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ABSTRACT

Polyadenylation is an essential step for the maturation of almost all cellular mRNAs in eukaryotes. In human cells, most poly(A)
sites are flanked by the upstream AAUAAA hexamer or a close variant, and downstream U/GU-rich elements. In yeast and
plants, additional cis elements have been found to be located upstream of the poly(A) site, including UGUA, UAUA, and U-rich
elements. In this study, we have developed a computer program named PROBE (Polyadenylation-Related Oligonucleotide
Bidimensional Enrichment) to identify cis elements that may play regulatory roles in mRNA polyadenylation. By comparing
human genomic sequences surrounding frequently used poly(A) sites with those surrounding less frequently used ones, we found
that cis elements occurring in yeast and plants also exist in human poly(A) regions, including the upstream U-rich elements, and
UAUA and UGUA elements. In addition, several novel elements were found to be associated with human poly(A) sites, including
several G-rich elements. Thus, we suggest that many cis elements are evolutionarily conserved among eukaryotes, and human
poly(A) sites have an additional set of cis elements that may be involved in the regulation of mRNA polyadenylation.
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INTRODUCTION

mRNA polyadenylation is the cellular process that adds
poly(A) tails to maturing mRNAs. A poly(A) tail is found
on nearly all mRNAs in eukaryotes (with the exception of
most histone mRNAs), and it is involved in virtually every
aspect of mRNA metabolism, including mRNA stability,
translation, and mRNA transport (Jacobson and Peltz
1996; Sachs et al. 1997; Wickens et al. 1997). The process
of polyadenylation is composed of two tightly coupled steps
(Colgan and Manley 1997; Edmonds 2002): In the first step,
an endonucleolytic cleavage takes place at a site determined
by surrounding RNA sequences (cis elements) and their
binding proteins (trans factors); the second step involves
polymerization of an adenosine tail. In vertebrates, the
average length of the poly(A) tail is �200 nucleotides (nt).

It is generally accepted that signals required for recogni-
tion of sites for polyadenylation reside near the cleavage site
(poly[A] site). The strength of the cis elements for binding
trans factors can determine the efficiency of mRNA produc-
tion and influence the amount of mature, exported mRNA
(Edwalds-Gilbert et al. 1993). For simplicity, the genomic
sequence surrounding a poly(A) site is referred to as the
poly(A) region. Sequences upstream and downstream of a
human poly(A) site are generally U-rich (Legendre and
Gautheret 2003; Tian et al. 2005), which is an important
feature that can be used to predict poly(A) sites (Tabaska
and Zhang 1999; Legendre and Gautheret 2003). A hexamer
AAUAAA or a close variant is located between 10 and 35 nt
upstream of many mammalian poly(A) sites and is usually
referred to as the polyadenylation signal (PAS). Sequences
10–40 nt downstream of the cleavage site are also known to
be involved in directing polyadenylation. These elements do
not have a clear consensus sequence but can be character-
ized as U-rich or GU-rich (Zarudnaya et al. 2003). PAS and
U/GU-rich elements are usually referred to as core elements
for polyadenylation. Furthermore, a number of auxiliary
upstream elements (USEs) or downstream elements
(DSEs) have been identified in viral and cellular systems
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that play regulatory roles in polyadenylation, including
Simian Virus 40 (SV40), Human Immunodeficiency Virus
type 1 (HIV-1), human C2 complement, collagen, cycloox-
ygenase-2, etc. (Carswell and Alwine 1989; Brown et al.
1991; Valsamakis et al. 1991; Moreira et al. 1995; Arhin et
al. 2002; Natalizio et al. 2002; Hall-Pogar et al. 2005). The
existence of these auxiliary elements indicates that polyade-
nylation can be regulated by cis elements other than PAS
and U/GU-rich elements in human cells. In fact, <60% of
human and mouse poly(A) sites are preceded by the
AAUAAA PAS (Tian et al. 2005), raising the possibility
that there may exist other enhancing elements for polyade-
nylation.

