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Abstract. The serum albumin gene family is composed of four members that have arisen by a series of
duplications from a common ancestor. From sequence
differences between members of the gene family, we
infer that a gene duplication some 580 Myr ago gave rise
to the vitamin D–binding protein (DBP) gene and a second lineage, which reduplicated about 295 Myr ago to
give the albumin (ALB) gene and a common precursor to
a-fetoprotein (AFP) and a-albumin (ALF). This precursor itself duplicated about 250 Myr ago, giving rise to the
youngest family members, AFP and ALF. It should be
possible to correlate these dates with the phylogenetic
distribution of members of the gene family among different species. All four genes are found in mammals, but
AFP and ALF are not found in amphibia, which diverged
from reptiles about 360 Myr ago, before the divergence
of the AFP-ALF progenitor from albumin.
Although individual family members display an approximate clock-like evolution, there are significant deviations—the rates of divergence for AFP differ by a
factor of 7, the rates for ALB differ by a factor of 2.1.
Since the progenitor of this gene family itself arose by
triplication of a smaller gene, the rates of evolution of
individual domains were also calculated and were shown
to vary within and between family members. The great
variation in the rates of the molecular clock raises questions concerning whether it can be used to infer evolutionary time from contemporary sequence differences.
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Introduction
Mutations are introduced during replication and/or repair
of DNA, although not all of them accumulate in the
population; some are eliminated because they are deleterious to the organism, and others are lost through stochastic processes. DNA mutations accumulate at different rates in different species (Britten 1986) and at
different rates for nuclear and mitochondrial genes
within a species (Vawter and Brown 1986). Some of
these mutations are silent at the protein level, whereas
others replace the encoded amino acid and hence the
sequence of the protein. Of the latter, only a fraction alter
the phenotype of the species.
Early comparison of protein sequence data suggested
that evolutionary changes in a particular protein accumulated at a seemingly constant rate, leading to the concept of a molecular clock (Zuckerkandl and Pauling
1965; Dickerson 1971). Such a clock must perforce be
driven by mutation, but there must be processes which
act at the phenotypic level and thereby regulate the clock
speed. It is of great interest to distinguish and understand
the mechanisms which affect the evolution of proteins,
since these processes operate at the molecular basis of
evolution, of speciation, and conceivably might even affect extinction phenomena.
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We have previously reported on the rates of molecular
evolution for the homologous albumin and AFP (Minghetti et al. 1985), although few sequences were available,
and some of those were incomplete. The present work is
based on complete sequences, and includes examples
from two additional members of the gene family, DBP
and ALF. Members of this gene family are structurally
very similar (Law and Dugaiczyk 1981; Cooke and
David 1985; Lichenstein et al. 1994) and they are closely
linked; in humans, on chromosome 4q (Nishio et al.
1996). The four genes are specifically expressed in the
liver; AFP and some ALB are also produced in the yolk
sac. The expression of the four genes is developmentally
regulated. The production of ALB starts in the fetal liver
and is maintained in the adult at high levels. The expression of the AFP gene starts also in the fetal liver but is
turned off after birth. DBP production also starts in the
fetal liver and continues in the adult, although at a much
lower level than albumin. The expression of the ALF
gene starts after birth, and the protein continues to be
produced in the adult (Belanger et al. 1994). There is
abundant evidence that these proteins arose from a common ancestor (Brown 1976; Gibbs and Dugaiczyk 1987),
although in the course of evolution they have acquired
different functions. It may well be possible to draw biological inferences about this gene family from the course
of their evolution and from the rates of their molecular
clocks.

Methods
Sequences. The sequences used in this study were obtained from a
search of the nonredundant protein database maintained at the NCBI
and were obtained by searches using the program BLASTP with the
blast network server (Altschul et al. 1990), selecting all sequences
related to human serum albumin. The sequences (some of which exist
as multiple database entries) used are given in Table 1 and are identified by accession number. In addition, three probably allelic sequences
for human DBP were used, and the present results for comparisons are
based on the average of the three values. The serum albumin for the
lamprey Petromyzon marinus was not included in our analysis. This
protein actually contains seven domains (Gray and Doolittle 1992), and
has clearly undergone a more extensive evolutionary expansion than
the three-domain proteins from the other species.
Alignments. All sequences were initially aligned with the program
MULTALIN (Corpet 1988), and the alignments so obtained were used
as the basis for subsequent analysis. Identification of conservative and
nonconservative amino acid replacements was determined for all pairwise alignments, which were obtained using either the FASTA algorithm (Pearson and Lipman 1988) for relatively closely related proteins
(all AFPs, DBPs, and mammalian and avian albumin comparisons) or
the program GAP, using the end-weighted option, in the University of
Wisconsin Genetics Group package (Devereux et al. 1984) for comparisons of more distantly related taxa. From these alignments we
calculated the numbers of identities and the numbers of conservative
substitutions by the criteria described by Dayhoff et al. (1978). The
calculations were made essentially as described by Minghetti et al.
(1985), except that for convenience they were performed by computer
rather than the graphic method described earlier. The computer method

