
compared with chromosomal duplication con-
tent (R2 � 0.16). The correlation was due to
intrachromosomal duplications (fig. S5; R2 �
0.20; P � 0.04; F test) and was absent for
interchromosomal duplications (R2 � 0.002).
The three most gene-rich chromosomes showed
high levels of duplication, and the seven most
gene-poor chromosomes were among the least
duplicated chromosomes.

To determine what role recent segmental
duplications have played in current gene evo-
lution, we characterized the gene content in
our filtered set of duplicated genomic se-
quence. We analyzed a highly curated set of
13,351 mRNAs assigned to the human ge-
nome assembly (RefSeq, www.ncbi.nlm.nih-
.gov/LocusLink/refseq.html). We partitioned
exons from each gene into a unique or dupli-
cated sequence on the basis of their map
position (�90% sequence identity). We iden-
tified a total of 7777 exons as being tran-
scribed from recently duplicated sequence,
corresponding to 6.1% of all RefSeq exons
(128,467). This is slightly greater than the
genomic representation of segmental duplica-
tion (5.2%), which confirms that gene-poor
regions have not been preferentially duplicat-
ed. In many cases, a complete complement of
exons was not duplicated. These incomplete
duplicated genes were often found adjacent to
other duplicated cassettes that originated
from elsewhere in the genome. By comparing
our data with human expressed sequence tag
databases, we found evidence for “chimeric”
or fusion transcripts that emerged from the
physical juxtaposition of incomplete segmen-
tal duplications. Although the mechanism for
recent segmental duplications is not under-
stood, the existing data suggest the process
may play a role in exon shuffling associated
with expanding protein diversity. A complete
list of all genes with one more exons within
duplicated genomic sequence is available (8).

To further assess whether specific kinds of
genes or biological processes have been prefer-
entially duplicated, we compared all RefSeq
mRNAs on the basis of their INTERPRO pro-
tein domain classification (Table 2) (table S7)
(23). In this analysis, we considered a gene
duplicated only if all its exons were contained
within a duplicated genomic region. Our anal-
ysis suggests a nonrandom distribution of seg-
mental duplications within the proteome. Genes
associated with immunity and defense (natural
killer receptors, defensins, interferons, serine
proteases, cytokines), membrane surface inter-
actions (galectins, HLA, lipocalins, carcinoem-
bryonic antigens), drug detoxification (cyto-
chrome P450), and growth/development (soma-
totropins, chorionic gonadotropins, pregnancy-
specific glycoproteins) were particularly
enriched. It should be emphasized that our gene
analysis is restricted to genomic segments that
show �90% sequence identity. On the basis of
neutral expectation of divergence, this corre-

sponds to duplications that have emerged over
the last �40 million years of human evolution
(24). Gene duplication followed by functional
specialization has long been considered a major
evolutionary force for gene innovation (25).
Therefore, these genes embedded within recent
genomic duplications may be considered excel-
lent candidates for adaptations specific to pri-
mate evolution.
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Predictive Identification of
Exonic Splicing Enhancers in

Human Genes
William G. Fairbrother,1,2* Ru-Fang Yeh,1* Phillip A. Sharp,1,2

Christopher B. Burge1†

Specific short oligonucleotide sequences that enhance pre-mRNA splicing when
present in exons, termed exonic splicing enhancers (ESEs), play important roles
in constitutive and alternative splicing. A computational method, RESCUE-ESE,
was developed that predicts which sequences have ESE activity by statistical
analysis of exon-intron and splice site composition. When large data sets of
human gene sequences were used, this method identified 10 predicted ESE
motifs. Representatives of all 10 motifs were found to display enhancer activity
in vivo, whereas point mutants of these sequences exhibited sharply reduced
activity. The motifs identified enable prediction of the splicing phenotypes of
exonic mutations in human genes.

Human genes are generally transcribed as
much longer precursors, typically tens of ki-
lobases in length, from which large introns

must be precisely removed and flanking ex-
ons precisely ligated to create the mRNA that
will direct protein synthesis. Sequences
around the splice junctions—the 5� and 3�
splice sites (5�ss and 3�ss)—are clearly im-
portant for splice site recognition. However,
these signals appear to contain only about
half of the information required for exon and
intron recognition in human transcripts (1).
The sequence or structure context in the vi-
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cinity of the 5�ss and 3�ss motifs is known to
play an important role in splice site recogni-
tion (2–4). ESE sequences, which enhance

splicing at nearby sites (5), are an important
component of this context.

Exonic enhancers have been identified

through the analysis of disease alleles (6), by
site-directed mutagenesis of minigene con-
structs, and by protocols based on SELEX
(Systematic Evolution of Ligands by EXpo-
nential enrichment) to identify sequences
with enhancer activity from a pool of random
sequences (7–11). These methods initially
characterized ESEs as purine-rich sequences,
but additional classes of AC-rich motifs and
pyrimidine-rich motifs have since emerged
(7, 10).

Our strategy for identifying human ESE
sequences was to first develop a statistical/
computational method to predict the ESE activ-
ity of oligonucleotide sequence motifs, to apply
this method to large data sets of human genom-
ic sequences, and then to test representatives of
each predicted motif by means of an in vivo
splicing assay. At the heart of this approach is a
sequence analysis method that we call
RESCUE (Relative Enhancer and Silencer
Classification by Unanimous Enrichment).
RESCUE identifies the set of oligonucleotide
motifs that enhance or repress a particular bio-
chemical process; it consists of four steps: (i)
Identify two or more statistical “attributes” that
should be manifested by sequences that en-
hance (or, alternatively, repress) the biochemi-
cal activity of interest. (ii) Use a statistical
power calculation to determine an oligonucleo-
tide “word” size k appropriate for the amount of
data available. Then represent all possible oli-
gonucleotides of size k by points in a multidi-
mensional space, the axes of which represent
the attributes chosen in the previous step. (iii)
Define a region in this space corresponding to
“unanimous enrichment” (i.e., significantly
high values of all of the chosen attributes) and
identify clusters of similar sequences that fall in
this region. (iv) Align the sequences in each
cluster to produce motifs, and test representa-
tive sequence(s) from each motif and appropri-
ate point mutants with the use of a suitable
functional assay.

A large body of work suggests that ESEs
are located in the general vicinity of splice
sites (12). Unlike transcriptional enhancers,
ESEs function in a strongly position-depen-
dent manner, enhancing splicing when
present downstream of a 3�ss and/or upstream
of a 5�ss (13), but often repressing splicing
when present in intronic locations (14, 15).
These observations suggest that, as one at-
tribute, ESE sequences should be strongly
selected for in constitutively spliced exons
and generally avoided in intronic sequences
near splice sites.

