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ABSTRACT We have isolated and sequenced four over-
lapping cDNA clones from a normal adult human colon library,
which together gave the entire nucleotide sequence for biliary
glycoprotein I (BGP I). BGP I is a member ofthe carcinoembry-
onic antigen (CEA) gene family, which is a subfamily in the
immunoglobulin gene superfamily. The deduced amino acid
sequence of the combined clones for BGP I revealed a 34-
residue leader sequence followed by a 108-residue N-terminal
domain, a 178-residue immunoglobulin-like domain, a 108-res-
idue region specific to BGP I, a 24-residue transmembrane
domain, and a 35-residue cytoplasmic domain. The nucleotide
sequence of BGP I exhibited greater than 80% identity with
CEA and nonspecific crossreacting antigen (NCA) in the leader
peptide, N-terminal domain, and immunoglobulin-like do-
main. The BGP I-specific domain, designated A', was 56.7%
and 55.8% identical at the nucleotide level and 42.6% and
39.6% identical at the amino acid level to the immunoglobulin-
like domain ofNCA and the first immunoglobulin-like domain
of CEA, respectively. Beyond nucleotide position 1375 the 3'
region of the BGP I cDNA was found to be specific for BGP I.
Hybridization of a probe from this region to electrophoretic
blots ofRNAs from different human tissues showed a predom-
inant 2.8-kilobase (kb) message accompanied by weaker bands
4.1 and 2.1 kb in size. The same probe gave a single band in
Southern blot analysis of restricted total human DNA. Using a
coding region probe from the BGP I domain A', we observed
4.1- and 2.1-kb messages. Lack of the 2.8-kb band suggested
that different forms of BGP I may be generated by posttran-
scriptional modification of the same gene. We propose that
BGP I diverged from NCA by acquiring an immunoglobulin-
like domain substantially different from the domains found in
NCA or CEA and also a new cytoplasmic domain. The latter
feature should result in a substantially different membrane
anchorage mechanism ofBGP I compared to CEA, which lacks
the cytoplasmic domain and is anchored via a phosphatidyl-
inositol-glycan structure. Protein structural analysis of BGP I
isolated from human bile revealed a blocked N terminus, 129
amino acids of internal sequence that are in agreement with the
translated cDNA sequence, and five glycosylation sites in the
peptides sequenced.

Biliary glycoprotein I (BGP I), an antigen crossreactive with
the carcinoembryonic antigen (CEA), was originally detected
in normal human bile by using polyclonal anti-CEA antibod-
ies (1) and can also be defined by crossreactivity with
monoclonal anti-CEA antibodies with various epitope spec-
ificities (2). The molecular weight ofBGP I is 85,000, and the
antigen consists of a single polypeptide chain containing

approximately 40%o carbohydrate by weight (3). Analysis of
the primary structure of the protein has been hampered by a
blocked N terminus (unpublished data). While it is present in
normal gallbladder or hepatic bile, little or no BGP I is found
in the bile in diseases concomitant with the obstruction or
inflammation of the biliary duct system (4). Instead, two
other forms of BGP I are expressed, BGP II and BGP III,
which have been partially characterized in immunological
studies and appear to be closely related to nonspecific
crossreacting antigen (NCA) and CEA, respectively (1).
Increased serum levels of BGP I are found in individuals
suffering from hepatic disorders. BGP I-specific antisera
often show partial identity between serum BGP I and BGP I
from normal bile, but no data are reported so far as to whether
this immunological difference is caused by proteolysis or by
the expression of different forms ofBGP I in those diseases.
We report here the isolation and characterization of four

overlapping clones obtained from an adult human colon
library that together gave the entire coding sequence for BGP
I as well as parts of the untranslated regions.§ Protein
sequence analysis ofBGP I isolated from normal human bile
agreed with the translated cDNA sequence for the peptides
thus far characterized. We discuss the evolutionary relation-
ships among BGP I, NCA, and CEA.

MATERIALS AND METHODS
Chemicals. Restriction enzymes, the Klenow fragment of

Escherichia coli DNA polymerase I, T4 polynucleotide
kinase, and T4 DNA ligase were purchased from Bethesda
Research Laboratories, Boehringer Mannheim, or New En-
gland Biolabs. Deoxynucleotides were obtained from Phar-
macia. Radioisotopes were purchased from DuPont-New
England Nuclear.

