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ABSTRACT  We have determined the sequences of the recom-
binant DNA inserts of three bacterial plasmid cDNA clones con-
taining most of the rat a-fetoprotein mRNA. The resultant nu-
cleotide sequence of a-fetoprotein was exhaustively compared to
the nucleotide sequence of the mRNA encoding rat serum albu-
min. These two mRNAs have extensive homology (50%) through-
out and the same intron locations. The amino acid sequence of rat
a-fetoprotein has been deduced from the nucleotide sequence,
and its comparison to rat serum albumin’s amino acid sequence
reveals a 34% homology. The regularly spaced positions of the
cysteines found in serum albumin are conserved in rat a-fetopro-
tein, indicating that these two proteins may have a similar sec-
ondary folding structure. These homologies indicate that a-feto-
protein and serum albumin were derived by duplication of a
common ancestral gene and constitute a gene family.

a-Fetoprotein (AFP) and serum albumin are major plasma pro-
teins both synthesized in mammalian liver parenchymal cells.
AFP s also produced in the embryonic yolk sac (1) and is a single
chain glycoprotein with a molecular weight of 70,000 containing
4% carbohydrate (2-6). AFP synthesis is associated with de-
velopmental and neoplastic processes (7-9), and it is the dom-
inant plasma protein of the mammalian fetus. After birth the
concentration of AFP decreases to a trace level in the serum of
healthy adult mammals (10, 11). On the other hand, production
of serum albumin, a single chain polypeptide with a molecular
weight of 66,000, increases severalfold after birth to become the
predominant protein in the adult serum (7, 12, 13). This inverse
relationship in expression of AFP and serum albumin and the
physical similarities between these two proteins suggest that
AFP may be the fetal analog of serum albumin.

The developmental alterations in the expression of AFP and
serum albumin are of interest as an example of eukaryotic gene
regulation (14). Analysis of the sequence and the structural or-
ganization of these two genes should elucidate the evolutionary
relationship between AFP and serum albumin, and may also
aid in understanding their regulation. The mRNA nucleotide
sequence and the structural organization of the rat serum al-
bumin gene have been established by sequence analysis
(15-17). The amino acid sequence data available for AFP have
been compared to those for serum albumin and a degree of in-
ternal homology has been shown to exist between these two
proteins (18-20). The structural organizations of the mouse AFP
and serum albumin genes have been estimated from electron
micrographs of R-loops, and there is some similarity in this re-
gard between the rat albumin gene and the mouse AFP and
albumin genes (21, 22). The mouse AFP amino acid sequence
has been deduced from the nucleotide sequence of its mRNA.
A comparison of this sequence to that of human and bovine al-

bumin revealed a 32% homology and regularly spaced cysteines
(23). These homologies suggest that AFP and serum albumin
are related, possibly derived by the duplication of a common
ancestor. A comparison of rat AFP (RAFP) and rat serum al-
bumin amino acid and nucleotide sequences and the evolution-
ary significance of their homologies are discussed.

METHODS

Cloning Procedures. Rat AFP mRNA was purified from
Morris hepatoma 7777 (13). cDNA was synthesized from this
template as described (13). The resultant cDNA had a number-
average size of approximately 1000 nucleotides and contained
a small amount of much longer material. The cDNA was ren-
dered double stranded by sequential treatment with Esche-
richia coli DNA polymerase I and S1 nuclease (24) and was pre-
pared for insertion into the plasmid pBR322 at the Pst I site
(25). The mixture of DNA fragments was ligated and used to
transform E. coli strain x1776 (26). The AFP clones were se-
lected by use of the filter colony hybridization method of Grun-
stein and Hogness with *?P-labeled AFP cDNA as a probe (27).
c¢DNA clones with an insert size of 600 nucleotides or longer
were selected for characterization. All clones were subse-
quently transferred to E. coli strain HB101 for growth (28).

Restriction Enzyme Mapping. Restriction endonucleases
were obtained from Bethesda Research Laboratories (Rockville,
MD) and New England BioLabs and used according to the
manufacturers’ instructions, with minor modifications. The di-
gested DNA was analyzed by electrophoresis on 6% polyacryl-
amide or 1-1.5% agarose gels in 50 mM Tris-borate/1 mM
EDTA, pH 8.3 (29).