Moreover, ESEs can compensate for the
presence of “weak” (nonconsensus) 5� or 3�
splice signals in exons, and strengthening of
the splice sites of an enhancer-dependent
exon generally eliminates enhancer depen-
dence (16). Therefore, we conjecture that ex-
ons with nonconsensus splice sites (“weak
exons”) are under much stronger selective

Fig. 1. Schematic of RESCUE-ESE approach. Exon-intron structures of human genes are derived by
spliced alignment of cDNAs to the assembled genomic sequence, and splice sites are scored as
described (17). Values of �EI (scaled difference in frequency between exons and introns) and �WS
(scaled difference in frequency between weak and strong exons) are calculated as described for
each of the 4096 possible hexanucleotides (17). Each hexamer is then represented by a colored
letter at the point (�EI, �WS) in the scatterplot. The letters are chosen to reflect the base
composition of the hexamer according to IUPAC nomenclature (e.g., hexamers containing only A
and G are represented by the letter “r”). Hexamers containing homonucleotide runs of three or
more bases (e.g., AAA) are represented by capital letters, all other hexamers by lowercase letters.
Each letter is colored proportional to the relative content of A (red), C (green), G (blue), and T
(black) of the hexamer. Hexamers (6mers) satisfying �EI � 2.5 and �WS � 2.5 (upper right portion
of first quadrant) are predicted to have ESE activity. As a test of ESE activity, a 19-base “extended
exemplar” sequence containing the hexamer in its natural context in a weak exon is chosen and
inserted into the SXN splicing reporter construct as indicated. SXN is a �-globin–derived minigene
with deleted translation start codon. A point mutant predicted to disrupt ESE activity is also chosen,
generally the single-base mutant that is farthest to the left and below the predicted ESE hexamer
in the scatterplot. Transient transfection of the reporter construct followed by quantitative RT-PCR
with flanking primers is used to assay inclusion of the test exon for the candidate ESE and its
mutant.
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pressure to retain ESEs than are exons with
consensus splice sites (“strong exons”), re-
sulting in a significantly higher frequency of
ESEs in weak exons than in strong exons.

Available full-length cDNA sequences
were aligned to the assembled human ge-
nome by means of the spliced alignment al-
gorithm that is part of the “Genoa” gene
annotation script (17). Reliable full-length
alignments were obtained with this approach
for 4817 human genes containing 31,463 in-
trons and 28,933 internal exons. Position-
specific log-odds score matrices were then
used to score the 5�ss and 3�ss of these exons,
and the distributions of 5�ss and 3�ss scores
were used to partition exons into categories
on the basis of the strength of their splice
sites: “weak 5� exons” (bottom 25% of 5�ss
scores), “strong 5� exons” (top 25% of 5�ss
scores), with “weak 3� exons” and “strong 3�
exons” defined analogously.

Application of the RESCUE-ESE method
to this set of human genes is illustrated in Fig.
1. A power calculation dictated the use of a
word size of six nucleotides, which is com-
parable in size to the binding sites of many
known RNA binding factors (17). In step
two, each of the 4096 oligonucleotides of
length six was assigned two scores: �EI, the
scaled difference between the frequency of
occurrence of the hexamer in exons and the
frequency of occurrence near splice sites in
introns (scaled in standard deviation units);
and �5WS, the scaled difference between the
frequency of occurrence of the hexamer in
weak 5� exons and its frequency in strong 5�
exons (SD units), with �3WS defined analo-
gously for weak 3� exons versus strong 3�
exons. Each hexamer was then represented
by a point in the plane with coordinates (�EI,
�5WS) for identification of sequences that
enhance 5�ss recognition (5�ESEs) (Fig. 2A).
Alternatively, each hexamer was represented
by the point (�EI, �3WS) for identification
of sequences that enhance 3�ss recognition
(3�ESEs) (Fig. 2B). A statistical significance
threshold of 2.5 standard deviations above
the mean (corresponding to a P value of
�0.01) was then applied to each axis inde-
pendently; that is, any hexamer for which
both �EI � 2.5 and �5WS � 2.5 is predicted
to be a 5�ESE, and any hexamer with both
�EI � 2.5 and �3WS � 2.5 is predicted to be
a 3�ESE (hexamers in the upper right portion
of the first quadrant in the scatterplots). The
requirement that each hexamer exceed
thresholds in two separate dimensions, both
with P � 0.01, represents essentially a Bon-
ferroni-type correction for multiple compari-
sons: Because 4096 different tests are being
performed, the combined P value is set to
�(0.01)2 � 10�4, giving an expectation of
less than one false positive hexamer.

These criteria identified 103 different hex-
amers as candidate 5�ESEs and 198 hexamers

as candidate 3�ESEs. These two sets overlap
fairly extensively, with 63 of the 103 predict-
ed 5�ESEs also contained in the set of pre-
dicted 3�ESEs, which suggests that many en-
hancers may be capable of acting at both
splice sites [e.g., (13)]. The total number of
hexamers predicted to display either 5� or 3�
ESE activity was 238 out of the 4096 possible
hexamers, about 6% of the total, consistent
with the notion that ESEs are quite common.

In step three of the RESCUE procedure,
predicted 5�ESE and 3�ESE hexamers were
clustered on the basis of sequence similarity,
and the hexamers in each cluster were multiply
aligned using CLUSTALW (18) to identify
candidate enhancer motifs (fig. S3) (17). This
procedure yielded a total of five 5�ESE motifs
(Fig. 2A) and eight 3�ESE motifs (Fig. 2B).
Three of the five 5�ESE motifs—5A, 5B, and
5C—are significantly similar to 3�ESE motifs
3G, 3A, and 3D, respectively, so the three pairs
5A/3G, 5B/3A, and 5C/3D were considered to

represent just three distinct classes, each com-
prising the union of the pair of similar hexamer
clusters (17). The total number of distinct can-
didate enhancer motifs identified by RESCUE-
ESE was therefore 10.

In the final step of the RESCUE proce-
dure, representatives of these candidate en-
hancer motifs were tested for ESE activity in
a splicing reporter construct. For each cluster
of predicted ESEs, a representative hexamer
was chosen—referred to as the “exemplar” of
the class. To place each exemplar hexamer in
its natural context, we screened our human
spliced gene database for an occurrence of
each exemplar hexamer in a weak 5� exon
(bottom 10% of 5�ss scores) or weak 3� exon
(bottom 10% of 3�ss scores), as appropriate.
A slightly longer region of sequence centered
on the exemplar—referred to as the “extend-
ed exemplar”—was then chosen from this
exon and inserted into the reporter construct
described below. The extended exemplar

Fig. 2. RESCUE-ESE prediction of 5� and 3� ESEs in human genes. (A) Scatterplot for prediction of
5�ESE activity. Hexamers are represented by colored letters as described in Fig. 1. Simplified
dendrogram shows clustering of 5�ESE hexamers (total of 103 hexamers with �EI � 2.5 and
�5WS � 2.5) into five clusters of four or more hexamers. (B) Scatterplot for prediction of 3�ESE
activity. Simplified dendrogram shows clustering of 3�ESE hexamers (total of 198 hexamers with
�EI � 2.5 and �3WS � 2.5) into eight clusters of four or more hexamers. Complete dendrograms
of all hexamers are shown in fig. S3. The aligned sequences in each cluster are represented as
Pictograms (http://genes.mit.edu/pictogram.html). Cluster labels (e.g., 3B, 5A/3G) are listed to the
right of each Pictogram, with the total number of hexamers in the cluster indicated in parentheses.
Clustering and alignment were performed as described (17).
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sequences comprise the 19-base region ex-
tending from six bases 5� of the exemplar
hexamer to seven bases 3� of the exemplar
hexamer (Fig. 1).