Table 1.

Sources of sequence dataa
Accession
number

Reference

Human albumin
Rhesus albumin
Bovine albumin
Sheep albumin
Pig albumin
Horse albumin
Rat albumin
Mouse albumin
Cat albumin
Rabbit albumin
Chicken albumin
Cobra albumin
Xenopus albumin [68
kD]
Xenopus albumin [74
kD]
Bullfrog albumin
Salmon albumin I
Salmon albumin II
Human AFP
Gorilla AFP
Chimpanzee
AFP
Rat AFP

M12523

Minghetti et al. (1986)

M90463

Watkins et al. (1993)

M73993

Holowachuk and Stoltenborg
(1991), unpublished
Brown et al. (1989)

Mouse AFP
Horse AFP

V00743
U28947

Human ALF
(afamin)
Rat ALF
Human DBP
[Gc1]
Human DBP
[Gc2]
Human DBP
[genomic]
Rat DBP
Mouse DBP
Rabbit DBP

Sequence

a

X17055
M36787
X74045
V01222
M16111

M18350

Weinstock and Baldwin (1988)
Ho et al. (1993)
Sargent et al. (1981)
Minghetti et al. (1985); Gibbs
and Dugaiczyk (1994)b
Hilger et al. (1996)
Sheffield et al. (1995), unpublished
Cassady et al. (1991), unpublished
Havsteen et al. (1994), unpublished
Moskaitis et al. (1989)

M21442

Moskaitis et al. (1989)

M38195
X52397

Averyhart-Fullard and Jaffe
(1990)
Byrnes and Gannon (1990)

X60776

Byrnes and Gannon (1992)

M16110
M38272
U21916

Gibbs et al. (1987)
Ryan et al. (1991)
Nishio et al. (1995)

X02361;V01254

L32140

Jagodzinski et al. (1981); Turcotte et al. (1985)
Law and Dugaiczyk (1981)
McDowell et al. (1975), unpublished
Lichenstein et al. (1994)

X76456
M12654

Bélanger et al. (1994)
Cooke and David (1985)

M11321

Yang et al. (1985)

L10641

Witke et al. (1993)

M12450
M55413
D29666

Cooke (1986)
Yang et al. (1990)
Osawa et al. (1994)

X84842
U18344
X60688
X78598

Sequences used in this study were obtained by searching the NCBI
databases for sequences related to human serum albumin, using the
BLAST programs (Altschul et al. 1990)
b
The bulk of the sequence of mouse albumin was from Minghetti et al.
(1985) and additional sequence assembled as described in Gibbs and
Dugaiczyk (1994). Two remaining gaps were filled with consensus
sequences derived from mouse albumin sequences in the database of
expressed sequence tags
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yielded the same results as earlier for those comparisons which were
repeated in this study.
Distance Calculations. The observed degrees of sequence similarity between pairs of proteins obtained from the sequence alignments
were used to estimate quantitatively the actual rates of amino acid
replacement by correcting for multiple amino acid changes at each site.
We used two approaches to this problem. Back mutations, arising as a
consequence of multiple events at the same site, are incorporated in the
methods used to calculate genetic distance.
First, an estimate was made assuming that replacements follow a
strictly Poisson distribution. If the proportion of nonidentical amino
acids in the comparison is p, the number of changes per amino acid site
is given by:

Table 2.

Comparison of genetic distance measures

Human
albumin
vs

Poisson
distance
± S.E.

Gamma
distance
± S.E.