Library Screening and DNA Sequencing. A cDNA library
constructed in Agtll from adult human colon tissue was
purchased from Clontech Laboratories (Palo Alto, CA). The
library was screened according to Davis et al. (5), usingDNA
restriction endonuclease fragments labeled by random prim-
ing (6) or synthetic oligonucleotides labeled with T4 polynu-
cleotide kinase (ref. 7, pp. 122-123). Positive clones were
subcloned in Bluescript M13 KS( +) (Stratagene, San Diego,
CA) and sequenced by the dideoxy chain termination method
(8), using a Sequenase kit (United States Biochemical,
Cleveland) as described (9).
RNA Blot Analysis. Total RNA was prepared from different

tissues according to Meese and Blin (10). The following

Abbreviations: BGP I, biliary glycoprotein I; NCA, nonspecific
crossreacting antigen; CEA, carcinoembryonic antigen.
ITo whom reprint requests should be addressed.
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FIG. 1. The cDNA sequence of BGP I was determined in both
directions from the four overlapping clones by using the restriction
sites shown. The open boxes represent the open reading frame. BGP
I-specific probes are given as closed boxes. The domain structure of
BGP I is illustrated at the top of the figure with the BGP I-specific
domain A' outlined. UT, untranslated region; L, leader peptide; 1A
and 1B, subdomains of the immunoglobulin-like domain; M, mem-
brane-spanning domain; C, cytoplasmic domain.

sources were used: human placenta, liver metastasis of a
human colon carcinoma, leukemia cell line K562 [American
Type Culture Collection (ATCC) CTL243], and mammary
carcinoma cell line MCF7 (ATCC HTB22). Poly(A)+ RNA
from normal human liver was also used (gift from Stan
Gartler). The RNA was electrophoresed under denaturing
conditions (11) with recirculation of the electrophoresis
buffer and blotted onto Gentrans 45 membrane (Plasco,
Woburn, MA) by capillary transfer in 20 x SSC buffer (1 x
SSC is 0.15 M NaCl/0.015 M sodium citrate, pH 7). After
prehybridization, membranes were hybridized overnight (11)
to radiolabeled probes from the specific domain in the coding
region and the 3' untranslated region of the BGP I gene.
Filters were washed at a final stringency of 0.1 x SSC/0.1%

sodium dodecyl sulfate at 650C for 1 hr and exposed to x-ray
film at - 700C with two intensifying screens.

Southern Blot Analysis. Human leukocyte DNA was pre-
pared according to Kan et al. (12). The DNA was digested
with restriction endonucleases EcoRI, Sst I, EcoRI plus Sst
I, Pst I, BamHI, Pvu II, and HindIII. The digested DNA (15
jkg per lane) was electrophoresed on a 0.6% agarose gel and
blotted onto nitrocellulose according to Wahl et al. (13).
Hybridization to a 32P-labeled 285-base-pair (bp) HincIdu
EcoRI fragment from the BGP I 3'-untranslated region was
performed according to Maniatis et al. (ref. 7, pp. 387-389).
BGP I bIolation and Protein Sequence Analysis. BGP I was

purified from normal human bile by immunoaffinity chroma-
tography as previously described (2), followed by gel per-
meation and reverse-phase HPLC chromatography. Purified
BGP I (40 ;Lg) was deglycosylated, reduced, alkylated, and
digested by chymotrypsin (14), and the resulting chymotryp-
tic peptides were characterized by microsequence and fast
atom bombardment-mass spectrometry analyses.

