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The signals which direct excision of introns from mRNA precursors in higher eukaryotes’ genes are not
well-understood. Although a consensus sequence, AAG/GTGAGT, has been proposed with the 5’-splice site,
actual 5’-splice site sequences differ from it to a greater or lesser degree. In the present paper, structural analysis

of 5’-splice site sequences was done by using quantification theory (class II).

Nucleotide sequences were

transformed into categorical data, and categorical discriminant analysis was carried out between 5’-splice site
sequences and sequences other than 5’-splice site. Relative importance of each position of nucleotide sequence
was then estimated by calculating partial correlation coefficient on each position.

Many eukaryotic genes are interrupted by introns,
which are removed from mRNA precursors (pre-
mRNAs) by the RNA splicing mechanism.!=% The
splicing of pre-mRNA includes, as a first step, cleav-
age of the 5’-splice junction and formation of a lariat
involving the 5-end of the intron joined by a 2’'—5’
phosphodiester bond to an A residue upstream of the
3’-splice junction. This is then followed by cleavage at
the 3’-splice junction together with ligation of the 5
and 3’ exons. Although both steps are related to sev-
eral reactions, the machinery for splicing (macromo-
lecular ribonucleoproteins containing small nuclear
RNAs) carries out this process in a concerted
manner.3~% The compilation of sequences surround-
ing intron boundaries demonstrates consensus se-
quences at both the 5’ (donor) and the 3’ (acceptor)
splice sites.'2 The 5’-splice site consensus sequence
is described by 5’-(exon)-gAG/ GT‘éAGT-(intron)-?u’,
where the stroke (/) indicates boundary between exon
and intron. Such a sequence plays an important role
in defining the 5’-splice site, because a number of natu-
rally occurring and in vitro derived mutations within
the consensus regions result in splice site inactiva-
tion.%” However, the consensus sequence has been
ambiguous in what degree of matching between
observed junction sequences and the consensus
sequence is necessary to specify the exact splice site.
That is, actual splice site sequences differ from the
consensus sequence to a greater or lesser degree. It is
also impossible for the consensus sequence to account
for relative importances of each of the nucleotides in
the sequence. In order to study such situation more
quantitatively, Staden used the weight matrix method.®
On the other hand, we applied previously multivariate
statistical analysis to 5’-splice site sequences of pre-
mRNAs, and performed categorical discriminant
analysis, where nucleotide sequences were transformed
into categorical data.” In the present paper, discrimi-
nating 5’-splice site sequences and sequences other
than 5’-splice site, we calculate a value for partial
correlation coefficient on each position of the

sequence. This approach enables us to know relative
importance of each position of nucleotide sequence.

Categorical Discriminant Analysis

Categorical Data. The formulation of categorical
data was described in the previous paper.? In the fol-
lowing, we summarize the procedure briefly. Our data
assume two groups of nucleotide sequences. The first
group is composed of 5’-splice site sequences as recog-
nized by the machinery for splicing. They are taken
from authentic 5’-splice site sequences in various
mammalian genes containing introns, such as globin
genes, insulin genes, etc.1 We take into considera-
tion the consensus sequence, CaG/ GTéAGT, for

5’-splice site, and take 9-nucleotide sequence com-
posed of three nucleotides at the 3’-end of exon and six
nucleotides at the 5’-end of intron. It is assumed that
essential pattern to define 5’-splice site may lie within
such 9-nucleotide sequence. In this way, we summar-
ized 155 sequences into the first group. Some of the
sequence data are shown in Table 1.

The second group is composed of sequences other
than 5’-splice site. They are taken from human g-
globin gene in the following way. The B-globin gene
sequence is separated into three exons by two introns,

Table 1. Some of the 9-Nucleotide Sequences
Belonging to Group 1 and Group 2%
No. Group Sequence Gene
1 1 GAGGTGAGG Human alpha-Globin
2 1  AAGGTGAGC
3 1 CAGGTTGGT Human beta-Globin
4 1 AGGGTGAGT
155 1 AGGGTGAGC Dog Insulin
156 2 ACATTTGCT Human beta-Globin
157 2  CATTTGCTT
1751 2 TTTCATTGC

a) Group 1 is composed of 5’-splice site sequences,
while Group 2, of sequences other than 5’-splice sites.
For further details, see text.
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and there are two positions of 5’-splice junctions.!? In
this gene, we first take the 9-nucleotide sequence at the
5’-cap site. Next, we progress one nucleotide in the 3’
direction, and take the next 9-nucleotide sequence. In
this way, we truncate 9-nucleotide sequence at every
position of the whole pre-mRNA. In those sequences,
however, there lie two sequences of the authentic 5'-
splice sites, belonging to the first group. These two
are excluded, and the remaining 1596 sequences are
summarized into the second group, as shown in Table 1.