The splicing enhancer activity of each ex-
tended exemplar sequence was then assessed by
measuring its ability to “rescue” splicing of
exon 2 of the reporter construct, pSXN (7).
SXN exon 2 is only 32 bases long, including the
19-base insert. Previously, this exon was ob-
served to be predominantly skipped for most
random insert sequences tested. This failure to
be included is reversed when the exon is length-
ened, when a splicing enhancer is present, or
when the 5�ss, the branch point, or the poly-
pyrimidine tract is improved (fig. S1) (19–21).
Because strengthening either the 5�ss or 3�ss
consensus sequence of SXN exon 2 or inserting
an ESE causes exon inclusion, we reasoned that
this exon would be a suitable reporter system
for testing the activity of candidate 5�ESEs as
well as candidate 3�ESEs.

It was of particular interest to assess the
ability of the RESCUE approach to predict
ESE-disrupting mutations. Therefore, for
each exemplar hexamer, a single-base mutant
was chosen that was predicted to lack en-
hancer activity [i.e., did not fall in the ex-
treme upper right (“unanimous enrichment”)
region of the scatterplot]. Typically, the sin-
gle-point mutant farthest “southwest of ” (to
the left and below) the exemplar in the scat-
terplot was chosen. A “mutant” extended ex-
emplar sequence containing just this single
base change was then generated for each
extended exemplar and inserted into the same
cloning site in the SXN minigene. Constructs
containing the extended exemplars and mu-
tants were transiently transfected into HeLa
cells, and the splicing phenotype was assayed
by quantitative reverse-transcription poly-
merase chain reaction (RT-PCR) (see fig. S2
for protocol and quantitation curves).

An initial set of experiments evaluated
the robustness of the approach with respect
to differences in the local context of the
exemplar hexamer. For this purpose we
focused on a representative hexamer,
GAAGAA, chosen from the large purine-
rich 5C/3D cluster of predicted enhancers
(Fig. 2). The consensus sequences for these
clusters and the chosen exemplar are simi-
lar to the classical “GARGAR” enhancer
(R represents either purine nucleotide, A or
G). Occurrences of GAAGAA were identi-
fied in three exons with weak splice sites,
generating extended exemplar sequences GAA-
GAA.1, GAAGAA.2, and GAAGAA.3, which
lack appreciable similarity other than the
shared hexamer GAAGAA (Fig. 3). All three
extended exemplars conferred high levels of
inclusion on the test exon, ranging from
�50% for GAAGAA.3 to �70% for GAA-
GAA.1 (see fig. S4 for representative gels).
All three of these extended exemplars con-

tained additional purine-rich hexamers
overlapping the central GAAGAA hex-
amer, which were also predicted to have
enhancer activity by RESCUE-ESE (indi-
cated by the vertical blue bars in Fig. 3).
Next, the mutation G4�T was introduced
into each extended exemplar [i.e., each cen-
tral GAAGAA hexamer was mutated to
GAATAA, a hexamer that falls far “south-
west” of GAAGAA in the scatterplots and is
predicted to lack ESE activity (see Fig. 4,
motif 5C/3D)]. This mutation also disrupts
many or all (for GAAGAA.3) of the overlap-
ping RESCUE-ESE hexamers. As predicted,
this mutation produced sharply reduced lev-
els of inclusion in each of the three contexts,
ranging from �5% to �30% of the wild-type
level (Fig. 3). Taken together, these data sug-
gest that different occurrences of the same
exemplar tend to be qualitatively similar in
their ability to enhance splicing and in their
response to specific point mutations, but that
the precise level of ESE activity depends
on local sequence context. Another muta-
tion predicted to disrupt ESE activity of
GAAGAA, A2�T (Fig. 3, M2), also gave

reduced levels of exon inclusion in the
context of GAAGAA.3. On the other hand,
the mutation A5�C (Fig. 3, M3) is predict-
ed to preserve ESE activity because it con-
verts GAAGAA to GAAGCA, another pre-
dicted ESE hexamer, and this mutation
slightly increases exon inclusion in the con-
text of GAAGAA.3 (Fig. 3). These data
anecdotally suggest that RESCUE-ESE can
accurately predict which mutations will
disrupt the enhancing activity of an ESE;
some evidence for this conclusion is dis-
cussed below.

To assess the degree to which different
exemplar hexamers from the same cluster
would have similar ESE activity, we chose a
quite different exemplar, AGAAAC, from the
same 5C/3D cluster as GAAGAA. The ex-
tended exemplar AGAAAC.1 also displayed
ESE activity in the range observed for the
different extended exemplars of GAAGAA
(Fig. 3). However, the mutation G2�T, pre-
dicted to disrupt the activity of AGAAAC,
gave only a moderate (�27%) reduction in
exon inclusion, from �75% to �55%. This
remaining ESE activity might be attributable

Fig. 3. Analysis of ESE activity for predicted enhancers of class 5C/3D. Upper panel: Extended
exemplar sequences for three occurrences of the GAAGAA exemplar and one occurrence of the
AGAAAC exemplar. All extended exemplars derive from arbitrarily selected occurrences of the
exemplar in human exons with weak splice sites, as described in the text. Gene name and exon
number are listed above each sequence. GenBank accession numbers for the mRNAs are as follows:
XM_046769 (GAAGAA.1), XM_010365 (GAAGAA.2), AF212232 (GAAGAA.3), and BC020651
(AGAAAC.1). Predicted ESE hexamers in each extended exemplar are indicated by blue bars above
the sequence. Point mutations introduced into these sequences are shown in red, with predicted
ESE hexamers in the mutant sequence shown by blue bars below the sequence. Each mutant is
labeled by a red M if the mutation is predicted to disrupt ESE activity, or by a blue M if the mutant
sequence is predicted to retain ESE activity. Total RNA extracted from HeLa cells was amplified by
RT-PCR after transient transfection with the SXN reporter containing the indicated insert. Radio-
labeled products were analyzed by polyacrylamide gel electrophoresis and visualized using a
phosphorimager. (Representative autoradiographs are shown in fig. S4.) Bottom panel: Percent
inclusion for each construct was calculated as the ratio of the intensity of the upper band (including
exon 2) to the sum of the intensities of the upper and lower bands. All transfections were
performed at least twice. The height of the colored bar indicates the average of all measurements;
horizontal black lines indicate the minimum and maximum inclusion values observed.
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to the retention of two predicted ESE hexa-
mers in the mutated AGAAAC.1 sequence
(Fig. 3), although this was not tested. This
example underscores the difficulty in inter-
preting the results of mutations in sequences
containing additional predicted ESE hexa-
mers. To rigorously test the predictions of the
RESCUE-ESE method, we used sequences
specifically chosen to contain exactly one
predicted ESE hexamer (or zero, in the case
of mutant sequences) in all other experiments
reported here.

One exemplar and a corresponding ex-
tended exemplar were chosen from each of
the 10 motifs for testing in the reporter con-
struct. Only 19-nucleotide oligomers contain-
ing a single RESCUE-ESE–predicted hex-
amer in the middle were considered (table
S1). Although this restriction might result in
a bias toward selection of weaker enhancers,
it was considered essential in order to avoid
complications in interpreting the splicing
phenotypes of sequences containing overlap-
ping or adjacent predicted ESEs. For each
motif, a single-base mutant predicted to dis-
rupt the ESE activity of the exemplar hex-
amer was chosen as described above, intro-
duced into the extended exemplar sequence,
and cloned into the reporter construct. The 10
predicted enhancer and mutant constructs
were transiently transfected and assayed for
splicing as before (Fig. 4).

