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Abstract

A near full-length cDNAencoding the human vitamin D-binding
protein (hDBP) was isolated from a human liver mRNAexpres-
sion library. Complete sequence analysis of this clone predicts
the full-length amino acid sequence of the pre-hDBP. Comparison
of the sequence of the hDBP mRNAand protein to existing
protein and nucleic acid data banks demonstrates a strong and
highly characteristic homology of the hDBPwith human albumin
(hALB) and human a-fetoprotein (hAFP). Based upon this
structural comparison, we establish that DBP is a member of
the ALB and AFP gene family.

Introduction

Humanvitamin D-binding protein (hDBP),' also known as Gc-
globulin, is an abundant, multifunctional, and highly poly-
morphic serum glycoprotein synthesized by the liver (1). DBP
is the major serum transport protein for the vitamin D sterols
(2), binds and sequesters monomers of actin with high affinity
(3, 4), and has been identified on the surface of a variety of cell
types including B-lymphocytes (5), subpopulations of T-lym-
phocytes (6), and the cytotrophoblasts of the placenta (7). The
physiologic importance of these functions and their possible in-
terrelationships remains to be defined. As an initial step in the
detailed study of this abundant serum protein, we have isolated
a near full-length copy (cDNA) of the hDBPmRNA,determined
the primary structure of the encoded protein, and detected a
close evolutionary and genetic relationship between DBPand
two other abundant serum proteins, albumin (ALB) and a-fe-
toprotein (AFP).

Methods

RNAisolation and gel analysis. Total cellular RNAwas isolated by stan-
dard technique (8) from human liver obtained at autopsy, from fresh
rat liver (Sprague-Dawley), and from Hep 3B cells (9) grown in monolayer
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1. Abbreviations used in this paper: AFP, a-fetoprotein; ALB, albumin;
hDBP, human vitamin D-binding protein.

culture. PolyA+ mRNAwas isolated from the total RNAby oligo-dT
chromtography (10). The mRNAswere size-fractionated by electropho-
resis through a 1% agarose-formaldehyde gel (I 1), transferred to nitro-
cellulose paper (12), and hybridized at reduced stringency (370C with
other conditions, as described in reference 12) to a nick-translated 32p_
labeled cDNA probe (13). After overnight hybridization, the filter was
washed (at 420C, otherwise as described in reference 12) and autoradio-
graphed at -70'C on XARfilm (Eastman Kodak Co., Rochester, NY)
in the presence of a Cronex Lightening Plus intensifying screen. (E. I.
DuPont de Nemours, Wilmington, DE). Ribosomal RNAfrom human
reticulocytes (28S and 18S) and Escherichia coli (23S and 16S) were run
on the gel in separate lanes, visualized by ethidium bromide staining,
and used as molecular weight markers.

cDNA library screening. A library of human liver cDNA inserted in
the expression vector Xgtl I (14) was a generous gift of S. Woo, Howard
Hughes Medical Institute, Baylor College of Medicine, Texas Medical
Center, Houston, TX (15). This library was plated out on Y1090 bacteria
and the plaques were screened by the method of Benton and Davis (16).
All positives were plaque-purified by serial platings at low dilution. cDNA
inserts were restriction mapped from phage DNAisolated by a mini-
lysates procedure ( 17).

cDNA subcloning. DNAfrom each phage mini-lysate was digested
with the restriction endonuclease EcoRI (New England Biolabs, Beverly,
MA) at 1 U/ug DNAunder conditions suggested by the manufacturer.
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Figure 1. Detection of the human
DBPmRNAby cross hybridization
with a rat DBPcDNA probe. 5 Aig of
polyA+ mRNAfrom rat liver, 5 Mg of
polyA+ mRNAfrom human liver, or
20 gg of total RNAfrom Hep 3B cells
were electrophoresed through a 1%
agarose-formaldehyde gel, transferred
to nitrocellulose paper, and hybridized
at reduced stringency to a nick-trans-
lated, 32P-labeled rDBP cDNAprobe
(Cooke, N. E., unpublished data). An
autoradiograph of the hybridized filter
is shown with the lanes identified. The
position of ribosomal RNAmolecular
size markers are indicated in nucleo-
tides (NT).
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Figure 2. The nucleotide sequence of the hDBPcDNAand the full-length predicted amino acid sequence of hDBP. Nucleotides are numbered
beginning with the first base of the hDBPcDNAinsert. Amino acids are numbered with 1 representing the first residue of the mature protein.
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The digest was phenol-extracted and ligated to EcoRI-digested and de-
phosphorylated SP65 plasmid (18) at a 5:1 molar ratio of insert to vector
using 400 U of T4 ligase (New England Biolabs) in a total volume of 20
,l containing 50 mMTris HCG, pH 7.4, 10 mMMgCl2, 10 mMdithio-
threitol, 1 mMspermidine, and I mMATP. The entire ligation reaction
was used to transform E. coli HB101 rendered competent by cold CaCI2
treatment (19). Transformations were spread on L-broth plates containing
ampicillin (35 ,g/gl). Ampicillin-resistant transformants were screened
in situ (20) with 32P-labeled cDNA.