Yeast and plant genes utilize a different set of cis elements
for polyadenylation (Graber et al. 1999; Zhao et al. 1999).
While AAUAAA is a prominent hexamer located upstream
of poly(A) sites in these species, it occurs to a much lesser
extent. Other A-rich elements seem to be equivalent to the
AAUAAA, and U-rich elements have been found both
upstream and downstream of the poly(A) site. In addition,
upstream elements have been found for both yeast and
plant poly(A) sites. For example, UAUAUA and UAUGUA
elements are the efficiency elements (EEs) located 30–70 nt
upstream of yeast poly(A) sites (Graber 2003). It is not
known, however, to what extent these elements occur in
human poly(A) regions.

We recently mapped a large number of poly(A) sites on
human and mouse genes (Tian et al. 2005) and wished to
address whether additional cis elements are associated with
human poly(A) sites besides the well-characterized PAS and
U/GU-rich elements. To this end, we have developed a
computer program named PROBE (Polyadenylation-Related
Oligonucleotide Bidimensional Enrichment) to identify cis
elements that may play regulatory roles in mRNA polyade-
nylation. By comparing poly(A) regions of frequently used
poly(A) sites, termed strong poly(A) sites, and those of less
frequently used ones, termed weak poly(A) sites, we found
that most cis elements found in yeast and plants also exist in
human poly(A) regions, and their presence was biased to
strong poly(A) sites. In addition, several novel elements were
found to be associated with human poly(A) sites, including
several G-rich elements. Thus, we suggest that many cis
elements surrounding the poly(A) site appear to be evolu-
tionarily conserved among all eukaryotes, and human
poly(A) sites have an additional set of cis elements involved
in the regulation of mRNA polyadenylation.

RESULTS AND DISCUSSION

Identification of cis elements by PROBE

We are interested in elucidating cis elements that may play
enhancing roles in polyadenylation. We reasoned that puta-
tive cis elements would be over-represented in poly(A)
regions of frequently used poly(A) sites (strong sites), and

under-represented in those of less frequently used poly(A)
sites (weak sites). Our computer program PROBE is similar
in spirit to that used by Fairbrother et al. (2002) for identi-
fying exonic splicing enhancers, but with several major
modifications (see below and Materials and Methods). We
first classified poly(A) sites as strong or weak sites using the
number of supporting cDNA/ESTs as a guide. A strong site
was classified here as a site in a gene that was utilized more
than 75% of the time. Other poly(A) sites in that same gene
would be classified as weak sites. Thus, in our study only
poly(A) sites belonging to genes having multiple poly(A)
sites were considered. Among 29,283 human poly(A) sites
in our recently created database for mammalian polyade-
nylation, polyA_DB (Zhang et al. 2005), 22,865 poly(A)
sites belong to 7524 genes that have multiple poly(A)
sites. Among all poly(A) sites considered, 3711 sites were
classified as strong sites and 5663 sites as weak sites, corre-
sponding to 12.7% and 19.3% of all human poly(A) sites,
respectively. Our classification of strong and weak sites is
similar to what Legendre and Gautheret (2003) previously
reported. To enrich our data set, we used cDNA/ESTs from
both normalized and non-normalized cDNA libraries, and
used 75% as the cutoff. These two measures have opposing
effects on selection of strong sites: Inclusion of normalized
libraries would make selection less stringent as normaliza-
tion narrows the difference of usage between strong and
week sites, whereas using the cutoff of 75% requires at least
threefold difference in poly(A) site usage. In addition, we
used cDNA/ESTs derived from a large number of cDNA
libraries, corresponding to a wide spectrum of tissue
sources. Thus, ‘‘strong’’ and ‘‘weak’’ should represent over-
all poly(A) site utilization in most tissues.