Rhesus albumin
Bovine albumin
Rat albumin
Chicken albumin
Xenopus 74-kD albumin
Cobra albumin
Salmon albumin I

6.72 ± 1.08
26.65 ± 2.24
30.99 ± 2.44
73.51 ± 4.22
93.13 ± 5.05
112.19 ± 5.84
128.83 ± 6.61

6.84 ± 1.11
28.51 ± 2.56
33.51 ± 2.85
88.83 ± 6.10
118.61 ± 8.04
150.47 ± 10.23
180.87 ± 12.58

Genetic distances were calculated as described in Methods and are
expressed as % changes/site

dp 4 −ln (1 − p)
This correction method was used in our earlier study of the evolution
of this family (Minghetti et al. 1985). However, it has been demonstrated that where p exceeds 0.2, the estimate made by this method does
not correspond well to the genetic distance (Dayhoff et al. 1978). A
more accurate method of comparison calculates the distance by assuming that the sequence differences are related by a g function (Nei et al.
1976). These calculations were made using the program MEGA (Kumar et al. 1993), using the default options for the program.
More recently, Grishin (1995) further refined the method for estimating the number of amino acid replacements when the rate varies
among sites, but the results of his methods are practically superimposable with the g distance (see Fig. 1 of Grishin 1995). Our present
results are based on measurements of the g distance.
Divergence Dates. The dates of divergence of the tetrapod groups
were taken from Benton (1990), those for the artiodactyl species from
Romero-Herrera et al. (1973), for the primates from Sibley and Ahlquist (1984), for the mouse/rat separation from Britten (1986), and for
the duplication of the Xenopus laevis genome from Bisbee et al. (1977).
Thus, human/chimp separation was taken at 5 Myr; human/gorilla, and
chimp/gorilla at 8 Myr; cow/sheep at 18 Myr; rat/mouse at 25 Myr;
human/rhesus at 28 Myr; pig/cow and pig/sheep at 55 Myr; duplication
of the Xenopus genome at 30 Myr; and the remaining mammals at 80
Myr.

Results
Rates of Divergence
A genetic distance requires an estimate of the number of
instances where multiple changes have occurred. For
closely related sequences, this can be estimated by assuming that sequence changes follow a Poisson distribution. However, where the proportion of different amino
acids (p) exceeds 0.2, the Poisson estimate is no longer
valid, as the distance is underestimated. For distantly
related sequences, more accurate estimates of the genetic
distance may be made assuming that substitutions at different sites follow a g function (Nei et al. 1976). Examples of genetic distances calculated by the two methods are given in Table 2. Our present studies are based on
measurements of the g distance.
The inclusion of more recent sequence information
for DBP and ALF extends our earlier findings (Minghetti

et al. 1985) to two other members of the gene family. In
addition, the availability of new primate sequences, for
macaque albumin and for gorilla and chimpanzee AFPs,
enables us to expand the data set for the rodent–primate
comparisons; the apparent extents of conservation between the orders using these sequences are essentially
identical to those obtained using human sequences, suggesting that our earlier data were not a consequence of a
statistical quirk resulting from the use of only human
sequence on the primate branch. The present genetic distance measures are shown in Table 3.
Figure 1 shows the amino acid replacements for albumin, AFP, ALF, and DBP, excluding the signal sequence, as a function of divergence time. It is apparent
that the rates are not constant over time. The slopes of the
albumin and DBP are similar (0.404 changes/site/100
Myr vs 0.359), although they do differ, while that for
AFP is greater (0.504) and for ALF higher still (0.542).
Since the dates of divergence actually estimate only half
the divergence time, the slopes of the lines in Fig. 1 are
in fact twice as large as the true number of changes. Thus
albumin accumulates 20.2% amino acid changes per 100
Myr, DBP 18.0%, ALF 27.1%, and AFP 25.2%. This is
in general agreement with earlier estimates which have
consistently shown that AFP evolves more rapidly than
albumin (Minghetti et al. 1985; Nardelli-Haefliger et al.
1989). However, the calculated rates of divergence seen
here are somewhat different than those previously published, reflecting the different methods used to calculate
distances, a larger set of sequences, and possibly different dates used to calibrate the clock.
Evolutionary History of the Gene Family
Using the genetic distance measures from Table 5 and
the rates of change (slopes) from the data in Fig. 1, we
calculated the approximate divergence dates for members of the gene family. Thus for the AFP–ALF divergence: Given that the average distance is 1.306 (Table 5)
and the rates for AFP and ALF are 0.504 and 0.542
changes/site/100 Myr, respectively (Fig. 1), then, using
the average of the rates, the date estimate for this pair is
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Table 3.

