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Abstract

The most abundant protein found in blood plasma from the sea lamprey (Petromyzon marinus) has the hallmarks
of a plasma albumin: namely, high abundance, solubility in distilled water, a small number of tryptophans, and
a high content of cysteines and charged residues. As in other vertebrate albumins, not all the cysteines are disul-
fide bonded. An unusual feature of this protein is its molecular weight of 175,000, roughly 2.5 times the size of
other vertebrate albumins. Its amino acid sequence, deduced from a series of overlapping cDNA clones, can be
aligned with other members of the gene family including plasma albumin, alpha-fetoprotein, and vitamin-D bind-
ing protein, confirming that it is indeed an oversized albumin. An unusual feature of the sequence is a 28-amino
acid stretch consisting of a serine-threonine repeat with the general motif (STTT). Lamprey albumin contains a
23-amino acid putative signal peptide and a 6-residue putative propeptide, which, when cleaved, yield a mature
protein of 1,394 amino acids with a calculated molecular weight of 157,000. The sequence also includes nine po-
tential NV-linked glycosylation sites (Asn-X-Ser/Thr), consistent with observation that lamprey albumin is a gly-
coprotein. If all the potential glycosylation sites were occupied by clusters of 2,000 molecular weight each, the
total molecular weight would be 175,000. Like other members of the gene family, lamprey albumin is composed
of a series of 190-amino acid repeats, there being seven such domains all together. Quantitative amino acid se-
quence comparisons of lamprey albumin with the other members of the gene family indicate that it diverged from
an ancestral albumin prior to the gene duplications leading to this diverse group. This notion is confirmed by the
pattern of amino acid insertions and deletions observed in a consideration of all domains that compose this fam-

ily. Furthermore, it suggests that the invention of albumin antedates the vertebrate radiation.
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Plasma albumin is the most abundant protein in verte-
brate blood plasma and also among the most readily pu-
rified. The ability to secure relatively pure albumin in
large quantities has led to it becoming one of the most
familiar and extensively studied of all proteins. Its prin-
cipal role is thought to be that of a transport protein, re-
versibly binding fatty acids, bilirubin, and a myriad of
other molecules, as well as its being a major contributor
to the effective osmotic pressure of the plasma. As a re-
sult of its ligand-binding properties and high concentra-
tion, albumin provides a stabilizing effect on plasma
solute levels, buffering the concentration of metabolites.
Paradoxically, humans and some other animals appear to
be quite capable of surviving with levels of albumin in
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their blood that are barely detectable, making its absolute
contribution to fitness still something of a mystery (for
reviews, see Peters, 1985; Kragh-Hansen, 1990).

The amino acid composition of albumins as a group is
characteristically rich in cysteine, glutamate, and leucine
residues; there are few tryptophans and glycines relative
to their global occurrence in all other proteins. Further
analysis reveals that albumin is a highly charged, acidic
molecule with most of the numerous cysteines presum-
ably in disulfide linkages, consistent with a very soluble,
stable protein. Perhaps the most interesting feature of
plasma albumins, in contrast to many other extracellular
proteins, is the presence of a free sulfhydryl group. In
1975 the amino acid sequences of bovine (Brown, 1975)
and human (Behrens et al., 1975; Meloun et al., 1975) al-
bumins were reported. Since that time, the cDNA se-
quence, and thus the inferred amino acid sequence, has
been determined for the following vertebrate albumins:
human (Lawn et al., 1981; Dugaiczyk et al., 1982), rat
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(Sargent et al., 1981b), mouse (Minghetti et al., 1985), pig
(Weinstock & Baldwin, 1988), sheep (Brown et al., 1989),
frog (Haefliger et al., 1989), and salmon (Byrnes & Gan-
non, 1990). The most characteristic feature of the albu-
min sequence is the repetitious pattern of 17 disulfide
bridges that organizes the molecule into three homolo-
gous, yet distinct, domains. With the cDNA cloning and
sequencing of alpha-fetoprotein (human: Law & Dugaic-
zyk, 1981; Moringa et al., 1983; rat: Jagodzinski et al.,
1981; mouse: Gorin ¢t al., 1981) and vitamin D-binding
protein (human: Yang et al., 1985; Schoentgen et al.,
1986; rat: Cooke & David, 1985; mouse: Yang et al.,
1990), it became evident that these proteins are related to
albumin through a series of gene duplications. As such
these proteins provide an interesting glimpse into the evo-
lution of a multigene family.