All 10 of the predicted enhancers (blue
bars) displayed ESE activity in the reporter
system, ranging from weakly enhancing
(�20% inclusion for 5B/3A and 3B) to
strongly enhancing (�60 to 80% inclusion,
for 5D and 3E). In addition, for 9 of 10
classes of enhancer tested, the predicted ESE

sequence gave a significantly higher level of
inclusion than the mutant (blue bar higher
than red bar), motif 3F being the only excep-
tion (see fig. S5 for representative gels).
These results demonstrate the effectiveness
of RESCUE-ESE for prediction of the effects
of single base changes on ESE activity. The
different point mutant sequences exhibited
varying levels of inclusion. Mutant 3F gave
comparable inclusion to wild-type 3F en-
hancer. Three other mutants, 3C, 3E, and 3H,
gave about two-thirds the level of inclusion
of the wild-type sequence, indicating that
ESE activity had been only partially im-
paired. On the other hand, the remaining six
mutants all had 10 to 50% of the wild-type
level of inclusion. In absolute terms, these six
mutants had inclusion levels below 20% and
often less than 10%, comparable to that seen
by others for typical random inserts in this
context (7).

In a large set of human exons, slightly
more than 10% of all the hexanucleotides
were found to match RESCUE-ESE hexa-
mers (22), often in overlapping clumps as in
Fig. 3, suggesting that ESEs are very com-
mon in human genes. Counting each overlap-
ping clump as a single enhancer, we found an
average of 5.2 predicted enhancers per exon,
with most exons containing between three
and seven ESEs (20th and 80th percentiles,
respectively). The hexamers in each cluster
typically occurred more frequently in exons
than in introns by a factor of 1.5 to 2 and
more frequently in weak exons than in strong
exons by a factor of 1.3 to 1.4. The average
frequencies of hexamers in each of the 10
RESCUE-ESE motif clusters were compara-
ble or slightly lower in a database of more

than 2000 alternative (skipped) exons than in
our database of constitutively spliced exons
(22); this finding suggests that the motifs we
have identified are involved in recognition of
both constitutively and alternatively spliced
exons.

Some sequences that display ESE activity
were missed by the RESCUE method in its
current form. For example, mutant 3F and
one of the three predicted “neutral” sequenc-
es tested (fig. S5) displayed enhancer activ-
ity but did not contain any RESCUE-pre-
dicted ESE hexamers. Analysis of the three
predicted neutral sequences—19-base seg-
ments that lack predicted ESE hexamers
chosen from exons with weak splice sites—
suggests a possible modification of the cut-
offs used in the RESCUE-ESE protocol.
Specifically, it was found that neutral se-
quence N3 contained a hexamer that was
close to the cutoff for ESEs: The hexamer
CTACGC had �EI � 16.9 (�� 2.5) and
�5WS � 2.2, just below the cutoff. By
contrast, no hexamer in neutral sequence
N1 or N2 had both �EI � 2.5 and �5WS or
�3WS � 1.5, and no hexamer in any of the
neutral sequences had �5WS or �3WS �
2.5. These and other data (22) suggest that
altering the cutoffs used in RESCUE-ESE,
perhaps by increasing the �EI cutoff while
simultaneously reducing the �WS cutoff to
1.5 or 2, might result in improved detection
of ESEs.

A database of published mutationally char-
acterized natural ESE sequences was construct-
ed, and these sequences were searched for
occurrences of the hexamers in each cluster
(tables S2 to S4). Five of the RESCUE-ESE
clusters (5C/3D, 5E, 3C, 3E, and 3F) resemble

Fig. 4. Analysis of ESE activity for 10 classes of predicted enhancers. HeLa
cells were transfected with SXN splicing reporter construct containing
inserts representing all 10 classes of predicted ESEs and point mutants of
these sequences. The extended exemplar sequences used are listed in
table S1. Upper panel: schematic representing �EI and �WS values for
each tested exemplar hexamer (blue E) and point mutant hexamer (red
M) from Fig. 2A or 2B, as appropriate. The label of the predicted ESE
cluster from Fig. 2 is indicated above. Lower panel: Percent inclusion for

each construct, calculated as in Fig. 3. (Representative autoradiographs
are shown in fig. S5.) All transfections were performed at least twice. The
height of the colored bar (blue for predicted ESE, red for mutant
predicted to disrupt ESE activity) indicates the average of all measure-
ments; horizontal black lines indicate the minimum and maximum in-
clusion values observed. The predicted ESE hexamer and point mutant
sequence are shown below the blue and red bars, respectively, with the
mutated base shown in the corresponding color.

R E P O R T S

www.sciencemag.org SCIENCE VOL 297 9 AUGUST 2002 1011



natural ESEs; the other five (5A/3G, 5B/3A,
5D, 3B, and 3H) are not similar to known,
mutationally defined ESEs. Many SELEX
motifs have not been confirmed by mutation-
al analysis and so are not treated as “known”
enhancers here. On the other hand, some
functional SELEX and all binding SELEX
results identify trans-factor interactions,
which are often not known for natural ESEs.
Databases of functional SELEX and binding
SELEX consensus motifs were also con-
structed by surveying the literature (tables
S5 and S6, respectively) and were com-
pared to RESCUE-ESE hexamers. All
“complete” matches spanning either the en-
tire hexamer and/or the entire SELEX motif
are listed in table S1 (e.g., the hexamer
GAAGAA would be counted as a match to
GARGAR, YGARGAR, or ARGAR, but
not to YARGAR). There were matches to
some of the clusters that lacked similarity
to known natural ESEs, as well as several
matches to the purine-rich cluster 5C/3D.
The consensus sequence for cluster 5D,
TC[GT]TC, is a particularly good match
for the functional SELEX motif UCUUC
and also matches fairly well to positions 2
to 6 of the SRp20-binding SELEX motif
YWCUUCAU (Y � C or T; W � A or T).
The cluster 3H consensus (ACT T) also
matches fairly well to two functional
SELEX motifs and to another binding

SELEX motif for SRp20 (table S2). The
match between cluster 3C, consensus GA-
CRA, and the 9G8 binding SELEX motif
AGACKACGAY (K � G or T) is also
reasonable. These similarities suggest plau-
sible and testable trans-factor interactions.

To evaluate the quality of RESCUE pre-
dictions in the context of a natural gene
locus, we considered the published set of
exon mutations that cause exon skipping in
the HPRT gene, mutation of which is asso-
ciated with Lesch-Nyhan syndrome (23,
24). The HPRT cDNA was considered as a
set of overlapping hexanucleotides, each
beginning one base 3� of the beginning of
the previous hexamer. In this representa-
tion, a point mutation disrupts six overlap-
ping hexamers in the wild-type sequence,
creating six new hexamers that are point
mutants of the wild-type hexamers. Simi-
larly, a one-base deletion at a given posi-
tion disrupts six wild-type hexamers and
creates five new ones in their place. Of the
30 HPRT mutations that alter hexamer
composition and cause exon skipping, 16
positions coincide with at least one predict-
ed enhancer motif (Fig. 5). Overall, a total
of 31 predicted ESE hexamers are present
in positions overlapping the mutated posi-
tions in the wild-type sequence, whereas
only seven predicted ESE hexamers are
present in the mutant sequences [P � 0.01