Sequence Analysis. Plasmid cDNAs were freed of low mo-
lecular weight nucleic acid contaminants by exclusion from a
column of Sepharose CL-2B, cleaved with an appropriate re-
striction endonuclease, dephosphorylated with bacterial alka-
line phosphatase (Bethesda Research Laboratory), and labeled
at the 5' ends with phage T4 kinase (Boehringer Mannheim) and
[v-*2P]ATP. After digestion with a second restriction endonu-
clease, labeled DNA fragments were isolated from gels by a
modified crush and soak method (30) and purified by chroma-
tography on benzoylated DEAE-cellulose (BoehringerMann-
heim) (16, 17). DNA sequence determination was done accord-
ing to the procedures of Maxam and Gilbert with minor
modifications (30). The products of the “G>A,” “A>C,” “C,”
and “C+T” reactions were electrophoresed on 0.4-mm-thick
8% acrylamide gels as described by Sanger and Coulson (31).

Statistical Analysis. The RAFP mRNA sequence data were
divided into 80-nucleotide segments with overlaps of 10 nu-
cleotides. Each segment was compared to the entire nucleotide
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F1G. 1. Restriction map of RAFP ¢cDNA clones and the sequencing strategy. The restriction map of RAFP is shown below the scale in hundreds
of nucleotides as measured from the presumed 5' terminus of the mRNA. The RAFP mRNA inserts of the three clones pRAF87, pPRAF65, and pRAF6
are shown. The jagged line indicates the poly(A) tail region. The closed circles represent the restriction enzymes sites used in the sequence deter-
minations: HI, Hinfl; HII, Hpa IT; HIII, HindIII; B, BamHI; T, Taq1; S, SalI; P, PstI; PII, Pvu II. The direction and extent of the sequencing reactions

are indicated by the arrows.

sequence of rat serum albumin by use of a computer program,
SEQCMP, written by R. F. Murphy and J. W. Posakony (15).
AFP segments of 40% or higher homology to rat serum albumin
were identified in this manner. A rotary program, ROTCMP,
was also used to compare these two DNA sequences (17). A
single unambiguous alignment of these two sequences was thus
obtained and is shown in Fig. 2.

RESULTS

Seven cDNA plasmid clones containing RAFP mRNA se-
quences were subjected to restriction endonuclease mapping
analysis. Three overlapping RAFP clones (pRAF 87, pRAF 65,
and pRAF 6) containing 85% of the total mRNA sequence were
selected for further restriction enzyme mapping and DNA se-
quence determination. Fig. 1 illustrates the relationship of
these three cDNA clones to RAFP mRNA. The sequencing
strategy is represented by arrows in Fig. 1 along with the com-
plete site map of each enzyme used in these experiments. pRAF
6 contains a stretch of 60 adenylate residues that presumably
represent the 3’ poly(A) tail of the mRNA. As indicated, much
of the mRNA sequence has been read from both strands of the
cloned DNA, and most of the determinations were repeated at
least once. The sequence data presented in this paper are con-
sidered highly reliable. Certain sequences did not appear nor-
mally on the autoradiograms: the EcoRII site, C-C-3-G-G ap-
peared as C-2-G-G, and the sequence C-C-G-T-T-C-G-A-A
appeared as C-G-T-T-C-G-A-A. These artifacts were detected
by sequencing both strands of the DNA.

The nucleotide sequence of cloned RAFP is presented in Fig.
2, along with the cDNA sequence of rat serum albumin (15).
The two DNA sequences were aligned by introducing one 3-
nucleotide gap into each to maximize their homology. A 50%
overall homology is obtained by aligning rat serum albumin and
RAFP as shown in Fig. 2, and no other alignment approaches
this in significance. In no way could these two sequences have
randomly obtained this level of homology. There is no evidence

for regions of nonhomology, rearrangements, or deletions in
either mRNA other than the two triplets already mentioned.

The sequences for both mRNAs have been grouped into co-
don triplets and translated into the amino acid sequence shown
in Fig. 2. To choose the correct reading frames for the rat serum
albumin and RAFP mRNA sequences, it was assumed that no
frameshifts or premature termination codons (TAA, TGA, TAG)
occurred in either mRNA. The presence of multiple termination
codons throughout two of the three possible reading frames
made it possible to unambiguously infer the amino acid se-
quence for both of these proteins. The resultant amino acid
homology between rat serum albumin and RAFP was 34%
overall. Both genes have the same termination codon, TAA.
Near the 3’ end of each gene is the putative polyadenylylation
signal sequence A-A-T-A-A-A which is located 145 nucleotides
from the rat serum albumin termination codon and 110 nu-
cleotides from RAFP’s terminator (32). Benoist et al. (33) have
identified another characteristic sequence located near the
polyadenylylation site, T-T-T-T-C-A-C-T-G-C. A similar se-
quence, T-T-T-T-C-A-A-C-T-G-T, is found immediately to the
left of the polyadenylylation site of the RAFP gene. In general,
the untranslated portions of these two genes are more divergent
than their translated portions, having only a 25% nucleotide
sequence homology.