On the basis of sequence comparisons between do-
mains, it was proposed by Brown (1976) and McLachlan
and Walker (1977) that albumin was at one time a smaller
protein and had evolved to its present three-domain struc-
ture through a series of gene duplications, the primitive
gene coding for a single domain of approximately 190
amino acids. Additionally, Brown observed that domains
I and II were more similar to each other than either was
to domain III. Thus, he concluded that there was an initial
doubling of a proto-albumin to a two-domain structure,
and at some point later on, a second partial duplication
leading to the present three-domain structure. Recently,
a 6.0-A crystal structure for human albumin was ob-
tained, which confirms the proposed three-domain struc-
ture (Carter et al., 1989).

All the protein sequence and gene structure (human,
mouse, and rat albumin: Minghetti et al., 1986; Gibbs
et al., 1987; Sargent et al., 1981a; mouse alpha-fetopro-
tein: Gorin & Tilghman, 1980; Eiferman et al., 1981) data
collected for the three members of this multigene family
support the view that plasma albumin was at one time a
single domain of about 190 amino acids. Through quan-
titative amino acid sequence comparisons, it is apparent
that albumins and alpha-fetoproteins are more similar to
each other than either is to the vitamin D-binding pro-
teins. Specifically, the albumin/alpha-fetoprotein diver-
gence has been estimated to have occurred between 300
and 500 million years (Myr) ago (Eiferman et al., 1981),
with another estimate putting the separation somewhat
later at 220-340 Myr ago (Haefliger et al., 1989). The
gene duplication events involving the vitamin D-binding
protein are generally agreed to predate the albumin/
alpha-fetoprotein divergence, with the only published es-
timate placing the separation between 560 and 600 Myr
ago (Haefliger et al., 1989).

Given that the cyclostomes (lampreys and hagfish) and
mammals last shared a common ancestor about 450 Myr
ago, and that the major duplication events leading to
modern, three-domain albumins are thought to have oc-
curred some 400-600 Myr ago (Doolittle, 1984), there was
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Table 1. Comparative properties of lamprey albumin
with other vertebrate albumins

Lamprey albumin  Vertebrate albumins

Molecular weight 175,000 68,000
Carbohydrate Yes NoP
Tryptophans/mol 8 1-2
Free sulfhydryls/mol 3 1
Cystine/2 (mol %) 6.3 5.9
Bind bromophenol blue Yes Yes
Soluble in distilled H,O Yes Yes

3 Molecular weight of mature lamprey albumin as observed by
SDS-PAGE.

® An exception to this is one glycosylated version of frog’s two al-
bumins. Also a newly reported sequence from a bony fish has one po-
tential N-linked glycosylation site; however, it is not known if it is
occupied (Byrnes & Gannon, 1990). (Adapted from Kuyas et al., 1983.)

a prospect that lamprey albumin might be an early ver-
sion consisting of only one or two domains, In this re-
gard, some authors have reported that albumin-like
molecules are absent from the cyclostomes (lampreys:
Filosa et al., 1982, 1986), whereas others report that al-
bumin-like molecules appear in the plasma of elasmo-
branchs (sharks and rays: Kuyas et al., 1983) as well as
the lamprey (Fellows & Hird, 1982; Kuyas et al., 1983).

Previous studies in our laboratory (Kuyas et al., 1983)
established that an albumin-like protein was present in
lamprey blood plasma at levels of about 30 mg/mL. More-
over, it was found to be a glycoprotein that had many of
the hallmarks of albumin, including a similar amino acid
composition and solubility in distilled water (Table 1). Its
amino-terminal residue was blocked, and attempts to un-
block it with pyrrolidone carboxylic acid-peptidase failed,
suggesting an acylated residue in this position as opposed
to a cyclized glutamine. Further, analysis revealed a total
of three free sulfhydryls in lamprey albumin, based on an
observed molecular weight of 175,000 as determined by
sodium dodecyl sulfate (SDS) gel electrophoresis. This is
in contrast to the single free sulfhydryl found in other
vertebrate albumins (average molecular weight 68,000)
and the complete lack of a free sulfhydryl in alpha-feto-
protein and vitamin D-binding proteins.

This article describes the cloning and cDNA sequencing
of lamprey albumin and a computer analysis of its rela-
tionship to the other members of the albumin gene family.

Results

Lamprey albumin peptide sequence studies

Reduced and ["*C]alkylated lamprey albumin was di-
gested with cyanogen bromide (CNBr) in order to obtain
peptide sequences on which to base oligonucleotide probes.
Peptides were purified by reverse-phase high performance
liquid chromatography (HPLC), and suitable candidates
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Fig. 1. Sequence of CNBr peptides LAJG
and LABB. The complementary synthetic
oligonucleotide probe based on each pep-
tide is shown directly below.