In order to transform sequence data into categorical
data, we introduce a dummy variable x) and parame-
ters of 7, v, 7, and @. The parameter, 7, indicates the
groups, where =1 or 2 corresponds to the first or
second group, respectively. We denote n, as sample
size of each group, and take v=], 2,...  n, where
n,=155 and n,=1596. Next, we consider item and
category. In our case, there are nine items with =],
2,--,9. They correspond to the positions of nucleo-
tides in 9-nucleotide sequence, and are defined by the
order from the 5’- to 3’-ends of the sequence. Category
denotes the kind of nucleotide, where we specify
nucleotide A, G, C, or T by =1, 2, 3, or 4 at every
item, respectively. Using these parameters, dummy
variable of x?} is expressed by

1 : if the sample sequence (v) of the group (7)

Xy = has a nucleotide (@) at the position (7),

0 : otherwise.

(M

In this way, we transformed the sequence data of Table
1 into the categorical data. Here, we note the redund-
ant condition for any sample sequence 7(v),

S =1, (i=1,2,,9). @
a=]

Categorical Discriminant Analysis. It was made
according to Hayashi’s quantification analysis (class
I1).12.13) Quantification of the categorical data leads to
the sample score value

4
o= 3 3 5t e @
i=1 a=]1

where =1, 2 and =1, 2, -+, n,. Coefficient of a;q is
the real number and is called category weight. Our
analysis estimates the a;,) and y’* values in such a way
that the two groups of 5’-splice site sequences (¥=1)
and sequences other than 5’-splice site (¥=2) may be
discriminated most distinctly. For this purpose, we
calculate the mean value of sample scores within the
group 7 as
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On the other hand, the mean value of the total samples
is

ny )

Mw

1
N ?

Il

where N=n;+n;=1751 is the number of total samples.
Using these values, variance of the total samples, o2,
and variance between groups 1 and 2, og?, are given by

1 2 n,

2 ) __ 37)2 7
o NgyZ:l(y »: 7
o =~ 31 n, (3 ®)

Nr=| ’ '

In order to discriminate the groups 1 and 2 most dis-
tinctly, we maximize the following n? value,

2 O'Bz . (9)

The procedure to maximize n? and to obtain a,q values
at the optimum condition was briefly summarized in
the previous paper.?

Partial Correlation Coefficient. Using the opti-
mum values of category weight d;), (=1, 2, ---, 9; a=1,
2, 3, 4), we calculate the optimum values of sample
scores " by Eq 3. Then, we obtain from Eq. 4

1 n,

29, (r=1,2). (10

o
Y=o &

We define x1* by
) — 2
XY = 2:1 ity X7 s
(V:l, 2>"'a Ny l:]y 2a"'a 9) (ll)

Using these parameters, we calculate the following
quantities;

l 2 n,
%=y B E EI-R) (%),
(i)].—l’Zs"Wg)a (12)
1 2 n
oy = 2 2 (K%)= 9),
(121’27"'79)y (13)
1
W=y I nly =9 a4)
where
5= LSS0, (i=1,2,-,9 15
xi:ﬁrgl.’:lxi ,(l.—_' y 43"ty )a ( )
12
y=ﬁr§] n,y. (16)

Next, we introduce correlation coefficients between
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items, 7;, and between item and sample sequence, 7;,
by

% =
rl} /Ude}_ b (l’] l’ 2’ )9)’ (17)

iy

Tiy = —F/——
y v/ 0ii Oyy

We construct the 10-dimensional matrix, R, composed
of those coefficients by

=1, (=1,2,-,9,9). (18)

1 Nz -t N9 Ty
T21 T2 o+ Mg Ty
R=|: : : : (19)
T91 T92 -+ Tgg Toy
Tyl Ty2 o Ty9 Ty

This matrix leads to the inverse matrix, R™!, whose
matrix elements are

Al A2 . A9 4y
rl 22 . 29 g2y

R71=| : . . . (20)
Pl B2 L. P9 By
vl 92 L. 9 ywy

By the use of these matrix elements, partial correlation
coefficient between samples and the i-th item is given
by

—riy .
19 e ] ] e 9= 1=1,2,--,9). 21
f,y 1,2+, i1, i+, , 9 W’( ) 4y b ) ( )
where 71,2, i~1,7+1,~,9 indicates a correlation coefficient

between ¢ and y, removing influences of the other
itemsof1,2,---,:—1, i+1,---, 9. The magnitude of this
coefficient tells us to what extent the ¢-th item may
contribute to the discrimination of sample sequences
between the first and second groups.

