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ABSTRACT The a,-HS-glycoprotein (AHSG) is a plasma
protein reported to play roles in bone mineralization and in the
immune response. It is composed of two subunits, the A and B
chains. Recombinant plasmids containing human cDNA AHSG
have been isolated by screening an adult human liver library
with a mixed oligonucleotide probe. The cDNA clones contain-
ing AHSG inserts span approximately 1.5 kilobase pairs and
include the entire AHSG coding sequence, demonstrating that
the A and B chains are encoded by a single mRNA transcript.
The cDNA sequence predicts an 18-amino-acid signal peptide,
followed by the A-chain sequence of AHSG. A heretofore
unseen connecting sequence of 40 amino acids was deduced
between the A- and B-chain sequences. The connecting se-
quence demonstrates the unique amino acid doublets and
collagen triplets found in the A and B chains; it is not
homologous with other reported amino acid sequences. The
connecting sequence may be cleaved in a posttranslational step
by limited proteolysis before mature AHSG is released into the
circulation or may vary in its presence because of alternative
processing. The AHSG cDNA was utilized for mapping the
AHSG gene to the 3q21—qter region of human chromosome 3.
The availability of the AHSG cDNA clone will facilitate the
analysis of its genetic control and gene expression during
development and bone formation.

The human a,-HS-glycoprotein (AHSG) is a plasma protein
that consists of two subunits, an A chain of 282 amino acids
and a B chain of 27 amino acids (1, 2). The A chain and B
chain are linked through a disulfide bond. The molecule has
interesting and unique features; there are 29 amino acid
doublets in circulating AHSG with Ala-Ala or Ala-Ala-Ala
occurring six times and Pro-Pro occurring six times (2).
Collagen-like sequences found in the complement component
Clq were also detected in AHSG—i.e., Gly-Xaa-Pro (three
times) and Gly-Pro-Xaa (two times) (2).

The AHSG gene is in a linkage group including genes for
transferrin and plasma cholinesterase (3). The assignment of
the transferrin gene to human chromosome 3 placed AHSG
and the ceruloplasmin gene there also (4). Cox and Franke (5)
localized the AHSG gene on human chromosome 3 by im-
munological studies with somatic cell hybrids.

In the matrix of adult and fetal bone, AHSG is concen-
trated up to 300-fold compared to other plasma glycoproteins
(6, 7). The concentration of AHSG progressively falls in bone
throughout childhood to adult life (8); fetal bone was reported
to contain at least 10 times more AHSG than does adult bone
(9), while neonatal bone contains 7 times more AHSG than
does adult bone (10).

In addition to its presence in adult and fetal bone, the
AHSG has been associated with several other biological
functions. The protein has been observed to demonstrate
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opsonic properties (11), to bind DNA and promote endo-
cytosis by macrophages (12), and to participate in chemotaxis
leading to the recruitment of peripheral monocytes for
osteoclast development (13).

AHSG is one of the few negative acute-phase reactants in
human plasma; its level during an inflammatory response
decreases significantly (14). Its concentration is also de-
creased in certain malignancies (15) and Paget’s disease (16).
High concentrations of AHSG are correlated with the pres-
ence of low density, immature, or newly formed bone (17,
18).

MATERIALS AND METHODS

Synthesis of Oligonucleotides of Mixed Sequence. Oligode-
oxynucleotide probes were constructed on the basis of amino
acid sequences of human AHSG B chain reported by Schmid
and co-workers (1, 2). Residues 22-27 of the B chain,
Ile-Arg-His-Phe-Lys-Val were used to construct 128 mixed
17-mer oligonucleotide probes: 5'-ACYTTRAARTGNCHH-
AT-3'. (Single-letter abbreviations are as follows: R is A or
G;YisCorT;HisTorG; Nis A, G, C, or T.) The probes
were synthesized by P-L Biochemicals. Purified oligonucle-
otides were labeled at the 5’ end with [y-*?P]JATP and
polynucleotide kinase (19).

Isolation of AHSG cDNA with Oligonucleotides of Mixed
Sequence. A human liver cDNA library (20) was screened
with the oligonucleotide probes. The hybridization condi-
tions and plasmid DNA purification and isolation were
carried out as described (4).

