes [1–4]. Understanding the regulation
of AS is crucial for many biological issues. In recent
years, several studies have shown critical regulatory
roles of branch site [5], exonic/intronic cis-elements [6–
8], and even coupling with transcription [9,10]. Never-
theless, the mechanism of alternative splice site choice
remains only partially understood and needs both exper-
imental and bioinformatics methods to find out other
underlying rules [2].

Free energy is a measure of binding strength of two
nucleotide sequences or stability of a secondary struc-
ture formed by a single sequence. It takes into account
the differences of different base pairings and stacking en-
ergy [11]. Lower free energy stands for stronger binding
or more stable conformation. It has been shown that
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free energy plays important roles in many biological
processes such as nucleosome formation, enhancement
of translation, and translational regulation [12–14]. Spe-
cifically, free energy is used as a crucial criterion in pre-
dicting miRNA targets [15], whose binding with miRNA
shares some similarity with recognition of splice sites by
snRNAs [4,16]. Therefore, it will be interesting to study
the regulatory role of free energy of snRNAs binding to
splice sites in AS.

Sorek et al. [11] experimented on a few specific alter-
native exons, i.e., those originated from Alu elements,
and observed that free energies of U1 snRNA binding
to 5 0 splice sites (5 0ss) are correlated with the inclu-
sion/exclusion ratios of the exons: lower free energies
can promote the inclusion of the exons. On the other
hand, some groups reported that in constitutive splicing
of some genes, too tight binding of U1 snRNA to 5 0ss
impairs splicing through delayed release of U1 snRNA,
which prevents the formation of the spliceosome�s cata-
lytic core [17,18]. Despite all these results, large-scale

mailto:daulyd@tsinghua.edu.cn


J. Bi et al. / Biochemical and Biophysical Research Communications 333 (2005) 64–69 65
analysis of the role of free energy in regulation of AS is
still lacking and research in this field may provide a gen-
eral view of the effect of free energy.

In this study, we aimed at exploring the effect of U1
snRNA binding free energy on the selection of 5 0ss in
alternative 5 0 splicing. Distribution of free energies of
U1 snRNA binding to alternative 5 0ss was first exam-
ined and then a large-scale statistical analysis was per-
formed to investigate the regulatory role of free
energy. Finally, two examples were given to illustrate
the effect of free energy. The results indicate different
roles of free energy in 5 0ss selection and suggest a free-
energy-dependent regulatory mechanism of AS.
Materials and methods

Data source. Human AS data were downloaded from ASAP
(January 2002 version) [19]. Then alternative 5 0 splicing was identified
and pairs of alternative 5 0ss which are U2-type and canonical ‘‘GT’’
sites were extracted. This raw data set consists of 4275 pairs of alter-
native 5 0ss. For each 5 0ss, the sequence �3 to +8 was selected as the
binding site of U1 snRNA [20]. We also downloaded transcripts sup-
porting each 5 0ss from ASAP and used the number of transcripts as an
estimate of the expression level of a 5 0ss; this method is feasible and
also adopted in other works (e.g. [21]).

Data set generation. It is known that there are many elements
regulating AS. Therefore, in order to evaluate the role of free energy, it
is necessary to reduce influences of other elements as much as possible.
Based on this principle, several steps were taken to organize the data
sets from the raw data.

First, alternative 5 0ss with tissue- and/or developmental stage-
specific expression were discarded because they were more likely to be
regulated by specific regulatory factors.

Second, all transcripts of a pair were restricted to come from the
same tissue in order to make the expression level of two 5 0ss in a pair
comparable and to place both 5 0ss under the same expressing envi-
ronment, where many other possible regulatory elements except free
energy have similar, if not the same, impact on both 5 0ss. Moreover,
this criterion can avoid the bias of estimated expression level caused by
overrepresentation of certain tissues. In practice, normal and tumor
tissues were treated as different ones and if a pair of alternative 5 0ss
express in more than one tissue, it was divided so that each divided pair
corresponds to a single tissue.

Third, in order to reduce the possible influence of enhancer/si-
lencer, pairs of alternative 5 0ss with short alternative exon (SAE,
length of AE <50nt; here, alternative exon, i.e., AE, is defined as the
sequence between two alternative 5 0ss in a pair) were extracted.

In addition, in order to estimate the expression level of a 5 0ss
accurately, the following transcripts were discarded: those not related
to UniLib, those coming from normalized and/or subtractive hybrid-
ized libraries, and those derived from libraries which are pooled from
many tissues or whose tissue sources are ambiguous. In a word, only
those transcripts coming from proper libraries were used to estimate
the expression level. Subsequently, pairs with at least one 5 0ss not
supported by any transcripts were eliminated.

