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subgenes 1, 2, and 3. The divergence at the
protein and nucleic acid levels is extensive and
nonuniform (Table 2). Since the subgenes pre-
sumably result from saltatory duplication and
the divergence time for all exons within a given
subgene is therefore identical, the relatively ex-
tensive conservation of some exons means either
that there has been greater selection on these
regions of the gene or that the basic mutation
rate is different for each exon. Similar disparities
in divergence have been observed in the exons
of globin genes (14).

A great deal of diversity has evolved in the
albumin protein by intragenic duplication fol-
lowed by fixation of nucleotide substitutions.
The polypeptides encoded by homologous exons
are quite different from one another and may
have correspondingly different functions. The
possible correlation between exons and protein
functional domains has been discussed at length
(12, 16). Except for the leader exon (see below),
this proposal may not be particularly appropri-
ate to albumin. A number of substances have
been found to bind to serum albumin; the active
sites for each ligand are usually confined to one
structural domain (reviewed by Peters and Reed
[28]), and in many cases are probably encoded
by individual exons. However, there is no reason
to presume that these activities existed before
the assembly of the ancestral albumin gene,
since there has been such extensive amino acid
sequence divergence since the subgene duplica-
tion events. Furthermore, the binding site for
copper(II) ions consists of the first three amino
acids of secreted bovine serum albumin (6), so
this functional domain is disrupted by intron ZA
(Table 1). Fatty acids apparently bind to the
hydrophobic clefts between albumin structural
domains, which are separated in the gene by
introns DE and HI. The interpretation of these
results is further complicated by the observation
that in humans (reviewed by Gitlin and Gitlin
[17]) and rats (15), the complete absence of
serum albumin, analbuminemia, is almost
asymptomatic. This suggests that albumin may
have no vital function at all, which casts some
doubt on the significance of those functional
assignments that have been made.

In addition to the 12 subgene exons that en-
code most of the albumin protein, there are 3
that have special significance. At the 5’ end of
the gene is a leader exon, Z. This exon encodes
the 5 untranslated region of albumin mRNA,
the 18-amino-acid “pre” peptide (39), which in-
cludes the signal sequence (4) present on the
amino terminus of nascent albumin, and the 6-
amino-acid “pro” peptide. Exon Z also encodes
the first 2)5 amino acid residues of the secreted
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protein. Leader exons are found attached to
other genes that encode secreted proteins.
Mouse immunoglobulin light-chain genes are or-
ganized in this manner (3), as are the chicken
ovomucoid (38) and conalbumin (11) genes and
the bovine preproopiocortin gene (25). Although
the structures of the leader exons differ consid-
erably, they do seem to encode an equivalent
protein functional domain, the signal peptide. At
the 3’ end are two exons, M and N, that, like
exon Z, seem not to be part of the subgenes.
Exon N consists entirely of untranslated mRNA o
sequences, including the putative 3’ terminus of Q
the albumin gene. The significance of such an §
exon is not clear. Obviously, it has nothing to do =)
with protein function, and 8’ untranslated se- ©
quences tend to diverge more rapidly than the
coding region. However, these elements are con- Q
served to some extent (30), so they presumably =» 3
have some significant, if unknown, role (37). S
Exon N does have a function in the sense that 3
its sequence includes the polyadenylation site. =
Exon M is partly translated—the termination S
codon, TAA, is included in its sequence, and it =
encodes the COOH-terminal 13 amino acids. It 3
does show slight homology to the 5 third of S
exon I (15 of 40 matching nucleotides), which D
may be the result of one of the duplication 0
events (Fig. 6). 3

In summary, exon Z can be regarded as encod- © 3
ing a functional domain, i.e., the signal peptide, @
and the three subgene clusters clearly encode o o
the three structural domains of albumin. Other S
correlations between the exons of the albumin =
gene and domains in the protein are probably QJ
not justified at present.

Evolution of the serum albumin gene. @
Perhaps the most striking aspect of the serum
albumin gene is the clarity with which its evo-
lutionary history is preserved in its sequence. N
Brown (9) inferred a triplex structure for this
gene from the pattern of internal amino aadg
homology and concluded that the three struc- o
tural domains evolved by duphcatlon of a com- C
mon ancestor gene. This hypothesis is strongly )
supported by our observations.

