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ABSTRACT A ,8+-thalassemia globin gene was isolated from
the genome of a Black individual by molecular cloning. DNA se-
quence analysis revealed only a single difference between this gene
and the normal human 13-globin gene-adenine is substituted for
thymine in the third position of codon 24. Codon 24 in both the
normal gene (GGT) and the .8+-thalassemia gene (GGA) encodes
glycine. The function of this ,8+-thalassemia gene was compared
to the function of the normal human (-globin gene in monkey kid-
ney cells by using plasmid expression vectors. The codon 24 sub-
stitution activates a 5' splice site that involves the guanine-thy-
mine dinucleotide present in codon 25, 16 nucleotides upstream
from the normal exon 1-intron I boundary. The splice, involving
the abnormal 5' site in codon 25, is completed with the normal 3'
splice site at the end of intron L. This splicing abnormality leads
to a 75% decrease in the accumulation of normally processed ,-
globin mRNA, thereby causing the (3+-thalassemia phenotype.

The ,3-thalassemias are hereditary anemias characterized by de-
creased synthesis of structurally normal A3 globin (1, 2). A quan-
titative deficiency of ,B globin mRNA has been demonstrated
in the bone marrow cells of individuals with severe ,B-thalas-
semia. Molecular studies have shown that ,B-thalassemia mu-
tations may reflect gene deletion (1, 3, 4) or, more frequently,
point mutations that affect f3globin RNA synthesis (5, 6), pro-
cessing (5, 7-12), stability (13), or translation (14-17). ,B-Thal-
assemia mutations are of general interest because specific nu-
cleotide substitutions in such genes may be related to their effect
on RNA metabolism in intact bone marrow cells. Analyses of
such mutations are likely to yield novel structure-function cor-
relations not readily achieved by other experimental strategies.

The P3-thalassemia mutations do not destroy gene function
entirely but instead result in decreased globin mRNA produc-
tion. Studies of bone marrow cells from individuals with such
mutations suggest that transcription of the ,3globin genes is
usually normal, but abnormal processing of the -globin gene
transcript or instability of the 3-globin mRNA leads to a quan-
titative deficiency in (3-globin mRNA (18-21). These functional
studies have been supported by cloning and analyzing the se-
quences of several genes from patients with ,B+-thalassemia (5,
7-9). The abnormally processed RNA generated by one of these
defective genes has been studied by using cloned genes in
expression systems (10, 11).
We have cloned and studied a 6+-thalassemia globin gene

from a Black individual with severe 3-thalassemia that has been
found to be due to a functional defect in mRNA processing (pa-
tient 2 of ref. 19). Three globin genes isolated from this in-
dividual differed from the normal ,B-globin gene by only a sin-
gle nucleotide; this substitution in codon 24 is "silent" at the

level of protein sequence. By using a cellular expression sys-
tem, we found that the codon 24 substitution leads to activation
of a 5' splice site in coding sequence RNA, thereby causing a
quantitative decrease in (3globin mRNA accumulation. These
studies show how a subtle change in the sequence of a gene (a
change that superficially appeared to be functionally silent) can
have a marked effect on mRNA production.

MATERIALS AND METHODS
Molecular Cloning and DNA Sequence Analysis. A human

genomic library was constructed with DNA isolated from bone
marrow cells (19). The DNA was partially digested with EcoRI,
ligated to the EcoRI arms of the bacteriophage A vector Charon
4A, and packaged to form a cloned DNA fragment library (22,
23). Clones containing globin genes were identified by the
miniplasmid or ;rVX screening procedure developed by B. Seed
and T. Maniatis (24). After subcloning of appropriate DNA
fragments (23), the nucleotide sequences of both strands of the
,B+-thalassemia globin gene were determined by using the par-
tial chemical degradation method of Maxam and Gilbert (25)
and the "dideoxy" chain termination method of Sanger et al.
(26). The single-stranded DNA fragments for the latter pro-
cedure were generated by using the bacteriophage M13 mp7
(27). The strategy used for sequence analysis was based upon
the published restriction map of the human (3-globin gene (28).