Results

We applied the above method to the N=1751 sample
sequences, and discriminated 5’-splice site sequences
(r=1) from sequences other than 5’-splice sites (7=2)
most distinctly. The optimum values for category
weights diq), (=1, 2, -+, 9; =1, 2, 3, 4), were estimated
as shown in Table 2. Using these values together with
Egs. 10—18, we constructed the R matrix. Its matrix
elements are symmetrical and the lower half of them is
only given in Table 3. After transforming R matrix
into R~! matrix, partial correlation coefficients in Eq.
21 are calculated as 0.100, 0.162, 0.264, 0.424, 0.329,
0.175, 0.206, 0.351, and 0.157 for items =1, 2, 3, 4, 5, 6,
7, 8, and 9, respectively.

Discussion

So far, the splice junction signals have been sum-
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Table 2. Optimum Category Weight Values of ai's
Calculated with Categorical Discriminant Analysis
of 5-Splice Site Sequences®

Iter?i)No. Category Name (a) Qi)
1 A-1 0.5300
G-2 —0.5163
C-3 1.9291
T-4 —1.4366
2 A-1 3.1444
G-2 —1.9297
C-3 —0.3227
T-4 —1.3873
3 A-1l —1.9442
G-2 5.6465
C-3 0.2679
T-4 —3.1345
4 A-1 —3.6933
G-2 9.8117
C-3 —4.9457
T-4 —2.9199
5 A-1 —3.1491
G-2 —4.8216
C-3 —2.7129
T-4 5.2915
6 A-l 2.7188
G-2 1.4351
C-3 —2.7449
T-4 —1.8026
7 A-1 4.0432
G-2 —1.7958
C-3 —1.1522
T-4 —1.9755
8 A-1 —3.4019
G-2 7.9204
C-3 —3.6093
T-4 —1.8206
9 A-1 —1.1933
G-2 —2.8199
C-3 0.0108
T-4 2.3215

a) For further details, see the text.

marized as ‘“‘consensus’’ sequences. In the case of 5'-
splice site consensus sequence, gAG/GTéAGT has

been proposed by Mount.? Attempts have been widely
made to look for sequences relevant to the consensus
sequence in the whole pre-mRNA. However, its tech-
nique is rather unsatisfactory, because actual splice
site sequences differ from the consensus sequence to a
greater or lesser degree. The consensus sequence is
also ambiguous in which nucleotides are important to
specify the 5’-splice site and which nucleotides are less
important. The optimum values of category weight
diy (=1, 2,-+-, 9; @=1, 2, 3, 4), may answer this prob-
lem. In this case, the item, i, corresponds to the posi-
tion of nucleotide in 9-nucleotide sequence, while the
category, a, denotes the kind of nucleotide at the :-th
position. Relative importance of the kind of nucleo-
tide at each position was previously discussed in terms
of the di.) value.?

Next, we consider relative importance of item (posi-
tion of nucleotide) in 9-nucleotide sequence. There
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Table 3. The R Matrix and Its Matrix Elements ry;, (, =1, 2, -, 9, y), Shown by Eq. 19 in the Text®

Item No. 1 2 3 4 5 6 7 8 9 10
1 1.000
2 0.171 1.000
3 0.120 0.034 1.000
4 0.103 0.129 0.197 1.000
5 0.054 0.050 0.093 0.107 1.000
6 0.036 0.037 0.113 0.140 0.094 1.000
7 0.055 0.032 0.147 0.166 0.100 0.098 1.000
8 0.099 0.051 0.123 0.175 0.150 0.133 0.104 1.000
9 0.018 —0.009 —0.035 0.053 0.104 —0.025 —0.013 —0.026 1.000
10 0.197 0.206 0.352 0.506 0.377 0.264 0.296 0.416  0.131 1.000

a) The tenth item in this table is read as 7, j=y. Since r;=7;i, the lower half of the matrix elements is only given.

have been known a few approaches to measure quan-
titatively contribution of item to the discrimination
between two groups of 5’-splice site sequences and
sequences other than 5’-splice sites. One approach is
to calculate partial correlation coefficient between
sample sequences and the i-th item under the opti-
mum condition of discrimination. This was done in
the previous sections. Here, the larger the value of
such a partial correlation coefficient, the greater the
contribution of the i-th item to the discrimination
between the two groups. As is shown in Results, the
largest value of the partial correlation coefficient was
found to be 0.424 at the fourth position. The next
largest values range as 0.351 at the eighth position,
0.329 at the fifth position, and 0.264 at the third posi-
tion, while the smallest values were found to be 0.100
at the first position and 0.157 at the ninth position.
Therefore, the fourth, eighth and fifth positions are
more important to specify 5-splice site sequences,
whereas the first, ninth and second positions are less
important. This prediction is consistent with the
experimental results that the GT dinucleotide at the
fourth and fifth positions and the G nucleotide at the
eighth position are almost invariant in every sequence
of 5’-splice junction.? It is also found that nucleotides
at the other positions are rather variable, differing
from junction to junction. The small values of partial
correlation coefficients at the other positions may cor-
respond to this phenomenon.

