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Abstract

We have applied a statistical method to the analysis of human DNA sequences
in the vicinity of the poly{A) signal, and have obtained new sequence patterns fur
FUTR. Although a large number of AATAAA subsequences exist in human DNA,
some of them are identified as conserved subsequences of the eukaryote poly(A)
signal. The main purpose of this study is to identify the environments in which
AATAAA is meaningful as a conserved subsequence of the poly(A) signal. To dis-
tinguish the signal patterns possessing AATAAA from non-signal patterns, we have
adopted a diseriminant analysis based on class II guantification theory. Accord-
ing to the theory, we have assigned category weights to bases A, T, C, and G
at each position in a DNA seqguence. A set of colegory weight values is used for
the discrimination of signal/non-signal patierns and the identification of conserved
subsequences. The range of category weights at each position reflects the relative
impuorlance of the position in the discrimination of patterns. To examine features
of the DNA sequence, we [urther evaluated correlations between range values at
two distant positions in a DNA sequence and investigated the hehavior of these
correlations. We observed the following two features from the analysis. (1) In the
case of human DNA sequences, a base C frequently appears dn the upstream side
of the AATAAA subsequence and a base T or C often appears downstream. (2) In
the vicinity of the poly(A) signal, the correlation between the range values is at

maximum every 12 base pairs. (1) implies that CA f"LTﬁr'ka"'LT can be regarded as
a conserved subsequence of the poly(A) signal. (2) indicates that the periodicity of

12 base pairs almost corresponds Lo the base pair numbers in one pitch of the DNA
donble-helix structure,

1 Introduction

As a result of recent advances in DNA sequencing and the instigation of a number of large
genome sequencing projects, there has been an upsurge in the study of reliable gene iden-
tification methods [1]. Using these methods, the last few vears has seen the development
of a variety of computational tools for predicting gene structures in uncharacterized DNA



sequences [2, 3, 4, 5, 6, 7]. In general, the prediction of gene structures entails three steps.
(1} Predicting each functional site, such as initiation codons, donor sites, acceptor sites
and poly(A) signals. (2) Assembling a set of functional sites into a gene. (3) Fvalnating
and filtering the assembled gene based on information about the set of functional sites,
as well as regularities in the coding and the intron regions. One of the main subjects of
research into gene identification methods is the prediction of the functional sites with a
satisfactory degree of accuracy. However, with our current level of knowledge of functional
motifs, the methods are not sufficiently aceurate for practical use. Therefore, a reliable
method which is applicable for the recognition of any type of functional sites is desired
earnestly.
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Figure 1: The characteristic features in 3'UTR of enkaryote genes
The AATAAA and YOCTGTTYY subsequences locate 20 - 30 bp upstream and

downstream of poly(A) site, respectively. Both of them are required for correct
cleavage and polyadenylation of pre-mRNA. However, additional signals must Le
exist because of sequence diversity of 3'U7TH in eukarvote genes,

The characteristic features in 3'UTR of eukaryote genes are shown in Figure 1. The
poly(A)} signals in eukarvote DNA sequences are located 20 — 30 bp upstream ol the
poly(A) site. They are required to ensure the cleavage and polyadenylation of pre-mRNA
‘8]. Therefore, the poly(A) signals become guides to 3’end of the genes under the gene
identification methods. In general, an AATAAA subsequence is known to be a consensus
sequence of the poly(A) signals [8]. However, a large number of AATAAA subsequences
other than poly({A) signals exist in the eukaryote DNA sequences. Therefore, it is not suffi-
cient merely to recognize AATAAA subsequences as a termination signal for transcription.
The characteristic feature of the region downstream from a poly(A) site is the presence of
GT-rich and T-rich subsequences having various compositions and locations [9, 10]. The
GT/T-rich subsequences are required for the correct polyadenylation of pre-mRNA [L1].
Using a representative sample of mammalian pre- mRNAs, the presence of the consensus
YGTGTTYY was found to be located 20 — 30 bp downstream of the poly(A) site [12].
However, only 67% of the examined sites have this consensus subsequence, Consequently,
the sequence patterns in the vicinity of the poly(A) signal can vary.

The main purpose of this study is to identify the environments in which AATAAA is
meaningful as a conserved subsequence of the poly{A) signal in buman DNA scquences.
We have tried to obtain new sequence patierns in the vicinity of the poly(A) signal by
applying a statistical method. From a viewpoint of reliance, a method which is efficient
for the analysis of such variable 3'UTR. can make great contribution to gene identification
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methods.

2 Methods

To distinguish signal patterns possessing AATAAA subsequences from non-signal pat-
terns, we have adopted discriminant analysis, based on class Il quantification theory, as
developed by Hayashi [14, 15]. The theory was applied Lo the structural analysis of a
splice site [16, 17].