We then obtained sequences 100 nt upstream (�100) and
100 nt downstream (+100) of the poly(A) site (which was set at
position 0). We divided the sequences into four subregions—
�100/�41, �40/�1, +1/+40, and +41/+100—to assist in the
identification of cis elements (Fig. 1). This step is based on two
considerations: (1) Most known cis elements for polyadenyla-
tion reside within 100 nt from the poly(A) site and have spatial
preference in polyadenylation. For example, PAS is located 10–
35 nt upstream of the poly(A) site, and the U/GU-rich element
is located within�40 nt downstream of the poly(A) site (Chen
et al. 1995). (2) The nucleotide compositions of �100/�41,
�40/�1, +1/+40, and +41/+100 regions appear to be distinct
from one another, and from regions >100 nt upstream of and
>100 nt downstream of the poly(A) site (Tian et al. 2005). By
considering these regions independently, we can use region-
specific nucleotide background models to identify cis elements
(see below), which will enhance both specificity and sensitivity.
For convenience, we have named putative cis elements in the
following way: Elements in the �100/�41 region are called
auxiliary upstream elements (AUEs); elements in the �40/�1
region, core upstream elements (CUEs); elements in the +1/
+40 region, core downstream elements (CDEs); elements in
the +41/+100 region, auxiliary downstream elements (ADEs).
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It should be pointed out that the naming
method here is arbitrary and does not
necessarily reflect functions.

We then calculated the frequency of
occurrence for all 4096 hexamers in the
four regions surrounding the poly(A) site.
The reason we used hexamers was based
on two considerations: (1) Motif identifi-
cation by hexamer enumeration was pre-
viously shown to be highly sensitive for
RNA elements (Fairbrother et al. 2002);
and (2) many known RNA functional ele-
ments have a size�6 nt, such as AAUAAA
for the PAS and AUUUA for the AU-rich
elements (Chen and Shyu 1995; Bakheet
et al. 2001). Two values were used to select
hexamers that were overrepresented in
specific regions of strong poly(A) sites.
First, we used the score zsw for measuring
the difference of frequency of occurrence
for a hexamer in a specific region of strong
poly(A) sites versus weak poly(A) sites
(see Materials andMethods for its calcula-
tion). We used the cutoff 2.5, which cor-
responds to p-value �0.01 in the normal
distribution. Second, we used the score zoe
to measure how significant a hexamer is
in a specific poly(A) region in general
(see Materials and Methods for its cal-
culation). zoe is the difference between
observed frequency of occurrence and
expected frequency of occurrence. We cal-
culated expected values by using first-
order Markov Chain (MC) models, i.e.,
dinucleotide frequencies, that are specific
for regions. For each region, a cutoff was
chosen, which was based on the 99th-per-
centile value (corresponding to p-value
0.01) of an extreme value distribution
(EVD) of zoe, derived from random
sequences generated by the first-order
MC model for the region. Hexamers
with both zsw and zoe scores above the
respective cutoffs were selected (Fig. 1B;
also Supplemental Fig. 1 at http://exon.
umdnj.edu/suppl_data/PROBE/). This
two-dimensional selection should result
in less than one falsely identified hexa-
mer (4096 3 0.01 3 0.01 = 0.4) in this
study.

Selected hexamers were clustered
according to their reciprocal sequence
similarity (see Materials and Methods).
Similar hexamers were grouped to-
gether and aligned by a multiple se-

FIGURE 1. Schematic of a poly(A) region and identification of cis elements in the �100/�41
region. (A) A poly(A) region is a genomic sequence containing a poly(A) site. The poly(A) site is
considered at position 0. Four subregions were investigated in this study, namely�100/�41,�40/
�1, +1/+40, and +41/+100. Elements identified for these regions are named AUE, CUE, CDE,
and ADE, respectively. (B) Scatter plot of all 4096 hexamers. (X-axis) zsw, corresponding to the
difference between strong and weak poly(A) sites in a specific region (the�100/�41 region in this
graph); (Y-axis) zoe, corresponding to the difference between observed and expected values in the
specific poly(A) region. (Black asterisks) Hexamers whose zsw and zoe are above the respective
cutoffs; (gray asterisks) the rest of the hexamers. (C) Clustering of hexamers. Hexamers were
clustered according to their mutual dissimilarity by agglomerative hierarchical clustering, which is
shown at right. Dissimilarity value 2.6 was used to group hexamers (see Materials and Methods).
Grouped hexamers were aligned by a multiple sequence alignment method described in Materials
and Methods. Each hexamer group gave rise to a sequence logo, shown at left.
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quence alignment method similar to ClustalW with sev-
eral modifications designed to (1) favor the most fre-
quently occurring hexamer and (2) prevent identified cis
elements from becoming too long after merge of hexa-
mers. Aligned hexamers were used to generate sequence
logos, representing cis elements. An example of this pro-
cess is given in Figure 1C for the �100/�41 region. Graphs
for other regions are provided as supplementary data (see
Supplemental Fig. 1 at http://exon.umdnj.edu/suppl_data/
PROBE/). PROBE can conceivably be used for identifica-
tion of cis elements in other systems and is available upon
request.