Another approach to measure relative importance of
item (position of nucleotide) is to estimate the range of
category weights, R;, which is defined by

R;=max (Gi)) — Min (dia))- (22)
This parameter implies that the larger the R; value,
the greater the influence of d;4’s at the i-th item on the
total sample score y*. Using the data of di,) in Table
2, the R; values are calculated as R;=3.3657,
R,=5.0741, R;=8.7810, R4=14.7574, Rs=10.1131, R¢=
5.4637, R;=6.0187, Rg=11.5297, and Ry=5.1414. These
results show that the degree of importance of items
aligns in the order of /=4, 8,5, 3,7,6,9,2,and 1. It
appears that this order of importance is in good accor-

dance with that of the previous partial correlation
coefficients given in the previous section of Results.
Several other evidences which support our conclu-
sion are provided by experimental results on muta-
tional changes of nucleotides around 5’-splice junc-
tions. One example is the study of Treisman et al.,?
who reported three mutants of human $-globin gene.
The B-globin gene sequence is separated into three
exons by two introns, and there are two positions of
5’-splice junctions.! In the normal gene, the 9-
nucleotide sequence at the 5’-splice site of the first
intron is --- CAG/GTTGGT ---. All of the above three
mutant genes (i)—(iii) contain single nucleotide
changes within the 9-nucleotide sequence, causing -
thalassemia phenotype. The B-thalassemia comprises a
group of diseases in which the synthesis of normal 8-
globin polypeptide is either absent or reduced. In the
(i) mutant, a G—A transition took place at the fourth
position of the 9-nucleotide sequence, resulting in
-«CAGATTGGT .. The (i) mutant underwent a
G—C transversion at the eighth position, and has a
sequence --- CAGGTTGCT ---. In the (iii) mutant, a
T—C transition took place at the ninth position,
resulting in --- CAGGTTGGC---. Treisman et al. ana-
lyzed the RNA synthesis and expression of the mutant
gene after its introduction into cultured mammalian
cells on a suitable vector.® In all of the (i)—(iii) genes,
the mutational changes inactivated the authentic 5’-
splice site signal at the first intron, failing in normal
B-globin mRNA synthesis or reducing the synthesis.
The mutation at the fourth position completely inac-
tivated the 5’-splice site of the first intron, giving no
production of normal B-globin mRNA. On the other
hand, the mutation at the eighth position resulted in
partial inactivation of the 5’-splice site, while the

_mutation at the ninth position showed a less dramatic

decrease in the production level of normal mRNA.
Although the latter two mutations led to B*-
thalassemia, the eighth position mutation caused a
more pronounced deficiency of B-globin synthesis
than did the ninth position mutation. These experi-
mental results may correspond well to our categorical
discriminant analysis. Since the relative importance of
items (position of nucleotide) is greatest at the fourth
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position, mutation at this position will influence the
5’-splice site signal most strongly. This may be a rea-
son why the G—A change at the fourth position of the
(i) mutant inactivated completely the 5’-splice site.
According to our discriminant analysis, the next
important item corresponds to the eighth position,
and the least important item, to the ninth position. In
accordance with this view, both of the eighth and
ninth position mutations caused partial inactivation
of the 5’-splice site, but the deficiency of mRNA syn-
thesis is more severe in the eighth position mutant
than in the ninth position mutant.

Another example of mutations which supports our
conclusion is the work of Wieringa et al.,” who
reported mutagenic inactivation of an authentic 5’-
splice site of the second intron in rabbit 8-globin gene.
The 9-nucleotide sequence of the normal gene at this
site is - AGG/GTGAGT ---. Six mutant genes were
prepared by site-directed mutagenesis involving purine
transitions; (i) A—G transition at the first position, (ii)
G—A at the second position, (iii) G—A at the third
position, (iv) G—A at the fourth position, (v) G—A at
the sixth position and (vi) A—G at the seventh posi-
tion. Expression of these genes in HeLa cells revealed
that mutations of (i)—(iii), (v) and (vi) affected neither
the quantity nor the structure of correct B-globin
mRNA. However, the mutation of (iv) inactivated
completely the 5’-splice site, giving no correctly
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spliced B-globin mRNA. These experimental results
seem to be consistent with the previous discriminant
analysis, because the 5’-splice site sequence is influ-
enced most strongly by the mutational change at the
fourth position, and because the effects of the other
positions are much weaker than that of the fourth
position.
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