Globin Gene Expression in Monkey Kidney Cells. The cel-
lular expression system and the construction of the plasmid
expression vector have been recently described (29,30). Globin
RNA, synthesized in COS monkey kidney cells, was charac-
terized by S1 nuclease mapping (31, 32). Uniformly labeled
probes were synthesized in vitro by using single-stranded DNA
obtained from M13 bacteriophage recombinants, each ofwhich
contained a fragment from the human ,B-globin gene (33). The
5'- or 3'-end-labeled probes were made by incubating isolated
DNA fragments with polynucleotide kinase or DNA polymer-
ase I, respectively (34). The conditions for hybridization, S1 nu-
clease digestion, and electrophoretic separation of the pro-
tected DNA fragments have been described (29, 33). Analysis
of RNA splicing was also performed by primer extension with
reverse transcriptase (12, 24).

RESULTS
Molecular Cloning and DNA Sequence Analysis of a (-

Thalassemia Globin Gene. Three recombinant bacteriophage
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containing human P-globin genes were isolated. These rep-
resented independent cloning events, because each contained
a different combination of EcoRI fragments from the (3-globin
gene region. Two recombinant bacteriophage contained intact
,(3globin genes and a third contained only the 5' EcoRI frag-
ment. The sequence of this 5' EcoRI fragment was determined
from 200 base pairs (bp) 5' to the transcription start site to the
intragenic EcoRI site. Only a single nucleotide difference was
found on comparison to previously published sequences of nor-
mal genes (28, 35) (Fig. 1). Both the normal codon 24 (GGT) and
the mutant codon (GGA) code for glycine. The two intact globin
genes were also found to contain this substitution. The se-
quence of one was determined from the intragenic EcoRI site
to a position 50 bp beyond the normal poly(A) addition site. This
region of the 83+-thalassemia gene was identical to the normal
human ,( globin gene. The genomic DNA of this individual was
characterized by restriction enzyme digestion and Southern blot
analysis. Homozygosity was demonstrated at four sites (Table
1) that are known to be polymorphic (37-40). These data sug-
gest that our patient may be homozygous for the codon 24 sub-
stitution, although exceptions to the correlation of restriction
enzyme polymorphisms (haplotype) with specific mutations have
already been noted (5).

Function of the 08-Thalassemic Globin in a Cellular Gene
Expression System. The /3+-thalassemia globin gene was stud-
ied by using plasmid expression vectors (29) designed to rep-
licate in the monkey kidney COS cell line (29, 30, 41-43) (Fig.
2A). Function of the f3-globin gene promoter in such vectors
requires the presence of the 72-bp directly repeated DNA se-
quences found near the SV40 origin of replication (12, 29, 44).
All three independently isolated globin genes gave identical re-
sults. The concentration of 3globin RNA in COS cells trans-
fected with the thalassemia genes (v,&thal) was always consid-
erably less than in cells transfected with the normal gene (v,&
nor) (data not shown).

Quantitative Deficiency of mRNA Transcribed From the
.3Thalassemia Globin Gene Is Due to the Substitution in Co-
don 24. The fragment containing the f8+-thalassemia globin gene

EXON EXON EXON
1 INTRONI 2 INTRON 3

30 I I 1 104 105 146

EXON 1 INTRON

23 24 25 26 27 28 29 30
Val Gly Gly Glu Ala Leu Gly Arg

NOR GTT GGT GGT GAG GCC CTG GGC AGG TTG GT
THAL . A- --A

.,A GGT "AG T
A t A
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FIG. 1. Nucleotide substitution and position of the activated splice
junction in the t3+-thalassemia globin gene. A general diagram of /3-

globin gene structure is shown. Three exons encode the 146 amino acids
of the polypeptide chain. Below is the amino acid sequence of (3-globin
and the sequence of the P-globin gene in the region where the single
substitution occurs in the ,8/-thalassemia globin gene. Nor, normal se-

quence; Thal, (3+-thalassemia sequence. The homology to the 5' splice
consensus sequence (36) and the positions of the splice junctions are
indicated below the DNA sequence.

Table 1. Analysis of polymorphic restriction endonuclease sites

Globin gene Site Genotype

Gy Hind +/+
Ay Hind -/-
(3 Ava I +/+
3' to 3 BamHI +/+

in vp-thal contains approximately 5,000 bp of DNA, of which
the sequence of only 1,850 bp was determined; 1,250 bp of 5'
flanking DNA and 1,900 bp of 3' flanking DNA sequences were
not characterized. A series of hybrid genes was constructed in
the expression vector (Fig. 2B) to determine if the quantitative
deficiency in (3-globin RNA was due to the substitution in co-
don 24 or to some uncharacterized mutation in flanking DNA.