DNA Sequence Determination. Both strands of the AHSG
cDNAs were sequenced by the dideoxy chain-termination
method (21). Template DNAs for dideoxy sequencing were
prepared by inserting the restriction enzyme fragments of the
AHSG cDNA inserts into phage M13 cloning vectors. The
complete AHSG c¢cDNA sequences were assembled from
sequences of overlapping restriction enzyme fragments.

Primer Extension. For primer extension analysis, a 27-mer
synthetic oligonucleotide was used as primer, and poly(A)*
RNA isolated from human liver and the cultured human
hepatoma cell line Hep 3B2 (22) was used as template. The
5'-end-32P-labeled oligonucleotide (0.6 ng, 8 X 10® cpm/ug)
was hybridized to 10 ug of poly(A)* RNA in 20 ul of 1X
reverse transcriptase buffer (50 mM Tris-HCI, pH 8.3/75 mM
KCl1/10 mM dithiothreitol/3 mM MgCl,) at 60°C for 1 hr.
Primer extension with Moloney murine leukemia virus re-
verse transcriptase (Bethesda Research Laboratories) was
subsequently carried out in 50 ul of 1X reverse transcriptase
buffer containing actinomycin D at 50 ug/ml, 0.5 mM dNTPs,
bovine serum albumin at 100 ug/ml, and 8000 units of
Moloney murine leukemia virus reverse transcriptase per ml

Abbreviation: AHSG, a,-HS-glycoprotein.
*A brief report of this work has been presented (31).
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No. of
Nucleo-
tides
-18

5 CCT CCA ACC ACC TGC ACG CCT GCC TGC CAG GGC CTC TCT GGG GCA GCC ATG AAG TCC CTC GTC CTG CTC CTT TGT CTT GCT CAG CTC 87

-1 +1 10

Met Lys Ser Leu Val Leu Leu Leu Cys Leu Ala Gln Leu

20

TGG GGC TGC CAC TCA GCC CCA CAT GGC CCA GGG CTG ATT TAT AGA CAA CCG AAC TGC GAT GAT CCA GAA ACT GAG GAA GCA GCT CTG GTG 177
Trp Gly Cys His Ser Ala Pro His Gly Pro Gly Leu Ile Tyr Arg Gln Pro Asn Cys Asp Asp Pro Glu Thr Glu Glu Ala Ala Leu Val

A chain >
30 40

50

GCT ATA GAC TAC ATC AAT CAA AAC CTT CCT TGG GGA TAC AAA CAC ACC TTG AAC CAG ATT GAT GAA GTA AAG GTG TGG CCT CAG CAG CCC 267
Ala Ile Asp Tyr Ile Asn GIn Asn Leu Pro Trp Gly Tyr Lys His Thr Leu Asn Gln Ile Asp Glu Val Lys Val Trp Pro Gln Gln Pro

60 70

80

TCC GGA GAG CTG TTT GAG ATT GAA ATA GAC ACC CTG GAA ACC ACC TGC CAT GTG CTG GAC CCC ACC CCT GTG GCA AGA TGC AGC GTG AGG 357
Ser Gly Glu Leu Phe Glu Ile Glu Ile Asp Thr Leu Glu Thr Thr Cys His Val Leu Asp Pro Thr Pro Val Ala Arg Cys Ser Val Arg

90 100

110

CAG CTG AAG GAG CAT GCT GTC GAA GGA GAC TGT GAT TTC CAG CTG TTG AAA CTA GAT GGC AAG TTT TCC GTG GTA TAC GCA AAA TGT GAT 447
Gln Leu Lys Glu His Ala Val Glu Gly Asp Cys Asp Phe GIn Leu Leu Lys Leu Asp Gly Lys Phe Ser Val Val Tyr Ala Lys Cys Asp

120 130

140

TCC AGT CCA GAC TCA GCC GAG GAC GTG CGC AAG GTG TGC CAA GAC TGC CCC CTG CTG GCC CCG CTG AAC GAC ACC AGG GTG GTG CAC GCC 537
Ser Ser Pro Asp Ser Ala Glu Asp Val Arg Lys Val Cys Gln Asp Cys Pro Leu Leu Ala Pro Leu Asn Asp Thr Arg Val Val His Ala