Using PROBE, we identified 15 cis elements in four
regions, including four AUEs, two CUEs, four CDEs, and
five ADEs. Their sequence logos (Schneider and Stephens
1990), the number of supporting hexamers, the top hexa-
mers with respect to zoe, and their occurrences in specific
regions of all poly(A) sites are listed in Table 1. In addition,
zsw and zoe scores for all hexamers in different regions are
provided as supplemental data (see Supplemental Table 1 at
http://exon.umdnj.edu/suppl_data/PROBE/). For each cis
element, we derived a position-specific scoring matrix

(PSSM) which we used to search poly(A) regions for the
presence of the element. A positive score indicates that the
likelihood of the presence of an element is higher than
expected by random chance. A sequence having a positive
score is called a hit. We searched all 29,283 poly(A) sites in
the polyA_DB in the�125/+125 region and obtained scores
for all elements at every location. We then calculated ‘‘frac-
tion of hits’’ and ‘‘average score of hits’’ to characterize the
elements. These values represent two characteristics of a cis
element: The fraction of hits indicates the occurrence of all
positive hits for a cis element, whereas the average score of
hits indicates how close a hit’s sequence is to the consensus
sequence of the cis element. The data obtained are summa-
rized below.

AAUAAA PAS

The CUE.2 element (Table 1) identified in our survey is
likely to be the AAUAAA PAS. The fact that AAUAAA is
biased to strong poly(A) sites is in line with the notion that
AAUAAA is an efficient signal for polyadenylation. Since
we used poly(A) sites regardless of their association with

PAS, this result also validates our
approach to identify cis elements that
enhance polyadenylation. Using its scor-
ing matrix to search all poly(A) sites in
the �125/+125 region, we found the
element was prominently present in the
�40/�1 region (Fig. 2A). There is also a
conspicuous difference between strong
and weak poly(A) sites, with respect to
both average score of hits and fraction
of hits (Fig. 2A). To further validate this
result, we did an exact word search in
the �40/�1 region for all known PAS
elements reported before (Beaudoing et
al. 2000; Tian et al. 2005), including
AAUAAA and 11 single nucleotide var-
iants. We divided poly(A) sites into four
groups: strong poly(A) sites; weak
poly(A) sites; median poly(A) sites;
which are the poly(A) sites from genes
that have multiple poly(A) sites but no
strong or weak poly(A) sites; and con-
stitutive poly(A) sites, which are the
sites from genes with only one poly(A)
site. As expected, we found that the
frequency of AAUAAA being used by
strong poly(A) sites is similar to that
used by constitutive sites, and higher
than that used by weak or median sites
(Fig. 2B). Interestingly, the close variant
AUUAAA has the same frequency of
occurrence in all types of poly(A) sites.
Thus this result confirms that AAUAAA

TABLE 1. Cis elements identified in four regions surrounding the poly(A) site

aAUE, auxiliary upstream elements; CUE, core upstream elements; CDE, core downstream ele-
ments; ADE, auxiliary downstream elements.
bThe number of hexamers selected for a cis element.
cTop three hexamers among hexamers selected for a cis element with respect to zoe.
dPercent of hits is the percentage of poly(A) sites that have hits (sequences with a positive score
while comparing to an element) in a specific region.
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is an element that can distinguish strong and weak poly(A)
sites, whereas AUUAAA is not.

