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ABSTRACT Analbuminemic rats, which genetically lack serum
albumin, have a mutation affecting albumin mRNA processing.
Serum albumin genes were cloned from analbuminemic and nor-
mal parental Sprague-Dawley rats. Structural analyses ofthe two
albumin genes showed that the gene from analbuminemic rats had
a seven-base-pair deletion in an intron. The deletion extended
from base 5 to base 11 from the 5' end of intron HI of the albumin
gene. This deletion converted the sequence, G-T-A-G-G-T, which
is normally located at the 5' end of intron HI, to G-T-A-G-C-G.
RNA blot hybridization of analbuminemic and normal rat liver
nuclear RNA using a DNA fragment containing the intron HI as
a probe showed that this intron sequence persisted in albumin
mRNA precursors of analbuminemic rats.

Recent structural analyses have shown that many eukaryotic
mRNAs are produced from split genes. The mechanisms of
mRNAprocessing have been found to be complicated, involving
capping, modification of nucleosides, poly(A) tail addition, and
splicing. Information on the molecular mechanisms of splicing
is increasing, and the involvement of U1, U2, and U6 small
nuclear RNAs in splicing has been proposed (1-4) from se-
quence data. Yang et aL (5) confirmed experimentally the role
of U1 ribonucleoprotein in splicing by using antiserum against
U1 ribonucleoprotein present in the sera ofpatients ofsystemic
lupus erythematosus. The mechanisms ofsplicing ofadenovirus
mRNAs, ovalbumin mRNA, and globin mRNA have been stud-
ied extensively (6-9). However, the precise mechanism(s) of
splicing is still unknown.
mRNA splicing is of course indispensable in producing

mRNA in many eukaryotic mRNAs, and the importance ofsplic-
ing in biological controls has been demonstrated in the pro-
duction of IgM and IgD (10). Therefore, the mechanisms of
mRNA splicing are currently important problems in molecular
biology.

Experiments-on directed mutation provide useful informa-
tion an mRBNA splicing. Although many important findings have
been obtained by this -artificial alteration of cloned genes, the
biological activities of these altered genes usually have been
assayed in artificial systems, except in studies on adenovirus.
However, natural mutants that have a mutation affecting mRNA
splicing should be ideal models for studies on the mechanisms
of mRNA.splicing. Human 83+-thalassemia is one such mutant,
suggested to have a blockade of mRNA processing and found
to have a single-base-pair substitution (11, 12).

Analbuminemic rats, which lack serum albumin, genetically
have been found also to have a mutation(s) affecting mRNA
processing (13). Here we report a seven-base-pair deletion in
an intron of the albumin gene of analbuminemic rats and evi-

dence that albumin mRNA splicing is blocked in analbuminemic
rats.

MATERIALS AND METHODS
Animals. Analbuminemic rats are a mutant of Sprague-Daw-

ley rats maintained in Sasaki Institute, Tokyo, Japan. Control
Sprague-Dawley rats of the same stock from which the first
analbuminemic rat was isolated (14) were obtained from CLEA
Japan.

Chemicals. [32P]dATP, [32P]dCTP, [32P]dGTP and [32P]dTTP
were purchased from the Radio Chemical Centre, Amersham.
Restriction endonucleases EcoRI, HindIII, BamHI, Pst I, Sal
I, HinfI, Hae HI, and Sau3Al were from Takara Shuzo, Kyoto,
Japan. DNA polymerase I and a large fragment of DNA poly-
merase I were products of Boehringer Mannheim, Mannheim,
Federal Republic of Germany. T4 DNA ligase was obtained
from New England Biobabs. Nitrocellulose paper and amino-
benzyloxymethylcellulose paper were products of Schleicher
& Schuell. Other chemicals were reagent grade.

Rat Genomic Libraries. Genomic libraries from analbumi-
nemic and Sprague-Dawley rats were made with phage A
Charon 4A as a vector. Approximately 15- to 20-kilobase-pair
DNA fragments generated by partial digestion with EcoRI were
selected by sucrose density gradient centrifugation and ligated
to EcoRI-digested Charon 4A DNA under the conditions de-
scribed by Maniatis et al (15). Ligated DNA was packaged in
vitro by the method of Hohn and Murray (16). Packaged phages
were propagated once by using Escherichia coli, strain K802,
as an indicator to make a stock phage library. Approximately 5
x 106 independent clones were made and screened by the
plaque hybridization method (17) with 32P-labeled, cloned al-
bumin cDNA, designated prAlb-1 (18), as a probe. Labeling of
the cloned cDNA with 32P was carried out by nick translation
(19) with DNA polymerase I.

