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ABSTRACT  The murine a-fetoprotein (AFP) and serum al-
bumin genes most probably arose in evolution as the consequence
of a duplication of a common ancestral gene. They have both been
previously mapped to chromosome 5 in the mouse. We now have
evidence that these genes are closely linked. By using a unique
copy DNA probe derived from previously cloned AFP 5’ flanking
DNA, a recombinant DNA phage has been isolated, from a bac-
teriophage DNA library, that contains sequences flanking the 5’
end of the AFP gene and the 3’ end of the albumin gene. Restric-
tion endonuclease mapping and DNA sequence determination of
the recombinant phage and comparison to total genomic DNA con-
firmed that the genes are in tandem, 13.5 kilobase pairs apart,
with the albumin gene to the 5’ side of the AFP gene. Thus, they
are transcribed from the same strand of DNA.

a-Fetoprotein (AFP), which is synthesized by the embryonic
liver and yolk sac, is the major serum protein of the developing
mammalian fetus (1, 2). In rodents, its rate of synthesis by fetal
liver begins to decline just prior to birth, at a time when the
rate of synthesis of serum albumin, the major adult serum pro-
tein, is increasing (3, 4). This reciprocal expression of AFP and
albumin, coupled to a number of functional and structural prop-
erties which they share (5, 6), led to the proposal that they were
the products of a pair of duplicated genes. Two strong lines of
evidence support this hypothesis. First, the complete mouse
AFP amino acid sequence, deduced from direct determination
of the nucleotide sequences of AFP ¢cDNA and AFP chimeric
¢DNA plasmids (7), shows an overall 32% conservation of pri-
mary sequence with several mammalian albumins. Similar re-
sults have been obtained from more limited sequence compar-
isons of the human (6) and rat (8, 9) proteins. Second, structural
analysis of the mouse AFP and albumin genes, by using cloned
segments of genomic DNA, revealed that both genes were or-
ganized identically into 15 coding segments interrupted by 14
intervening sequences (10, 11). The corresponding coding seg-
ments in each gene were the same size, although no nucleotide
cross-hybridization was detected between them.

More recently we have found that the two genes are present
on chromosome 5 in the mouse (12). By using a series of ham-
ster—mouse somatic cell hybrids in which the mouse chromo-
somes had differentially segregated, the presence of murine
albumin and AFP DNA sequences was detected by hybridiza-
tion and correlated to the presence of mouse chromosome 5 in
the cell lines. In the present report, the close linkage of the AFP
and albumin genes is demonstrated by the isolation and char-
acterization of a recombinant genomic DNA clone whose se-
quences span the distance between them.
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MATERIALS AND METHODS

Identification of Unique Copy DNA Flanking the AFP and
Albumin Genes. DNA from AAFP14 (11) was cleaved with sev-
eral restriction enzymes (New England BioLabs) in both single
and double digestions. The fragments were electrophoresed
through 1.5% agarose gels and transferred from the agarose gels
to nitrocellulose filters (Millipore) by the method of Southern
(10, 13). Pretreatment, hybridization, and washing of all filters
were performed as described by Wahl et al. (14). The DNA on
the filters was hybridized to total mouse genomic DNA which
had been labeled by nick-translation (15) to a specific activity
of 5-10 X 107 cpm/ pg. Those fragments that failed to hybridize
to the labeled DNA were presumed to contain only unique copy
DNA. To confirm this, the fragments of interest were isolated,
labeled by nick-translation, and hybridized to an EcoRI digest
of mouse genomic DNA on a nitrocellulose filter. The hybrid-
ization of a predicted pattern of EcoRI fragment(s), in the ab-
sence of any background, was taken as evidence that the isolated
fragment would be a useful probe for the cloning of flanking
DNA.

Isolation of Mouse Genomic DNA Clones Flanking the AFP
Gene. Mouse genomic libraries, prepared from random partial
Hae 111/Alu 1 digests of BALB/c embryonic DNA or partial Hae
III digests of the plasmacytoma MOPC41 DNA (16) and the
outer EcoRI fragments of the vector Charon 4A (17), were plated
to a density of 20,000 phage per plate and screened by the pro-
cedure of Benton and Davis (18) using a unique copy DNA frag-
ment derived from AAFP14 that had been labeled to 4-10 X
107 cpm/pg in the presence of [**PJdCTP (15).