U-rich elements

Three U-rich elements were found in different regions,
namely, AUE.2, CUE.1, and CDE.2 (Table 1). A sequence
search of these three elements showed almost identical
profiles with respect to average score and fraction of hits
(Fig. 3). Three peaks can be discerned in these graphs,
corresponding to these three U-rich elements. The CDE.2
in the +1/+40 region is likely the binding site for CstF-64
(MacDonald et al. 1994). It ranges from +1 to +40, with a
peak at �+25 (Fig. 3A), indicating that the U-rich element
for binding CstF-64 is located within 40 nt downstream of
the cleavage site, with a preferable position at +25 nt, which
is in line with previous experimental data (Chou et al.
1994). The peaks corresponding to CUE.1 in both average
score and fraction of hits plots are at ��15 nt (Fig. 3B),
which is just 30 to the average location of PAS at ��20.
Strong sites have higher values at the peak in both cases

(Fig. 3B). Thus, it appears that a AAUAAA PAS element is
usually followed (at its 30 end) by a U-rich element for
strong poly(A) sites. In fact, this was observed for many
model poly(A) sites, such as the poly(A) site of b-globin
gene (Levitt et al. 1989) and SV�40 early poly(A) site
(Ryner and Manley 1987; Wilusz and Shenk 1988). Inter-
estingly, yeast and plant poly(A) sites all have U-rich ele-
ments located between the PAS and the poly(A) site
(Graber et al. 1999). Our finding therefore suggests that
the U-rich element located between the PAS and the
poly(A) site is evolutionarily conserved. In addition, the
presence of the upstream U-rich elements is in line with
the finding that human Fip1, which binds U-rich RNAs and
stimulates poly(A) polymerase, is associated with CPSF
(Kaufmann et al. 2004).

GU-rich elements

GU-rich elements, such as UGUGUG, have been found
in the downstream region of many poly(A) sites and,
like the U-rich element, may serve as the binding site for
CstF-64 (Perez Canadillas and Varani 2003). CDE.3
(Table 1) appears to correspond to a GU-rich element.
In line with its activity for binding CstF-64, its occur-
rence is similar to the U-rich element in the downstream
region, with a slight difference in that its peaks (�+10
nt, Fig. 4A) are located closer to the poly(A) site than
the U-rich element (�+25 nt, Fig. 3A). Interestingly,
CDE.1 (UGYCU; Y being U or C) and CDE.4 (UCUG)
showed similar profiles to those of GU-rich elements
(Fig. 4B,C). These sequences have not been known to
play a role in polyadenylation. Thus, it will be interest-
ing to assess fully their activity in the future.

UAUA and UGUA elements

AUE.3 (Table 1) contains a UAUA sequence, and AUE.4
(Table 1) contains a UGUA sequence. UAUA and UGUA
elements are similar in sequence to the EE elements of yeast
and plant poly(A) sites. Thus, they appear to represent a
group of evolutionarily conserved elements for polyadenyl-
ation. Interestingly, AUE.3 and AUE.4 are the only elements
whose average score profile is different than the fraction
of hits profile (Fig. 5A,B), indicating that other elements
that are similar to or overlap with AUE.3 and AUE.4
may exist in various regions. It remains to be tested
whether these elements, while biased to strong poly(A)
sites, are also functional in human cells. It is worth
noting that this bioinformatic finding is consistent with a
recent biochemical study that implicated the UGUA
element in human poly(A) site recognition (Venkataraman
et al. 2005). Taken together with U-rich elements described
above, our data suggest that some cis elements in yeast and
plant poly(A) regions are conserved in human ones.

FIGURE 2. AAUAAA element. (A) Average score (left) and fraction
of hits of CUE.2 in regions from all poly(A) sites (black lines), strong
poly(A) sites (red lines), and weak poly(A) sites (green lines). (Dotted
vertical lines) �100-nt, �40-nt, 0-nt, +40-nt, and +100-nt positions;
(dotted horizontal lines) the average of values in the �100-nt to +100-
nt region from all poly(A) sites. (B) Association of different PAS
hexamers with poly(A) sites of various types. Constitutive poly(A)
sites are the sites from genes with only one poly(A) site. For genes with
multiple poly(A) sites, the site that is utilized more than 75% of the
time is classified as a strong poly(A) site. If there exists a strong site,
other poly(A) sites in the same gene are classified as weak sites. If there
is no strong site, all poly(A) sites are classified as median sites.
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G-rich and C-rich elements