150 160

170

GCG AAA GCT GCC CTG GCC GCC TTC AAC GCT CAG AAC AAC GGC TCC AAT TTT CAG CTG GAG GAA ATT TCC CGG GCT CAG CTT GTG CCC CTC 627
Ala Lys Ala Ala Leu Ala Ala Phe Asn Ala Gln Asn Asn Gly Ser Asn Phe Gln Leu Glu Glu Ile Ser Arg Ala Gln Leu Val Pro Leu

180 190

200

GCA CCT TCT ACC TAT GTG GAG TTT ACA GTG TCT GGC ACT GAC TGT GTT GCT AAA GAG GCC ACA GAG GCA GCC AAG TGT AAC CTG CTG GCA 717
Pro Pro Ser Thr Tyr Val Glu Phe Thr Val Ser Gly Thr Asp Cys Val Ala Lys Glu Ala Thr Glu Ala Ala Lys Cys Asn Leu Leu Ala

210 220

230

GAA AAG CAA TAT GGC TTT TGT AAG GCA ACA CTC AGT GAG AAG CTT GGT GGG GCA GAG GTT GCA GTG ACC TGC ACG GTG TTC CAA ACA CAG 807
Glu Lys Gln Tyr Gly Phe Cys Lys Ala Thr Leu Ser Glu Lys Leu Gly Gly Ala Glu Val Ala Val Thr Cys Thr Val Phe Gln Thr Gln

240 250
CCC GTG ACC TCA CAG CCC CAA CCA GAA GGT GCC AAT GAA GCA GTC
Pro Val Thr Ser Gln Pro Gln Pro Glu Gly Ala Asn Glu Ala Val

270 280
GGC GCA CCT GGA CTC CCT CCA GCT GGC TCA CCC CCA GAC TCC CAT
Gly Ala Pro Gly Leu Pro Pro Ala Gly Ser Pro Pro Asp Ser His

260

CCC ACC CCC GTG GTG GAC CCA GAT GCA CCT CCG TCC CCT CCA CTT 897
Pro Thr Pro Val Val Asp Pro Asp Ala Pro Pro Ser Pro Pro Leu

282
GTG TTA CTG GCA GCT CCT CCA GGA CAC CAG TTG CAC CGG GCG CAC 987
Val Leu Leu Ala Ala Pro Pro Gly His Gln Leu His Arg Ala His

<-Achain - - - -« - - - - - - - - - ot Lt e ol al e e

TAC GAG CTG CGC CAC ACC TTC ATG GGT GTG GTC TCA TTG GGG TCA CCC TCA GGA GAA GTG TCG CAC CCC CGG AAA ACA CGC ACA GTG GT¢ 1077
Tyr Asp Leu Arg His Thr Phe Met Gly Val Val Ser Leu Gly Ser Pro Ser Gly Glu Val Ser His Pro Arg Lys Thr Arg Thr Val Val

---------------------- B chain >
20 +27

CAG CCT AGT GTT GGT GCT GCT GCT GGG CCA GTG GTT CCT CCA TGT CCG GGG AGG ATC AGA CAC TTC AAG GTC TAG GCT AGA CAT GGC AGA 1167
Gln Pro Ser Val Gly Ala Ala Ala Gly Pro Val Val Pro Pro Cys Pro Gly Arg Ile Arg His Phe Lys Val ---

<- B chain

GAT GAG GAG GTT TGG CAC AGA AAA CAT AGC CAC CAT TTT GTC CAA GCC TGG GCA TGG GTG GGG GGC CTT GIC TGC TGG CCA CGC AAG TGT 1257

CAC ATG CGA TCT ACA TTA ATA TCA AGT CTT GAC TCC CTA CTT CCC GTC ATT CCT CAC AGG ACA GAA GCA GAG TGG GTG GTG GTT ATG TTT 1347

GAC AGA AGG CAT TAG GTT GAC AAC TTG TCA TGA TTT TGA CGG TAA GCC ACC ATG ATT GTG TTC TCT GCC TCT GGT TGA CCT TAC AAA AAC 1437