According to the theory, the quantification of categorical data produces a sample
score. Let ay; denote the score of the ith DNA sequence which is a member of group .
We assume the sample score to be given by the following equations:
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o =y bilik)ze (1)

j=l k=1
where
1 : If the ith sample sequence of the group
Si(jk) = t has a base k atl position j (2)
0 : Otherwise

t is the group number, and £ = 1,2 correspond to the positive and negative data sets,
tespectively. In our present study, group 1 is composed of DNA sequences in the vicinity
of poly(A) signals, while group 2 consists of sequences other than poly(A) signals. 1 is
the sample sequence number, and L is the length of the sequences. & iz a base, and
k£ =1,2,3,4 correspond to bases A, T, C and G, respectively. Coefficient x;; 15 called
the category weight, and we define it as being the weight of base & at position j in the
sequences.

A set of category weight values is used to discriminate between signal/non-signal
patterns and to identify of conserved subsequences. According to the theory, we estimate
a set of r;, and oy, to clearly discriminate between the two groups of the positive and the
negative data sets. In general, the total variance i1s expressed hy the sum of that within
and between the group variance. Therefore, to discriminate between two groups most
distinctly is equivalent to maximizing the ratio of the between group variance to the total
variance. By letting * denote the correlation ratio, this formulation can be expressed by
the following equations:
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af and ¢? are the between group and the total variances, respectively. N is the number
of all sample sequences, and mn, is the number of sample sequences in group t. & is the
average of the sample scores of all sequences, and ¢ is the average of the sample scores
of group ¢. & and &, are given by the following cquations:
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The value of the correlation ratio is used as an index of the accuracy of the signal /non-
signal pattern discrimination, and can vary between 0 and 1. The accuracy of the dis-
crimination result increases with the value of the correlation ratio.

It is known that the procedure for maximizing the correlation ratio #* and obtaining
a set of category weights x;; al the optimum condition can be formulated as a latent
equation [14, 15, 16]. The category weights arc estimated as a latent vector for a maximum
latent root. Since the degree of freedom is reduced, we calculated these weights, defining
x;1 as (), and normalized them to satisfy the conditions of Tinjezy = 0 for all § positions
and ¢ = 1, where nj; is the number of sample sequences possessing a base, k, at a
position 7. Then, we defined a positive value of these weights as a frequent appearance in
the positive data set, because whether they are positive or negative is determined at will.
The latent root corresponds to the correlation ratio. In the case of discrimination between
two groups, it is known that the latent equation becomes simple, and is transformed into
a linear equation system.

The range of category weights at each position reflects the relative importance of
the position in the discrimination of patterns. The position in DNA sequences becomes
important as the value of the range mereases. Let s; denote the range at position 7 in a
DNA sequence, such that the range is given by the following equation :

s; = max{z;) - min(z) (9)

Ta check the acenracy of the analysis, we cross-validated the category weights. In the
following, we briefly summarize the eross-validation procedures. We randomly sclected
five DNA sequences from each of the pasitive and the negative data sets. Using the
remaining sequences, we determined the category weight set. Based on these weights, we
estimated the selected sequences. These procedures were repeated 501 times, so as lo
evaluate the accuracy of the analysis. The total accuracy percentage, d, is given by the
following equation :

1 ymy  ma

d = E(E"'E]Mm (10)

My and M, are the numbers of the positive and negative test sequences, respectively.
is the number of positive test sequences that are recognized correctly, while my is the
number of negative test sequences, that are recognized correctly.



3 Materials

According to the procedures described below, we created two data sets of human DNA
sequences; a positive and a negative data set. To these data sets, we applied a type of
statistical analysis called the class IT quantification theory. All sequences were taken from
GenBank release 76.0 [13].

1. From GenBank 76.0, we sclected human entries which have a clear description of
the poly(A) signal in the feature table. The poly(A) signal in the selected entrics
possesses the AATAAA pattern.

2. As a positive data set, we took DNA sequences in the vicinity of the poly{A} signal
from the entries selected by applying procedure 1.

3. From GenBank 76.0, we selected human entries which include DNA fragment longer
than 10 kbp. The reason for collecting such entries is to aveld sampling identical
DINA sequences.

4. As a negative data set, we took the DNA sequences possessing the pseudo-poly(A)
signal, which exists in the region from the 5-end to the 3"end of the gene, from the
entries selected by applying procedure 3. Even though the pscudo-poly(A) signal
includes the AATAAA pattern, it does not work as the transcription termination
signal.

By applying the procedures described above, we collected 183 sequences as the positive
data set, and 680 sequences as the negative data set. Some are shown in Table 1. We
defined the location of the 5’-end of the AATAAA subsequence as being position 0. Each
sequence consists of 128 bases corresponding to the region from —80 to +47, and possesses
AATAAA subsequences in the region corresponding to positions 0 to 5. It is assumed that
unknown sequence patterns in the vicinity of the poly(A) signal may lie within such a
12B-nucleotide sequence.