G-rich elements have been found in the �100/�41 and +41/
+100 regions, including AUE.1, ADE.3, ADE.4, and ADE.5
(Table 1; Supplemental Fig. 2 at http://exon.umdnj.edu/
suppl_data/PROBE/). G-rich elements downstream to the
poly(A) site have been implicated in enhancing polyadenyla-
tion in several previous studies (Bagga et al. 1995; Yonaha and
Proudfoot 2000). The identification of a G-rich element in
the �100/�41 upstream region (AUE.1) is novel. Interest-
ingly, an early study of upstream elements of the polyadenyl-
ation signal in HIV-1 implicated a region containing a G-rich
element in the regulation of polyadenylation (Valsamakis et
al. 1992). The fact that G-rich elements are found in both
upstream and downstream regions indicate that they could be
general enhancers for polyadenylation independent of their
position. One mechanism could be to recruit hnRNPH/H0

proteins (Arhin et al. 2002).
ADE.1 and ADE.2 are C-rich elements (Table 1; Supple-

mental Fig. 2 at http://exon.umdnj.edu/suppl_data/PROBE/).
There have not been any reports for their role in polyadenyl-

ation. Thus, their functions remain to be
validated in future experiments. One
direction that needs to be investigated is
the possibility of the base pairing of G-
rich and C-rich elements, which can lead
to secondary structures. On a similar
note, G-rich sequences have been sug-
gested to form G-quadruplex structures
(Zarudnaya et al. 2003), and RNA sec-
ondary structures have been shown to
play a role in mRNA polyadenylation
(Graveley et al. 1996; Wu and Alwine
2004).

In summary, by comparing human
genomic sequences surrounding strong
poly(A) sites and those surrounding
weak poly(A) sites, we have identified a
number of cis elements that may play
regulatory roles in polyadenylation. A
schematic representation of these ele-
ments is shown in Figure 6. Our approach
is validated by the presence of several
known cis elements in our bioinformatic
results, including the upstream AAUAAA
element and the downstream U-rich and
GU-rich elements. However, biochemical
assays remain to be conducted to examine
the functions of these cis elements.
Equally important are the conservation
of these cis elements across species and
the possibility of using these cis elements
to predict poly(A) sites on the genome.
These will be pursued in future studies.

Several cis elements occurring in yeast
and plants were also found to exist in human poly(A)
regions, including the upstream U-rich elements amd
UAUA and UGUA elements. In addition, several novel
elements were found to be associated with human poly(A)
sites, including upstream and downstream G-rich elements,
as well as C-rich elements. Thus, we suggest that many cis
elements are evolutionarily conserved among all eukaryotes,
and human poly(A) sites have an additional set of cis ele-
ments involved in the regulation of mRNA polyadenyl-
ation.

MATERIALS AND METHODS

Selection of hexamers based on zsw and zoe

Poly(A) regions surrounding human poly(A) sites were
obtained as previously described (Tian et al. 2005). For genes
with multiple poly(A) sites, we calculated the percentage of
usage of each site using supporting cDNA/ESTs. A site
supported by 75% of the total number of cDNA/ESTs was
considered a strong site. If there exists a strong site in a

FIGURE 3. U-rich elements. (A) CDE.2; (B) CUE.1; (C) AUE.2. See the Figure 2A legend for
detailed description of the graphs.

1490 RNA, Vol. 11, No. 10

Hu et al.

Fig.3 live 4/c

 Cold Spring Harbor Laboratory Press on August 4, 2022 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


particular gene, other sites of the same gene were considered
weak sites.

For each hexamer (H), the difference of the frequency of occur-
rence in poly(A) regions of strong and weak poly(A) sites is
represented by zsw. It was calculated as follows:

zsw Hð Þ ¼ fs Hð Þ � fw Hð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=Ns þ 1=Nwð Þp 1� pð Þ

p ; ð1Þ

where

p ¼ fs Hð Þ �Ns þ fw Hð Þ �Nw

Ns þNwð Þ ;