LAJG MDVEEVELRAHRLCLDAHQLGEEKLADRIT
CG AG s AG:7Gs AGC
ATGGATGTCGA R GA GTRGA A TT

LABB EQEFALEDQDCSDSEALSHIPSVSRCCELHPFD

G.G. G.C...C G.,C..G

GA A CALGA A TTTGCCTTGGA , GATCA ,GA

subjected to analysis on an automatic sequencer. The se-
quences of two of these (LAJG and LABB) and the oli-
gonucleotides based on them are shown in Figure 1.

Screening of the cDNA library with
oligonucleotide probes

The two CNBr peptides provided sufficient sequence for
two synthetic oligonucleotide probes that were used to
screen a number of oligo-dT-primed cDNA libraries
made in pBR/322. The first libraries were made in a con-
ventional manner, the host bacteria used being recA~
(Escherichia coli strain DHS5), and all screening attempts
with the synthetic probes failed to identify albumin clones.
An oligo-dT-primed ¢cDNA library was also made in E.
coli strain MC1061 (recA™"). When screened, this library
produced two clones that hybridized to both probes.
These clones were found to have the same 483-bp insert
and an open reading frame containing numerous cysteine
residues characteristic of, and alignable with, members of
the albumin multigene family.

Screening of random-primed and oligo-dT-primed
c¢DNA lambda libraries

The size of the albumin mRNA, as estimated by north-
ern analysis, was 6.5-7.5 kb in length. In an effort to cir-
cumvent the potential problems associated with such a
large message, a lambda-phage library was made with
random-primed lamprey liver cDNA. Unamplified and
amplified versions of this library were screened with the
insert from the plasmid library and subsequently with ap-
propriate restriction fragments taken from previously se-
quenced clones.

Both the oligo-dT and random-primed cDNA libraries
had been screened exhaustively and the first 3,000 bases
of ¢cDNA sequenced, including 212 bases of 5’-noncoding
region. All efforts to extend the sequence past the 3-kb
mark were unsuccessful. This refractory stretch of cDNA
was spanned by resorting to the polymerase chain reac-
tion (PCR) in conjunction with an anchor system (Roux
& Dhanarajan, 1990). The process was repeated until the
end of the coding region was reached, leading to a total

of 4,668 bases, including 186 nucleotides in the 3’-non-
coding region.

The protein sequence of lamprey albumin

The protein sequence of lamprey albumin, inferred from
c¢DNA, contains 1,423 amino acids (Fig. 2). The amino-
terminal sequence is characteristic of a signal peptide,
including a slightly basic amino-terminus, a central hy-
drophobic core, and a more polar carboxy-terminal re-
gion. In addition, the sequence has a favorable signal
peptide cleavage site (Von Heijne, 1986). The putative sig-
nal peptide of 23 amino acids, when cleaved, yields a pro-
albumin from which a putative propeptide of 6 amino
acids, by comparison with other members of the multi-
gene family, is presumably cleaved immediately after the
arginine residue at position 29. Thus, the mature protein
is 1,394 amino acids in length with a predicted molecular
weight of 157,000. There are nine potential N-linked gly-
cosylation sites (Fig. 2) distributed through the carboxy-
terminal two-thirds of the protein. This is in agreement
with the observation that lamprey albumin is a glycopro-
tein containing N-acetylneuraminic acid and N-acetylhex-
osamines, as well as being periodic acid Schiff (PAS)
positive. Moreover, the potential glycosylation sites, if
occupied by typical branched carbohydrate moieties (av-
erage molecular weight of 2,000) would increase the cal-
culated molecular weight to 175,000, in full agreement
with that observed by SDS polyacrylamide gel electro-
phoresis (PAGE).

The presence of three free sulfhydryl groups is consis-
tent with the primary structure of lamprey albumin when
the sequence is displayed according to the model of
Brown (1976) as in Figure 3. One of the putative free sulf-
hydryls quite obviously occurs at position 320. The loca-
tion of the other two free sulfhydryls is dependent on
which disulfide arrangement is used in the amino-termi-
nal portion of the molecule. In the first case, the sequence
is depicted such that it forms a 44-amino acid loop (cys-
teine to cysteine, exclusive) and appears as the unshaded
portion of the molecule. This particular arrangement has
merit in that the size and position of the loop are con-
served through all domains seen in the multigene family,
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v ]
1 MGKAMLKLCITLMVLVFSGTAESKGVMRREDESFPHLKSRLCGGLNGLGEDAYRSHCVVY