Eventually, 1929 pairs of alternative 5 0ss without AE length con-
straint and 658 pairs with SAE length restriction were generated. They
are the final data sets for analyzing and are referred to as AAE (All
AE) data set and SAE data set in this paper.

Calculation of free energy. Zuker�s hybridization server was adopted
to calculate the free energyofU1 snRNA-5 0ss duplex.The server is based
on the widely used programMfold and is thought to be appropriate for
predicting the free energy of two binding nucleotide sequences [22].
Comparison of free energies and expression levels in a pair. Because
the calculated free energy may not be accurate, the following criterion
was adopted according to the algorithm: if the difference of two free
energies in a pair was no less than 0.6 kcal/mol, the two free energies
were regarded as different; otherwise they are equivalent. On the other
hand, since the estimated expression level may also not be accurate,
one 5 0ss was thought to have a higher expression level than the other if
the number of transcripts supporting this 5 0ss was 1.2-fold as large as
the other; otherwise, they were treated as equal.
Results

Classification of free energies

It has been shown that strong affinity of U1
snRNA for 5 0ss can promote exon inclusion [11] but
there are also evidences that too tight binding of U1
snRNA to 5 0ss hampers splicing [17,18]. After calcu-
lating the free energies of 8550 alternative 5 0ss in the
raw 4275 pairs, we estimated the probability density
of free energies (Fig. 1). From this estimated distribu-
tion, two major peaks can be identified. The highest
peak corresponds to �6.4 kcal/mol while the second
peak is at �9.3 kcal/mol. The free energy value of
the valley between these two peaks is �8.1 kcal/mol.
Therefore, we used �8.1 kcal/mol as a threshold to
classify the free energies into two groups. Further-
more, according to literatures [17,18], the free energies
of those U1-5 0ss duplexes that are deleterious to splic-
ing lie within the range of �9.0 to �12.4 kcal/mol,
while those not hampering splicing are in the range
of �4.8 to �7.1 kcal/mol (Table 1). The coincidence
of these results with the putative threshold
�8.1 kcal/mol indicates that �8.1 kcal/mol is appro-
priate for determining whether a binding is ‘‘too tight’’
or not.

Based on these results, free energies were categorized
as ‘‘normal’’ (P�8.1 kcal/mol) and ‘‘very low’’
(<�8.1 kcal/mol). Because the estimated free energy
may not be accurate, in practice we defined a ‘‘gray re-
gion’’ around �8.1 kcal/mol, i.e., from �7.8 to
�8.4 kcal/mol. 5 0ss with free energies lying in this region
were not considered for analysis. According to this clas-
sification, all pairs of alternative 5 0ss, except those with
free energies lying in the ‘‘gray region’’, were sorted into
three groups: both normal free energies (BN), both very
low free energies (BV), and one normal, one very low
free energies (NV).

Analysis of AAE data set

First, the 1929 pairs of alternative 5 0ss without AE
length constraint (AAE data set) were analyzed. For
each group of BN, BV, and NV, we counted pairs
in which the lower-free-energy 5 0ss has a higher
expression level (more transcripts support) than the



Table 2
Results of AAE data set

Group Observed
lower-more

Observed
higher-more

Expected v2 p value

BN 256 171 213.5 16.9 <0.001
BV 17 31 24 4.08 0.043
NV 341 218 279.5 27.1 <0.001

Numbers in the ‘‘Expected’’ column represent the expected numbers of
pairs of alternative 5 0ss if free energy and expression level is inde-
pendent. See text for further explanation.

Fig. 1. Probability density of U1 snRNA binding free energies estimated from the raw 8550 alternative 5 0ss. The numbers shown with arrows
indicate free energy values of the peaks/valley.