CAT TGG AAC TGT GAC TTT GAA AGG TGC TCT TGC TAA GCT TAT ATG TGC CTG TTA ATG AAA GTG CCT GAA AGA CCT TCC TTA ATA AAG AAG 1527

GTT CTA AGC TG polyA 3’

1538

Fic. 1. Complete nucleotide sequence of AHSG cDNA and the deduced amino acid sequence. The putative signal peptide appears before
the amino-terminal alanine, residue 1. Dotted lines denote the DNA sequence encoding a connecting amino acid fragment that does not appear

in circulating AHSG.

at 37°C for 1 hr as recommended by the vendor. The resulting
cDNA was purified by precipitation with ethanol and was
sized next to a DNA sequence ladder on an 8 M urea/8%
polyacrylamide gel.

Geneé Mapping. Chromosome mapping of AHSG was
performed with human-mouse somatic-cell hybrids (23).
DNAs from the cell hybrids were isolated and digested with
HindIII and were analyzed by Southern filter hybridization as
described (24). The 1.5-kilobase (kb) cDNA insert was iso-
lated by Pst I digestion, agarose gel electrophoresis, and
electroelution of the human fragments. The human cDNA
insert was 32P-labeled by oligonucleotide priming (25) and
was hybridized to the cell-hybrid DNA as described (24).

Southern Blot Analysis of DNA Polymorphisms. High mo-

lecular weight DN As were isolated from human lymphocyte
nuclei (26). Filter hybridization of lymphocyte DNA with
human AHSG cDNA was carried out at 42°C as described (4).

RESULTS AND DISCUSSION

Five cDNA clones that contained sequences corresponding
to the synthetic oligonucleotide probes were isolated from the
human cDNA library. Upon rescreening with these clones,
one clone, PHS-39, was identified that contained a full-length
1538-base-pair (bp) insert including the entire AHSG coding
sequence. It consisted of a 5’ untranslated region of 48 bp, a
54-bp sequence encoding a putative 18-amino-acid leader
sequence, a 1047-bp sequence encoding the amino acid
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sequence, and 389 bp in the 3’ untranslated region (Fig. 1).
The amino acid sequence deduced from the cDNA was
identical to that determined from protein-sequence analyses
of AHSG reported earlier (1, 2), with one exception. Residue
36 was predicted to be tryptophan by the cDNA sequence,
instead of lysine. This difference could be the result of an
inherited variation in the AHSG protein, although the sub-
stitution would require more than one nucleotide change.

The most important point revealed from the deduced
sequence of AHSG cDNA is the presence of a heretofore
unknown sequence of 40 amino acids in the region between
the amino acid sequences reported for the A and B chains.
Apparently the connecting 40-amino-acid fragment is cleaved
by limited proteolysis in a posttranslational step that pro-
duces A and B chains joined by a disulfide bond. Fig. 2 is a
model of how the mature AHSG protein could have been
formed by limited proteolysis. The sequence of the connect-
ing fragment originates behind the A-chain leucine in the 282
position and begins with another leucine residue. There are
distinct similarities of the connecting fragment and the A and
B chains; as summarized in Table 1, three additional amino
acid doublets are within its sequence, an Ala-Ala pair in its
second and third residue, a Pro-Pro pair in residue 4 and 5,
and a Val-Val pair in residues 23 and 24. In addition, the
collagen-like sequence, Gly-Xaa-Pro, is also present in the
connecting fragment (residues 27-29). The similarity of the
connecting fragment to the A and B chains raises the question
of its biological significance and the role of alternative
processing occurring during development.

A computer-aided search of the protein sequences avail-
able through the SEARCH data base (27) revealed no
proteins having sequences homologous to mature AHSG or
to the 40-amino-acid connecting fragment between the A and
B chains. The closest identity of amino acid sequences was
noted between the connecting fragment and the Epstein-Barr
virus BFRF1 protein (28); 12 of the 40 amino acid residues are
identical with those of the BFRF1 sequence. The similarity is
of interest, since it has been reported that AHSG binds to a
receptor on lymphocytes transformed by Epstein-Barr virus
but does not bind to normal lymphocytes (29). The trans-
formed lymphocyte receptor was reported to have the same
molecular weight and isoelectric point as the Epstein-Barr
virus-determined nuclear antigen.