Brown estimated the two duplications to have
taken place 700 million years ago, an extrapola-
tion from the amino acid sequence homology
between domains and between human and bo-
vine albumins and from the fossil record of mam-
malian radiation. This presumes that the selec-
tive pressures on albumin over the past 80 mil-
lion years are indicative of the preceding billion
or so, which may be incorrect and misleading.
However, chicken serum albumin is approxi-
mately the same size as rat serum albumin (18),
so it may have a similar three-domain structure.
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F16. 6. Model for the evolution of the rat serum albumin gene. (A) Unequal crossover between two copies
of a five-exon gene duplicates the third and fourth exons. (B) The superfluous second y exon shrinks to 62
nucleotides by a deletion or by evolution of a new splicing signal, creating the proto-albumin gene. (C)
Unequal crossover between two alleles of the proto-albumin gene. The recombination sites are 40 nucleotides
into exon M and the first nucleotide of exon a. This achieves a simultaneous duplication of most of the protein-
coding sequence and a frameshift to compensate for the duplication of 3n + 2 nucleotides of the first subgene.
The second exon B also diverges slightly into exon 8. (D) Second major intragenic duplication, with boundaries
within introns, results in three approximately equivalent subgenes encoding three similar protein domains.
(E) Divergence of exons to approximately 40% DNA homology and approximately 20% protein homology and
extensive divergence of intron sequence and sizes. The a-fetoprotein-albumin gene duplication probably
occurred during this period. (F) The rat serum albumin gene.

If this is so, the domain duplications probably
predate the bird-mammal divergence that oc-
curred about 300 million years ago (44).
Because the albumin gene is so complex, there
are many plausible models that could explain its
evolution. We have applied two principal criteria
to advance one of these alternatives: (i) the
number of recombination and rearrangement
steps should be minimized; and (ii) the transla-
tional reading frame should be continuously
maintained throughout albumin evolution. Any

model will have to account for the observed
patterns of internal homology, which we inter-
pret as indications of sequence duplication, and
also the 40-nucleotide difference in the sizes of
exons A versus E and 1.

Before the two duplication events, the “proto-
albumin” gene may have had a structure similar
to that shown in Fig. 4B; a leader exon, four
protein-encoding exons, exon M, and an untrans-
lated exon equivalent to N. Because of the
greater homology between protein domains I
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and II, Brown concluded that domain III is the
“oldest” and would represent the ancestral al-
bumin gene. However, we believe that this is
incorrect and that the proto-albumin gene was
equivalent to the first subgene attached to the
5- and 3'-terminal exons Z, M, and N. The
reason for this conclusion is that if an exon
equivalent to I or E were spiced to the leader
exon Z, a frameshift would result, since exon Z
terminates after the first nucleotide in a codon
and exons I and E begin between codons, assum-
ing that the GT-AG rule is and has always been
followed (Table 1). The leader exon could have
been one nucleotide shorter before the duplica-
tions, but this would have to have changed when
it became associated with what is now exon A.
It is extremely unlikely that a frameshifted gene
would survive long enough to become fixed in
the population. Nor is there any obvious mech-
anism that could have simultaneously deleted
40 nucleotides from the 5’ end of the ancestor to
exon A and added a single nucleotide to the
ancestor to exon Z. Therefore, we favor the
hypothesis that exons Z and A have been asso-
ciated all along; i.e., subgene 1 is the evolution-
ary precursor to the other two.

Subgene 1 has 3n + 2 nucleotides, and this
was presumably the case when it represented
the proto-albumin gene. As such, a simple intra-
genic duplication of exons a through § would
result in a new second subgene that would be
translated out of phase. Figure 6C illustrates a
mechanism for the first subgene duplication that
circumvents this difficulty. A recombination
event between exon a and exon M of two differ-
ent copies of the proto-albumin gene would du-
plicate the first subgene and transfer 40 nucleo-
tides (3n + 1) to the 5’ end of the new exon e.
This accomplishes a simultaneous duplication
and compensating frameshift, so the enlarged
gene would encode a translatable protein. This
model also explains the larger size of exon E
versus exon A. The extra 40 nucleotides of exon
€ would not have been in the correct reading
frame, and the 13 amino acids encoded by this
DNA may serve merely as a linker polypeptide
whose particular sequence is not important. This
region of serum albumin is the most divergent
segment of the protein when rat, human, and
bovine albumins are compared, which is consist-
ent with this interpretation.