Restriction Endonuclease Analysis of AAFP15 and Mouse
Genomic DNA. Approximately 25 ug of AAFP15 DNA was
digested to completion with Sma I, an enzyme that cuts 3.7
kilobase (kb) pairs from the EcoRlI site in the right arm of A
Charon 4A DNA and does not cut within the insert of AFP15.
Portions of this DNA were partially cleaved with other restric-
tion enzymes whose sites were to be mapped, and the serial
digests were transferred to nitrocellulose filters after electro-
phoresis through 0.5% agarose gels. The filters were hybridized
to a labeled 3.7-kb EcoRI/Sma I fragment isolated from A
Charon 4A DNA. The sizes of the partially digested fragments
that hybridized to the probe were determined and the specific
sites were mapped by subtraction.

High molecular weight genomic DNA was prepared from
isolated nuclei (19) from BALB/c 18-day embryos by a proce-
dure described by Wu et al. (20). Portions (20-ug) were digested
with restriction endonucleases; the products were fractionated
by agarose gel electrophoresis and transferred to nitrocellulose
filters according to Southern (13). The filters were exposed to
labeled DNA fragments for hybridization, washed, and exposed
to x-ray film.

Abbreviations: AFP, a-fetoprotein; kb, kilobase(s).
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Determination of DNA Sequence of AAFP14 and AAFP15.
A BamHI/EcoRI fragment of AAFP14 containing the first three
coding blocks of the AFP gene and the EcoRI B fragment of Aalb
6 containing the last two coding blocks of the albumin gene were
cloned into pBR322 as described (10). Selected regions of the
DNA were subjected to DNA sequence analysis by using the
procedure of Maxam and Gilbert (21).

RESULTS

Orientations of AFP and Albumin Genes. The identification
and 5'-to-3' polarity of the cloned AFP and albumin genes had
been based on a comparison of genomic fragments and several
cDNA clones (10, 11). DNA sequence analysis was performed
on several small genomic coding blocks to confirm these as-
signments. The second coding block in the AFP gene was ana-
lyzed by the Maxam and Gilbert (21) procedure starting from
a Hpa 11 site at the 5’ side of the block. The sequence of the
coding block (Fig. 1) agrees exactly with that determined from
the sequence of AFP cDNA (7) and corresponds to amino acids
10-25 of the mature protein. The data in Fig. 1, plus further
sequence determinations in the two adjacent blocks (unpub-
lished data) show that the 5’ and 3’ coding—intervening se-
quence borders occur within triplet codons. Both intervening
sequence—coding borders are in good agreement with the con-
sensus sequence generated by Lerner et al. (22).

Proc. Natl. Acad. Sci. USA 78 (1981) 4695

When a small coding block in EcoRI fragment B of the al-
bumin gene (11) was analyzed, we discovered that the orien-
tation of the gene was opposite to that reported previously. The
error was due to a misalignment of a rat albumin cDNA clone,
pralb 1, onto its template (24). Instead of its 1200-base-pair in-
sert being colinear with the mRNA4, it is the product of the
blunt-end ligation of two albumin double-stranded cDNAs. As
aresult, the insert is composed of two discontinuous segments
of albumin-specific cDNA.

The correct orientation of the mouse albumin gene is now
shown in Figs. 1 and 2. The sequence of the 14th coding block
of the albumin gene, (lower half of Fig. 1) contains the codons
for the last 13 amino acids of the protein and 29 additional base
pairs of 3’ untranslated sequence. The deduced amino acid se-
quence agrees poorly with that published for the carboxy ter-
mini of human (5 of 13) or bovine (7 of 13) albumins (25, 26),
but the agreement with rat albumin (10 of 13), as determined
by Sargent et al (23) from the sequence of albumin cDNA
clones, is good. There are only five single-base differences in
the mouse and rat sequences, of which two are silent third-base
substitutions. The most striking difference is an extra six base
pairs in the 3’ untranslated DNA of the mouse. These six base
pairs are directly preceded by the same sequence,
C-A-A-C-C{, which suggests a recent duplication of this se-
quence in the mouse or, less likely, a deletion of the tandem
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Fic. 1. DNA sequences in the AFP and albumin genes. Intervening sequence—coding borders are indicated by the vertical lines; underlined
nucleotides represent the most highly conserved bases of the consensus border sequences (22). (Upper) Top line shows a BamHI/EcoRI fragment
of the Z EcoRI fragment of AAFP14 (11) (see Fig. 2) subcloned into pBR322. The dark blocks represent the positions of the first three coding blocks
in the AFP gene, with the 5’-to-3’ orientation as indicated. A fragment containing the second coding block was subjected to the Maxam and Gilbert
(21) sequence procedure, beginning at a Hpa Il site (dark circle) to the 5’ side of the coding block. The sequence obtained is shown with the derived
amino acid sequence for all complete triplet codons. (Lower) Top line shows the alb B EcoRI fragment of Aalb 6 (11) (see Fig. 2, probe 3) which was
subcloned into pBR322. The last two coding blocks of the albumin gene are shown as dark blocks. The sequence of the penultimate block was de-
termined from an Rsa I site (open circle) at its 5’ side and an Ava II site (open square) just within the coding sequence. The sequence obtained is
shown below, with the derived amino acid sequence. Shown at the bottom is the sequence for rat albumin (23); the base substitutions are indicated
by asterisks. Only those triplets that result in amino acid changes are translated below the rat nucleotide sequence. The repeated sequence in the