Subcloning of DNA fragments of isolated phage DNA con-
taining the albumin gene was carried out with .pKH47 (20), a
derivative of pBR322, as a vector through its EcoRI site or
HindIII site. All procedures involving recombinant DNA were
carried out in P3 biocontainment at the National Cancer Center
Research Institute in compliance with the Guidelines for Re-
search Involving Recombinant DNA Molecules issued in March
1979 by the Ministry of Education, Science and Culture of Ja-
pan.

Southern Blot of Cloned Albumin Gene. Phage DNAs con-
taining the cloned albumin gene were cleaved with restriction
enzymes, subjected to electrophoresis on 1% agarose gel, and
transferred to nitrocellulose paper by the method of Southern
(21). Nitrocellulose paper was processed and hybridized by the
method of Wahl et al, (22) with the 32P-labeled, cloned albumin

Abbreviations: R, purine; Y, pyrimidine.
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cDNA prAlb-1 as a probe. Bands were located by autoradiog-
raphy with a Dupont Cronex Lightning Plus intensifier.
RNA Blot Hybridization. RNAs were subjected to electro-

phoresis on 1% agarose.gel containing 7.5 mM methylmercuric
hydroxide. by the method of Bailey and Davidson (23).. RNAs
were transferred to diazobenzyloxymethylcellulose paper by
the method ofAlwine et al. (24). The prehybridization and hy-
bridization conditions were as described (13). The cloned al-
bumin cDNA prAlb-1 and the approximately 300-base-pair
EcoRI fragment containing the intron HI sequence were used
as probes.
DNA Sequence Determination. The DNA base sequence

was determined, by the method of Maxam.and Gilbert (25).
DNA fragments of subcloned albumin gene were end-labeled
either by 3' addition under the conditions described by Sanger
et al. (26) or by 5' phosphorylation with polynucleotide kinase.

RESULTS
Molecular Cloning of Albumin Genes from Normal

Sprague-Dawley Rats and Analbuminemic Rats. Rat albumin
genes were cloned by the method of Maniatis et al (15) by using
partial digests ofgenomic DNAs with EcoRI. Approximately 1.2
X 106 independent clones were screened in both cases, and 15
and 16 plaques were selected, respectively, from analbumi-
nemic rat and normal Sprague-Dawley rat libraries. Digestion
patterns with EcoRI of representative clones from the normal
Sprague-Dawley rat (pAlb'l pAlb'2, and pAlb'3) and, from
the analbuminemic rat (pAlb- l, pAlb-2, and pAlb-3) are shown
in Fig. 1. Their hybridizations to the cloned cDNA prAlb-1 are
also shown. Gross restriction maps were constructed for these
six clones and are shown in Fig. 2. The data of restriction maps
and hybridization to cloned cDNA showed that pAlb'l and
pAlb-l contained the 5'-flanking sequence and the 5' half of
the coding sequence, pAlb+2 and pAlb-2 contained the middle
portion of the coding sequence, and pAlb+3 and pAlb-3 con-
tained the 3' halfand the 3'-flanking sequence (data not shown).
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FIG. 1. Digestion patterns of cloned albumin genes with EcoRIl.