(17)]. For 14 of these cases, all predicted
ESE activity is lost in the mutant sequence,
as compared to only three positions where
mutations create predicted ESEs not
present in the wild-type sequence. This ra-
tio (14/3 � �4.7) of predicted ESE-down
mutations to predicted ESE-up mutations is
higher than that reported recently (43/21 �
�2.0) for an approach using weight matri-
ces based on functional SELEX results [see
table 1 of (25)]. Thus, RESCUE-ESE should
prove useful as a predictive tool for analyzing
the splicing phenotypes of exonic mutations
or polymorphisms associated with human
disease. The general RESCUE approach
could also be applied to identify enhancers or
silencers of other processes such as polyade-
nylation or transcription.
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Microbial Reefs in the Black Sea
Fueled by Anaerobic Oxidation

of Methane
Walter Michaelis,1* Richard Seifert,1 Katja Nauhaus,2

Tina Treude,2 Volker Thiel,1 Martin Blumenberg,1

Katrin Knittel,2 Armin Gieseke,2 Katharina Peterknecht,1

Thomas Pape,1 Antje Boetius,3 Rudolf Amann,2

Bo Barker Jørgensen,2 Friedrich Widdel,2 Jörn Peckmann,4

Nikolai V. Pimenov,5 Maksim B. Gulin6

Massive microbial mats covering up to 4-meter-high carbonate buildups prosper
at methane seeps in anoxic waters of the northwestern Black Sea shelf. Strong
13C depletions indicate an incorporation of methane carbon into carbonates,
bulk biomass, and specific lipids. The mats mainly consist of densely aggregated
archaea ( phylogenetic ANME-1 cluster) and sulfate-reducing bacteria (Desul-
fosarcina/Desulfococcus group). If incubated in vitro, these mats perform
anaerobic oxidation of methane coupled to sulfate reduction. Obviously,
anaerobic microbial consortia can generate both carbonate precipitation and
substantial biomass accumulation, which has implications for our understand-
ing of carbon cycling during earlier periods of Earth’s history.

Until recently, it was believed that only aerobic
bacteria, depending on oxygen as an electron
acceptor, build up substantial biomass from
methane carbon in natural habitats (1). Because
biogenic methane is strongly depleted in 13C, a
worldwide negative excursion in the isotopic
signature of organic matter around 2.7 Ga (1
Ga � 109 years) ago was taken as an argument
for methanotrophy and, consequently, an early
oxygenation of the Earth’s atmosphere (2).
However, recent investigations have shown the

existence of methane-consuming associations
of archaea and sulfate-reducing bacteria (SRB)
in anoxic marine sediments (3, 4).

Microorganisms capable of anaerobic
growth on methane have not been cultivated
so far, and the biochemical pathway of the
anaerobic oxidation of methane (AOM) re-
mains speculative. Analyses of depth profiles
and radiotracer studies in marine sediments
(5, 6 ) as well as molecular (7–10) and petro-
graphic studies (11) argue for AOM (12) as a
crucial process that channels 13C-depleted
methane carbon into carbonate and microbial
biomass. Through AOM mediated by consor-
tia of archaea and SRB, methane is oxidized
with equimolar amounts of sulfate, yielding
carbonate and sulfide, respectively (13). Gen-
eration of alkalinity favors the precipitation
of methane-derived bicarbonate according to
the following net reaction:

CH4	SO4
2�	Ca2	3CaCO3	H2S	H2O

Here, we provide evidence that vast amounts
of microbial biomass may accumulate in an
anoxic marine environment because of the
use of methane as an electron donor for sul-

fate reduction (SR) and as an organic carbon
source for cell synthesis.

In the northwestern Black Sea, hundreds of
active gas seeps occur along the shelf edge west
of the Crimea peninsula at water depths be-
tween 35 and 800 m (14). At some of the
shallow Crimean seeps, microbial mats were
found associated with isotopically light carbon-
ates. Aspects of the microbiology, sedimentol-
ogy, mineralogy, and selected biomarker prop-
erties of these deposits were recently described
(11, 15–17). We explored the seeps on the
lower Crimean shelf with the manned submers-
ible JAGO from aboard the Russian R/V Pro-
fessor Logachev. During dives to a seep area at
44°46�N, 31°60�E, we discovered a reef con-
sisting of up to 4-m-high and 1-m-wide micro-
bial structures projecting into permanently an-
oxic bottom water at a depth around 230 m
(Fig. 1A). These buildups are formed by up to
10-cm-thick microbial mats that are internally
stabilized by carbonate precipitates (Fig. 1A).

From holes in these structures, streams of
gas bubbles emanate into the water column
(Fig. 1A). The gas contains about 95% meth-
ane [see supporting online material (SOM)].
In cross section, the outside of the soft mat
has a dark gray to black color (Fig. 1B).
Inside the structure, most of the mat is pink to
brownish. The interior rigid parts are porous
carbonates (aragonite and calcite with up to
14% MgCO3). Much of the structures con-
sists of interconnected, irregularly distributed
cavities and channels filled with seawater and
gases. Apparently, the cavernous structure of
these precipitates enables methane and sul-
fate to be transported and distributed through-
out the massive mats. Smaller microbial
structures and nodules from nearby areas
were of the same morphology, with compact
mat enclosing calcified parts and cavities.
Obviously, the microorganisms do not grow
on preformed carbonates but induce and
shape their formation. Stable carbon isotope
analyses of the carbonates yielded 
13C val-
ues ranging from �25.5 to �32.2 per mil
(‰) [for methods, see (11)]. Compared with
the 
13C values of dissolved inorganic carbon
in the Black Sea water column from 	0.8‰
at surface to �6.3‰ at depth (18), these
values indicate that a major portion of the
carbonate originates from the oxidation of
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Supporting Online Material for Fairbrother et al.

Materials and Methods

Data. The dataset of 31,463 introns and 28,933 internal exons of 4,817

nonredundant transcripts was obtained by aligning all full-length Refseq cDNA

sequences from GenBank Release 122 (Feb., 2001) to the assembled human genome

(NCBI Feb., 2001 assembly) using the spliced alignment program mRNAvsGen (L. P.

Lim and C. B. B., unpublished). Similar genes (BLASTP E-value < 10-5), alternatively

spliced exons supported by multiple overlapping cDNA alignments, and introns matching

the extended consensus splice signals of U12-type introns were excluded from this set.

Only the first/last 200 bp of intron and exon sequences were analyzed for their sequence

composition. Exon and intron sequences less than 200 bases long were considered in their

entirety.

Splice site scoring. The 31,463 human 5´ splice site sequences in our dataset

were aligned over the positions [-3,+6] relative to the exon-intron junction to generate a

position-specific log-odds score matrix M5. Entry mi,j in this matrix was set equal to

log2 pij/qij (measured in bits) where pij is the frequency of nucleotide j ∈{A,C,G,T} at

position i ∈{-3,-2,-1,+1, …,+6}, and qij is the “background” human transcript sequence

composition for nucleotide j (A=0.27,C=0.21,G=0.22,T=0.30), independent of i. The

score of a 5´ splice site sequence S is then defined as Σ mi,s(i), where s(i) is the nucleotide

at postion i of sequence S, and the sum is taken for i ranging over the set {-3,-2,-1,+1,

…,+6}. The score matrix for the 3´ss sequence was derived similarly, using the region [-



22,+2] relative to the intron-exon junction, and was used to score individual 3´ss

sequences. Under this scheme, the 5´ss of human genes has an average score of 8.2 bits,

and the 3´ss score averages 9.0 bits. We defined the weak/strong splice site cutoffs using

the first (25%) and third (75%) quartiles of all splice site scores; the cutoffs were (6.5,

10.0) bits for 5´ss and (7.0,11.3) bits for 3´ss.

