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The amino acid sequence of mouse a-fetoprotein has
been deduced from the nucleotide sequence of its
mRNA and three chimeric plasmids containing over-
lapping segments of its ¢cDNA. A comparison of the
amino acid sequence with that of either human and
bovine albumin reveals in each case a 32% conservation
of primary sequence. In addition, using the regularly
spaced positions of cystine bridges, a 2-dimensional
structure was generated, which revealed the presence
of 3 closely related domains within a-fetoprotein. The
structures of these domains are identical with the
triplicated domains previously observed in several
mammalian albumins. These homologies lend strong
circumstantial evidence to the proposal that these two
proteins arose in evolution as the consequence of a
duplication in a commeon tripartite ancestral gene.

The major protein component in the serum of the devel-
oping fetus is the a-globulin a-fetoprotein (AFP),' which is
synthesized in the embryonic liver and yolk sac (1-3). After
birth, the serum concentrations of AFP decrease drastically
to levels which are barely detectable in nonpregnant adults.
The fall in serum AFP levels results from a gradual decrease
of its rate of synthesis by the liver and, in the case of rodents,
the loss of the yolk sac (4, 5). In contrast, serum albumin,
which is the major serum protein synthesized by the adult
liver, increases from low levels early in development, to high,
relatively constant levels after birth and in adult life (5).
However, the synthesis of AFP is resumed in adult liver
during liver regeneration, and in specific tumors such as
hepatomas and teratocarcinomas (1, 3, 6).

There are several striking structural and functional similar-
ities between AFP and albumin, which have led to the sug-
gestion that AFP serves as a fetal albumin, and that their
genes arose in evolution as the consequence of a duplication
of an ancestral gene, followed by divergence. The high con-
centrations of AFP and albumin in plasma help control the
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osmotic pressure of the intravascular fluid (7). Albumin is also
involved in the binding and transport of metabolites and
metabolic effectors (8), and such functions have, more re-
cently, been proposed for AFP as well. In addition, AFP has
been implicated in suppression of the immune response of the
mother (9, 10} and protection of the rodent fetus from the
effects of maternal estrogens (11).

The two proteins are very similar in size (68,000 daltons for
albumin; 70,000 daltons for AFP), and are each encoded by an
18 S mRNA (12, 13). Antibodies raised against purified native
human AFP do not react with albumin, although antisera
raised against the unfolded polypeptide chain of either protein
cross-react strongly (14). A direct comparison of the primary
sequences of AFP and albumin has been restricted to the
terminal 25 amino acids of the murine proteins, where no
significant homology was observed (15). In contrast, out of 59
amino acids in human AFP which have been sequenced, a
significant (50%) homology to the equivalent cyanogen bro-
mide peptides of human albumin was observed (16).

We have used two different approaches to test the hypoth-
esis that the AFP and albumin genes arose from a common
ancestral gene. In this report, the first complete amino acid
sequence of mature murine AFP, as deduced from nucleotide
sequencing of AFP mRNA and three chimeric AFP ¢cDNA
plasmids (13), is presented and compared to that of several
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Fic. 1. Strategies for the nucleotide sequencing of pAFP 1,
2, 3, and AFP mRNA. The first line illustrates the length and
orientation of AFP mRNA. In I, below, the regions of AFFP mRNA
contained within pAFP 1, 2, and 3 are indicated by the open boxes,
followed in each case by the restriction endonuclease sites from which
sequencing by the Maxam and Gilbert (19) procedure was performed.
The site (open circles) and the distance covered for each fragment
(closed arrows) are represented. The HindlII site on the 5 side of
pAFP1, (hatched box) was generated originally by attachment of
synthetic Hindlll linkers to AFP ¢cDNA (13). The hatched box on
the 3’ side of pAFP 3 represents pBR322 DNA, and the slashed lines
indicate that only a portion of pAFP 3 is drawn. In II, the DNA
primers used in dideoxynucleotide sequencing (21-23) are indicated
by open boxes, and the region of AFP mRNA sequenced designated
by the closed arrows.
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bromide.