Phage DNAs containing rat albumin gene, pAlb'l1 (lane 1), pAlbl
(lane 2), pAlb'2, (lane 3), pAlb-2 (lane 4), pAlb'3 (lane 5), and pAlb-3
(lane 6) were cleaved-with EcoPJ and subjected. to electrophoresis on
1% agarose gel. (A) The gel was stained with ethidium bromide (1 A.g/
ml) and then photographed under UV light. (B) Gel was also processed
by the method of Southern and hybridized to cloned albumin cDNA
prAlb-1. The markers (lanes M) were.DNA fragments of A phage DNA
digested with EcoRI and Hind&ll labeled with 32P at their 3' ends.
pAlb+1, pAlb+2, and pAlb+3 were isolated from agenomic library of
normal Sprague-Dawley rats and pAlb-1, pAlb-2, and pAlb-3 were
from one of analbuminemic rats.
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FIG. 2. Gross restriction maps of cloned rat albumin genes. Phage
DNAs containing the rat albumin gene were cleaved with EcoRI or
HindM, or both. In some cases, additional cleavages withPstI and Sal
I were used to confirm the restriction maps. All these data were con-
firmed by partial digestion of isolated fragments with EcoRI of re-
strictionmaps of subclonedEcoRI andHindllfragments. Overlapping
of fragments was confirmed by hybridization of DNA fragments with
each other. R, site of EcoRI cleavage; H, site of HindIIIcleavage.

Altogether, cloned genes were extended about 30 kilobase pairs
in both analbuminemic and normal Sprague-Dawley rats.
The molecular structure of the rat albumin gene has been

reported by Sargent et aL (27, 28). The structure of the rat al-
bumin gene that we cloned in the present work coincided well
with that reported previously.

Because all of the fragments present in Southern blot hy-
bridization of the albumin gene with total genomic DNAs and
cloned albumin cDNA were found to be contained in the cloned
albumin gene and to be contiguous in one albumin gene, there
was no indication of the presence of an albumin pseudogene in
either analbuminemic or normal Sprague-Dawley rats.
The above data also indicate that the albumin genes from

analbuminemic and normal Sprague-Dawley rats were indis-
tinguishable in gross structure. The digestion patterns of the
two genes with BamHI, Sal I, and Pst I, respectively, were also
indistinguishable (data not shown). Thus, there was no large
deletion, insertion, or rearrangement in the albumin gene of
analbuminemic rats.

Structural Organization. of the Albumin Gene of Normal
Sprague-Dawley and Analbuminemic Rats. Nucleotide se-
quence determination revealed that the albumin gene was split
into at least 15 exons. Because the nucleotide sequence of the
5' end of the albumin mRNA has not yet been determined, we
could not define the 5' end of the albumin gene. Therefore, the
number ofexons is tentative. The structure of the albumin gene
has been reported by Sargent et al. (27, 28); our observations
on the structure of albumin genes of normal Sprague-Dawley
rat and analbuminemic rat were well consistent with the pub-
lished data (28). As reported by Sargent et al. (28), we also de-
tected the T-A-T-A-T-T-A sequence and C-C-A-A-T sequence
at approximately 30 and 85 base pairs upstream from the pu-
tative transcription initiation site, respectively, in both normal
Sprague-Dawley and analbuminemic rat genes.
The gross structural organization is shown in Fig. 3. All of

the exons of the albumin gene of normal Sprague-Dawley rats
also were present in the gene of analbuminemic rats, and the
structuralorganizations ofthe genes ofnormal Sprague-Dawley
and analbuminemic rats were indistinguishable.

Nucleotide Sequences of' Rat Albumin Genes. We deter-
mined the sequence of cloned rat albumin genes from normal
Sprague-Dawley and analbuminemic rats up to about 10,000
base pairs. Because we found that analbuminemic rats have a
mutation affecting mRNA processing (13), we determined in
particular the nucleotide sequences around splicing junctions.
We found (Fig. 4) a seven-base-pair deletion in the 5' end

of intron HI of the analbuminemic rat albumin, gene. The nu-
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FIG. 3. Organization of rat albumin gene. The organization of the
rat albumin gene was determined by partial sequence determination
of subclonedpAlb'1, pAlb'2, pAlb'3, pAlb-1, pAlb-2, and pAlb-3 and
hybridization analyses of cloned rat albumin genes with prAlb-1.
Black lines named Z through N indicate exons. Exons Z through N
correspond to those determined by Sargent et al. (27). (Upper) Map con-
structed from data on normal Sprague-Dawley rats. (Lower) Map from
data on analbuminemic rats. R, site of EcoRI cleavage; H, site of
HindlH cleavage; kbp, kilobase pairs.