61 YTKRMGVVSLDHVEELANHCLRIVKQCCAEGAADDCLQTELAAVQEQVCTRMSEAKDVPL
121 VGRCCALAGSERHDCFHHAGGVAEGEGAWPHALPVTSPPEYDSVTVCALHATANARLYDT
181 LLWEFSRRYPSASDSHLIALANEFITGLTTCCLVEEEHGACLATLREDFKHKLTEASHKS
241 QNLCKALKSLGKEKFEDRIIVRFTQRAPQAPFELIQKLAHRFEVLAEKCCELGHSDRCLV
301 EERYTVDDELCLEQSFVATCPRLSSCCSLSGSSRAQCLETVPVLETSDKASPATPTLPIS
361 EQCTLWAGKPVEFHKRVVWQISHRYPTTGVAQVEALAHHYLEHLTICCASEDKDTCIATE
421 VAEFKSEVEKVHTKSDWWCRMSDLLGTDRFNLLLIVTYSQRVPQATFEQVEEISHHFALI
481 EEKCCSHRKNGSCFLEERYALHDAICRDEAWLSGLAEVSRCCAMDGRARILCFDELSSHL

541 NASVEERPELCSTSLCSKYHDLGFEFKQRVAYGFGQRFPKAAMGQMRDLISKYLAMVQRC

601 CDAMSDFKMDVEEVELRAHRLCLDAHQLGEEKLADRIMIGLAQRISVASFVNISSVALHF

661 AQSVIKCCDADHEKTCFMEQEFALEDQVCSDSEALSHIPSVSRCCELHPFDRSVCFHSLR

721 STQASTLASTHVAVGKDDSLPGHVEECQAFASGNHSLTDQVMFEEARRHPRASVSQVESL
781 ARLYSELARACCALTDADQESCLHTARSQARQEALKSLQRSERICNTLSAIGKEKFEDRI
841 VIALSQKATDASFEQILEIANRMSRGLARCCEQGNNVGCLMDHRHALHEAICSTPDGSLP
901 QSVAACCNTSNTSTTTSTTTSTTTSTTTSTTTSTTSTTTAABIRDSCFDNLQA#VSRAHA
961 PFYSNSQLCLMNVRTPHRFLERFLWEFGRRHPQAALSQVEELAEMYVKMTDSCCGKLHSK
1021 SCFTEQRHTIHMEIRHAYAEVQHICGSLHSRGEETFIQREVTLLSQKAPNASFEKVSQLA
1081 RHFLSLAKKCCAPDHAAGCFLEEPYAIHDEVCRDDEVVDQVGGLATCCRMSGTSRAKCLA
1141 QLPRDLGRHGNRETPEFDELKICELRRDNPAVLMEKILYEFGRRHSDSAVSEVKNFAQKFE
1201 SHSVTECCTSEKTHEQEXEKRAAIEKVIKDEEAKG#LTCQRLKAQGVEHFEQLVILNFAR
1261 AAKSLPMEKVVEFAHRFTRVAGQCCEHDTHCLIDESFHLHAEMCGDHGYIMAHPGVANCC

1321 KSDVSEQGTCFKIHEDVHHAEEILSKDVSPAHPTAERVCLRYRQFPEKFINLALFELVHR

1381 LPLLESSVLRRKALAYTGFTDDCCRAVDKTACFTEKLEAIKSS *

Fig. 2. The complete amino acid sequence of lamprey (Petromyzon marinus) albumin deduced from a series of overlapping clones
taken from lamprey liver cDNA libraries and PCR-amplified material. The putative signal and propeptide cleavage sites and
N-linked glycosylation sites are indicated by a v, ¥, and |, respectively. Portions of the sequence that have been confirmed by
Edman degradation (sss=) or amino acid analysis (===) of purified peptides are indicated as shown.
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excluding domain I in other vertebrate albumins and al-
pha-fetoproteins. The additional free sulfhydryls would
by this model occur at positions 67 and 80. None of these
is strictly comparable to the location of the free sulfhy-
dryl in other vertebrate albumins.

The alternative arrangement at the amino-terminus is
indicated with shaded residues (Fig. 3). Here, the 44-
residue loop has been replaced by two smaller loops, and
the cysteines are in position to form disulfide linkages.
The two free sulfhydryls in this model reside in domain
I11, at positions 551 and 601. The disulfide arrangement
in this area is again depicted in a form to conserve a loop
position and size, although other arrangements are pos-
sible. The free sulfhydryls would be in close proximity to
one another, implying that local topography of the mol-
ecule and steric considerations prevent disulfide for-
mation,

Sequence confirmation by peptide analysis

The sequences of two CNBr peptides isolated earlier were
in complete agreement with the protein sequence as de-
termined from cDNA. The amino acid composition of six
staphylococcal endoprotease V8 peptides, corresponding
to regions spanning the greater portion of the protein,
were used to verify independently the inferred sequence.