mouse albumin 3’ untranslated region is indicated by brackets.
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Fig. 2. Structure of the AFP-albumin gene locus in the mouse. The internal structures of the AFP and albumin genes and their positions relative
to each other on the chromosome are shown in the middle. The dark blocks represent the positions and sizes of the 15 coding segments in each gene;
the coding strands and direction of transcription also are indicated for each gene. Below the gene map are shown the regions of the locus contained
in the overlapping AAFP and Aalb phage. The arrows below each line represent internal EcoRI restriction sites; the circles above each line represent
HindIll sites. a, AAFPS8; b, AAFP7; ¢, AAFP14; d, Aalb6; e, Aalb5; f, A\AFP15. Above the gene map, the DNA fragments used as probes in Figs. 2 and
3 are positioned on the chromosome. Only those BstEII, EcoRI, and Sac I restriction fragments that span the region between genes and are detected

in Fig. 3 are indicated.

repeat in the rat. The intervening sequence—coding borders also
are in good agreement with the consensus sequences (22).

Cloning Sequences Adjacent to the AFP Gene. In order to
extend the repertoire of cloned DNA sequences surrounding
the AFP gene, it first was necessary to identify restriction frag-
ments that were devoid of repetitive DNA (11) and thus could
serve as hybridization probes. As a first step, AAFP14 DNA,
a recombinant phage containing the 5' end of the AFP gene
(11) (see Fig. 2), was digested with various restriction endonu-
cleases and the fragments were transferred to nitrocellulose
after agarose gel electrophoresis. The fragments were hybrid-
ized to labeled total cellular mouse DNA under conditions such
that only reiterated DNA would be detected. Those fragments
that did not hybridize were then isolated and hybridized to an
EcoRI digest of cellular DNA to ensure that they recognized
only a single fragment. By this procedure, a 0.65-kb EcoRI/
Pou II fragment at the 5’ side of AAFP14 was identified and is
referred to as probe 1 in Fig. 2.

Probe 1 was then used as a labeled hybridization probe to
screen a BALB/c-derived genomic DNA library in Charon 4A
by using the procedure of Benton and Davis (18). Of 5 x 10°
phage screened, a single positive clone was identified and la-
beled “AAFP15.” When AAFP15 DNA was cleaved with EcoRI,
four internal EcoRI fragments were observed: 6.4, 3.5, 2.45,
and 1.5 kb (Fig. 3, lane 2). The order of the EcoRI fragments,
determined by partial digestion restriction mapping, was 5’
2.45, 1.5, 6.4, 3.5 3’ (5' refers to those sequences farthest up-
stream from the AFP gene). Of these, probe 1 hybridized to the
3'-most fragment, 3.5 kb (Fig. 3, lane 3). These results, plus
extensive restriction mapping, implied that AAFP15 over-
lapped AAFP14 by 5.0 kb, and therefore the cloned region sur-
rounding the AFP genes had been extended by approximately
9 kb in the 5’ direction (Fig. 2).