Plasmid preparation. All recombinant work was done under P1 con-

tainment conditions. Bacterial plasmids were grown in 1-liter batches to
an OD16w of 0.8, amplified with chloramphenicol (170 ,g/ul), and har-
vested 18 h later. Supercoiled plasmid was purified from a clarified lysate
by cesium chloride isopycnic centrifugation in the presence of 0.75 mg/
ml ethidium bromide, harvested, and phenol-extracted before use.

DNAsequencing. Restriction sites with 5' protruding ends were de-
phosphorylated with calf intestinal alkaline phosphatase (Bethesda Re-
search Laboratories, Gaithersburg, MD) and 32P end-labeled in a 25-Ml
reaction with T4 polynucleotide kinase (New England Biolabs) and
(32P)rATP (5,000 Ci/mM, Amersham Corp., Arlington Heights, IL). 3'
recessed ends were labeled with E. coli DNApolymerase, Klenow frag-
ment (Bethesda Research Laboratories), and the appropriate (32P)dNTP
in the recommended buffer. End-labeled fragments were either strand-
separated (21) or digested with a second restriction enzyme before gel
purification and sequencing. All DNAsequencing was by the method
of Maxamand Gilbert (22) with modifications as previously described
(23). All regions were either sequenced on both strands, or two separate
times on the same strand.

Primer extension analysis. For primer extension analysis a gel-purified
end-labeled 32p cDNA fragment was hybridized to liver mRNAin 30 jl
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Figure 3. Conservation of cysteine positioning in hDBPand hALB.
The predicted amino acid sequence of hDBP is displayed in the for-
mat originally proposed by J. R. Brown for albumin (30). Deletions in
hDBP, when aligned with hALB, are indicated by the small circles,

of hybridization buffer (80% deionized formamide, 0.4 MNaCi, 40 mM
PIPES, pH 6.4, 1 mMEDTA) at 420C for 3 h. Primer extension with
avian myeloblastosis virus reverse transcriptase was subsequently carried
out as previously described (24) with no significant modification.

and insertions by bold outline. A potential N-linked glycosylation site
is enclosed in a rectangle. The position of the homologous internal do-
mains is indicated in the left margin.

Computer analysis. GenBank, European Molecular Biology Labs,
and National Biomedical Research Foundation databases and software
used in the data analysis were accessed through the Bionet National
Computer Resource for Molecular Biology, Palo Alto, CA.
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Results

A rat DBPcDNA clone (Cooke, N. E., unpublished data), se-
lected by an immunological approach (to be described elsewhere),
was shown by Northern analysis to cross-hybridize under con-
ditions of reduced stringency to a single mRNAspecies of 1,750
nucleotides from the human liver (Fig. 1). This same mRNAis
present in the human hepatoma cell line Hep 3B which is known
to synthesize DBP(25) but not in human placental mRNA(data
not shown). A slightly smaller mRNAspecies of 1,650 nucleo-
tides is seen in the rat liver mRNA.Utilizing this low stringency
cross-hybridization between the rDBP cDNA and the hDBP
mRNA, several human liver DBPcDNA clones were selected
from a human liver cDNA library constructed in the bacterio-
phage Xgtl 1 (15). The cDNAinsert in each of the hybridization-
positive phage clones was mapped, and the largest, 1,383 nu-
cleotides long, was fully restriction-mapped and sequenced. The
identity of this clone as encoding hDBPwas established by iden-
tification of three previously sequenced peptide fragments of
hDBP(amino acids 1-41 [26], 414-419, and 421-424 [27]) and
by 77% homology to the terminal 441 amino acids of the rDBP
cDNA clone. Using the 5' EcoRI fragment of this partial clone
as probe, an overlapping hDBPcDNA clone extending further
in the 5' direction was selected and restriction-mapped. This
recombinant contained a 1,654 base-pair cDNA insert. The se-
quence of this human cDNA, shown in Fig. 2, contains a 1,422
nucleotide open reading frame beginning with a Met codon at
the 29th base.