Nucleotide Sequencing—The inserts in pAFP1, 2, and 3 were
sequenced by the procedure of Maxam and Gilbert (19). Appropriate
restriction endonuclease fragments were treated with bacterial alka-
line phosphatase and polynucleotide kinase in the presence of
[y-*PJATP (3000 Ci/mmol), cleaved asymmetrically with a second
restriction enzyme, and the single end-labeled fragments separated
on 5 to 10% polyacrylamide gels (20). Aliquots of each eluted fragment
were subjected to chemical modification and degradation using NaOH
for the A + C reaction, dimethy! sulfate for the G reaction, and
hydrazine for the C and C + T reactions. The cleavage reactions were
performed in 1 M piperidine at 90°C for 45 min.

Nucleotide sequences derived from the 5’ end of AFP mRNA which
were not included in pAFP1 were obtained by a modification (21, 22)
of the procedure of Sanger et al. (23). The DNA primers used were

mammalian albumins. In the accompanying paper, the struc-
tural organization of the murine AFP and albumin genes,
including both coding and intervening sequences, are reported
(17). Taken together, these data argue strongly that these two
genes are in fact related in evolution.

EXPERIMENTAL PROCEDURES

Purification of RNA and DNA—AFP mRNA was partially puri-
fied from 18-day yolk sacs of ICR albino mice using procedures
previously described (13). Chimeric cDNA plasmids were propagated
in Escherichia coli LE392 using minimal essential media and ampli-
fied with chloramphenicol (100 pg/ml). The DNA was isolated by the
procedure of Meagher et al. (18), and twice banded to equilibrium in
CsCl density gradients in the presence of 300 ug/ml of ethidium
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Fic. 2. Nucleotide sequence of murine AFP mRNA. The nu-  separates the amino acid sequences of the signal peptide on the left

cleotide sequence of AFP mRNA which includes the entire coding
region of the mature protein is shown. The first base of each line is
numbered on the left. Bases 1 to 120 were determined by dideoxy-
nucleotide procedures (21-23) and 96 to 1790 by the Maxam and
Gilbert (19) method. In each line, the triplet nucleotide sequence is
listed below the derived amino acid. The arrow in the first line
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from those of the mature protein. The termination codon is indicated
by * * *, followed by 3"-untranslated nucleotides. Below each line and
indicated by arrows are only those restriction endonuclease sites used
to generate the cDNA clones, pAFP 1 and 2, or used to determine the
nucleotide sequence.
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two small restriction fragments, a 5° Alu I-Hpa II 3’ fragment (bases
97 to 124 in Fig. 2) and a 5" Hpa 1I-Alu I 3’ fragment (bases 125 to 216
in Fig. 2), prepared by digestion of pAFP1 and elution from an 8%
acrylamide gel. The DNA primer was denatured in 90% formamide at
68°C for 5 min, cooled on ice, and hybridized to 18 S yolk sac mRNA
(~50% AFP mRNA) in 2 x SSC, at 50°C overnight. The nucleic acid
was concentrated by ethanol precipitation, and the pellet resuspended
in reverse transcriptase buffer (24) and divided into 5 portions. The
three noncompeting dXTPs were added to 500 um, except for the
labeled [a-"P]dXTP, which was 50 um. In each case, the 4th nucleo-
tide was present at 50 pum dXTP and 50 um ddXTP. The reactions
were allowed to proceed at 43°C for 25 min, chased with unlabeled
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nucleotides at 500 um for an additional 60 min, and stopped with the
addition of EDTA.

In all cases, the sequences were determined after electrophoresis in
6%, 8%, or 10% acrylamide (1:20 bisacrylamide:acrylamide) sequencing
gels (400 x 330 x 0.35 mm) (25). The sequence data were stored in a
PDP 11/70 computer and analyzed using the programs of Staden (26,
27).

RESULTS AND DISCUSSION

We had previously described the cloning of two chimeric
plasmids, pAFP1 and pAFP2, which together encoded an
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Fic. 3. The amino acid sequence of mature murine AFP. The amino acid sequence of mature murine AFP is drawn, using the
convention which Brown (34) developed for several mammalian albumins, based on the regularity of doublet cysteine-cysteine disulfide
bridges, outlined above by the boxes. Where the sequence of AFP agrees with either human or bovine albumin (31-34), the amino acid circle
is blackened in above or below, respectively. The residues are numbered to the left and right of the large loops.