The cleavage sites of several other restriction enzymes
(BamHI, HindIIl, Sal1, Xho I, Pvu 11, Pst I, Xba 1, Sac I) were

determined in AAFP15 and a restriction map was constructed.
Sixteen cleavage sites at the 5’ end coincided exactly with the
map of the 3’ distal region of Aalb 6 (11), a cloned segment of
the 3’ half of the mouse albumin gene. In Fig. 2, only the
HindIII sites have been included to illustrate the identity be-
tween AAFP15 and Aalb 6; however, the same results were ob-
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Fic. 3. Presence of both AFP and albumin flanking DNA in
AAFP15. AAFP15 DNA (1 ug) was digested with EcoRI; the fragments
were separated on a 1% agarose gel (lane 2) and transferred to multiple
nitrocellulose filters. These were hybridized individually to: lane 3, an
EcoRl/Puvu 1I fragment of AAFP14 (probe 1); lane 4, a 1.5-kb EcoRI
fragment of Aalb 6 (probe 2); and lane 5, the 0.5-kb insert of a 3’ distal
albumin ¢cDNA clone, pmalb 1 (11). Lane 1 shows a HindIII digest of
Ac1857ii the vli(iible fragments are, from top to bottom, 22.0,9.4,6.6,4.4,
2.3, and 1.9 kb.
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tained with every enzyme used. Thus, it appeared that the in-
sert in AAFP15 DNA contained sequences derived from the
albumin gene.

To test this possibility, an EcoRI digest of AAFP15 was hy-
bridized to a 1.5-kb EcoRI fragment [alb Eco B (11), shown in
Fig. 1 and as probe 3 in Fig. 2] of Aalb 6, which contains the
last two coding blocks of the albumin gene and is composed of
only unique copy DNA. An identically sized (1.5 kb) EcoRI frag-
ment in AAFP15 was recognized (Fig. 3, lane 4). In addition,
the 0.5-kb insert of an albumin cDNA clone, pmalb 1, which
contains sequences complementary to the last five coding blocks
of the albumin gene, hybridized to the same 1.5-kb EcoRI frag-
ment plus the adjacent 2.45-kb fragment (Fig. 3, lane 5). From
both the restriction mapping and hybridization data, we con-
clude that AAFP15 contains the 3' end of the albumin gene as
well as 5’ AFP flanking DNA (Fig. 2). This result places the two
genes in tandem on the chromosome with the 3’ terminus of
the albumin gene 13.5 kb upstream from the AFP gene.

It was possible that one or more of the recombinant phage
shown in Fig. 2 had been generated after a deletion, in vivo or
in vitro, during the construction of the library. In that case, the
predicted 13.5-kb distance between genes would be incorrect.
To ensure that this was not the case, BALB/c genomic DNA,
prepared from 18-day embryos, was cleaved with restriction
enzymes that cut within the gap between the genes. For ex-
ample, if AAFP15 represents the true intergenic distance, Sac
I digestion of genomic DNA should generate a 9.2-kb fragment
that would hybridize to probe 1. Such a fragment was detected
in genomic DNA (Fig. 4, lane 2). Likewise, probe 2 from Aalb
6 should hybridize to the genomic fragment equivalent to the
internal 6.4-kb EcoRI fragment of AAFP15, and it did (Fig. 4,
lane 3). Finally, a9.5-kb BstEII fragment was found to hybridize
to both probes. These experiments demonstrate that the or-
ganization of the murine AFP and albumin genes, as deter-
mined by the analysis of DNA sequences in AAFP14 and
AAFP15, reflects their original structure in the chromosome.

DISCUSSION

Previous reports (5-11) have argued that the similarities in both
the sequence and the organization of the AFP and albumin
genes made it highly likely that the genes arose as the conse-
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FiG. 4. Detection of intergenic region of the AFP-albumin locus
in mouse genomic DNA. High molecular weight DNA from BALB/c
embryos was cleaved with SacI (lane 2), EcoRI (lane 3), or BstEIl (lanes
4 and 5). Lane 1 shows a BamHI digest of Ac/857 DNA in which the
fragment sizes, from top to bottom, are: 17.4,12.3, 7.3, 6.5, and 5.54 kb.
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quence of a duplication of a common ancestral gene. This ar-
gument is not changed by reversing the polarity of the albumin
gene because the sizes of the 15 coding blocks in both genes
form a symmetrical pattern. The present finding of the close
linkage of these two genes in the mouse genome strongly rein-
forces the likelihood of an early duplication. The two genes have
apparently been maintained in close proximity for a long period
of time. Reports of a fetal-specific a-globulin, with properties
and tissue distributions similar to those of mammalian AFP, in
chickens (27) and sharks (28) would argue that the duplication
must have occurred 300-500 million years ago. Certainly the
absence of any nucleotide cross-homology, as determined by
hybridization, between coding sequences supports a distant
date for the duplication. Therefore, finding them in tandem
raises the question of whether this close proximity is required
for their reciprocal expression during fetal and neonatal
development.

