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QUANTIFICATION ANALYSIS OF HUMAN .X - AND J-(;LOBIN GENES. 
MCTATIONS IN 
THALASSEMIAS 

5 ’-SPLICE JUKCTION SEQWCE AND a - AND z- 

Y:ichi Iida 
Department of Chemistry, Faculty of Science, Hokkaido 

University, Sapporo 060, Japan 

Abstract: Nucleotide sequences of the exon-intron junction in human 
d- and s -globin genes were analyzed by the quantification method 
proposed previously. We further studied several mutants of 4- and 
6-thalassemias , where mutational changes occur around the 5 ’ -splice 
junction of the first intron. These changes abolish the normal 5 ’ -  
splice site completely, but activate a cryptic site lying in the 
first exon. Such behaviours were well explained in terms of our 
quantification analysis. 

Most of the mammalian genes are interrupted by introns, which 
are removed from mRNA precursors (pre-mRNAs) by the RNA splicing 
mechanism. A number of genetic diseases have been known to come from 
defects in RNA splicing, by which abnormal M A S  and proteins are 
produced. Thalassemia is one of genetic diseases showing 
defects in human globin chain synthesis. The discovery that 
globin genes consist of three exons divided by two introns led to 
the suggestion that some forms of thalassemia might arise from 
incorrect splicing of pre-mRNA. A s  fo r  signals about where to 
splice, there are consensus sequences around the 5 ’ -  and 3’-splice 
sites of the intron and around the branch point. For example, the 
5’-splice signal has been given by a 9-nucleotide consensus 
sequence, ( C  o r  A)AG/GT(A or  G)AGT, where the stroke ( / )  indicates 
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the boundary between exon and intron. One major problem in 
thalassemia is why certain mutations in the splice signal sequence 
abolish the normal splice sites completely. These mutations lead to 
another problem concerning splice site selection. Within exons 
and introns, there are several places at which sequences resemble 
the consensus splice sites but are normally inactive in splicing. 
However, they are activated if the authentic splice site is 
abolished. in this report, we analyzed 5’-splice sequences of the 
human o( - and J-globin genes, and found that the above problems 
actually take place in several d - and 6 -thalassemia mutants. 
Using our quantification method, we explained why abnormal splicing 
occurs in such thalassemia genes. 

___- Method of Quantification Analysis 
Quantification method (categorical discriminant analysis) is a 

mathematical analysis of DNA sequences to measure the 5’-splice 
signal quantitatively. The method was reported previously, 4-6 so 
that its detail is not mentioned here. Taking human (x -globin gene 
as an example, we show the procedure of calculation briefly. The 
analysis demonstrated that a 9-nucleotide sequence in the consensus 
region (three nucleotides in exon and six in intron) is almost 
sufficient to specify the 5’-splice site in pre-mRNA splicing. 
Then, we constructed two groups of sequence data, as given by TABLE 
1. The first group is composed of 155 sets of 9-nucleotide 
sequences, which are taken from authentic 5’-splice sites in various 
mammalian genes. Sequences of the second group were taken from 
human a-globin pre-mRNA in the following way. First, we start 
with the 9-nucleotide sequence at the cap site. Next, we progress 
one nucleotide in the 3’-direction, and take the next 9-nucleotide 
sequence. In this way, we window 9-nucleotide sequences at every 
position of the whole pre-mRNA. In those sequences, however, there 
lie two sequences due to the authentic 5’-splice sites, which belong 
to the first group. These two are excluded, and the remaining 822 
sequences are summarized in the second group (see TABLE 1).  
Quantification analysis discriminates sequences between the two 
groups most distinctly by a mathematical optimization technique. In 
this process, we can estimate sample score values for each 9- 
nucleotide sequence of the pre-mRNA, where the larger the score, the 
stronger the 5’-splice signal such a sequence has (for detail of the 
calculation, see Refs. 4-6). 

Analysis of Human d-Globin Pre-mRNA E d  O(-Thalassemia 
As was mentioned, the human U-globin pre-mRNA is composed of 
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TABLE 1. The 9-nucleotide sequence data to be analyzed by 
quantification method 

No.  ( Y )  Group (r) a Sequence Gene 

Human rx -globin 
Human p-globin 

AGGGTGAGT 

822 2 

Dog insulin 
Human a-globin 

a Group 1 is composed of 5l-splice site sequences, while group 
See text 2 comprises sequences other than 5’-splice sites. 

and Refs. 4-6 for further details. 