Page 3 of 6



Evolution of a-Fetoprotein and Albumin: I

internal segment of murine AFP mRNA, 1600 bp in length
(13, see Fig. 1). A third cDNA clone, pAFP3, was subsequently
isolated and shown to overlap pAFP2, but to contain an
additional 125 bp of 3'-derived RNA sequence. The AFP
mRNA sequences represented in these three clones were
determined by the Maxam and Gilbert (19) procedure, using
the strategy illustrated in Fig. 1. Over 85% of the sequence
was checked either by sequencing both strands of DNA or by
beginning from two different start sites on the same strand.
From this procedure, the nucleotide sequence from bases 95
to 1790, as numbered in Fig. 2, were derived.

The 5'-terminal sequence in pAFP1 had been estimated to
lack the first 200 nucleotides from the 5" end of AFP mRNA
{13). In order to extend the sequence determination into this
region, two small DNA fragments were prepared from pAFP1
(Fig. 1, II) and used to prime specifically the synthesis of 5’
AFP ¢DNA using the dideoxynucleotide procedure (21-23).
By using these primers, bases 1 to 120, which overlap the
sequence determined in pAFP1 (Fig. 2), were obtained. These
reactions were performed twice to confirm the accuracy of the
method.

The nucleotide sequence in Fig. 2 was then used to derive
the AFP amino acid sequence, based on the observation that
only one out of the three possible reading frames was free of
multiple termination codons. A comparison of both the NH,-
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Fic. 4. A comparison of the domains in albumin and AFP.
The contour lengths, in amino acid residues, of the distances between
Cys-Cys residues in mouse AFP, human and bovine albumins (31-34)
are indicated as interruptions in the line drawing. A single number
signifies that all three proteins are identical; two numbers signify a
difference between AFP and both albumins, and three numbers
represent the number of residues in AFP, human albumin, and bovine
albumin, respectively, from left to right. Where AFP is missing a
cysteine residue present in albumin, an X is drawn. The approximate
borders of the three domains are outlined on the left.
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and COOH-terminal amino acid sequences to that published
by Peters ef al. (15) confirmed this assignment. Out of the
first 21 amino acids of the mature protein that they deter-
mined, beginning Leu-His-Glu, 17 assignments are in agree-
ment with our results. At least two of the four differences,
Glu/GIn and Ser/Ala, are pairs of amino acids difficult to
distinguish by the methods used by Peters et al. (15). Our
derived COOH-terminal amino acid, valine, also agrees with
the published results (15).

The derived amino acid sequence of AFP was then com-
pared to that of two mammalian albumins, human and bovine,
the complete amino acid sequences of which are known (31-
34). Given that AFP and albumin existed prior to the evolution
of mammals, a comparison between any mammalian forms is
as valuable in assessing evolutionary relatedness as a compar-
ison within a single species. Mouse AFP is composed of 584
amino acids, which is the identical number of residues in
human albumin and only 2 residues longer than bovine albu-
min (31-34). In order to facilitate the comparison, the amino
acid sequence of AFP was redrawn according to the conven-
tion used by Brown (34) to display the regular spacing of
doublet cystine disulfide bridges in albumin (Fig. 3). A striking
concordance between the two proteins in the distribution of
disulfide bridges was immediately apparent. Of the eight 4-
member cysteine residue bridges in either bovine or human
albumin, six are present intact in AFP, and the remaining two
are present as 2- or 3-cysteine residues in the same positions.
This similarity is reinforced in Fig. 4, where the numbers of
amino acid residues within each loop created by the disulfide
bridges are displayed. In 22 out of 27 instances, there is exact
correspondence between murine AFP, human and bovine
albumin in the loop lengths, and in no case is the difference in
loop length greater than 1 residue. Thus, there is almost total
conservation in not only the number of cysteine residues
themselves (88%), but in their placement within the proteins.
This in itself constitutes strong evidence for their evolutionary

Fic. 5. Two models to explain the evolution of AFP and
albumin. Two alternative mechanisms for the generation of the AFP
and albumin genes from a single primordial gene (represented at the
top of the figure by the darkened circles) are illustrated (4 and B).
The differences in shading of protein domains in the evolved proteins
represent sequence divergence which occurred over time.
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relatedness.