Power calculation. Assume that the frequency (no. of occurrences per base) of a

k-mer oligonucleotide sequence is f in set 1 consisting of n1 sequences of average length

L1, and the frequency is df in set 2 consisting of n2 sequence of average length L2 (d a

positive constant). Then allowing a false positive rate of α, the power β of the z-test to

test the null hypothesis that d=1 is 1 − Φ −1Φ (1 −α) − df − f

(
1
n1

+
1

n2

)
n1 f + n2df

n1 + n2

(1−
n1 f + n2df

n1 + n2

)
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where Φ is the cumulative distribution function for the standard normal distribution and

Φ−1 is its inverse function. With 28,933 exons of average length 150 bp and 31,463

introns, each contributing ~200 bp of sequence near the splice site, we have power

β≥0.99 to detect a difference of 1.5-fold or greater (d≥1.5) for a hexamer with frequency f

= (0.2)6 (a representative value which is less than or equal to the frequencies of most

hexamers), allowing a false positive rate α=0.01 for both ∆EI and ∆WS. The power drops

substantially for k-mers longer than six.

The frequency (no. of occurrences per base) of individual hexamers within 200 bp

of the splice sites were analyzed, excluding the positions [-5,+5] relative to the 5´ss and

the positions [-20,+5] relative to the 3´ss which overlap the splice signal motifs

themselves. Consider an exon dataset containing NE exonic positions within 200 bases of



the splice site, and a corresponding intron dataset of size NI. Then for a hexamer with

frequency of occurrence fE in the exon dataset, and frequency fI in the intron dataset,

∆EI = 

���� JJ
11

II
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−+

−

1
11

, where 
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11

I1I1
J

+
+

= . ∆3WS and ∆5WS are defined

similarly, with the set of exons replaced by the set of exons with weak 3´ss (respectively,

weak 5´ss), and the set of introns replaced by the set of exons with strong 3´ss

(respectively, strong 5´ss).

 Clustering and alignment. Motifs were derived from a set of candidate ESE

hexamers filtered by ∆EI and ∆5WS for 5´ESEs or by ∆EI and ∆3WS for 3´ESEs, using

the following procedure. Each pair of candidate 5´ESE hexamers was assigned a

dissimilarity distance defined as the number of shifts plus the number of mismatches in

the best local alignment of the two hexamers, e.g., the hexamers TCCGGA and

CCAGAT have a dissimilarity of 2 (one mismatch + one shift), representing the

alignment TCCGGA-/-CCAGAT. The resulting dissimilarity matrix was then used to

cluster the hexamers using standard average linkage hierarchical clustering implemented

in the R statistical package running under Solaris [http://lib.stat.cmu.edu/R/CRAN].

Clusters of hexamers were defined using a dissimilarity cutoff of 2.7 in the dendogram

(Fig. S3). This cutoff was chosen as the midpoint of the range of dissimilarity values over

which clusters remained stable for the longest duration. The hexamers in each cluster of 4

or more members were then aligned using ClustalW with default parameters. A

frequency matrix and Pictogram [http://genes.mit.edu/pictogram.html] were then

generated for each motif, using pseudocounts to pad edge positions not present in all

sequences.



Motif Comparison. Motifs were compared using a generalized dissimilarity

distance similar in concept to that used in the clustering procedure. Given two motifs of

lengths p and q, respectively, described by frequency matrices F = [fij ; i = 1,…,p; j

∈{A,C,G,T}] and G = [gij ; i = 1, …, q ; j ∈{A,C,G,T}], the distance is defined as the

sum of the mismatch scores in the best local alignment. The mismatch score for an

aligned position (h,k) is defined as 
1

2
Σj∈{A,C,G,T} | fhj - gkj |, and the distance between a pair

of motifs was defined as the sum of the scores of all aligned positions. Cases where a

position in one motif aligned to a position beyond the 5´ or 3´ end of the other motif were

handled by treating the missing frequency vectors as uniform (fA=fC=fG=fT=0.25). Using

this definition of motif distance, motif pairs (5A/3G), (5B/3A), and (5C/3D) were

significantly similar with distance less than 2.0.

HPRT mutation analysis. Statistical significance of the correlation between

predicted ESE hexamers and exon-skipping mutations in the HPRT locus was determined

by repeating the analysis shown in Fig. 5 with 1,000 sets of 238 randomly chosen

hexamers in place of the RESCUE-ESE set. The value P<0.01 was determined as the

fraction of random sets which yielded a higher ratio of predicted ESEs in the wild type

versus mutant sequences overlapping the sites of mutation than the ratio (31/7) observed

for the RESCUE-ESE hexamers.



Legends to Supporting Figures

Fig. S1. The effect of exon size on splicing. Progressively larger windows of the
GAAGAA.3 enhancer (Fig. 3) or its point mutant were introduced into the test exon of
the pSXN minigene to create a series of reporter constructs with the length of exon 2
varying from 28 to 40 nucleotides, as indicated. These reporters were transfected into
HeLa cells, analyzed by RT-PCR, and the inclusion phenotype quantitated by
phosphorimager, as described in the Fig. S2 legend. Upper arrow: PCR product including
exons 1-4 of SXN. Lower arrow: product including exons 1, 3 and 4 of SXN only. The
identities of the bands were confirmed by sequencing. The PCR primers used throughout
this work were as follows. Forward primer: 5´-ACCATTCACCACATTGGTGTG.
Reverse primer:
5´-AGCCGCCCACCATGGTCTTCC

Fig. S2. Quantitative RT- PCR protocol. Total RNA extracted from HeLa cells
transfected with a control splicing reporter that predominantly includes exon 2 (40-36)
was mixed in varying proportions with total RNA extracted from HeLa cells transfected
with a control splicing reporter that predominantly skips exon 2 (40-T). Upper panel:
These template mixtures were reverse transcribed (RETROscript, Ambion Co.) and
amplified by an 18 cycle PCR with 50 picomoles of a radiolabeled forward primer. The
primers used for all PCR The resulting product was analyzed via PAGE and quantitated
by phosphorimager. Upper black arrow indicates product containing exons 1-4; lower
gray arrow indicates product containing exons 1, 3, 4 only. Lower panel: % inclusion,
calculated as the ratio of the intensity (cpm) of the upper band (including exon 2) to the
sum of the intensities of the upper and lower bands, is plotted against the ratio of 40-36 to
40-36 + 40-T constructs transfected. Data for the two experiments shown above are given
(green boxes, first experiment, purple, second experiment).

Fig. S3. Detailed RESCUE-ESE predictions of 5´ and 3´ ESEs in human genes. This
figure represents a more detailed version of Fig. 2, including the full dendograms used to
identify ESE clusters and motifs. (A) Scatter plot for prediction of 5´ESE activity. (B)
Scatter plot for prediction of 3´ESE activity. Hexamers are represented by colored letters
as described in the legend to Fig. 1. (C) Dendogram of 5´ESE hexamers (total of 103
hexamers with ∆EI > 2.5 and ∆5WS > 2.5), constructed as described in online Materials
and Methods. Five 5´ESE clusters of four or more hexamers were identified. (D)
Dendogram of 3´ESE hexamers (total of 198 hexamers with ∆EI > 2.5 and ∆3WS > 2.5).
Eight 3´ESE clusters of four or more hexamers were identified. The aligned sequences in
each cluster are represented as Pictograms [http://genes.mit.edu/pictogram.html].