three exons and two introns, and there are two positions of a 5’- 
splice site, Hereafter, positions of the junctions are specified by 
numbering them from the 5’-end of the pre-mRNA. Quantification 
analysis of the data in TABLE 1 demonstrated that, among all of the 
9-nucleotide sequences in the entire pre-mRNA, AAG/GTGAGC (position 
454/455), GAG/GTGAGG (132/133), GGG/GTAAGG (83/84) and AAG/GTCGGC 
(88/89) give the highest sample scores of 40.8717, 34.0718, 32.8155 

27.5589, respectively (See TABLE 2 ) .  The former two sequences 
coincide well with the authentic 5’-splice site sequences of the 
second and first introns, respectively. The thlrd and fourth 
sequences, GGG/GTAAGG (83/84) and AAG/GTCGGC (88/89), resemble the 
consensus sequence, but the normal gene does not undergo splicing at 
these positions. This is because the scores of 32.8155 and 27.5589 
of the third and fourth sequences are smaller than 34.0718 of 
GAG/GTGAGG (132/133) at the authentic 5’-splice site of the first 
intron. other 
and share a c o m n  3’-splice site of the first intron at (249/250), 
it appears that the GAG/GTGAW sequence gets the 5’-splice signal 
after competition. This view is strongly supported by the following 
experiments with the d-thalassemia gene. Felber et al. reported 
the a-thalassemia mutant gene, where a pentanucleotide deletion 
occurs at the underlined position of GAG/GTGAGG (132/133) of the 

Since those three sequences lie rather close to each 
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TABLE 2. The results of quantification analysis and sample 
scores of 9-nucleotide sequences in human a- and 
S-globin genes and their thalassemia genes a 

Gene Position Sequence Sample Score 

s -Globin 

s -Thalassemia 142/14 3 CAG/GCI'GGT 22.9328 
8-Thalassemia 126/12 7 GTG/GTGAGT 32.3851 

a See text for further details. 

authentic 5'-splice sequence of the first intron. Jixpression of 
this mutant gene revealed that the deletion abolishes the normal 5'- 
splice site completely but that alternative splicing occurs at the 
cryptic splice site of GGG/GTAAGG (83/84). Such a splicing led to 
abnormal mRNA, giving severe O(-thalassemia phenotype. We can 
explain this abnormal splicing in terms of our sample scoring 
scheme. The pentanucleotide deletion changes the authentic 5'- 
splice site sequence, GAG/GTGAGG, into GAG/Gc"rccC. This change 
decreases dramatically the score of 34.0718 of the authentic signal 
into - 1.2616 (see TABLE 2). Then, the altered score is much 
smaller than 32.8155 of the cryptic site of GGG/GTAAGG at position 
(83/84). However, the latter score is larger than the next largest 
score 27.5589 of the sequence AAG/GTCGGC at position (88/89). 
Therefore, these sample scores can well explain why the authentic 
site is abolished and the cryptic site at (83/84) is activated as 
the alternative 5'-splice site. Note that, in both of the normal 
and abnormal splicings, the 5'-splice signal sequence overcomes, in 
the magnitude of sample score, the other sequences which resemble 
the consensus sequence. 

Analysis of Human $-Globin Pre-mRNA a d  s-Thalassemia 
The human J-globin is the non-iX chain of HbA (o( 8 2 ) , the 
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minor component of adul t  human hemoglobin. 41so i n  the  g-globin 
gene,198 t h e  pre-mRNA is composed of th ree  exons and two in t rons ,  
and there  are two posi t ions of 5’-spl ice  si te.  The 9-nucleotide 
sequence a t  t h e  5’-spl ice  site of t h e  f i r s t  in t ron  is CAG/GTTGGT a t  
posi t ion (142/143), while t h a t  of the second in t ron  is AGG/GTGAGT at 
(493/494). A s  is s i m i l a r  t o  TABLE 1, w e  constructed two groups of 
t h e  sequence da ta ,  where sequences of t h e  seond group are taken from 
the S-globin pre-MA,  and 1631 sets of 9-nucelotide sequences are 
summarized i n  t h i s  group. Quantification analysis  showed t,hat, 
among a l l  of the  9-nucleotide sequences i n  the  e n t i r e  pre-mRNA, 
those sequences at posi t ions (493/494) and (142/143) give the  
highest  sample scores  of 36.3472 and 31.5675, respecively (see TABLE 
2 ) .  This is consis tent  with the  finding t h a t  they are authent ic  5’- 
s p l i c e  sequences of the  two introns.  