To determine whether the 1538-bp AHSG cDNA insert
represents the full-length human AHSG c¢cDNA, primer ex-
tension analysis of human liver and hepatoma cell (Hep 3B2)
RNA was conducted with a synthetic 27-mer oligonucleotide
complementary to nucleotides 46-72 of clone PHS-39 (Fig.
1). When either human liver RNA or human Hep 3B2 RNA
was used as template, electrophoresis of the resulting cDNA

AHSG mRNA
1 Translation
[ 17/ AHSG precursor
A Chain B Chain
l Limited proteolysis
[ z_] A Chain mature AHSG
I | B Chain

F1G. 2. Model for maturation of human AHSG. The connecting
amino acid fragment (hatched bar) is not seen in mature AHSG;
therefore, it is proposed that the connecting fragment is removed in
a posttranslational step by limited proteolysis. The subunits formed
are held together through a disulfide bond formed between the A and

B chains.
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Table 1. Similarities of the A and B chains and the connecting
fragment of AHSG

Amino acid
doublets or Collagen repeating

Peptide Residues triplets, no. sequences,* no.
A chain 282 25 4
f
Connecting peptide 40 3 1
B chain 27 4 1

*Gly-Pro-Xaa and Gly-Xaa-Pro.
*Indicates the Leu-Leu doublet from the junction of the A chain and

connecting fragment of AHSG.

products on a denaturing polyacrylamide gel displays two
major fragments of 108 and 105 nucleotides. When liver RNA
was used as a template, the 105-nucleotide fragment was
produced in greater quantity than the 108-nucleotide frag-
ment. However, when the Hep 3B2 RNA was used as
template, more of the 108-nucleotide fragment was synthe-
sized. This may reflect different preferential initiation sites
for AHSG RNA synthesis in the liver versus in the Hep 3B2
cells. Fig. 3 is the primer extension analysis of AHSG
transcripts. The size of the cDNA was compared to a DNA
sequence ladder. Thus, the cDNA insert in clone PHS-39
appears to begin 33 or 36 nucleotides 3’ to the mRNA cap
sites. Therefore, the full-length human AHSG mRNA with-
out the poly(A) tail is predicted to be either 1571 or 1574
nucleotides.

Chromosomal mapping of the AHSG gene to human
chromosome 3 was confirmed by somatic-cell analysis using
radiolabeled AHSG cDNA. The AHSG gene was mapped by
Southern blot analysis of human—-mouse hybrids after HindIII

a b c

I

— 115

b T 104
g
-

o — 66
W

: — 6l

FiG. 3. Primer extension analysis of AHSG transcripts in human’
liver (lane c) and human hepatoma (Hep 3B2) cells (lane a). Ten
micrograms of poly(A)* RNA was used in each reaction. The
resulting cDNA was sized next to a DNA sequence ladder (lane b),
and the sizes of some of the markers (in nucleotides) are indicated.
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digestion. Digestion of human genomic DNA yielded frag-
ments of 6.6, 1.5, and 1.3 kbp that hybridized with AHSG
cDNA. The presence of fragments hybridizing with AHSG
cDNA was determined for 19 characterized hybrids (Table 2).
The AHSG gene segregated exclusively with chromosome 3;
all other chromosomes showed discordancy. One hybrid
retaining a region of chromosome 3 as a translocation,
XTR-22, localized the AHSG locus to region 3q21—qter. This
is of particular interest because two other plasma proteins
important in the binding and transport of heavy metals,
ceruloplasmin (30) and transferrin (4), have been mapped to
the same region of human chromosome 3. A DNA polymor-
phism consisting of 3.3- and 2.8-kb bands was observed after
hybridization of the AHSG cDNA probes with human lym-
phocyte DNA digested with Pvu I1. Fig. 4 shows the AHSG
polymorphism in a panel of DNAs from 11 unrelated indi-
viduals.