cleotide sequence of the 5' end of the intron HI is 5' G-T-A-G-
G-T-T-T-C-C-G-C-G-A-G 3' in the normal rat gene, but is 5'
G-T-A-G-C-G-A-G 3' in the analbuminemic rat gene. There-
fore, the seven-base DNA fragment 5' G-T-T-T-C-C-G 3' is
deleted in the gene of analbuminemic rats.
The nucleotide sequences around the splicing junctions of

the analbuminemic rat gene were identical with those of the
normal rat gene, except at the 5' end of intron HI. As has been
pointed out (29, 30), the 3' end of each intron has a nucleotide
sequence with a pyrimidine (Y)-rich stretch-A-G and the 5' end
has G-T-R-R (R = purine). So far as has been determined, the
nucleotide sequences of the albumin genes of analbuminemic
and normal Sprague-Dawley rats in regions other than splicing

junctions are identical (data not shown). As we determined only
about 10,000 base pairs of the 15,000 base pairs, the possibility
of additional mutations was not completely eliminated, but
digestions with several kinds of restriction endonucleases in-
dicated that there is no deletion, insertion, or rearrangement
in the gene ofanalbuminemic rats large enough to be recognized
by polyacrylamide gel electrophoresis.

Nuclear RNA Blot Hybridization. From data on the nucleo-
tide sequence of the albumin gene ofanalbuminemic rats, only
one mutation was detected. This mutation was located very
close to the splicing junction. Therefore, it seemed very prob-
able that this seven-base-pair deletion blocks albumin mRNA
processing, probably splicing. However, it was essential to de-
termine whether the intron HI that contains the deletion is re-
moved during maturation ofalbumin mRNA in analbuminemic
rats. To answer this question, we carried out RNA blot hybrid-
ization, using the intron HI as a probe in comparison with that
with cDNA.
When cDNA was used as a probe, cytoplasmic RNA ofnormal

Sprague-Dawley rat liver gave a single strong band in the po-
sition of mature mRNA; this was not found with cytoplasmic
RNA ofanalbuminemic rat liver (Fig. 5). No band was observed
when cytoplasmic RNA of analbuminemic rats was used, but
many bands were observed when nuclear RNA of analbumi-
nemic rat liver was used, as with nuclear RNA of normal
Sprague-Dawley rats. When the DNA fragment of the HI in-
tron was used as a probe, the band of mature mRNA disap-
peared as expected. Most of the bands of nuclear RNA of nor-
mal Sprague-Dawley rats also disappeared, and only bands of
high molecular weight were detected. In contrast, nuclear RNA
of analbuminemic rats gave many bands from the large to the

exon Z..... CGAGAAGCAC/GTAAGCATCTTATGTTTCAC ..... intron ZA..... TCTCTCCCCCATTCCCACAG/ACAAGAGTGA .....exon A
exon Z.....CGAGAAGCAC/GTAAGCATCTTATGTTTCAC.....intron ZA..... TCTCTCCCCCATTCCCACAG/ACAAGAGTGA ..... exon A

exon A..... TCAAAGGCCT/GTAAGTTAAGAGGCTGAAAG..... intron AB..... GCTTTCTGCCTGTCTTTCAG/AGTCCTGATT ..... exon B
exon A..... TCAAAGGCCT/GTAAGTTAAGAGGCTGAAAG..... intron AB..... GCTTTCTGCCTGTCTTTCAG/AGTCCTGATT..... exon B

exon B..... CAAGTCCATT/GTGAGTACATTCTGATTTCT..... intron BC..... CCTTTCTGTCTTCCACTTAG/CACACTCTCT ..... exon C
exon B..... CAAGTCCATT/GTGAGTACATTCTGATTTCT.....intron BC..... CCTTTCTGTCTTCCACTTAG/CACACTCTCT ..... exon C

exon C..... TTCTGGGACA/GTGAGTACCCAGACATCTAT ..... intron CD..... CTCCTCTTCCCATAATTCAG/CTATTTGCAT..... exon D
exon C..... TTCTGGGACA/GTGAGTACCCAGACATCTAT.....intron CD..... CTCCTCTTCCCATAATTCAG/CTATTTGCAT ..... exon D

exon D..... GACACCGAAG/GTAATCCTTGGAAAGACGCA..... intron DE..... AACTGGATTTCTTTTGGTAG/CTTGATGCCG.....exon E
exon D..... GACACCGAAG/GTAATCCTTGGAAAGACGCA..... intron DE..... AACTGGATTTCTTTTGGTAG/CTTGATGCCG..... exon E