Since subgene 2 has 3n nucleotides (currently
576), its duplication does not present a reading
frame problem. This could be accomplished by
recombination within introns 8§:M and 8¢ (Fig.
6D). The result of this (Fig. 6E) would be a 15-
exon albumin gene with three homologous
subgenes. The greater amino acid homology be-
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tween domains I and II is not explained by our
model, but this disparity is not overwhelming
(27% amino acid homology versus 16 and 18%;
Table 2), and the DNA homologies are even
more similar (44% versus 36 and 41%). Further-
more, any argument based upon such minor
differences in homology is considerably weak-
ened by the observation (Table 2; 14) that exons
can accumulate mutations at peculiar rates.
The period represented by the space between
Fig. 6E and 6F probably lasted at least 300
million years and involved the fixation of a large
number of nucleotide substitutions as well as
several 3-, 6-, 9-, and 12-nucleotide deletions and
insertions in the albumin exons (Table 1). The
intronic homology also disappeared during this
period. Another important evolutionary event
that evidently took place was an intergenic du-
plication that resulted in the creation of two
genes that evolved into what are now recognized
as albumin and a-fetoprotein. The evidence for
this is a very significant level of homology (50%)
between the rat serum albumin and rat a-feto-
protein mRNA sequences (21, 21a, 35).
Possible duplication events preceeding
the triplication of subgenes. It is also possible
to infer the nature of even earlier evolutionary
events that gave rise to the proto-albumin gene.
There is a remarkable similarity between exons
B and 8§ and their duplication products. The
codon interruption patterns are identical, and
the exon sizes and the positions of the cysteine
residues are nearly so. The DNA sequence ho-
mology between these exons is 47/133, 41/130,
and 47/133 matches for the B-D, F-H, and J-L
pairs, respectively, when they are aligned with
their 5 borders in register (Fig. 7). Assuming
that DNA sequence homology values are Pois-
son distributed and that the basic probability of
an accidental match is 25%, the probabilities
that these or higher levels of homology are ac-
cidents are 0.014, 0.084, and 0.014, respectively.
Although none of these values is small enough
to convincingly exclude accidental homology,
the probability that all three pairs of exons
independently acquired homology in this way is
miniscule (the product of the three pairwise
accident probabilities is 0.000017. The accident
probability for 135/396 matches is 0.00034). Nor
is it likely that exons B and & were initially
different and converged to a high enough level
of homology to account for the present similarity
of their descendants, considering the extent of
overall divergence that has taken place since the
subgene duplications. Thus, we conclude that a
duplication event was responsible for the gen-
eration of exons 8 and § from a common ances-
tor. Since these two exons are separated by exon
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5% v, the most straightforward assumption is that

ol this intervening exon was also duplicated at the

.0 S e same time as the precursor to exons 8 and é.

s ab_s3 38 4333 Figure 6A illustrates a hypothetical recombina-
s 3g-88 98 a3 9g st tion event between two alleles of a five-exon
¢ 28 33 8% 23 % s8 precursor gene that would result in a duplication
s 8% @R 8E-s2 e of the third and fourth exons. The translational
A R R reading frame would be preserved, but the sec-
oo _6 e .o ond y exon would have to be eliminated before