Superimposed upon the skeletal organization of disulfide
bridges is significant homology in the amino acid sequence of
AFP and either human or bovine albumin, as represented in
Fig. 3 by the darkened upper or lower circles, respectively. Of
the 190 out of 584 conserved residues, 90% are common to all
three proteins, and probably reflect the sequence of the an-
cestral gene.

As originally noted by Peters et al. (15) and Ruoslahti and
Terry (16), on the basis of fragmentary structural information
then available, the 32% homology between AFP and albumin
is unevenly distributed throughout the proteins. The present
data reveal that in the first 52 residues there is no significant
conservation of amino acid sequence, while the homology in
the last 80 residues is over 50%. A lack of any selective
pressure on the NH: termini of AFP and albumin could lead
to a greater degree of divergence in this region, but would be
difficult to reconcile with the observations that the NH.
termini of mouse and human AFPs (15) and human and
bovine albumins (31, 32) have maintained 74% and 87% se-
quence conservation, respectively. Alternatively, it is possible
that this terminal region has evolved to perform quite different
functions specific to each protein. Finally the 5 coding regions
of these genes could be of unrelated origin and added inde-
pendently after the duplication that generated the core of the
AFP and albumin genes.

One structural difference between AFP and albumin is that
only the former is glycosylated and this must account for the
difference in their molecular weights. A search through mouse

AFP for the sequence Asn-X-g.", believed to be required for

glycosylation (35), revealed 3 potential sites at residues 227 to
229 (Asn-Phe-Thr), 305 to 307 (Asn-Pro-Ser), and 478 to 480
(Asn-Ser-Ser). As there are two glycans per peptide and at
least two molecular variants of mouse AFP as observed by
differential lectin binding (36-38), at least two and possibly
all three of these sites are available for the addition of carbo-
hydrate. Interestingly, a similar search of the human and
bovine albumin structure did not yield any sequence of this
type, suggesting that the absence of carbohydrate is deter-
mined by the amino acid sequence.

Brown (34) was the first to note that the sequence of
albumin could be represented as three closely analogous do-
mains whose outlines are defined by the distribution of the
repeating disulfide bridges, as indicated in Fig. 4. That these
three domains have structural and functional significance in
the protein has been demonstrated by a variety of techniques
(8). On the basis of sequence homologies between equivalent
regions of each domain, Brown (34) proposed that the albumin
gene arose as a consequence of a series of tandem gene
duplications and deletions of a single primordial gene. This
conclusion was reinformed by further analysis of inter-domain
homologies by McLachlan and Walker (39).

The mouse AFP sequence is clearly composed of three
domains as well. At least 2 different models to explain the
evolution of AFP and albumin from a simple primordial gene
can thus be proposed, as illustrated in Fig. 5. Firstly, it is
possible that the gene encoding a single domain first under-
went a duplication event, establishing two independent genes,
each of which expanded by a series of duplications to generate
the AFP and albumin genes. The consequence of this would
be that individual domains within a protein would be more
closely related than equivalent domains between proteins
(Fig. 5, Mechanism A). Alternatively, the primordial gene
could have first expanded, thereby generating a single tripar-
tite ancestral gene which then duplicated to generate the two
independent AFP and albumin genes (Fig. 5, Mechanism B).
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In that case, equivalent domains between proteins would have-
greater similarity than any two within one protein. From the
data in Fig. 4, one would conclude that the latter mechanism
is more likely. That is, there is greater similarity between the
proteins, with respect to the number of amino acids between
cysteine residues in any one of the domains, than exists among
domains in any one protein. In addition, the sequence conser-
vation between AFP and albumin (32%) is greater than that
between domains within either protein (18 to 25%) (34). In
the accompanying paper (17), the mode of evolution of the
common ancestral gene is discussed with reference to the
structures of the AFP and albumin genes.
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