exon E..... TCAAAGCCTG/GTATATGAATTTTCTTTAAT ..... intron EF..... TTTCTTTTTTCCTTTTTCAG/GGCAGTAGCT.....exon F
exon E..... TCAAAGCCTG/GTATATGAATTTTCTTTAAT ..... intron EF..... TTTCTTTTTTCCTTTTTCAG/GGCAGTAGCT.....exon F

exon F..... GGATGACAGG/GTAAAGAGGGGGATTGCAGG..... intron FG..... TTTGCCTTCCATTCTCACAG/GCAGAACTTG.....exon G
exon F..... GGATGACAGG/GTAAAGAGGGGGATTGCAGG ..... intron FG..... TTTGCCTTCCATTCTCACAG/GCAGAACTTG..... exon G

exon G..... TCCTGGGCAC/GTGAGTAGATGCCTTCTCTT..... intron GH..... CAATGTTTCGCCTCAATTAG/GTTTTTGTAT.....exon H
exon G..... TCCTGGGCAC/GTGAGTAGATGCCTTCTCTT.....intron GH..... CAATGTTTCGCCTCAATTAG/GTTTTTGTAT ..... exon H

exon H..... CGGCACAGTG/GTAGGTTTCCGCGAGCTAGG ..... intron HI..... CAATTACTTTTATCTTGCAG/CTTGCAGAAT.....exon I
exon H..... CGGCACAGTG/GTAIGAGCTAGGAGCTAGG ..... intron HI..... CAATTACTTTTATCTTGCAG/CTTGCAGAAT ..... exon I

exon I..... TCCAAAACGC/GTGAGTAGTTTTTTTTCCTT..... intron IJ..... AATAACTTTTTGTTACACAG/CGTTCTGGTT.....exon J
exon I..... TCCAAAACGC/GTGAGTAGTTTTTTTTCCTT..... intron IJ..... AATAACTTTTTGTTACACAG/CGTTCTGGTT ..... exon J

exon J..... GGAAGACTAT/GTGAGTCTTTTAAACAACAT..... intron JK..... TCCGCTTGTCTCTTCTTTAG/CTGTCTGCAA.....exon K
exon J..... GGAAGACTAT/GTGAGTCTTTTAAACAACAT.....intron JK..... TCCGCTTGTCTCTTCTTTAG/CTGTCTGCAA.....exon K

exon K..... AGAAGCAAAC/GTGAGGATATATTCTTTCGC ..... intron KL.....TGCTTTCTGTCCTGCTGCAG/GGCTCTCGCT ..... exon L
exon K..... AGAAGCAAAC/GTGAGGATATATTCTTTCGC.....intron KL..... TGCTTTCTGTCCTGCTGCAG/GGCTCTCGCT ..... exon L

exon L..... CGCCACTGAG/GTAACAAATGTCTTCTCCAT..... intron LM..... CACCAATTTTTCCTGTTCAG/GGGCCAAACC ..... exon M
exon L..... CGCCACTGAG/GTAACAAATGTCTTCTCCAT.....intron LM..... CACCAATTTTTCCTGTTCAG/GGGCCAAACC.....exon M

exon M..... ACCATCTCAG/GTAACTATACTCGGGAATTT..... intron MN.
exon M..... ACCATCTCAG/GTAACTATACTCGGGAATTT.....intron MN.

/GCTACCCTGA.....exon N
/GCTACCCTGA.....exon N

FIG. 4. List of the nucleotide sequences at the splicing junctions. Underlined is the DNA sequence deleted in the albumin gene of analbu-
minemic rat. A, Position of the seven-base-pair deletion.
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FIG. 5. RNA-blot hybridization. Cytoplasmic and nuclear RNAs
from normal Sprague-Dawley and analbuminemic rats were subjected
to electrophoresis and transferred to a diazobenzyloxymethylcellulose
paper. (A) This paper was hybridized to 32P-labeledprAlb-1, and bands
were located by autoradiography. (B) The same paperwasthen treated
withheattoremovehybridizedcDNAandhybridizedtothe 32P-labeled
300-base-pair EcoRI fragment containing intron HI. Lanes: 1, cyto-
plasmic RNA from normal Sprague-Dawley rat liver; 2, cytoplasmic
RNA from analbuminemic rat liver; 3, nuclear RNA from normal
Sprague-Dawley rat liver; 4, nuclear RNA from analbuminemic rat
liver.

small molecular weight region, and the relative intensities of
the bands were much stronger than those of normal rats. This
clearly indicates that the intron HI sequence persisted in "al-
bumin mRNA precursors" in analbuminemic rats.