Fig. S4. Analysis of ESE activity for predicted enhancers of class 5C/3D with
autoradiographs. This figure is a version of Fig. 3, including representative autorads.
Upper panel: Extended exemplar sequences for three occurrences of the GAAGAA
exemplar and one occurrence of the AGAAAC exemplar are shown. All extended
exemplars derive from arbitrarily selected occurrences of the exemplar in human exons
with weak splice sites, as described in the text. Gene name and exon number are listed



above each sequence. GenBank accession numbers for the mRNAs are as follows:
XM_046769 (GAAGAA.1), XM_010365 (GAAGAA.2), AF212232 (GAAGAA.3),
BC020651 (AGAAAC.1). Predicted ESE hexamers in each extended exemplar are
indicated by blue bars above the sequence. Point mutations introduced into these
sequences are shown in red, with predicted ESE hexamers in the mutant sequence shown
by blue bars below the sequence. Each mutant is labeled by a red M if the mutation is
predicted to disrupt ESE activity or a blue M if the mutant sequence is predicted to retain
ESE activity. Middle panel: RT-PCR of total RNA extracted from HeLa cells transiently
transfected with the SXN reporter containing the indicated insert. Radiolabeled products
were analyzed by PAGE and visualized using a phosphorimager. Upper black arrow
indicates product containing exons 1-4; lower gray arrow indicates product containing
exons 1, 3, 4 only. Bottom panel: % inclusion for each construct was calculated as the
ratio of the intensity of the upper band (including exon 2) to the sum of the intensities of
the upper and lower bands. All transfections were performed at least twice. The height of
the colored bar indicates the average of all measurements – horizontal black lines indicate
the minimum and maximum inclusion values observed.

Fig. S5. Analysis of ESE activity for ten classes of predicted enhancers with
autoradiographs. This figure is a version of Fig. 4, including representative autorads.
HeLa cells were transfected with SXN splicing reporter construct containing inserts
representing all ten classes of predicted ESEs and point mutants of these sequences. The
extended exemplar sequences used are listed in Table S1. (A) Upper panel: schematic
representing ∆EI and ∆WS values for each tested exemplar hexamer (blue E) and point
mutant hexamer (red M) from Fig. 2A or 2B, as appropriate. Middle panel:
Autoradiograph of radiolabeled RT-PCR product – upper black arrow indicates product
containing exons 1-4; lower gray arrow indicates product containing exons 1, 3, and 4
only. The label for the predicted ESE class from Fig. 2 is indicated above the autorad.
Lower panel: % inclusion for each construct was calculated as the ratio of the intensity of
the upper band (including exon 2) to the sum of the intensities of the upper and lower
bands. All transfections were performed at least twice. The height of the colored bar (blue
for predicted ESE, red for mutant predicted to disrupt ESE activity) indicates the average
of all measurements – horizontal black lines indicate the minimum and maximum
inclusion values observed. The predicted ESE hexamer and point mutant sequence are
shown below the blue and red bars, respectively, with the mutated base shown in color.
(B) Autoradiographs for predicted ‘neutral’ sequences (listed in Table S1). Arrows
indicate product including or excluding exon 2 as above.



Supporting Tables

Table S1. Extended exemplars and predicted neutral sequences tested. The inserts tested
in Fig. 4 are listed. For each exemplar hexamer (col. 2), the corresponding extended
exemplar is given (col. 3), with the exemplar hexamer underlined. The three predicted
neutral sequences are also listed.

Motif Exemplar Extended Exemplar

Predicted ESEs
5A/3G TTGGAT AGTCCCTTGGATATTGCTG

5B/3A GAATCA CTTTCCGAATCATGTGGGC

5C/3D GAAGAA GCCTGTGAAGAATTCTGGT

5D ATCTTC ATTGGGATCTTCACACAGC

5E ACTACA CAAATTACTACAGTTGCAC

3B TTCAGA ACTTATTTCAGAGACCACA

3C GACAAA ACAGTTGACAAATGGGAAC

3E CTGAAG CGCAAGCTGAAGCGTGTCC

3F AATCCA AGCCACAATCCAGAGACCC

Predicted neutral sequences
N1 N/A CCTGGCCGCTGAGCTGGCC

N2 N/A CTATTTCGTGCTCGGAAAG

N3 N/A TCGCCCTACGCACAACCCA



Table S2. Summary of RESCUE-ESE motif comparison to known ESEs. All RESCUE-
ESE hexamers in each motif class were compared to the known enhancers listed in Table
S4, the functional SELEX motifs in Table S5, and the binding SELEX motifs in Table
S6, and the results are listed in columns 3, 4 and 5, respectively. The gene and exon
number are listed for natural ESEs if they contain any hexamers from the given
RESCUE-ESE motif class. Functional and binding SELEX motifs are listed by name and
consensus sequence if any hexamer in the class matched completely, as described in the
text. Details of the comparisons and references are listed in Table S3.

Similar to

Motif  Pictogram Natural ESE Functional SELEX Binding SELEX

5A/3G - SRp40(ACDGS) -

5B/3A - - -

5C/3D

cTNT exon5, fibronectin
EDA, ASLV env 3´

exon, MVM NS2-exon,
Rat β-TM exon 8,

human HPRT exon3,
adenovirus E1A,

 mouse IgM exon M2,
β-globin exon2,

 bGH exon 5

SF2/ASF(SRSASGA),
 Schaal-I-B(GGAGGA),
Schaal-I-C(GGAGA),

Schaal-VI(RGAACYU)

SF2/ASF-1(RGAAGAAC*),
SF2/ASF-2(AGGACAGAGC),

Tra2β (AAGAAGAA),
 SC35-Tacke2(AGSAGAGUA),

SC35-Cavaloc5(AGGAGAU), 9G8-
1(AGACKACGAY*), 9G8-

2(ACGAGAGAY)

5D - Schaal-II-E (UCUUC) SRp20-2(YWCUUCAU)

5E Rat β-TM exon 8 - -

3B - - -

3C
ASLV env 3´ exon, Rat

β-TM exon 8,
adenovirus E1A

- 9G8-1(AGACKACGAY)

3E human hprt exon3,
adenovirus E1A - -

3F ASLV env 3´ exon - -

3H - SRp40(ACDGS),
Schaal-VI(RGAACYU) SRp20-2(YWCUUCAU)



Table S3. Detailed comparison of RESCUE-ESE motifs to known ESEs. All RESCUE –
ESE hexamers in each motif class were compared to all known ESEs in Table S4 and
SELEX motifs listed in Table S5 and S6. All exact matches were listed. The numbers in
each cell record the number of hexamers with hits and the total number of hexamers in
the given motif class. For example, 1 out of 21 hexamers in the 5A/3G class matched the
SRp40 functional SELEX motif ACDGS. The hexamers involved in the matches are
listed in every case, except for the 5C/3D matches to the natrual ESEs which were too
numerous to list.