To establish whether the cDNAdisplayed in Fig. 2 was full-
length, a 107 base-pair restriction fragment labeled at the EcoRI
site (nucleotide 1 19) and extending to the Hinfl site (nucleotide
12) was isolated from the 5' end of the cDNA, and hybridized
to human liver RNA. cDNAsynthesis was extended with reverse
transcriptase. The resultant cDNA, sized next to a DNAsequence
ladder, extended 48 nucleotides 5' to the labeled fragment (data
not shown). Thus the reported cDNA sequence begins 36 base
pairs 3' to the mRNAcap site and the full-length hDBPmRNA
is predicted to contain 1,690 nucleotides, excluding its polyA+
tail.

Discussion

The full-length primary sequence of hDBP, as displayed in Fig.
2, can be correlated with several of the known physical properties

of this protein. DBP is a secreted protein and would therefore
be predicted to have a signal sequence. The amino-terminus of
the mature serum protein was established by aligning the se-
quence predicted by the cDNA to a sequenced amino-terminal
hDBP peptide (27). From this alignment we deduce that the
coding region of prehDBP begins with a 16-amino-acid hydro-
phobic signal sequence. HumanDBPis known to be glycosylated
and the determined sequence contains one potential N-linked
glycosylation site (Fig. 3, enclosed in rectangle). The encoded
mature hDBPcontains 458 residues with a calculated molecular
weight of 51,335, compared with experimental estimates of
54,000-58,000 for the serum glycoprotein.

DBP, ALB, and the fetal analogue of ALB, AFP, are major
serum proteins synthesized by mammalian liver parenchymal
cells. All three molecules possess a high content of cysteine res-
idues. Comparison of the cysteines in hDBP to those in hALB
and hAFP reveals a high degree of conservation in their number
and positions. An alignment of hDBP, hALB (28), and hAFP
(29) using the cysteine residues as landmarks, revealed significant
additional amino acid and nucleotide homologies (Table I). The
similarities between these three molecules are so strong that
hDBPcan be easily displayed in the format proposed by J. R.
Brown (30) for albumin (Fig. 3). Human DBPterminates 123
amino acids before hALB or hAFP, and there is a rapid drift in
the 3' untranslated region of hDBPcompared with the continued
coding regions of the other two mRNAs. HumanDBPcontains
a unique tryptophan at position 145 not present in hALB, or
hAFP. The glycosylation pattern of the three proteins appears
to differ: the predicted glycosylation sites in hAFP are not con-
served in hDBP, and hALB is not glycosylated at all.

The triplicated internal domain structure first noted in ALB
and AFP is also present in hDBP (Table I) with the exception
of the previously mentioned truncation within the third domain
of hDBP. This suggests a commonevolutionary origin of these
three serum proteins from a precursor with a triplication of an
original single domain. The hDBPgene may in fact be situated
in close proximity to the hALB and hAFPgenes. Previous studies
of families with albumin mutations have documented a linkage
of < 1.5 centimorgan mapunits between the hDBPand the hALB
loci on human chromosome 4 in segment 4q 11-13 (31-34).
This localization and linkage has been recently confirmed by in
situ hybridization using the hDBP cDNA as probe (Cooke,
N. E., H. Willard, E. V. David, and D. George, unpublished

Table L Amino Acid and Nucleotide Sequence Comparisons between hDBP, hALB, hAFP, and Internal Domains

Amino acids

Coding nucleotides
Conservative replacement

Identical (35) Homology
Total

Comparison Gaps No. Percent No. Percent percent Gaps No. Percent

DBP/ALB (28) 14 112/487 23.0 124/487 25.4 48.5 42 570/1,461 39.0
DBP/AFP (29) 16 95/448 19.5 118/488 24.2 43.7 48 536/1,464 36.6
ALB/AFP 12 244/616 39.6 160/616 26.0 65.6 36 953/1,848 51.6
DBPinternal domains

I/II 10 45/194 23.2 43/194 22.2 45.4 30 224/582 38.5
I/III 1 12/81 14.8 20/81 24.6 39.4 3 79/243 32.5

II/Ill 3 15/81 18.5 22/81 27.2 45.7 9 89/243 36.6

Gaps were inserted to maximize amino acid homology. The signal peptides are included in the amino acid analyses. Total lengths include gaps
which are treated as mismatches. * Total includes identical and conservative replacements.
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data). Based upon the primary structural homologies at both
mRNAand protein levels, the presumed similarities in the sec-
ondary structures indicated by strictly conserved placement of
cysteine residues, and the linkage of the three encoding genes
on chromosome 4, we conclude that DBP is a member of the
gene family that encodes the other major serum proteins, ALB
and AFP.

Note added in proof While this manuscript was in press, we learned of
the work of Yang et al. (36) in which a DBPcDNAof the Gc2 type was
characterized. Our sequence differs from theirs in positions 152, 31 1,
416, and 420. The latter two amino acids of our sequence are consistent
with those reported in Gc by Svasti et al. (27) and suggest that our se-
quence represents the Gc' allele.
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