Genetic distance measures for mammalian family membersa

A. Albumins
Human
Human
Rhesus
Rat
Mouse
Rabbit
Cat
Cow
Sheep
Pig
Horse

1.11
2.92
3.06
2.84
2.15
2.68
2.76
2.73
2.64

Rhesus

Rat

Mouse

Rabbit

Cat

Cow

Sheep

Pig

Horse

6.87

33.50
31.60

36.00
34.32
11.59

32.14
31.34
36.00
37.13

20.92
21.85
30.81
34.32
30.81

29.56
28.53
38.37
40.14
36.64
26.25

30.87
30.08
39.25
40.74
35.23
27.76
8.42

30.35
29.56
34.67
38.66
33.29
24.53
24.77
26.75

28.78
27.00
34.39
37.22
37.79
26.50
32.75
30.35
29.56

2.80
2.96
2.79
2.21
2.62
2.71
2.68
2.53

1.51
3.06
2.76
3.21
3.26
2.99
2.97

3.13
2.96
3.31
3.35
3.22
3.14

2.76
3.10
3.02
2.91
3.17

2.48
2.57
2.38
2.50

1.27
2.39
2.87

2.51
2.73

2.68

B. AFPs
Human
Human
Chimp
Gorilla
Mouse
Rat
Horse

0.42
0.35
3.64
3.69
2.31

Chimp

Gorilla

Mouse

Rat

Horse

1.04

0.69
1.39

45.59
45.59
45.59

46.55
46.55
46.88
19.43

23.46
23.46
23.70
46.23
48.52

0.49
3.64
3.69
2.31

3.64
3.71
2.32

2.06
3.67

3.81

C. DBPs
Human
Human
Mouse
Rat
Rabbit

3.01
2.94
2.47

D. ALF
Human vs. Rat

Mouse

Rat

Rabbit

29.06

28.07
10.48

21.37
33.27
31.54

1.62
3.29

3.17

43.36 ± 3.52

Genetic distances between mature protein sequences (i.e., lacking the leader peptides) were calculated using the g function of Nei et al. (1976)
and are expressed as % changes/site. Genetic distances are shown above the diagonal and the standard errors below. The data are graphed in Fig.
1A and B, except for the rhesus albumin comparisons, which are very similar to the human data

a

130.6/0.523 4 249.7 Myr
Prior to that date, ALB and an AFP–ALF progenitor
diverged. To calculate that divergence date, we first calculated the distance between all ALB/AFP pairs and all
ALB/ALF pairs at 250 Myr ago using an average divergence rate as above. Today’s distances for ALB–ALF
and ALB–AFP are 1.506 and 1.292, respectively, and the
ALB slope is 0.404. Therefore, 250 Myr ago, the ALB–
ALF distance was
150.6 − (249.7 × 0.473) 4 32.5
and the ALB–AFP distance was
129.2 − (249.7 × 0.454) 4 15.8
Since there are 20 ALB–ALF distances and 60 ALB–
AFP distances, this gives a weighted average distance at
250 Myr before present of 20.0. Using an average rate of
(0.404 + 0.523)/2 4 0.464, this distance translates to

20/0.464 4 43.1 Myr. Thus the date for albumin divergence from the ALB/ALF progenitor is
249.7 + 43.1 4 292.8 Myr ago
In a similar manner we calculated the distances at 250
Myr ago, using the average of the slopes from Fig. 1:
ALB–DBP: 224.2 − 249.7 × (0.404 + 0.359)
/2 4 224.2 − 95.3 4 128.9
AFP–DBP: 258.5 − 249.7 × (0.504 + 0.359)
/2 4 258.5 − 107.7 4 150.8
ALF–DBP: 254.9 − 249.7 × (0.542 + 0.359)
/2 4 254.9 − 112.5 4 142.4
Similarly, the divergence of DBP from the other lineage
was calculated to have occurred 291.9 Myr before the
previously calculated split, i.e., 249.7 + 43.1 + 291.9 4
584.7 Myr ago. The results are graphically depicted in
Fig. 2.
Our albumin AFP divergence date at 293 Myr before
present is similar to the 280 Myr calculated by Nardelli-
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Fig. 2. Simplified phylogeny of members of the albumin gene family
determined from the calculated divergence dates. The approximate
dates of separation were calculated from the slopes of the regression
lines in Fig. 1 and they are indicated by the scale at left. Even though
our data are a poor fit to a clock, it was possible to use them to infer
a phylogenetic tree for the gene family. The topology of the tree is not
in dispute, as it is supported by a bootstrap analysis to a high degree of
confidence. However, the reliability of the divergence dates is a different question.