Although various multigene families have recently been de-
scribed in detail, their chromosomal locations have been de-
termined in only a few instances. Of these, the AFP and albumin
genes represent a unique example of a relatively ancient gene
pair whose expression is sequential rather than coordinate dur-
ing development. Thus, there is little precedent to assist one
in assessing the likelihood that these genes would have re-
mained in tandem without selective pressure. When one ex-
amines those gene families of longevity equal to that of AFP and
albumin, no consistent linkage pattern is apparent. In the globin
gene family, the a- and B-globin gene clusters, thought to have
diverged about 500 million years ago, are unlinked in humans
(29-31), mice (32), and chickens (33). Likewise, light and heavy
chain immunoglobulin gene clusters arose from a common
ancestor at approximately the same time and are present at sep-
arate chromosomal loci (34, 35). These gene families differ from
the AFP and albumin genes in that they are examples of mul-
timeric protein genes, in which coordinate regulation of the in-
dividual subunits is accomplished in the absence of linkage. It
may be that once the & and B chains evolved to perform non-
interchangeable functions in the hemoglobin molecule, the
need to protect the cell from the loss of one gene cluster by
unequal crossing-over may have provided the selective advan-
tage for dispersion of the two gene families. The presence of
linked - andB-globin genes in Xenopus laevis (36) suggests that
the dispersion occurred after the generation of amphibians and
before that of chickens.

The gene clusters that have remained closely linked in higher
organisms include old genes, like the histone genes (37, 38) and
the A-B pair of chorion genes in Bombyx mori (39) and more
recently established families such as the B-globin gene clusters
in humans (40), rabbits (41), mice (42), and chickens (43) and
the ovalbumin/X/Y gene cluster in chickens (44). These gene
clusters are thought to be fixed in the genome by at least two
different mechanisms. As pointed out by Tiemeier et al. (45),
the net effect of the rapid accumulation of point mutations, dele-
tions, and insertions in intervening and flanking sequences is
to decrease the target size for recombination, thereby limiting
the rate of unequal crossovers. That this process is working in
the AFP and albumin gene locus is reflected in the complete
divergence, in terms of both size and sequence, of the corre-
sponding 14 intervening sequences in each gene (11). The flank-
ing sequences as well bear no residual homology except for a
repeated sequence present in many copies in the genome.

A second mechanism for maintaining gene families in tandem
over a long period in evolution may be their establishment in
opposite orientations relative to the direction of transcription.
If the inversion were of sufficient size, this would be as effective
a mechanism to prevent the loss of one gene copy as the dis-
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persion of the genes or the divergence of their noncoding se-
quences. That divergent orientation is seen in each of the oldest
gene clusters—that is, the chorion A-B gene pair (39) and the
histone genes in Drosophila (38)—argues that gene inversion
is not a rare event.

As yet, there is little evidence to implicate the structural
organization of a multigene family locus in its regulation in
higher organisms. In the human B-globin locus, it has been ar-
gued, on the basis of the different extents of gene deletions in
individual cases of B-thalassemia and hereditary persistence of
fetal hemoglobin, that the switch from the synthesis of fetal y-
to adult B-globin chains requires DNA sequences between the
two gene sets which would act in cis (46—48). That is, the de-
velopmental regulation of the locus requires the genes to be
tandemly arranged, in the order of their temporal expresson;
embryonic—fetal>adult B-globin. Certainly, the demonstra-
tion that the adult-expressed albumin gene is found upstream
from the fetal AFP gene argues that there is no absolute re-
quirement for such an arrangement in all developmentally reg-
ulated loci. Although there have been 14 reported cases of he-
reditary analbuminemia in humans (49), in which there is a
decrease or absence of serum albumin, as well as an animal
model in rats (50), compensatory synthesis of AFP in the adults
has not been tested. An analysis of the genetic defects in these
cases may illuminate the mechanism underlying the reciprocal
expression of the AFP and albumin genes in development.
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