On t h e  other  hand, at posi t ion (126/127), there  lies a crypt ic  
sequence GTG/GTGAGG, which resembles the  consensus 5 ’ -spl ice  
sequence and shows the  t h i r d  highest  sample score,  27.7026. However, 
it is not recognized as the 5’-splice s i te  i n  the  normal gene. This 
is a l s o  explained by our scoring scheme. For t h e  common 3’-splice 
s i te  of the  f i r s t  in t ron  a t  (270/271), there  l i e  two poten t ia l  
candidates f o r  t h e  5’-splice si te,  t h e  authent ic  sequence 
CAG/GTTGGT a t  (142/143) and t h e  cryptic sequence GTG/GTGAGG a t  
(126/127). I n  view of t h e i r  sample scores,  the  stronger sequence at  
t h e  authent ic  site g e t s  the  5’-spl ice  s ignal  after competition i n  
t h e  normal gene. This view is strongly supported by abnormal 
sp l ic ings  observed with two 8-thalassemia mutant genes. 

The C )  
at pos i t ion  144 within the f i r s t  intron. This change leads t o  
complete thus 
t o  the  absence of normal S-globin mRNA, explaining t h e  phenotype of 
So-thalassemia. Such a subs t i tu t ion  changes t h e  authent ic  9- 
nucleotide sequence of the  5’-splice site of the  f i r s t  intron CAG 
/GTM;GT i n t o  CAG/GCTGGT. I n  terms of oiir scoring, t h e  mutat ion 
r e s u l t s  i n  a dramatic decrease of t h e  sample score of the  au the t ic  
site, 31.5675 in to  22.9328, whose value is foimd t o  be much smaller 
than the 27.7026 value of t h e  c rypt ic  sequence GTG/GTGAGG (see TABLE 
2 ) .  This means t h a t  t h e  i n t e n s i t y  of the 5’-splice s ignal  of the 
a l te red  sequence is much weakened, compared t o  t h a t  of the  c rypt ic  
sequence, and t h a t  normal sp l ic ing  is completely abolished i n  the 
t i n i t a n t .  histead of t h i s ,  the  c rypt ic  sp l ic ing  may occur at posi t ion 
(126/127). 

f i r s t  example is a s ingle  nucleotide subs t i tu t ion  ( T  i, 

loss  of sp l ic ing  at t h e  authentic 5’-splice s i te  and 
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The second example of t-thalassemia shows a G + T subs t i tu t ion  
at, posi t ion (132). This place corresponds t o  t h e  f i r s t  nucleotide 
of codon 27, which produces an amino acid change ( A l a  9 S e r ) .  
Moreover, the  mutation occurs within the  9-nucleotide sequence of 
the above crypt ic  si te,  and changes the  wild-type sequence 
GTG/GTGAGG t o  GTG/GTGAGT. Then, the  sample score increases from 
27.7026 t o  32.3851, whose value becomes la rger  than the  31.5675 
value of CAG/G’ITGGT at the  authentic 5’-spl ice  s i te  of t h e  f i r s t  
intron (see TABLE 2 ) , Therefore, i n  t h i s  mutant, the GTG/GTGAGT 
sequence ge ts  the  5l-spl ice  s ignal  a f t e r  competition, and a f r a c t i o n  
of RNA t r a n s c r i p t  is abnormally spl iced from t h i s  si te t o  t h e  normal 
3’-splice si te of the  f i r s t  intron. Although the  score 32.3851 
(GTGGTGAGT) is la rger  than 31.5676 (CAGG’ITGGT), the  difference 
between them (0.8175) is ra ther  small. This implies t lmt  sp l ic ing  
occurs riot only at (126/127) but a l s o  at the  authent ic  s p l i c e  site 
of (142/143). T h i s  mutant produces some normal mRNA, resu l t ing  i n  
S-thalassemia. I t  should be noted t h a t ,  i n  case of d-g lobin  gene, 
t h e  difference between the  above-mentioned sample scores f o r  the  
authent ic  5’-spl ice  site (132/133) and the  c rypt ic  site (83/81) is 
1.2563 ( = 34.0718 - 32.8155), which is s l i g h t l y  l a r g e r  than the  
difference (0.8275) observed here i n  8 + -thalassemia. This seems 

t,o explain why normal d-globin pre-mRNA can be spliced exclusively 
at  the  authent ic  si te (132/133), and not a t  the site (83/84). 

I n  view of the  above examples, a qui te  high sample score 1 s  

required f o r  a sequence t o  ge t  t h e  s igna l ,  but the  sequence is not 
always selected as 5’-splice si te.  I f  two or more such poten t ia l  
seqiierices of 5’-splice si te share a cormiiori 3’-spI ice s i te ,  they 
compete with each other ,  and the sequence possessing the grea tes t  
score g e t s  the  5’-spl ice  s ignal .  I f  it is destroyed by mutation, 
the  next s t rongest  sequence g e t s  the  s ignal .  I n  t h i s  way, whether a 
poten t ia l  sequence may get  or lose  the s ignal  depends on the  
surrounding sequences. 

t 
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