An interesting feature of the amino acid sequence is the
repetitive region from residues 908-940 (Fig. 2). This re-
gion of the translation corresponds to the refractory por-
tion of cDNA that occurs at about the 3-kb mark of the
c¢DNA sequence. With the exception of two asparagines,
the region consists solely of serine and threonine residues.
The composition of this region suggests that it might
function as a hydrophilic tether linking two domains to-
gether. However, when the sequence is examined as dis-
played according to the Brown scheme (Fig. 3), the
sequence appears to be firmly anchored at both ends by
disulfide bonds, leaving its function somewhat undeter-
mined.

Sequence alignments and phylogenetic trees

The amino acid sequence of lamprey albumin was com-
pared with those of other members of the albumin fam-
ily, including human, porcine, rat, and frog albumins,
as well as alpha-fetoproteins and vitamin D-binding pro-
teins from human and rat. Prior to alignment, the mature
albumin and alpha-fetoprotein sequences, excluding lam-
prey, were shortened by trimming approximately 130
amino acids from the carboxy-terminus, thereby truncat-
ing the sequences to reflect the one-half domain deletion
observed in the vitamin D-binding proteins (Gibbs et al.,
1987). Lamprey albumin, at 1,394 amino acids and seven
complete domains, was too large to align with the other
sequences and also had to be trimmed to a more reason-
able size, ca. 450 amino acids, the equivalent of 2.5 do-
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mains. The lamprey sequence posed a problem in that its
extensively duplicated structure was altogether lacking in
unique landmarks to guide the trimming process. A priori,
it might be thought that the seven domains are descen-
dant from a three-domain parental structure coincident
with the albumins, alpha-fetoproteins, and vitamin D-
binding proteins. This being the case, one continuous unit
of the lamprey sequence ought to match up better with
the other family members than do its duplicated counter-
parts. Of course, the possibility exists that various genetic
delinquencies such as crossing-overs confounded the pic-
ture. An alternative approach was to examine the prob-
lem domain by domain.

To this end, lamprey albumin was cut into its respec-
tive domains and subsequently aligned with each other
(data not shown). The putative signal and propeptide se-
quence was removed prior to generating alignments. In
addition, the repetitive 31-amino acid insertion was omit-
ted from domain V so as not to introduce an unwarranted
gapping penalty into the alignments and calculations of
evolutionary distance. The low percent identities, rang-
ing from 18 to 32%, suggest that the duplication events
leading to the present seven-unit structure occurred in the
quite distant past. Phylogenetic trees generated from
these alignments by two different methods were not ex-
actly the same, and efforts to obtain an absolutely unique
branching order were unsuccessful. This was not alto-
gether unexpected, as the percent identities (after removal
of the half-cystine contribution) were in the 10-25% range,
a region where unambiguous ancestral relationships are
difficult to determine (Doolittle, 1986). Still, the lamprey
domains, when aligned with all the family member do-
mains, consistently clustered together on a separate branch
(vide infra). This implies that the lamprey albumin most
likely evolved from the duplication of a single, or perhaps
double, domain structure independent of the events lead-
ing to the three-domain structure observed in the other
family members. As such, it does not share a common
2.5 domain unit that would be most appropriate to align
with the other family members. In other words, lamprey
albumin should appear as the most ancient member of
the family regardless of which 2.5 domains were used for
the progressive alignment and phylogenetic tree construc-
tion. Therefore, as a starting point, lamprey albumin was
cut into five 2.5-domain units proceeding linearly from
domain I to domain VII, and each in turn aligned against
the multigene family set.