Ns and Nw are the total number of hexamers in a specific region of
strong poly(A) sites and weak poly(A) sites, respectively. fs(H) and
fw(H) are the frequency of occurrence of hexamer H in strong and
weak poly(A) regions, respectively. The difference between
observed and expected occurrences (zoe) was calculated as follows:

zoe Hð Þ ¼ No Hð Þ �Ne Hð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
voe Hð Þ

p ; ð2Þ

where No(H) is the occurrence of hexamer H
in a specific region of all poly(A) sites
(29,283 in total). Thus it is an observed
value. Ne(H) is expected occurrence and
was calculated based on the first-order Mar-
kov Chain (MC) model of a specific poly(A)
region of all poly(A) sites (Schbath 1997).
voe(H) is the estimated variance of
No(H) � Ne(H), calculated by a method
described in (Schbath 1997). Since there is
a wide difference in nucleotide composition
in various regions surrounding the poly(A)
site (Tian et al. 2005), we used MC models
specific for particular regions. For example,
the �100/�41 region used its own MC
model derived from the �100/�41 region.
To get significant hexamers, we used a

cutoff value of 2.5 for zsw. We used an
empirically determined cutoff value for zoe
which was derived as follows: We random-
ized sequences 500 times, maintaining dinu-
cleotide frequency (first-order MC) and
overall number of nucleotides. We used
Equation 2 to calculate zoe for all hexamers
in each random set. The highest zoe values
from 500 random sets were used to derive an
extreme value distribution (EVD). The 99th-
percentile value (rank 495 in ascending
order) was used as the cutoff. Hexamers
with both zsw and zoe above their respective
cutoffs were selected for further analysis.

Clustering of hexamers

Selected hexamers were grouped based on
their mutual distance. The distance between

two hexamers is their dissimilarity score (d) calculated as follows:
d = 6 � s, where s is a similarity score. s was calculated by a dyna-
mic programming method for sequence alignment that did not
allow gaps. The match and mismatch scores were one and zero,
respectively. Thus for perfectly matched hexamers, s = 6, and
d = 0. Hexamers were clustered based on their mutual d scores
using hierarchical clustering in program R with the ‘‘average’’
agglomeration method. A cutoff of 2.6 was used to group hexa-
mers, which gave more robust cis elements than other cutoff values
for different regions (data not shown). Groups containing more
than three hexamers after clustering were selected for further
analysis.

Making consensus sequence of cis elements

Hexamers belonging to the same group were aligned by the
following multiple sequence alignment method: For each hexa-
mer group, the hexamer with highest zoe value was used as
a seed for multiple alignment, instead of the neighbor joining
method normally used in multiple alignment tools like Clus-

FIGURE 4. GU-rich elements. (A) CDE.3; (B) CDE.1; (C) CDE.4. See the Figure 2A legend for
detailed description of the graphs.
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talW. We required all other hexamers to be aligned to the seed
without gaps, which in effect limited expansion of identified cis
elements. We then expanded the number of hexamers to 1000
by duplicating hexamers. The number of repetition of a hexa-
mer is proportional to its occurrence in a specific poly(A)
region, e.g., �100/�41. Gaps at the ends after the alignment
are filled by randomly selecting nucleotides according to their
frequency in the specific poly(A) region under study. For
example, for cis elements identified in �100/�41, we used
the nucleotide frequency of that region to fill gaps. Finally,
the aligned hexamers were used to generate sequence logos by
the Web Logo tool (Crooks et al. 2004).

Scoring matrices of cis elements and sequence search
using the matrices

Aligned hexamers were used to generate position-specific scor-
ing matrices (PSSM). For each position, the score was calcu-

lated as follows: S(n,p) = log2 (f(n,p) /
f(n)), (where S(n,p) is the score for nucleo-
tide n at position p, f(n, p) is the frequency
of occurrence of nucleotide n at the posi-
tion p of the cis element, and f(n) is the
frequency of occurrence of nucleotide n in
a specific poly(A) region, e.g., �100/�41.
The matrices were used to search the
�125/+125 region of all poly(A) sites
using PERL. For a given region of a
sequence with the length of a cis element,
its score was the sum of individual scores
at all nucleotide positions. Hits are
sequences with positive scores. Results
were plotted using program R. Lines in
the graphs were smoothed by a moving
window scheme, where the value of each
position is the average of all values in a 7-
nt window centered at the position.
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