Table 1
Normal and deleterious U1 snRNA-50ss binding in literatures

Category 5 0ss;U1 snRNA Free energy (kcal/mol) Reference

Normal binding CAG/GUAAUCCG;AUACUUACCUG �7.1 [11]
UG/GUAUGUUC;AUACUUACCU �4.8 [12]

Deleterious binding CAG/GUAAGCCG;AUACUUACCUG �9.0 [11]
CAG/GUAAGUCG;AUACUUACCUG �10.5 [11]
CAG/GUAAGUAG;AUACUUACCUG �12.4 [11]
CAG/GUAAGUAU;AUACUUACCUG �12.2 [11]
AG/GUAAGUAU;AUACUUACCU �10.4 [12]

Free energies of U1 snRNA-5 0ss binding that are deleterious to splicing (deleterious binding) and that are not (normal binding) according to
literatures. The sequences of 5 0ss are �3 to +8 or �2 to +8 and the exon–intron boundary is indicated by a slash.
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other 5 0ss and those in which the higher-free-energy
5 0ss has higher expression level. For convenience, the
former type was referred to as ‘‘lower-more’’ (lower-
free-energy 5 0ss having more transcripts) and the latter
as ‘‘higher-more’’ (higher-free-energy 5 0ss having more
transcripts). Then a v2 test was performed in each
group to examine the observed difference between
the amounts of the two types of pairs. The numbers
of pairs and the results of v2 tests are shown in
Table 2. It can be seen from the results that in the BN
and NV groups, there are significantly more ‘‘lower-
more’’ pairs than ‘‘higher-more’’ ones (p value <0.001),
while in BV group, there are more ‘‘higher-more’’ pairs
(p value = 0.043).
Analysis of SAE data set

Using the same statistical methods as described
above, we also analyzed the 658 pairs of alternative



Table 3
Results of SAE data set

Group Observed
lower-more

Observed
higher-more

Expected v2 p value

BN 113 54 83.5 20.8 <0.001
BV 1 8 4.5 — 0.039*

NV 96 87 91.5 0.443 0.506

The structure of this table is the same as Table 2. The p value marked
by an asterisk is calculated by Fisher�s exact test. See text for further
explanation.
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5 0ss with SAE (SAE data set). Table 3 summarizes the
results, from which some differences from the results of
AAE data set can be observed. In BN group, there are
still significantly more ‘‘lower-more’’ pairs than ‘‘high-
er-more’’ ones (p value <0.001), but in NV group, no
significant distinction could be detected (p va-
lue = 0.506). In BV group, the numbers are too small
to perform the v2 test, but there is a tendency that
there are more ‘‘higher-more’’ pairs (p value = 0.039
by Fisher�s exact test). These results indicate that in
BN group, lower-free-energy 5 0ss is preferred, but in
BV group, higher-free-energy 5 0ss seems to be used
more frequently. As to NV group, choice of alternative
5 0ss appears to be independent of free energy.

COPS5 and hAG-2: different effects of free energy

Among the genes examined in this study, the human
COPS5 gene is a well-studied one. COPS5 encodes one
of the eight subunits of COP9 signalosome, which acts
Table 4
Expression pattern of alternative 5 0ss of the COPS5 gene

Tissue Normal/
tumor

Number of transcripts
supporting the
lower-free-energy 5 0ss

Number of transcripts
supporting the
higher-free-energy 50ss

Ovary Tumor 5 2
Kidney Normal 2 1
Kidney Tumor 5 1
Intestine Tumor 10 2

The transcripts counted in this table have been filtered (see Materials
and methods).

Table 5
Expression pattern of alternative 5 0ss of the hAG-2 gene

Tissue Normal/tumor Num
the l

Prostate Tumor 1
Prostate Normal 1
Pancreas Tumor 7
Intestine Tumor 8
Bone marrow From acute myelogenous leukemia patients 1

The transcripts counted in this table have been filtered (see Materials and m
as an important regulator in multiple signaling path-
ways [23]. From ASAP, it can be seen that a pair of
alternative 5 0ss with an 8nt-long AE (belongs to SAE)
exists in this gene. Free energies of this pair of alterna-
tive 5 0ss are �4.0 and �5.5 kcal/mol, which means that
the pair belongs to the BN group. This pair of alterna-
tive 5 0ss is observed to express in four tissues: ovary tu-
mor, normal kidney, kidney tumor, and intestine tumor.
In all these tissues, the 5 0ss with a free energy of
�5.5 kcal/mol always expresses at a higher level than
the other (Table 4).

In contrast, alternative 5 0ss of the human hAG-2 gene
behave differently. The hAG-2 gene is the homologue of
the Xenopus laevis cement gland gene Xenopus anterior
gradient-2 (XAG-2) and has been found to play impor-
tant roles in breast cancer [24]. According to ASAP,
hAG-2 undergoes alternative 5 0 splicing with an 18nt-
long AE (SAE). Free energies of the two 5 0ss are �9.9
and �11.4 kcal/mol, indicating that the pair belongs to
the BV group. Like the case of COPS5, this pair of alter-
native 5 0ss is found to express in many tissues, i.e., pros-
tate tumor, normal prostate, pancreas tumor, intestine
tumor, and bone marrow of acute myelogenous leuke-
mia patients. In these tissues, with only one exception
(pancreas tumor), the higher-free-energy 5 0ss, i.e., the
one with �9.9 kcal/mol free energy, has higher expres-
sion level than the other (Table 5).