The five multiple alighments revealed that the actual
domains used have little effect on the alignment and pre-
dicted phylogenetic trees. The alignment produced from
the most carboxy-terminal lamprey domain unit (residues
816-1,295) appeared to be slightly better than the others,
a portion of which is shown in Figure 4. Overall, the per-
cent identities among all sequences compared ranged
from a high of 77% (human to rat vitamin D-binding
protein) to a low of 18% observed between lamprey and
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Fig. 5. Phylogenetic trees for the albumin multigene family. The trees were constructed with either the MATRIX or parsimony
(PAPA)-based tree-growing methodologies. Both were derived from the progressive alignment in Figure 4.

frog albumins. The comparison of lamprey with the other
members of the family had values that ranged from 18 to
22% . The phylogenetic trees constructed for this align-
ment by two different methods (MATRIX and PAPA,
see Materials and methods) were quite robust, both pro-
ducing the same branching order (Fig. 5). Lamprey albu-
min appears at the bottom of both trees, implying that
the lamprey diverged from other vertebrates prior to the
gene duplications leading to the vitamin D-binding/albu-
min divergence having taken place. The vitamin D-binding
proteins branch off prior to salmon albumin, indicating
that bony fish should have a vitamin D-binding protein,
thus placing the gene duplication event between the ap-

pearance of bony fish and lampreys at 390-450 Myr ago.
Additionally, the presence of frog albumin in a cluster
with the mammalian albumins suggests that the existence
of alpha-fetoproteins, as a group, must antedate the am-
phibian radiation. This, along with the finding that albu-
min from a bony fish (salmon) is an out-group to the
tetrapod alpha-fetoproteins and albumins sets a time
frame, by the occurrence method, for this gene duplica-
tion event between 350 and 390 Myr ago.

As mentioned above, an attempt was made to elucidate
the lamprey domain phylogeny by alignment with the re-
spective domains of all the family members. To this end,
the sequences of albumin gene family members, includ-
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ing lamprey, were cut into their respective domains and
aligned (Fig. 6). The percent identities for nonhomolo-
gous domains typically ranged from 15 to 25%. In total,
5 of 12 half-cystine residues are conserved throughout all
the domains, the majority of changes having occurred in
the amino-terminal region of domain I. The most prom-
inent alteration is the loss of a single half-cystine from the
first Cys-Cys pair in the albumin sequences (except lam-
prey and salmon) and the complete disappearance of this
pair in the alpha-fetoproteins. In addition, the position
of the first half-cystine has shifted in the tetrapod albu-
mins and alpha-fetoproteins. Phylogenetic trees obtained
by two independent methods were not robust for reasons
alluded to earlier (data not shown). In both cases, how-
ever, all the lamprey domains consistently were grouped
together in their own cluster, suggesting that lamprey al-
bumin most likely evolved from a single one-domain pre-
decessor.

The problems encountered in phylogenetic tree con-
struction resulted from the low percentage identities be-
tween nonhomologous domain sequences. As proteins,
the albumin multigene family is evolving at a fast rate
(Minghetti et al., 1986), and, as such, the domains have,
over time, simply accumulated too many amino acid sub-
stitutions to allow useful comparisons to be made. An at-
tempt was made to circumvent the lack of informative
sequence information by an examination of rare events
(amino acid insertions and deletions).

The validity of the evolutionary trees (Fig. 5) is sup-
ported by the pattern of insertions and deletions through
all the domains of the multigene family as seen in the do-
main alignment (Fig. 6). Many of these events are con-
served throughout a specific domain from all three
members of the family (albumin, alpha-fetoprotein, vi-
tamin D-binding protein). It is the absence of these inser-
tions and deletions in the domains of lamprey albumin
that is most notable. The data support the view that the
lamprey must have diverged from other vertebrates prior
to the gene duplication events leading to vitamin D-bind-
ing protein and albumin.

Discussion

The most abundant protein in lamprey blood plasma
(LMPP), amounting to about 30 mg/mL, has been identi-
fied as an albumin. It is a glycoprotein and has an amino
acid composition similar to that observed in the other
members of the albumin multigene family; alpha-fetopro-
tein, vitamin D-binding protein, and albumin. Like other
albumins, it has the unusual property of being readily sol-
uble in ion-free water. Examination of the lamprey albu-
min sequence indicates that this elongated version, like
other members of its gene family, is composed of a series
of 190-amino acid repeats. In contrast to the three-
domain structure observed in other family members,

J.E. Gray and R.F. Doolittle

however, lamprey albumin is composed of seven do-
mains.

Chronology of a family

All the protein sequences and gene structures collected for
the three members of this gene family (albumin, alpha-
fetoprotein, and vitamin D-binding protein) support the
view that plasma albumin was at one time a single do-
main of about 190 amino acids. As described earlier, it
is believed that this one-domain proto-albumin gave rise
to the present three-domain structure through a series of
gene duplications (Brown, 1976). It can also be inferred
from the data that the three-domain structure must have
been in place prior to the duplication events that led to
the other members of this family.