A. Expression Vector
poly-A site --

EcoRI

B. Hybrid flGlobin Genes
THAL

Bam

Bam

Bam
HI

NOR
Bam Eco

--+-I I-.I/---S = vp-thal /nor
Bgl IIBarn

NOR NOR
Bam - Rsa Bam Eco

l-" tij/ I.-.=vI-nor (0.6)/nor

THAL NOR

Bamr Rsa Bam Eco
| _ | + (//.a -.. =vp-thal (0.6)/nor

Human DNA SV40 DNA p BR322 DNA

FIG. 2. Diagram of the expression vector and the "hybrid" globin
genes used to define the consequences of the nucleotide substitution in
codon 24. (A) Expression vector. This vector includes two origins of DNA
replication (ori) and the promoter enhancer element from the simian
virus 40 (SV40) genome (29). The two complete globin genes and the
normal human (-globin gene (28) were separately subcloned as 5.0-
kilobase (kb) BgI H fragments in the BamHI site of-the expression vec-
tor. The 5' end of the third independently isolated partial globin gene
was-substituted for the corresponding 2.9-kb Bgi H/EcoRI fragment of
the normal human (3-globin gene, previously subcloned in thePst I site
of the expression vector (29). (B) Hybrid globin genes. The vector v,3-
thal/nor was obtained by substituting the 5' end of the ,8+-thalassemia
gene (1.9-kb BamHI fragment) for the corresponding fragment in the
normal gene. Both the normal and 3-thalassemia 1.9-kb BamHI frag-
ments were truncated at theRsa I site 127 bp upstream from the normal
start of tanscription. TheRsa I ends were modified by addition ofBamHI
linkers and the resulting 0.6-kbBamHI fragments were substituted for
the 1.9-kbBamHI fragment in vt3-nor to yield vf3nor(0.6)/nor and v(-
thal(0.6)/nor, respectively.
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These vectors were separately introduced into COS cells.
The level of 3-globin mRNA present 48 hr after transfection
was estimated by S1 nuclease analysis using a uniformly labeled
probe that maps the 5' end of /3-globin RNA (Fig. 3A). A direct
comparison was made between the expression of the f3-globin
genes in vfnor and v13-thal/nor (Fig. 3A, lanes 1 and 2 com-
pared to lanes 3 and 4) and the function of the genes in v/3-
nor(0.6)/nor and vP3-thal(0.6)/nor (Fig. 3A, lanes 5 and 6 com-
pared to lanes 7 and 8). In each experiment, /3-globin mRNA
concentration was several fold higher for the normal gene than
for the hybrid gene containing the 5' end of the /3-thalassemia
globin gene.To estimate the difference in concentration of 83-
globin RNA molecules transcribed from v(3-nor(0.6)/nor com-
pared to vf3-thal(0.6)/nor more precisely, an analysis was per-
formed with an internal standard. A probe for RNA sequences
initiated from the SV40 late promoter in the vector was added
to the probe for f3-globin RNA sequences (data not shown). Use
of the internal standard probe allows correction for variable re-
covery of RNA during extraction, hybridization, and S1 nu-
clease analysis. The original radiograph was scanned with a
densitometer to measure the relative intensities of the frag-
ments protected by RNA. This analysis revealed the concen-
tration of P3-globin RNA in COS cells transfected with v43-
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thal(0.6)/nor to be 25% of that in COS cells transfected with
v(3-nor(0.6)/nor.

Substitution in Codon 24 Activates a 5' Splice Site. S1 nu-
clease mapping of the 5' region of globin RNA transcribed from
vectors containing the 5' end of'the 83-thalassemia globin gene
revealed two protected probe fragments. A 132-nt fragment was
identical to the fragment protected by RNA transcribed from
vectors containing the normal ,(3globin gene, and a second frag-
ment was 6 nt shorter (Fig. 3A, lanes 3 and 8). The uniformly
labeled probe spans the 5' end of normally initiated P3-globin
mRNA, but ends 10-11 nt before the splice site at the 5' end
of intron I (33). The 126-nt probe fragment could therefore have
arisen because of aberrant initiation of transcription 6 nt down-
stream from the normal site or because a splice site was utilized
within RNA sequences transcribed from exon 1.