In the comparison of RAFP and rat serum albumin genes,
two regions of amino acid nonhomology are found at positions
120-137 and 362-374. The DNA sequence homology of region
362-374 is the same as the overall homology (49%), whereas
region 120-137 has only a 33% DNA homology.

DISCUSSION

The amino acid and nucleotide sequence homologies reported
here strongly indicate that serum albumin and AFP genes are
the product of the duplication of a common ancestral gene. In
addition to the overall amino acid homology, almost all of the

F1G. 2 (on following page). Nucleotide sequence comparison. Except for approximately 300 uncloned nucleotides at the 5’ end of the mRNA,
the nucleotide sequence of the RAFP mRNA is shown. The inferred amino acid sequence of RAFP is also indicated, as are the nucleotide and amino
acid sequences of rat serum albumin (ALB). Matching nucleotides between the two sequences are indicated by the dots. The matching amino acids
are underlined. All cysteines are boxed. The vertical lines through each sequence represent the location of the introns in the respective genes. The
upper-case letters designate the exons in the rat serum albumin gene (16, 17). Amino acids are numbered from the 5’ end of the cloned RAFP mRNA.
The dashes in the DNA represent the 3-nucleotide inserts. $, End of rat serum albumin mRNA and start of poly(A) tail.
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cysteines present in rat serum albumin are also present at pre-
cisely the same location in RAFP, with the exception of cysteine
254 and 299 (Fig. 2). In serum albumin these two cysteines form
a disulfide bond that results in a loop in the protein structure.
Assuming that the other cysteine residues are crosslinked in the
same pattern with both proteins, AFP would have a larger loop
at this location than serum albumin. The near perfect conser-
vation of the cysteines in RAFP and rat serum albumin is also
observed in mouse AFP (23) and suggests that this feature is of
some selective importance.

Amino acid sequence homologies between AFP and serum
albumin have been observed by other investigators (18-20),
although there appears to be no homology between their amino-
terminal regions (34). A more thorough interspecies comparison
of mouse AFP amino acid sequence with that of human and
bovine serum albumin indicates that AFP and serum albumin
are homologous throughout their entire lengths, except for the
first 52 amino acid residues (23). A thorough comparison (in-
traspecies) of RAFP and rat serum albumin amino acid sequence
(Fig. 2) reveals that there is in fact extensive homology at all
regions of these two proteins, although there is somewhat less
amino acid homology (30% vs. 39%) at the amino terminus than
at the carboxyl terminus. In spite of the decreasing amino acid
homology as one approaches the amino terminus of the proteins,
the nucleotide sequence homology of the mRNAs remains con-
stant throughout. Comparisons of rat and mouse AFP amino
acid and nucleotide sequences (23) indicate that they are
85-87% homologous.

The structural organization of the mouse AFP and serum
albumin genes as obtained by measurements of R-loops indi-
cated that these two genes have a similar distribution of introns
and exons (22). Assuming that serum albumin and AFP are in-
deed related and duplicated genes, a prediction can be made
concerning the locations of the introns in the RAFP sequence.
Exon sizes and intron locations have been established by se-
quence analysis of rat serum albumin genomic clones (16, 17)
and are indicated by the vertical lines drawn through the rat
serum albumin sequence (Fig. 2). The uppercase letters rep-
resent the exons as labeled by Sargent et al. (16, 17). We pos-
tulate that the locations of the introns in these two genes are
similar. Six intron locations have been established in RAFP by
sequence analysis of genomic clones and are indicated by ver-
tical lines in Fig. 2 (unpublished results). Five of these splice
sites align exactly with those of rat serum albumin. The sixth
is slightly off due to its location in the untranslated region. This
stability of intron locations is observed in other eukaryotic gene
families (35-40). The greater conservation of the exons between
AFP and serum albumin genes than that of their nucleotide
sequence is further evidence of their duplication.

Serum albumin and AFP appear to have similar secondary
protein folding structures and genomic organization of coding
segments (22). The serum albumin protein has internal homo-
logies from which Brown (41) proposed that this protein consists
of three domains. This same triplet periodicity is reflected in
the nucleotide sequence of the rat serum albumin mRNA and
the sizes of the exons (16, 17). An internal comparison of the
exon sequences of the rat serum albumin gene has led to a pro-
posed model for the evolution of this gene (16, 17). The model
predicts that a 5-exon ancestral gene evolved by a series of at
least three intragenic duplication events into the 15-exon/14-
intron/three-domain ancestor of rat serum albumin (and
RAFP). Subsequently, an intergenic duplication resulted in the
appearance of serum albumin and AFP as distinct genes and
proteins. The sequence and structural homologies reported
here support this evolutionary model. Thus, AFP and serum
albumin represent a gene family.

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