Fig. 1. Amino acid replacements per 100 sites for albumin and ALF
(A), and for AFP and DBP (B) as a function of divergence time between species. The genetic distances for the mature protein (i.e., after
removal of the leader peptide sequences) are taken from Table 3. An
additional point at 30 Myr is that for the duplicated Xenopus albumins
(Bisbee et al., 1977; Moskaitis et al., 1989); the distance was 11.04%.
Divergence dates of species within a single mammalian order are as
described in the text. Species in different orders are considered as
diverging since the mammalian radiation, 80 Myr ago. The lines were
fitted by linear regression, although it is apparent that a single straight
line cannot provide a reasonable fit for all points (except for ALF,
which is based on one experimental point). The AFP line is based on
all the data points, including rodent (s) and nonrodent (d) comparisons. The alternative line for AFP (‘‘rodent AFP’’) is based only on
comparisons involving at least one rodent species, using the data points
indicated by open circles (s).

Haefliger et al. (1989) and somewhat less than the estimate of Gray and Doolittle (1992). It should be noted
that the estimated date of divergence of the reptile–avian
line from mammals is approximately 290 Myr and that
Lindgren et al. (1974) have detected an AFP-like protein
in chicken. AFP and ALF show a mean distance of 1.306
and a divergence date of 250 Myr; since this is the most
recent date, it would be expected that the most recent
duplication in the gene family gave rise to AFP and ALF.
This conclusion has been supported by phylogenetic reconstruction using the neighbor joining method (Saitou
and Nei 1987), where the AFPs and ALFs segregate as a
monophyletic clade in a tree reconstructed from all of the
sequences used, and supported by a bootstrap analysis of
this phylogeny, where the ALFs and AFPs were found on
the same lineage in 100% of the replicates. Our calculated date for the albumin DBP divergence at 585 Myr
ago is in contrast to the estimated date of the lamprey–
bony fish separation date of 450 Myr and the observation
that lampreys lack a vitamin D–binding protein (Hay and

Watson 1976). The calculated value does agree well with
the estimate of 560–600 Myr of Nardelli-Haefliger et al.
(1989). Several possibilities present themselves to explain these apparent discrepancies, although it is most
probable that the clock calibrations are inaccurate. The
most likely sources of such inaccuracy lie in the divergence dates, but also in the possibility that the genes do
not show true clocklike behavior. Figure 2 shows a simplified phylogeny for the four members of the family.
How Reliable Is the Clock?
The rate estimates and calculated divergence dates rest
upon the assumption that there is a true molecular clock
for each gene, an assumption which is open to question.
Indeed, data generated in the course of this study indicate
that certain comparisons do not fit the molecular clock
assumptions. For serum albumins (Fig. 1A), the rates of
divergence differ by a factor of 2.0, the data being scattered from a high 40.7% (mouse/sheep) to a low 20.9%
(human/cat); the human/rhesus point is even lower. For
AFP (Fig. 1B), the high point of 48.52% (horse/rat) differs from the low point of 23.46% (human/horse) by a
factor of 2.1, and from the human/gorilla divergence by
a factor of 7.0. The DBP data are scattered within a
smaller range, differing by a factor of 1.6, from a low
21.4% for human/rabbit to a high 33.3% for mouse/
rabbit, but this could be due to the fact that fewer species
have been compared. The ALF line has only one experimental point, reflecting the human/rat genetic distance.
The distances for all known mammalian sequences are
shown in Table 3. It can be seen that those comparisons
which include a rodent sequence yield consistently
higher distances than those which do not. Therefore, in
order to make a meaningful comparison in evolutionary
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rate between ALF and AFP, we drew an alternative line
for AFP, using only the experimental points that include
rodent/rodent and rodent/primate sequences, obtaining a
higher (57.8% change/site/100 Myr) rate for AFP. Although not included in Fig. 1, other variations in rate can
be noted. The reptiles and birds are a monophyletic
clade, yet their albumin sequences yield significantly different values in comparisons with other species; e.g.,
comparing chicken and human albumin sequences yields
a g distance of 88.8 ± 6.1, whereas a cobra/human comparison gives a distance 150.5 ± 10.2 (Table 2). These
distances are clearly significantly different and indicate
that the rates of evolutionary change in certain lines of
descent can show dramatic variation.