The experiment shown in Fig. 3B demonstrated that the lat-
ter interpretation was correct. A 3'-end-labeled probe derived
from the /3+-thalassemia globin gene was used to precisely map
the 5' splice site by S1 nuclease analysis. Correctly spliced RNA
transcribed from v,-nor(0.6)/nor yielded only a 72-nt band (Fig.
3B, lane 1), whereas RNA transcribed from vp3-thal(0.6)/nor
protected an additional fragment 57 nt long (Fig. 3B, lane 2),
indicating utilization of an abnormal 5' splice site. Aberrantly
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FIG. 3. (A) Functional consequences of the codon 24 substitution. Comparison of ,3globin RNA concentration in cells transfected with vectors
containing each of the hybrid globin genes (Fig. 2). Each RNA sample was annealed with approximately 5 ng of the uniformly 32P-labeled single-
stranded DNA probe (33) shown on the diagram. After exposure to S1 nuclease, the DNA-RNA duplexes were denatured and the protected DNA
fragments were resolved on an 8% polyacrylamide sequencing gel. M, marker DNA fragments, with lengths indicated in nucleotides (nt). The odd-
numbered lanes show results from analysis of 20 pg of RNA, and the even-numbered lanes show results of analysis of 4 pug of RNA. Vectors studied
were as follows: Lanes 1 and 2, v,-nor; lanes 3 and 4, v1-thal/nor; lanes 5 and 6, v3-nor(0.6)/nor; lanes 7 and 8, v,3thal(0.6)/nor. Note that the
32P-labeled probe DNA used includes 406 nt of M13 DNA that hybridized with contaminating nonradioactive templateDNA and produced the smear
of DNA fragments on the upper part of the gel. The additional band at 208 nt represents protection of the entire human DNA portion of the probe
by RNA initiated upstream from the normal position (33). (B) S1 nuclease mapping using a 3'-end-labeled probe. The 201-bp Dde I fragment was
isolated from the 8B-thalassemia gene and 32P-labeled by incubation with DNA polymerase I, and 20 ng was added to each reaction mixture. Lane
1, 4 pg of RNA from COS cells transfected with v3-nor(0.6)/nor; lane 2, 20 ,ug of COS cell RNA from cells transfected with v(3thal(0.6)/nor. The
annealing was at 650C. The difference in lengths of the two fragments protected by globin RNA transcribed from v,(thal(0.6)/nor was estimated
as 15-16 nt by counting the individual bands in the adjacent sequence ladder. (C) Demonstration that the abnormal 5' splice junction is spliced to
a normal 3' splicejunction. A 188-bpAva ll/BamHI fragment from exon 2 was 32P-labeled at theBamHI site with polynucleotide kinase. This primer
was annealed with globin RNA and the primer was extended to the 5' end of the mRNA with reverse transcriptase. The cDNA RNA hybrids were
denatured and the end-labeled cDNA fragments were resolved on polyacrylamide sequencing gels. Lane 1, 20 gg of RNA from COS cells transfected
with vp-nor(0.6)/nor; lane 2, 20 gg of RNA from cells transfected with v/3-thal(0.6)/nor.
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spliced RNA molecules of this type were also found in RNA
extracted from COS cells transfected with vf3thal, a vector that
contains an intact (3-thalassemia globin gene (data not shown).

Primer extension analysis was used to identify the 3' splice
site used with the abnormal 5' splice site. An Ava II/BamHI
primer fragment from exon 2 of the fglobin gene was annealed
with globin RNA and a cDNA copy of the RNA was synthesized
with reverse transcriptase. RNA isolated from COS cells trans-
fected with v,/3nor(0.6)/nor (Fig. 3C, lane 1) yielded only the
expected 350-nt fragment, whereas RNA from COS cells trans-
fected with v,(3thal(0.6)/nor gave two reverse transcripts (Fig.
3C, lane 2). One was 350 nt and the other was approximately
16 nt shorter. This experiment (in conjunction with the pre-
vious one) indicated that both the normal and the 5' splice site
in the coding sequence used the same 3' splice site at the end
of intron II. This experiment also provided an accurate estimate
of the relative amounts of the two spliced species in steady-state
RNA. Sixty-six percent of globin RNA molecules were spliced
at the correct site, and 33% were spliced at the codon 25 splice
site.

In Fig. 3C, very faint (but equivalent) bands derived from
unprocessed globin RNA could be seen at 479 nt with RNA
transcribed from v,(3nor(0.6)/nor and vB3thal(0.6)/nor. Thus
the codon 24 mutation did not appear to cause an increase in
unprocessed globin RNA. Further support for this interpre-
tation was derived from an SI nuclease analysis with a single-
stranded probe that includes most of exon 1 and intron I (33),
which assays both precursor and processed mRNA. The pro-
cessed mRNA-to-precursor ratio of transcripts from vB thal(0.6)/
nor was 50% of the processed mRNA-to-precursor ratio of tran-
scripts from v1-nor(0.6)/nor (data not shown). The concentra-
tion of precursor in the two RNA samples appeared to be ap-
proximately equivalent.