The role of AHSG in bone has not become clear despite
many valuable observations of its presence, temporal con-
centrations, and influence on cell differentiation in bone-
forming tissue (6-13; 15-18). Dickson and Bagga (8) suggest-
ed that AHSG protein was more likely to be related to bone
formation and turnover than to be involved in stabilization of
the mineralized matrix of bone. High concentrations of
AHSG are correlated with the presence of low-density, newly
formed bone; furthermore, the AHSG content of fetal bone
is more than 10 times higher than in adult bone (9). Avail-
ability of the AHSG clone will provide the means to analyze
the role of AHSG in bone formation during early develop-
ment. In preliminary experiments, in situ hybridization of
radiolabeled human AHSG cDNA and a panel of human and
rat tissues has revealed that AHSG mRNA transcripts are
found not only in human and rat liver and human hepatoma
cell line Hep 3B2 but also in rat embryonal cartilage (unpub-
lished results). Further studies are needed to determine
whether or not AHSG protein is produced by bone-forming
cells and to analyze the developmental periods in which the
AHSG gene is expressed.

In summary, characterization of AHSG cDNA has re-
vealed that the A and B chains are encoded by a single nRNA
transcript and has identified a heretofore unknown sequence

Proc. Natl. Acad. Sci. USA 84 (1987)
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FiG. 4. AHSG DNA polymorphism detected with Pvu II shown
in a panel of lymphocyte DNA digests from 11 unrelated individuals.
DNA polymorphic fragments, 3.3 and 2.8 kb, are indicated by
arrowheads.

of 40 amino acids connecting the A and B chains. The
characteristics of the connecting fragment are strikingly
similar to the A and B chains. The AHSG gene has been
mapped to human chromosome 3q2l—qter, and a DNA
polymorphism of the AHSG gene has been detected.

Table 2. Segregation of the AHSG gene with human chromosome in human-mouse somatic cell hybrids

Chromosome
Hybrid AHSG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Translocation

ICL-15 - - - - - - - T T R

TSL-2 - -+ - -+ + = = =+ = 4+ = = = - - 4+ - 4+ + - + 17/3
ATR-13 + + + + + - + + + - + - 4+ - + + - + + - - - - = 5/X
JSR-178 + + -+ -+ - - 4+ 4+ + + + + + + + + + - + + + - 79"
WIL-5 - - - -+ - - - = = - - - - - - - 4+ 4+ - - + - +

WIL-6 - -+ -+ + + + 4+ - + + - - + - - + - + + + - +

WIL-2 - - - - - - - -4 - - - 4+ - - - - 4+ - - - 4+ - +

WIL-8X + - -+ + + + 4+ - - + + + - + - - + + 4+ + + - +

JWR-26C + -+ + + + + 4+ - 4+ + + + - + + + + + - + + - + 1p~
NSL-9 - - - - -+ - - 4+ -+ - 4+ 4+ + 4+ + + - - + + + - 17/9
JWR-22H - - - -4+ -+ - - - + 4+ - - + - - + + - + + - - 2/1
REW-7 + + + + + + + 4+ 4+ - + + + + + + - + + 4+ + + + +

WIL-14 + - -+ = - - =+ - 4+ = = - 4+ - - 4+ - - - - - 4

WIL-13 T S T S T
REW-11 - - - -+ - - - - - - 4+ - 4+ - - 4+ - - - 4+ + - +

XER-11 + + -+ 4+ - + + + - + - 4+ - - 4+ + + + + + + + - 1/XX/11
XER-7 + + + + + + + + + + + - + + + 4+ - - + + - - - + 11/X
XTR-3BSAGB - - - — — — — — — — - — 4 - - — — - - — 4 - - - 3/X*
XTR-22 + -+ - 4+ + + - + - 4+ 4+ - - - - - - 4+ + + + + - X/3*

+ and —, Presence and absence, respectively, of an intact human chromosome.

*Translocation chromosomes from the human parent segregating in the XTR series of hybrid cells:

3/X, (3pter — 3q21::Xq28 — Xqter) and

X/3, (Xpter - Xq28::3q21 — 3qter). Neither XTR-3BSAGB nor XTR-22 contains an intact chromosome 3; however, the presence of the AHSG
gene correlates with the presence of the 3q21—3qter segment in the X/3 translocation.
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