3 gf__‘g B8 sE 83 the next duplication event. This could occur via
2 83833 a3 8§ &8 either a deletion or the evolution of a new 3’
s 88 233 3p 8§ G 3% splicing junction, which we have depicted in Fig.
2 §5-9% 3@ 85 23-8% 6B as resulting in the appearance of exon M.
A = T Although there is some weak homology sup-
. ab_22 29 2% ‘;_g;f porting this relationship between exon M and
3 -géj‘f "‘§—§§ 53 s3 the descendents of exon v, it is not statistically
2 3§-3% 23 8§ 28 3% significant by our criterion. The primary justifi-
s 3 o H=® cation for the proposed mechanism is that it is
5 B MTH o simple; i.e., it accounts f(?r both the genesis of
s 83 §2 29738 2903 exon M and the elimination of the superfluous
. g; g§ ggzi‘; sg: 3,2 exon y in a single evolutionary event. Other
Toite ferse %% So interpretations are of course not excluded. There
= 33 3f 8% 3 33 3¢ are 18 positions of amino acid homology between
s $F=3E 2B 83 3E-3p second and fourth subgene exons, out of a total
= 88-3% 33 8§ i sl of 131 sites compared. Six of these are cysteines,
2 83 8% 18 a3 237sd and the rest are clustered primarily at three
. :_x: ;_ 5,‘3 i": It points; the second amino acid is usually leucine
= §§_“§ zg G "§_§§ (5/6), the tenth is usually proline (5/6), and half
@ 3333 8533 838 of the positions immediately preceeding the dou-

ble cysteines are lysine residues. The double
cysteines are in the same alignment as the 5’
exonic boundaries and the single cysteines with
the 3’ boundaries, so the different exon lengths

< €= < Q— 0
Bi=ds 53 ¥ i;_as are probably due to insertions or deletions be-
2g-3f 13 3L 3E 53 tween the second and third cysteine residues.
S 3 ab-3p gp-if The homology score can be improved by allow-
28-a3 a3 3¢ % &2 ing for this, but we have not attempted to cal-

culate the statistical significance of such com-
parisons.

12 13 14 1S 16 17 18 19 20 21
his

& o9 8 b
5‘3 °s §§-§§ gf & Nucleotide sequence determination and anal-
B3 Bz 33 kg Rg-3Q ysis has been an effective approach to the study
33 8p 35 ¢ ¥E_sg of this complex gene. The intricate pattern of
= 33-s5  §ECeE §¥ad introns and exons originally elucidated by R-
= 52 g5 28788 25-8% loop analysis has been completely resolved, the
o—"20 0—=20 0—"20 . . . . .
-3 2% gpa% 55 2 putative termini of the transcription unit have
To—Te RS TN been located, and the triplication model of al-
- bz B2 Fefe 2333 bumin evolution has been confirmed and elabo-
- 83788 s2 8% 8%-23 rated. We have been able to infer the probable
- #9758 38 af 38 ¥ nature of a series of ancient duplications of mul-
- 3F=3F B2 3% g i tiexon sequences })y inspection of the nucleot_;ide
- s8 33 5 a3 S a2 sequence of existing genes. A number of points
‘8_—_“: o_te o % have emerged that suggest future lines of inves-
- 2723 sfTEE 36Tsg tigation. There is weak homology between exons
~ 3§=3p 3g-3p  3g-zk descended from a, B, and vy, and it may be
- 38 5% 88 3f 3Es possible to adduce earlier events in albumin
< (%] o— © o o

F1G. 7. B versus & exon homology. The nucleotide and amino acid sequences of exons B and D, F and H, and J and L are aligned with the 5’ ends in register.

Matching nucleotides are indicated, and the cysteine residues are underlined. There are five sites of extensive homology:amino acid residue numbers 2, 10, 30,

these data. Since this would represent the origin

3
'§ evolution by a more sophisticated analysis of
= of a primitive multiexon gene, it might serve as

exon B
exon D
ezon F
ezon H
oxom J
exon L
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a paradigm for the evolution of all introns. It
would also be interesting to know if the albumin-
a-fetoprotein gene family exists as cluster of
sequences, if it has additional members, and if
mechanisms other than intragenic and inter-
genic duplications were involved in its evolution.

Intragenic duplication has evidently been the
principal evolutionary mechanism for the accre-
tion of exons and introns by the ancestral pre-
cursor to the albumin (and a-fetoprotein) gene.
According to our model, at least 10 of 14 introns
and 10 of 15 exons were generated in this fashion.
In view of the large number of proteins with
internal periodicity (1), it is apparent that this
has been an important evolutionary source of
the complexity of eucaryotic genes and genomes.
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