DISCUSSION
The substitution in codon 24 of this ,B thalassemia globin gene
results in activation of a splice site that is present within the
coding sequence of the ,3globin gene transcript. Thus this mu-
tation differs from those that cause thalassemia by destroying
the function of a normal splice site (12, 45) or by creating a new
splice site within intervening sequence RNA (7, 10, 11). Orkin
et al. (46) have recently shown that the substitution in codon 26
of the PE gene also leads to infrequent use of the splice site in
codon 25. The mutation in codon 24 that we have characterized
results in a 75% decrease in ,B-globin mRNA accumulation when
the gene is tested in a cellular expression system, suggesting
that the splice site in the coding sequence may be used 80% of
the time. These observations illustrate how a subtle change in
sequence may upset the exquisite precision of the splicing
mechanism in generating functional globin mRNA.

Relatively little is known about the sequence requirements
for accurate RNA splicing. A catalogue of the sequences found
at functional splice sites (36) has led to the identification of the
5' consensus splice sequence shown in Fig. 1. The functional
splice site at the exon 1-intron I boundary of the normal human
,-globin gene matches the consensus sequence in seven of nine
positions, whereas the normal sequence that includes the GT
in codon 25 is a six of nine match. The T-to-A substitution in
codon 24 of the thalassemia gene increases the consensus match
to seven of nine. This subtle change apparently converts an in-
active or rarely used splice site to one that is used frequently
in the P+-thalassemia gene transcript. A small nuclear RNA (U1)
has also been proposed to have a role in facilitating accurate
RNA splicing (47, 48). The P+-thalassemia mutation could not
affect the stability of the duplex with U1 RNA because it occurs

outside of the complementary segment. Our observation there-
fore provides direct evidence that a nucleotide not involved in
the putative pairing with U1 RNA may influence the function
of a splice sequence.
The mechanism by which the codon 24 substitution leads to

a quantitative deficiency in (3globin mRNA appears to be dif-
ferent than that of the G-to-A substitution in intron I that cre-
ates an alternative splice site (7, 10, 11). The aberrantly spliced
RNA from the alternative splice site mutation is readily de-
tected in bone marrow cells of both homozygous and hetero-
zygous patients (33) and accounts for 90% of the globin RNA in
tissue culture cells (10, 11). This mutation leads to an increased
concentration of (3-globin precursor RNA molecules from which
sequences transcribed from intron I have not been removed.
In contrast, the aberrantly processed RNA species arising from
the codon 24 substitution is a minor species. It was readily de-
tected in monkey kidney cells only when close proximity of the
f-globin gene promoter and the SV40 enhancer element en-
sured a very high level of (3-globin gene transcription. This RNA
species could not be detected either in total bone marrow RNA
(ref. 33, patient 14) or in nuclear RNA (unpublished observa-
tions). Finally, the amount of unprocessed precursor containing
sequences transcribed from intron I is not increased by acti-
vation of the 5' splice site in coding sequence. The molecular
basis for the different effects of the two splice site mutations
(codon 24 or intron I) is not yet understood.
The incorrectly spliced mRNA molecules arising from the

splice site in codon 25 probably have 16 fewer nucleotides than
normally spliced 3-globin mRNA. The translation reading frame
would therefore be altered, and termination of protein syn-
thesis on this abnormal RNA would occur beyond the incorrect
splice because of an in-phase termination codon. Globin mRNA
molecules with premature termination codons are thought to
be unstable (13-15, 17). The quantitative deficiency of total ,-
globin RNA transcribed from the gene with the codon 24 sub-
stitution could therefore reflect instability of the incorrectly
spliced species.

Study of this 83-thalassemia gene illustrates the usefulness
of molecular cloning, DNA sequencing, and in vitro analysis of
gene expression in characterizing naturally occurring mutations
in humans. Despite intensive study, the nature of this mutation
and its functional consequences in bone marrow cells were ob-
scure until these powerful techniques were utilized. Finally,
our experience illustrates how naturally occurring mutants can
provide unexpected insights regarding the sequence require-
ments for selective and efficient RNA processing. The concept
of a silent nucleotide substitution is altered by the realization
that such mutations, although irrelevant with respect to the en-
coded amino acid, can have profound effects on RNA process-
ing.
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