From the two genes mentioned above, it can be seen
that the effect of free energy on alternative 5 0ss choice is
different among different groups: in BN group, the low-
er-free-energy 5 0ss is preferred, whereas in BV group, the
higher-free-energy 5 0ss seems to be used more
frequently.
Discussion

In this paper, the effect of free energy on alternative
5 0ss choice was studied. After categorizing pairs of alter-
native 5 0ss into three groups, we observed that the role
of free energy is different among the groups.

It should be noted that the results may be biased
through pooling together different EST libraries corre-
sponding to one tissue. To address this possibility, tran-
scripts supporting a pair of alternative 5 0ss were further
ber of transcripts supporting
ower-free-energy 5 0ss

Number of transcripts supporting
the higher-free-energy 5 0ss

4
3
2
19
2

ethods).
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limited so that they come from the same library. Analy-
ses of the new data yielded almost the same results as be-
fore, except that in BV group, there is no significant
preference although the tendency is the same as before
(data not shown).

The results may also be biased by dividing a pair of
alternative 5 0ss into many pairs according to different
expression conditions. To check this point, only one pair
(the pair with the most transcripts support) was retained
for such divided pairs and then the new data were ana-
lyzed using the same method as before. The results re-
main almost the same, except that the numbers of BV
group are too small to deduce any conclusion (data
not shown).

These results can be interpreted by the two-sided ef-
fects of U1 snRNA binding free energy: although low
free energy can promote the formation of the early splice-
osome complex by efficiently recruiting U1 snRNA, it, if
going beyond a certain range, may also prevent other
indispensable snRNAs from interacting with 5 0ss, which
is deleterious to splicing [17,18]. In SAE data set, if both
free energies of a pair of alternative 5 0ss are not too low,
the lower-free-energy 5 0ss is preferred, for it has higher
affinity for U1 snRNA. However, in pairs where two
5 0ss have normal and very low free energies, respectively,
lower free energy, i.e., very low free energy, could pre-
vent splicing process and counteract the advantage of
higher affinity. The deleterious impact of very low free
energy on splicing is further illustrated in BV group,
which has the reverse tendency that higher-free-energy
5 0ss has a higher expression level.

It should be noted that in AAE data set, where no
constraint is imposed on AE length, the result of NV
group is inconsistent with that of corresponding pairs
in SAE data set. This is possibly due to the wide exis-
tence of regulatory factors such as enhancer and silencer
in the long alternative exons which may weaken the
influence of U1 snRNA binding free energy. These find-
ings imply a complex mechanism of 5 0ss selection involv-
ing both U1 snRNA binding free energy and regulatory
factors. But the degrees of effects of these two regulators
can be different in some alternative 5 0ss. On the one
hand, as our results have shown, some alternative 5 0ss
may be regulated mainly by free energy, which can be
named free-energy-dependent. On the other hand, there
also exist other alternative 5 0ss whose choice is mostly
determined by enhancer/silencer and their regulation
can be called enhancer/silencer-dependent. For example,
in the SAE data set, choice of alternative 5 0ss in NV
group seems to be independent of free energy, which im-
plies that the regulation is not free-energy-dependent but
may involve other mechanisms, say, enhancer/silencer-
dependent regulation.

Though the present work is focused on alternative 5 0

splicing, it can be speculated that free energy may also
play important roles in the choice of alternative 3 0ss
and inclusion/exclusion of cassette exons. Research in
these aspects will possibly give helpful information on
how AS is regulated.

Splice site sequences and enhancers/silencers contain
a great deal of information for determining whether a
site will function in splicing, whereas each of the two
parts alone appears to contain insufficient information
[4]. Consequently, regulation of AS should be studied
from both aspects. Our results show that free energy
of U1 snRNA binding to 5 0ss plays different roles in
the selection of alternative 5 0ss, which suggests that
there might exist a free-energy-dependent mechanism
underlying the regulation of a subgroup of alternative
5 0ss. These results, together with other researches on
cis-regulatory elements, may provide a better under-
standing of the regulatory mechanism of AS.
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