Similar to

Natural ESEMotif Pictogram

Context Trans
Factor

Functional
SELEX Binding SELEX

5A/3G - 1/21:
actgga:SRp40(ACDGS)23 -

5B/3A - - -

5C/3D

39/100: cTNT exon55,6,7,
fibronectin EDA12,13,
ASLV env 3´exon3,4,

MVM NS2-exon18, Rat
β-TM exon 815,16, Rat β-
TM alt. exon 616, human
hprt exon38, adenovirus
E1A19, mouse IgM exon
M22, β-globin exon 217,

bGH exon 59,10,11

SRp407,SRp557,
SRp30a7,

SRp757, 9G819,
SC3519,

ASF/SF210,16,19

8/100:
agaact:VI(RGAACYU)24,
agacga,agagga,cagagg:
SF2/ASF(SRSASGA)23,

aggaga,ggagaa,ggagat:I-
C(GGAGA)24, ggagga:I-

B(GGAGGA)24,SF2/ASF(
SRSASGA)24

12/100:
aagaac,agaaga,gaagaa,ggaaga:

SF2/ASF-1(RGAAGAAC)28,
aggacaSF2/ASF-

2(AGGACAGAGC)28,
aagaag,agaaga,gaagaa:Tra2β (
AAGAAGAA)27, agcaga,aggaga:
SC35-Tacke2(AGSAGAGUA)28,

aggaga,ggagat:SC35-
Cavaloc5(AGGAGAU)30,

agacga:9G8-
1(AGACKACGAY)30,
agagat,gagaga:9G8-
2(ACGAGAGAY)30

5D - 2/8: atcttc,tcttca:II-E
(UCUUC)24

1/8: tcttca:SRp20-
2(YWCUUCAU)30

5E 1/5: aatacg:Rat β-TM
exon 815 - - -

3B - - -

3C

4/22: aacaag:ASLV env
3´ exon3,4, gacaaa:Rat β-

TM exon 815,
cgacga,gacgac:

adenovirus E1A19

9G819, SC3519,
ASF/SF219 - 2/22: cgacga,gacgac:9G8-

1(AGACKACGAY)30

3E

5/22:
atgaag,gatgaa,tgaagg,tg
atga:human hprt exon38,
atgaag,gatgaa,tgaaga:a

denovirus E1A19

9G819, SC3519,
ASF/SF219 - -

3F 1/27: aagcaa:ASLV env
3´exon3,4 - - -

3H -
2/7:

aactgg:SRp40(ACDGS)23

, gaactt:VI(RGAACYU)24

1/7: acttca:SRp20-
2(YWCUUCAU)30



Table S4. Known exonic splicing enhancers in natural context. Portions of this table
were derived from Fig. 1(b) of (1), and Table 1 of (2) – other sequences were derived
from literature searches. Only those enhancers that had been localized to a region of ≤ 40
bp and functionally confirmed by deletion and/or mutational analysis are included.

Gene ESE Sequence Trans Factor Reference
mouse IgM exon M2 (+20..+42) GGAAGGACAGCAGAGACCAAGAG - (2)

ASLV env 3´ exon (+42..+77) CTCCAAGAAGAAGCCGCCAGCAACAA
GCAAGAAGGA - (3, 4)

cTNT exon5 (+3..+11) GAGGAAGAA SRp40,SRp55,S
Rp30a,SRp75 (5–7)

Human HPRT exon3 (+18..+42) GAGATGTGATGAAGGAGATGGGAGG - (8)
bGH exon5 GGAAG SF2/ASF (9–11)
Human Fibronectin EDA GAAGAAGAC - (12, 13)
Fibronectin EDA (+93..+118) TACAGGGTGACCTACTCTAGCCCTGA - (14)
rat β-TM exon 8 TATTCCACCAAAGAGGACAAATACGA - (15)
rat β-TM exon 8 GAAGAAGAG - (16)
rat β-TM alt exon 6 GAGGAGGAG (x2) ASF/SF2 (16)
Human β-globin exon 2
(+67..+73) UGCUGUU SC35 (17)

Human β-globin exon 2
(+145..+150) GGACAA SF2/ASF (17)

Human β-globin exon 2
(+20..+32) UGGACCCAGAGGU - (17)

Human β-globin exon 1
(-71..-13) UGCCGUU SC35 (17)

MVM alt NS2-exon CACCATTCACGACACCGAAAG - (18)

MVM alt NS2-exon AGAGATCGAGGAGGATTTGAGAG…
(22nt) …GAAGAAAGA - (18)

adenovirus E1A GACGACGAG 9G8;ASF,SC35 (19)
adenovirus E1A GAUGAAGAG 9G8;ASF,SC35 (19)
BRCA1 exon 18 (+4..+10) CTGAGTT - (20)
CD44 CAACCACAA YB-1 (21)



Table S5. Functional SELEX ESE motifs. Motifs derived from functional SELEX
(Systematic Evolution of Ligands by EXponential enrichment) analysis were extracted
from the references listed as reported by the authors. The motifs were labeled by their
associated SR protein when applicable, otherwise by their original name.

Label/SR-protein Motif Reference
Functional SELEX in vitro
SC35 GRYYcSYR (22)
ASF/SF2 SRSASGA (23)
SRp40 ACDGS (23)
SRp55 USCGKM (23)
SC35 UGCNGYY (24)
Schaal-I-A GGGGA (24)
Schaal-I-B GGAGGA (24)
Schaal-I-C GGAGA (24)
Schaal-II-D UCUCC (24)
Schaal-II-E UCUUC (24)
Schaal-II-F UCCUC (24)
Schaal-III UGGACCNG (24)
Schaal-IV CCACCC (24)
Schaal-V YGCCGCC (24)
Schaal-VI RGAACYU (24)
Functional SELEX in vivo
Purine-rich G/A-rich (25, 26)
AC-rich A/C-rich (26)



Table S6. High affinity SELEX binding motifs for SR proteins. High affinity binding
motifs were extracted from the literature, as determined from alignments of SELEX
selected sequences. An asterisk (*) indicates that sequences containing the motif were
shown to function as splicing enhancers.

Label Sequence SR protein Reference
Tra2β AAGAAGAA Tra2β (27)
ASF/SF2-1 RGAAGAAC* ASF/SF2 (28)
ASF/SF2-2 AGGACAGAGC ASF/SF2 (28)
ASF/SF2-3 ACGCGCA ASF:RBD1 (28)
SC35-Tacke1 GUUCGAGUA SC35 (28)
SC35-Tacke2 AGSAGAGUA SC35 (28)
SRp40 TGGGAGCRGTYRGCTCGY* SRp40 (29)
SC35-Cavaloc1 UGUUCSAGWU SC35\RS (30)
SC35-Cavaloc2 GWUWCCUGCUA SC35\RS (30)
SC35-Cavaloc3 GGGUAUGCUG SC35\RS (30)
SC35-Cavaloc4 GAGCAGUAGKS SC35\RS (30)
SC35-Cavaloc5 AGGAGAU SC35\RS (29)
9G8-1 AGACKACGAY* 9G8\RS (29)
9G8-2 ACGAGAGAY 9G8\RS (29)
SRp20-1 WCAUCGAYY Mut.9G8\RS(SRp20) (29)
SRp20-2 YWCUUCAU* Mut.9G8\RS(SRp20) (29)
SRp20-3 CUWCAAC* Mut.9G8\RS(SRp20) (29)
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