Local Clock Differences Within One Gene
Since the evolutionary rate of change was found to differ
significantly, both between members of the family in the
same species and for the same protein across different
species, we wanted to see whether a ‘‘local’’ clock could
be found that would run at a more constant rate than that
for the entire protein. The individual domains of the proteins were a logical choice for such a focused view. Each
protein is composed of three almost identical domains,
which have been recognized by Brown (1976), based on
their structural similarity. A total of 18 symmetrically
placed disulfide bonds constrain the polypeptide chain,
folding it into a characteristic serpentine structure. This
two-dimensional, serpentine structure has been recognized for each member of the human gene family (Brown
1976; Cooke and David 1985; Minghetti et al. 1986;
Gibbs et al. 1987; Lichenstein et al. 1994), and also for
the chimpanzee and gorilla AFP (Nishio et al. 1995;
Ryan et al. 1991), for mouse AFP (Law and Dugaiczyk
1981), rat ALB and AFP (Jagodzinski et al. 1981), and
for Xenopus ALB (Nardelli-Haefliger et al. 1989). Despite the accumulated structural data, it would be premature, however, to say something about the role of the
individual domains in the overall function of the protein,
since the functions of ALB and DBP are not very precisely defined, in molecular terms, and those of AFP and
ALF are actually unknown. In fact, it was our hope to
make biological inferences about their relative function
from the rate of their evolutionary change.
A comparison of the divergence rates for individual
domains of the four proteins is given in Table 4. It can be
seen that rates for individual domains actually differ
more than those for the whole protein. Rates of evolution
do vary significantly for domain II with the rates for
AFP > DBP ≈ ALF > ALB. The rates of divergence for
the albumin domains II and III are very similar. The
rates for domain I vary in the order AFP > ALF >
ALB > DBP. The rate for AFP domain I is clearly the
greatest rate for any domain in the gene family, and that
for DBP domain I is the smallest. Since the three do-

Table 4. Divergence rates for mature proteins and their individual
domainsa

Mature protein
Domain I
Domain II
Domain III

ALB

AFP

ALF

DBP

40.4
47.2
37.4
37.3

50.4
64.6
51.9
37.2

54.2
53.5
42.5
68.8

35.9
25.1
44.9
45.5

a

Genetic distances for orthologous domains were calculated as described in Table 3. Rates of amino acid replacement of individual
domains were also determined by linear regression and are expressed as
% change/site/100 Myr

Table 5.

Genetic distance measures for mammalian family membersa

Proteins
compared

Number of
comparisons

Mean
distance

AFP–ALF
ALB–AFP
ALB–ALF
ALB–DBP
AFP–DBP
ALF–DBP

12
60
20
40
24
8

1.306
1.292
1.506
2.242
2.585
2.549

a
Genetic distances were calculated using the g function and are expressed as substitutions/site for the mature proteins from various species

mains within these proteins are of almost equal length, it
is apparent that individual domains do make a substantial
contribution to the global rates of evolution of individual
family members.
Population Genetics and Gene Evolution
One approach which might be advantageous in estimating the potential for divergence could be examination of
the diversity of these proteins within species, since a pool
of sequence variants is a prerequisite for evolution of the
protein. In this respect, ALF is at present uninformative,
since its discovery is recent and no population studies
have yet been initiated. Despite its clinical utility, no
population studies have been made for AFP either, limiting its potential use in this regard. In contrast, albumin
and DBP have been the subject of some of the most
extensive human genetic studies. Each has numerous
variants described (e.g., Constans et al. 1983; Madison et
al. 1991). However, with the exception of the two alleles
of DBP (Constans et al. 1983), these variants occur at a
very low frequency.