Lamprey albumin, however, most likely evolved from
the duplication of a single or possibly two-domain struc-
ture, independent of the events leading to the three-
domain structure observed in the other family members.
This follows from two lines of evidence: (1) the observa-
tion that the lamprey domains are more related to each
other than to other family member domains, with the
seven lamprey domains forming a distinct and separate
cluster on the phylogenetic domain tree; and (2) the pat-
tern of insertions and deletions observed in the domain
alignment from other proteins (Fig. 6) is not present in
the domains of the lamprey. Based on this, the gene du-
plication events that gave rise to the three-domain struc-
ture common to the other members of the gene family
can be placed between the divergence of the lamprey
from the main vertebrate line (450 Myr ago) and the ap-
pearance of the vitamin D-binding protein.

The finding that lampreys diverged prior to the gene
duplication events leading to appearance of the vitamin
D-binding protein is supported by the absence of a vita-
min D-binding protein in lampreys (Hay & Watson,
1976). This is not altogether unexpected, as the lamprey,
which does not have a calcified skeleton, has no require-
ment for efficient regulation of calcium metabolism. This
puts the occurrence of the vitamin D-binding protein/al-
bumin gene duplication events at no greater than 450 Myr
ago, in contrast to the 560-600 Myr ago predicted by
Haefliger et al. (1989). The sequence alignments (Fig. 4)
and phylogenetic trees (Fig. 5) indicate that the salmon
(bony fish) should have a vitamin D-binding protein,
thereby placing a nearer time limit on the gene duplica-
tion of 390 Myr ago. This seems reasonable because the
calcified skeleton of bony fish likely necessitated a more
efficient calcium regulatory mechanism.

The lamprey sequence aside, our phylogenetic trees in-
dicate that the albumin/alpha-fetoprotein gene duplica-
tion event must have occurred sometime between the
amphibian and bony fish radiations of 350 Myr ago and
390 Myr ago, respectively. Support for this proposal lies
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Fig. 7. Phylogenetic tree of the albumin gene family members: ABL, lamprey albumin; ALB, albumin; AFP, alpha-fetoprotein;
and VDBP, vitamin D-binding protein. This figure illustrates the revised general times of divergence relative to vertebrate evo-
lution. The arcs around the divergence points indicate the uncertainty as to the actual values. The times for the major vertebrate

radiations were taken from Carroll (1988).

in the salmon sequence sharing the same amino-terminal
half-cystine pattern as the vitamin D-binding proteins and
lamprey albumin, a pattern predicted by Brown (1976) to
be present in sequences ancestral to the tetrapod alpha-
fetoproteins and albumins. Additionally, the pattern of
insertions and deletions observed in the domain align-
ment (Fig. 6) corroborates the older time limit for the al-
pha-fetoprotein/albumin divergence of 390 Myr ago. The
results of this study stand in contrast to the work of
Moskaitis et al. (1989), which indicates that amphibians
do not have an alpha-fetoprotein, on the one hand, and
earlier studies that found indications of an alpha-fetopro-
tein in fetal sharks (Gitlin et al., 1973). These findings are
not necessarily incompatible, as it is possible that sharks
independently evolved an alpha-fetoprotein-like counter-

part to mammalian alpha-fetoproteins. The precedent for
unrelated proteins developing similar functions is ob-
served in the case of fetal hemoglobins (Dayhoff et al.,
1972), which have evolved more than once, and opsin
pigments for color vision, which also evolved more than
once (Yokoyama & Yokoyama, 1990). The evolution of
the family with the major divergence points determined
from this study is summarized in Figure 7.

A proto-albumin

The presence of a multiple-domain albumin in the plasma
of the lamprey, one of the two oldest extant vertebrates,
suggests that a single-domain proto-albumin might still
exist in some protochordate or invertebrate. Such albu-
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mins, should they exist, would have very low sequence re-
semblances to the vertebrate type, and difficulties may
arise in identifying them; ultimately, the only recogniz-
able feature may be the pattern of half-cystine residues.
Nor should the possibility be dismissed that invertebrates
may also have multi-domained albumins as a function of
independent tandem duplications.

Materials and methods

Materials

Lampreys (Petromyzon marinus) were collected from
various New England rivers and streams during their spring
spawning runs. Blood plasma was collected streamside,
frozen, and processed as described previously (Cottrell &
Doolittle, 1976). Lamprey livers were excised on location
and immediately frozen in liquid nitrogen (Strong et al.,
1985). Restriction endonucleases and all other enzymes
were purchased from Bethesda Research Laboratories
(BRL), Grand Island, New York. Radionucleotides,
[**S]a-dATP, [?P]a-dCTP, and [**P]y-dATP were from
ICN Biomedicals, Costa Mesa, California. All other chem-
icals and reagents used were of reagent grade or higher
purity.