RESULTS
Characterization of cDNA Clones. A normal human colon

cDNA library containing approximately 1 x 106 independent
clones was screened with a 410-bp Pst I/Pvu II fragment from
CEA cDNA coding for a portion of the second and third
immunoglobulin-like domains of CEA (15). Sixty-one posi-
tive clones were rescreened with a 31-base synthetic oligo-
nucleotide probe corresponding to nucleotides 60-90 of the
N-terminal region of CEA (16). Three positives were sub-
cloned and sequenced, and one of them (clone 36) was found
to contain an insert coding for the N-terminal domain and the
immunoglobulin-like domain ofBGP I (see Fig. 1). Fifty-eight
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FIG. 2. Nucleotide and deduced amino
acid sequence of the BGP I cDNA. The
open reading frame begins at nucleotide 1
and contains a leader peptide region (102
bp), an N-terminal domain (324 bp), an
immunoglobulin-like domain (534 bp) con-
sisting of two subdomains A and B, a BGP
I-specific domain (324 bp) (domain A'), a
membrane-spanning domain (72 bp), and a
cytoplasmic domain (105 bp). The lengths
of 5' and 3' untranslated regions are 79 and
428 bp, respectively. The boundaries of
the domains are represented by the ar-
rows. The amino acid sequences under-
lined show chymotryptic peptides that
were analyzed. Cysteine residues and po-
tential asparagine glycosylation sites are
indicated by boxed letters and dots, re-
spectively. The membrane-spanning do-
main is boxed.
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clones were further screened with a 428-bp EcoRI/Acc I
fragment from the N-terminal region of CEA obtained from
a cDNA clone (unpublished data). Among 7 positives, clone
26 was found to code for an additional 67 bp past the 3' end
of clone 36. Using a 118-bp Ava II/EcoRI fragment from the
3' end of clone 26 as a probe, we identified one clone (clone
4) representing the C-terminal coding region and parts of the
3' untranslated region. Rescreening the same library with a
298-bp EcoRPIBgl II fragment from clone 36 (Fig. 1) yielded
6 clones that were also positive with a 113-bp EcoRI/Alu I
fragment from- a CEA cDNA clone (unpublished data) en-
coding the leader peptide. Sequence analysis showed that
clone 18 contained part of the 5' untranslated region and the
complete signal peptide QfBGP I. The combined sequence of
the overlapping cDNA clones is shown in Fig. 2.
A domain model for BGP I (see Fig. 1), based on previously

determined structures for CEA and NCA (9, 16), predicts a
34-amino acid leader peptide, 'a 108-amino acid N-terminal
domain, a 178-amino acid immunoglobulin-like domain, a
108-amino acid region specific to BGP I, a 24-amino acid
membrane-spanning domain, and a 35-amino acid cytoplas-
mic portion. The potential transmembrane domain was de-
termined by analyzing the'hydrophobicity of the amino acid
sequence according to the method of Kyte and Doolittle (17).
Although the cytoplasmic region adjacent to the proposed
membrane-spanning domain contains several basic amino
acids, no membrane stop-transfer signals (18) were found.
This domain model predicts that BGP I would have a short
threonine-rich cytoplasmic domain, which has not been
found in either CEA or NCA (9, 16). The 3' untranslated
region is unique to BGP I.when compared to CEA, NCA, or
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other genes in release 53.0 of the GenBank data base. Since
neither a typical polyadenylylation signal nor a poly(A) tail
was found in our clones, the actual length of the 3' untrans-
lated region could not be assessed.
RNA Blot Hybridization Analysis. Previous work demon-

strated that the use of coding region- probes from CEA or
NCA gives multiple bands on electrophoretic hybridizations
due to their high degree of sequence homology (19). We have
recently shown'that probes derived from the 3' untranslated
regions of NCA and CEA cDNAs are specific for the
respective genes (20). Therefore a 285-bp HincII/EcoRJ
fragment from the 3' untranslated region of BGP I in clone 4
(Fig. 1) was used to evaluate the expression of the gene in
different human tissues. The results ofthe analysis are shown
in Fig. 3. Except for the leukemia cell line K562, which did
not react with the probe, a predominant 2.8-kilobase (kb)
message was found in all tissues and was accompanied by two
weaker bands 4.1 and 2.1 kb in size (Fig. 3B). Among these,
the 4.1-kb message was present in normal liver, placenta, the
breast cancer cell line MCF 7, and very faintly in the liver
metastasis of the colon tumor. The 2.1-kb band could be
shown in all of these samples except for the liver 'metastasis
tissue, where it was not detectable even after long exposure.
We also hybridized the same set ofRNAs to the coding region
specific for BGP I (domain A'), using a 159-bp Alu I fragment
from clone 4 (Fig. 1). After overnight exposure only the 4.1-
and 2.1-kb bands could be seen in the normal liver, while
exposure for a period of 3 days showed these bands very
faintly also in the human placental RNA (Fig. 3A).'Surpris-
ingly, the 2.8-kb species was not detected in any 'ofthe tissues
with the probe from domain A' even after long exposure.