Discussion
According to the concept of the molecular clock, DNA or
protein sequence differences between extant species
would measure the time elapsed since they diverged
from a common ancestor. We have studied the serum
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albumin family molecular clocks using a variety of approaches, some of which are possible because of unique
features of this family. First, there are several homologous proteins in the family in a variety of species. Second, since each of the proteins was derived from an
ancient triplication event, the structure of the proteins
lends itself to analyses within a single line of evolutionary descent. Based on such an analysis of individual
proteins, we have shown elsewhere (Gibbs and Dugaiczyk 1994) that some proteins (ceruloplasmin) evolve at
the same rate in different lineages (human and rat), while
members of the albumin gene family evolve at distinctly
different rates in the same two lineages. In the present
study, we have demonstrated that the individual proteins
of the family, and the domains therein, each evolve at
different rates.
Considering that members of this gene family are
closely linked in the human genome, conceivably in as
little as 200 kb of DNA (Nishio et al. 1996), and since the
error rates of DNA replication in such a small chromosomal region are likely to be invariant, it is reasonable to
assume that the rate of mutation in this family is likely to
be constant, or nearly so. Therefore, the different rates of
evolution of the proteins encoded by this gene family
probably reflect the different biological constraints imposed on the individual proteins. Of the four proteins
discussed herein, only DBP has a well-characterized
function, that of transport of vitamin D in the circulation.
The relatively slow rate of change in the first domain of
DBP may reflect this function. Although several different functions have been attributed to albumin, its absence
in the adult is not deleterious to survival (Gitlin and
Gitlin 1975). No function has as yet been attributed to
AFP, which is expressed only in fetal life, nor to ALF.
The selective pressures exerted on these gene products
are therefore unknown.
It is apparent from the work described herein and our
earlier studies (Gibbs and Dugaiczyk 1994) on the evolution of members of this gene family that not only do
rates of evolution vary for individual proteins but that
rates of divergence for the same protein can differ across
mammalian lineages. When all the available sequence
data were used, the replacement rate for AFP was found
to be 5.0 × 10−12 site/year; for ALF, 5.4 × 10−12 site/year;
for ALB, 4.0 × 10−12/site/year; and for DBP, 3.6 × 10−12/
site/year. Thus there is a 1.5-fold variation in rate between ALF and DBP. Moreover, visual inspection of Fig.
1, particularly the values at 80 Myr, indicates that there
are clear differences in rates for a single protein. For
example, for ALB, the maximum divergence at 80 Myr
is 40.7%, or 5.1 × 10−12/site/year (mouse/sheep), while
the minimum is 20.9% (human/cat); the rate is even
lower (2.45 × 10−12/site/year) for the human/rhesus divergence. For AFP, the maximum divergence at 80 Myr
is 48.5%, or 6.1 × 10−12/site/year (horse/rat), while the
minimum is 23.5% (horse/human); the human/gorilla re-