Purification of albumin

After isolation of the fibrinogen from lamprey plasma
{Cottrell & Doolittle, 1976), the supernatant was dialyzed
exhaustively against distilled water at 4 °C. Then the
globulin precipitate formed during dialysis was removed
by centrifugation (20,000 x g, 20 min) at 0 °C. The albu-
min-containing supernatant was freeze-dried, weighed,
and stored in an airtight container at 4 °C. Purity was
greater than 95% as judged by SDS-PAGE gel electro-
phoresis.

Peptide purification and sequencing

Lamprey albumin (reduced and alkylated) was dissolved
in 70% formic acid to a concentration of 7 mg/mL and
digested with CNBr added in an amount equal to the
weight of protein. The resulting peptides were injected
onto a Vydac C18 column equilibrated in 0.2 M sodium
phosphate, pH 6.7, and separated with a linear gradient
from ( to 60% acetonitrile in 220 min. Peptide pools were
rechromatographed on a Vydac C18 column equilibrated
in 0.1% trifluoroacetic acid, pH 2.2, utilizing a linear
gradient from 0 to 50% acetonitrile in 60 min. The amino
acid sequence of selected peptides (~500 pmol) was de-
termined by Edman degradation on an Applied Biosys-
tems Model 470A gas-phase sequencer at the University
of California, San Diego, peptide sequencing facility. The
sequence of a CNBr peptide isolated by Burk Braun
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(LABB) and sequenced by Dr. Kenneth Watt at Cetus
was also used as a model for an oligonucleotide probe
(Fig. 1).

Construction and screening of cDNA libraries

Total cellular RNA was prepared from lamprey liver tis-
sue according to the methods of Cathala et al. (1983).
Poly (A)* RNA was selected for by two passages over
an oligo-dT column (Aviv & Leder, 1972). Double-
stranded cDNA was prepared according to the Gubler-
Hoffman synthesis procedure (Gubler & Hoffman,
1983), utilizing either oligo-dT or random primers for the
initial reverse transcription step. The reagents necessary
for the conversion of mRNA to double-stranded cDNA
were provided in kit form (The Librarian, Invitrogen,
San Diego, California). Following synthesis, the oligo-
dT-primed cDNA was tailed with oligo-dC using termi-
nal deoxynucleotidy! transferase for annealing into an
oligo-dG-tailed Pstl-cut pBR vector (Invitrogen) or, in
the case of the random-primed material, had EcoRI-type
adaptors ligated on for insertion into Lambda ZAPII
phage vector (Stratagene, San Diego, California). In both
cases, following these procedures, the cDNAs were sized
on a 1% agarose gel with all material above 500 bp be-
ing taken.

The oligo-dT/pBR library was made by electrotrans-
formation of E. coli strain MC1061. The library was
screened under conditions of low stringency with 32P-
kinased synthetic oligonucleotide probes that were based
on sequences from CNBr peptide fragments; high strin-
gency washes were performed as necessary to reduce
background. The random-primed cDNA library was
made in lambda-phage using reagents supplied in kit
form (Lambda-ZAP cloning kit, Gigapak-Plus packag-
ing extract, Stratagene) and transfected into XL1-Blue
cells. Screening was performed at high stringency with
lamprey albumin cDNA fragments isolated from the pBR
plasmid library. Positive clones were isolated and rescued
as the Bluescript plasmid, according to the Strategene in
vivo excision protocol.

The PCRs were performed in a Perkin-Elmer-Cetus
thermal cycler at an annealing temperature of 55 °C for
a total of 30-35 cycles. In certain situations an annealing
temperature of 45-50 °C was used for the first five cycles
and then brought up to 55 °C for the remaining 20-25 cy-
cles. In all cases, standard extension (3 min at 72 °C) and
denaturation (1 min at 94 °C) conditions were employed.
Primers were chosen on the basis of known cDNA se-
quence. Template used for the reaction was either reverse-
transcribed mRNA first-strand reaction or random-primed
c¢DNA (200 bp and greater) to which the PCR anchor sys-
tem of Roux and Dhanarajan (1990) had been ligated.
The PCR anchor system allows for the amplification of
DNA when information for making an oligonucleotide
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primer exists at only one end of the target DNA, the an-
chor system providing a complementary site for a second
primer. The PCR-generated DNA was ligated into
Bluescript plasmid.

Sequence analysis

Minipreparations of positive clones were accomplished by
the alkaline lysis method (Kraft et al., 1988). The se-
quencing reactions were performed by the dideoxy chain-
termination method