4 Results

Using the positive and negative data sets collected by applying the above procedures, we
obtained sets of category weights r;; and ranges s;. Figure 2 shows these values. The
graph at the top shows a set of range values, while the other four graphs show the sets
of category weights of bases A, T, C and G. The position in the DNA sequence becomes
more important as the value of the range increases. As a category weight value z e of a
base, k, at position j increases, the hase {requently appears at a position in the positive
data set. On the other hand, as the value decreases, the basc appears more often in the
negative data set. The values of the category weights and ranges corresponding to a region
of AATAAA subsequences is 0, because the region does not contribute to discrimination
between the two groups. The correlation ratio 5%, defined by equation 3, and which
indicates the aceuracy of the discrimination, is 0.5786.



Table 1: Data sets of human DNA sequences

Groups 1 and 2 are composed of DNA sequences in the vicinity of the poly(A} signals
and ather than poly{A) signals, respectively. Each sequence consists of 128 bases, and
possesses AATAAA subsequences in the region corresponding to positions 0 Lo 5.

No. Group Sequence Gene
1 1 AAATGT- -AT|AATAAATG. - TGGTGA Human NAT1 gene
2 1 AAATTA- - -GTIAATAAA AT - - ACACGC  Human Pit-1 gene
3 i AACAGC...T G.. TTTCAA Human interleukin 7
(ILT) gene
— Human prathymosin-
183 1 TTTTTL---ACAATAAA [CA- - AAAAAA pseudogene
—
180 2 AAAAAA- TA[AATAAALCT--ITICLC ;‘1‘1‘2” fssue factor
- B s . Human
185 2 AAAAAA.TI{AATAAAAT.--TAATTC %
pectibility gene
83 2 TTTTTT---TG[AATAAAJAC...CAATCA Human
- — o retinoblastoma  sus-

pectibility gene

Figure 3 shows the distribution of the sample scores oy, as estimated using equation
1. Tt was observed that the DNA sequences in the two groups are clearly discriminated
by using the set of the calculated category weights z;;. To the development of the 3'UTR
recopnition function, we applied a linear discriminant analysis. The optimum threshold,
&, is 1.355. Using this threshold, we were able to correctly recognize 166 sequences in
the 183 of the positive data set and 636 sequences in the 680 of the negative data set.
The Mahalanobis distance, D}, between the two groups is 8.108. The probability of a

discriminant error is 7.75%.

Table 2 shows the results of cross-validation. Accuracies of 52.2% and 74.0 %o were
observed for the positive and the negative test sequences, respectively. The total accuracy
percentage is estimated by equation 10. We could predict a poly(A) signal with an
accuracy of 64.1% by using the category weights. This indicates that the category weight

values determined by the analysis are an efficient means of signal discrimination.
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Figure 2: Calegory weights and ranges evaluated by class Il quantification theory

The praph at the top shows a set of raige values &5 The position o ilie DNA
scquence becomes important as the range value increases. The other four graphs
show the sets of category weights @ of bases A, T, Cand G, As the category weight
value of a base at a position increases, the base frequently appears at a position in
the positive data set. On the other hand, as the weight value decreases, the base
tends to appear in the negative data set. 'I'he correlation ratio ° is 0L576.



Table 2: Results of cross-validation

The total accuracy percentage is estimated using eyquation 10, We
were able to predict a poly(A) signal with an aconracy of 64.1%
by using the category weights.

........ i Accuracy
Positive samples |  Negative samples | Total
[1358 /2505 (54.290)[1854 /2505 (74.0% ) [64.1 % |
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Fignre 3: Distribution of sample scores

The upper aund lower grapha show the distribution of the sample scores for the posi-
tive and the negative data sets, respectively. Based on linear discriminant analysis,
the optimum threshold, é&, for recognizing a DNA sequence as 3'UTH is 1.355. The
Mahalanobis distance, )7, between two groups is 8,108, and the probability of dis
criminant error is 7.75%.



5 Discussion

Since we took DNA sequences consisting of 128 bases into consideration, a large number
of category weights were evaluated. Therefore, we tried to obtain the minimum set of
these weights that is significant to the discrimination of 3'UTR. Based on a statistical
test, we examined whether there is a significant difference in the discrimination ability
resulting when all are used and when only some are used. Let p denote the number of
variables, and ¢ denote the number of some variables. The statistical test is performed
using the following F-distribution:

F - t +ne—p—1 nlnz{ﬂﬁuﬂi} - (11)
p—q (1 4 nz)(ny +ng = 2) + nyng D3

where the number of degrees of frecdom is {(p — ¢,ny + ny — p — 1}, ny{i = 1,2) is the
number of samples in group i. Dﬁ and DE are Lhe Mahalanobis distances between the two
groups using p and ¢ variables, respectively. We excluded some category weights from
all of them, while caleulating the F' value. In the lower range values, the corresponding
category weights were taken away, four-by-four. Based on significance at the 5% level, we
obtained the minimum set of category weights shown in Figure 4.