placement rate is still lower (8.63 × 10−13/site/year). The
rates for DBP vary by a factor of up to a 1.6, although
fewer species were compared. These variations in rate
raise questions as to the general usefulness of the molecular clock to determine elapsed evolutionary time of
diverging species. In addition, similar variations are
found within nonfunctional sequences. Thus rates for
pseudogenes have been reported as high as 12.6 × 10−9/
site/year for an a-globin pseudogene (Miyata and Yasunaga 1981) and as low as 10−9/site per year for b- and
h-globin pseudogenes (Chang and Slightom 1984;
Goodman et al. 1984). The age of a human enolase pseudogene has been reported as 14 Myr, based on sequence
divergence (Feo et al. 1990), or 25–30 Myr, based on its
phylogenetic distribution among primate species (Minghetti and Dugaiczyk 1993), a hardly satisfactory result in
measuring evolutionary time in the divergence of primates.
Three biological variables are generally invoked to
account for the variability in the rate of the molecular
clock. (1) Species-dependent differences in the fidelity of
DNA replication, (2) population size and differences in
generation time between species, and (3) changes in
function of a protein along a line of genetic descent. A
higher substitution rate will put additional pressure on
every gene in the species to mutate faster. A shorter
generation time will shorten the time to fixation of new
mutations; a larger population size, on the other hand,
will increase the time to fixation of new mutations. The
molecular clock should run faster in organisms with
shorter generation time and more slowly in large populations. Indeed, comparing rat, bovine, and human sequences, Ohta (1993) reported that the rodent line is the
most divergent among the three lineages for synonymous
substitutions, but not necessarily for non-synonymous
substitutions. Ohta also suggested that nonsynonymous
substitutions (amino acid replacements) will more
closely follow the clock because the generation-time effect is likely to be reduced by cancellation with the population-size effect (Ohta 1993). Higher rates in rodents
than in primates have been also reported by Gu and Li
(1992), and faster clocks in monkeys and apes than in
humans by Li and Tanimura (1987).
Our present results on ALB, AFP, and DBP tend to
support the notion of a faster rate in rodents, but there are
noticeable incongruities. Although the rat/mouse AFP
distance of 19.43 (Table 1) is high above the AFP line in
Fig. 1, the rat/mouse ALB distance of 11.59 (Table 3) is
only slightly above the ALB line in Fig. 1, and so is the
rat/mouse DBP distance of 10.48 (Table 3) only slightly
above the DBP line in Fig. 1. The lack of rodent/rodent
acceleration in the ALB and DBP divergence is particularly noteworthy, because rodent/nonrodent distances are
high above the lines in Fig. 1. These incongruities cannot
be explained with a single hypothesis, such as a different
generation time or a different accuracy in the DNA rep-
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lication mechanism. We have previously noted that ceruloplasmin appears to evolve as fast in human as it does
in rat, based on deterioration of internal symmetry of a
gene within single evolutionary lineages (Gibbs and Dugaiczyk 1994). Thus, shorter generation times in rodents
do not always translate into a faster evolutionary rate in
the organism. Similarly, the human and rhesus ALB
comparison with eight other species (Table 3) shows no
indication of a faster rate in the rhesus lineage, which has
a shorter generation time than human. In fact in seven out
of the eight species compared, the human distance is
always by about 1% higher than that of the rhesus monkey. The human, chimp, and gorilla AFP comparison
with three nonprimate species gave practically identical
results (Table 3), again giving no support for the notion
that a longer generation time in humans results in a
slower rate of divergence. On the other hand, glycerol3-phosphate dehydrogenase evolves at several times different rates in different Drosophila species that propagate with the same generation time (Ayala et al. 1996).
Thus the number of examples where generation times
cannot be correlated with divergence rates is too large to
be comfortably accommodated into a single model governing evolution.
A possible linkage between the molecular clock and
functional variation of a protein is even more difficult to
disentangle. In the albumin gene family, the functions of
AFP and ALF are not entirely clear, but they are likely to
be different from that of albumin. Should their roles be
less subject to selective pressure than that of albumin,
then perhaps their accelerated rate is to be expected. But
then, what is the role of albumin when its absence in the
adult is not a life-threatening condition (Gitlin and Gitlin
1975)? Considering the apparent dispensability of albumin, it is difficult to argue that the almost continuous
variation in its evolutionary rate (see the large column of
dispersed experimental points at 80 Myr in Fig. 1A) reflects a fine tuning to its functional variation along the
lines of genetic descent. Why would the function of
sheep albumin be so much different from that of cat
albumin? They differ from each other by 50%, as compared to human (Table 3). The reduced rate of evolution
of DBP might be attributable to two events—gain of
functions relative to albumin (i.e., vitamin D transport,
binding to actin) and loss of a significant portion of
domain III of the protein. Together, these may have limited the paths by which DBP was free to evolve. The
cobra albumin appears to have evolved at a much accelerated rate, and the protein has acquired an entirely new
function, that of self-protection against conspecific
venom. Zuckerkandl (1976) proposed the concept of a
functional density, which was the fraction of a polypeptide chain involved in specific functions. Chains having
a higher proportion of amino acids involved in specific
functions would have a higher functional density and
therefore would be more constrained against evolution-

ary drift. If a new function arises in a polypeptide chain,
its functional density would be expected to increase. The
altered rate of evolution of the snake albumin might be
a consequence of altered functional density, subject
to positive selection that ultimately leads to a change
in function. In their covarion hypothesis, Fitch and
Markowitz (1970) proposed that at any given stage in
evolution, only a limited subset of the amino acids in a
protein is subject to replacement, although this subset
may change at a later stage in some lineages. By assuming this covarion hypothesis, Ayala et al. (1996) could
account for a fivefold decrease in the rate of superoxide
dismutase as being consistent with the molecular clock
hypothesis, but the same covarion hypothesis could not
explain a 15-fold rate difference in the glycerol phosphate dehydrogenase evolution in the different drosophilids (Ayala et al. 1996).
Even if the molecular clock runs at a constant rate but
the constancy is in reference to an altering function of a
protein, the clock is intractable. It is subject to the same
vagaries as the rest of biology. Models are only models;
they are only as good as the underlying assumptions.
And if the number of assumptions (unknowns) is greater
than the number of equations, a rigorous solution is but
an illusion. This seems to be the case with the molecular
clock.
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