DISCUSSION
In the present work, we clearly demonstrated that there is a

seven-base-pair deletion in the HI intron of the albumin gene
of analbuminemic rats. This deletion is located at the 5' end of
the HI intron of the albumin gene. The nucleotide sequence
of the 5' end of introns is strongly conserved in many eukaryot-
ic genes (30) and is considered to be important in mRNA splicing
(31). The proposed models of mRNA splicing by Lerner et al

(1) and Rogers and Wall (2) are based on the fact that the nu-

cleotide sequence of the 5' end of introns can hybridize to Ul
RNA (32). The alternative models proposed by Ohshima et al.
(3) and Mount and Steitz (33) are also based on the same fact.
Recently Yang et al (5) demonstrated that U 1 ribonucleoprotein
indeed plays an important role(s) in mRNA splicing of adeno-
virus. From the above data, it is widely accepted that the nu-

cleotide sequence of the 5' end of introns is critical for mRNA
splicing.
Our data on the nucleotide sequence of the albumin gene of

analbuminemic rats clearly demonstrated that a seven-base-pair
deletion in HI intron replaces the normal nucleotide sequence
of the 5' end; that is, 5' G-T-A-G-G-T-T-T-C-C 3' is replaced
by 5' G-T-A-G-C-G-A-G-C-T 3'. Therefore, it is reasonable to
conclude that this mutation blocks albumin mRNA splicing in
analbuminemic rat liver. This conclusion is supported by the
fact that the intron HI sequence persisted in "albumin mRNA
precursors" in the nuclei ofthe liver of analbuminemic rats. We
also recently found restriction fragment length polymorphism
in the 3'-flanking sequence of the albumin gene in a stock of
Sprague-Dawley rats. Using this polymorphism, we found that

analbuminemia is closely linked to the albumin structural gene
(to be published elsewhere). All ofour data strongly suggest that
the seven-base-pair deletion that we found in the present work
in the intron HI of the albumin gene of analbuminemic rats
blocks albumin mRNA splicing. To determine the biological
significance of the mutation that we found in the present work
on the splicing ofmRNA, it is important to examine if the mu-
tation blocks mRNA splicing in an artificially constructed test
system with simian virus 40 (34) or the thymidine kinase gene
(35).
We determined the 13-nucleotide sequence of the 3' end of

the introns of the rat albumin gene and found that the nucleo-
tide sequence of the 3' end of all introns was 5' Y-A-G 3' as has
been noticed in many eukaryotic genes (30). We also deter-
mined the nucleotide sequence of the 5' end of the introns of
rat albumin gene. All 5' ends of introns had 5' G-T 3' as noticed
(29). Previously there were reports that the consensus sequence
of the 5' end of introns is 5' G-T-A-A-G-T 3' (36), 5' G-T-A-A-
G-T-A 3' (2), or 5' G-T-R-A-G 3' (31), but no 5' G-T-A-A-G-T-
A 3' was found at the 5' end of the rat albumin gene. Only one
5' G-T-A-A-G-T 3' and seven 5' G-T-R-A-G 3' sequences were
observed in the rat albumin gene. A completely conserved se-
quence, deduced from our sequence data on the rat albumin
gene was 5' G-T-R 3'. However, ifwe postulate that the signal
sequence for mRNA splicing at the 5' end of introns is 5' G-T-
R 3', it is very hard to understand why the mutation of anal-
buminemic rats blocks albumin mRNA splicing. Therefore, we
tentatively propose that the Y-A-G-G-T-R consensus sequence
is essential but not sufficient for mRNA splicing. The nucleotide
sequence around the splicing junctions must be important in
the regulation ofmRNA splicing.
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