Based on the category weights and the ranges obtained by applying class I quantifi-
cation theory, we were able to confirm the known characteristic features in 3'UTI. The
category weights, ranked by position in Figure 4, indicate that the DNA sequences in
the vicinity of the poly(A) signal have a tendency to possess hases G and T upstream of
position 20. According to the distance from the poly(A) signal, this corresponds to the
GT/T-rich sequence region.

We were also able to confirm the YGTGTTYY consensus sequences [12]. Since the se-
quence patterns in the vicinity of the poly(A) signal tend to vary, a glance at these weights
does not show the conserved sequence clearly. Therefore, we applied an oligonucleotide-
based analysis, similar to k-tuple analysis [18], to confirm the existence of the YG'I'G'L-
TYY pattern. Let u; denote the score of the pattern at position 7 in the DNA sequence.
Using the category weights x,, obtained by applying the theory, we assume the scare, u;,
to be given by the following equations:

i+l 4
w; — 3y bli—g+ 1,k (12)
i=J k=1
where
I : If the 1 — 5 + 1th hase of the pattern
i—-i+1,k) = corresponds a k hase (13)

0 : Otherwise

[ is the length of the patlern. Figure 5 shows the scores for the YGTGTTYY pattern
in I'UTR. The fgure suggests the existence of a YGTGTTYY pattern in the vicinity of
position J0.

Further, we revealed new patterns in the vicinity of the poly{A) signal by using the
category weights and ranges. As can be clearly seen from Figures 3 and 4, the ranges of
the positions close Lo the poly{A) signal are remarkably large. From the corresponding
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Figure 4: Minimunt sel of category weights
The filled bars are located at positions corresponding to the minimum set of the

category weights based on significance at the 5% level. Bases A, T, C, and G at
each position are ranked in the order of higher category weight values by position.

category weights, base C frequently appears upstreany of the AATAAA subsequence, and
base T ar nih:*n appears downstream in the case of human DNA sequences. This imphes

that CAATAA: "'L(_‘ can be regarded as being a conserved subsequence of the poly{ A} signal.

Another new leature is the periodicity of the signal patterns. In Figures 3 and 4, the
periodicity of the range values can be observed upstream of the poly(A) signal. To examine
the features in the region, we evaluated the correlation between the range values at two
distant positions in a DNA sequence, and investigated the behavior of these corrclations.
Figure 6 shows the normalized autocorrelation of the ranges npstream of the poly(A)
gignal. Tn the region, the carrelation hetween the range values 15 a maximum every 12
hase pairs. This indicates that the periodicity of the 12 base pairs almost corresponds
to the base pair numbers in a single pitch of the DNA double-helix strocture, Tt 1s quite
interesting that the primary sequence related to the expression of the poly( A} signal is
highly related to the tertiary DNA structure,
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Figure 5: Scores of YGTGTTYY pattern in 3'UTIRR

The graph shows the average scores for eight variations of the YOCTCGTTYY pat-
tern, such as the COTGTTCC, CCTSTTCT, CGTGETTTC, CGTGTTTT, TGT-
GTTCC, TGTGTTCT, TGTGTTTC and TGTGETTTT patierns, and suggests the

existence of A YOTOTTYY pattern in the vicinity of position 30.

0.9¢

.83

Mormalized autocorrelation

0.8

Mumiber of hases

Figure 6: Autocorrelation of the ranges upstream of the poly(A) signal

Each value is normalized by the value at gap 0. Upstream side of the poly(A) signal,
the correlation between the range values is a maximum every 12 base pairs.
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6 Conclusion

We applied a statistical method, called class I gquantification theory, to the analysis of
human DNA sequences in the vicinity of the poly(A) signal. The category weights and
ranges evaluated by the theory were analyzed by applying numerical methods including
linear discriminant analysis, statistical test, oligonucleotide-based analysis and autocor-
relation analysis. As a result, we have confirmed the known characteristic features of
J'UTR. Further, we have obtained new sequence features for 3'UTR, which are an exten-
sion of the consensus sequence, AATAAA  and the periodicity of the signal patterns. Since
methods discussed in this paper dose not lose the generality, these methods is applicable
for the recognition of any type of functional sites, and is able to make great contribution
to gene identification methods,

We believe that combining quantification theory and the methods described above will
provide an efficient means of analyzing the general functional sites in DNA sequences.
Especially, a method combining theory with oligonuclectide-based analysis would reveal
new conserved patterns in uncharacterized DNA sequences. Using such a combinational
method, we plan to develop a computational tool for formulating signal patterns in DNA
sCegLCICes.
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