Southern Blot Analysis. The results of the Southern blot
analysis using a probe for the 3' untranslated region are
provided in Fig. 4. A single band was observed for each ofthe
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FIG. 3. Blot hybridization analysis of human RNAs with BGP
I-specific probes. (A) The probe used was a 32P-labeled BGP I unique
coding region fragment (Alu I fragment as shown in Fig. 1). Lanes:
1, MCF7 mammary carcinoma; 2, human placenta; 3, K562 human
leukemia; 4, human liver; and 5, liver metastasis of a human colon
carcinoma. Total RNA (10 jg) was used for each lane except in the
case of human liver, where poly(A)+ RNA (3 gg) was used. (B)
Lanes 1-5 as in A. The probe was a 32P-labeled HincII/EcoRI
fragment from the 3'-untranslated region of BGP I (see Fig. 1). After
hybridization the final stringent wash was for 60 min in O.1x
SSC/0.1% NaDodSO4 at 680C. Numbers on the right are length in kb.

FIG. 4. Southern blot analysis of human DNA with a BGP
I-specific probe from the 3' untranslated region (HincII/EcoRI
fragment as shown in Fig. 1). Human DNA was digested with the
following endonucleases: lane 1, EcoRI; lane 2, EcoRI plus Sst I; lane
3, Sst I; lane 4, BamHI; lane 5, Pst I; lane 6, Pvu II; and lane 7,
HindIll. After hybridization the final stringent wash was for 60 min
in 0.1 x SSC/0.1% NaDodSO4 at 680C.
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five restriction endonucleases used, with the exception of
BamHI. With this enzyme, a faint second band was seen at
high molecular weight. This band is probably due to partial
digestion of the DNA, since the probe does not contain an
internal BamHI site. These results are consistent with the
presence of a single-copy gene as detected by this unique
probe.

Protein Structural Studies. To confirm the amino acid
sequence predicted by the cDNA clones, BGP I was purified
from human bile and, after digestion with chymotrypsin, the
sequences of eight peptides were determined (underlined in
Fig. 2). Confirmation of the peptide sequence data was
obtained by mass spectral analysis (data not shown). The
peptide sequences, which covered 129 amino acids, were
identical to the corresponding sequences predicted by the
cDNA clones. The identity of the sequences confirmed that
the cDNA clones coded for BGP I. The corresponding
sequences in NCA and CEA contain 13 and 14 amino acid
differences, respectively. In addition, all five ofthe predicted
glycosylation sites in the peptides sequenced were con-
firmed. Repeated attempts to determine the N-terminal
sequence of intact BGP I were unsuccessful, suggesting that
the' N terminus of BGP I is blocked.

DISCUSSION
A comparison ofBGP I to NCA and CEA is presented in Fig.
5. The sequences of the leader peptide, the N-terminal
domain, and the immunoglobulin-like domain (subdomains A
and B) ofBGP I are highly homologous to those ofNCA and
CEA. In addition, the location of the cysteine residues in the
immunoglobulin-like domain, which are predicted to form
intradomain disulfide bonds similar to those for the immu-
noglobulin gene superfamily'members, are conserved. Fol-
lowing the immunoglobulin-like region, the structures of the
three proteins diverge. NCA terminates with a 26-amino acid
hydrophobic domain, and CEA contains two additional
copies ofthe immunoglobulin-like domain before terminating
with a 26-amino acid hydrophobic domain. In contrast to
CEA and'NCA, BGP I has a unique region of 108 amino acids
(domain A') followed by the transmembrane and cytoplasmic
domains. The spacing of the cysteine residues in domain A'
is the same as in the A domains of BGP I, NCA, and CEA.
The results from the protein sequence analysis (Fig. 2)

NCA

BGP I-
5 Ur N. A B A' M C 3'Ur

1255 72.9

12149

AA lB A2a 3k 3B

FIG. 5. Domain comparisons between BGP I, CEA, and NCA.
BGP I consists of a leader peptide (L), an N-terminal domain (N), an

immunoglobulin-like domain (subdomains A and B), a specific
domain (A'), a membrane-spanning domain (M), and a cytoplasmic
domain (C). The structures characteristic for BGP I are domains A'
(closed box) and C (open box). Corresponding domains in BGP I,

CEA, and NCA are shown in hatched, shaded, or open boxes. The
boxed numbers represent percentage nucleotide identity between
BGP I and the corresponding domains in NCA or CEA. The
nucleotide sequences in BGP I, NCA, and CEA diverge at positions
1375, 1075, and 2149 in the respective genes as indicated.

confirm the sequences predicted by the cDNA data for
regions in the N-terminal and immunoglobulin-like domain.
The agreement between predicted and observed sequences,
covering 129 residues, established that the isolated clones
code for BGP I. In addition, the protein data identified the
predicted glycosylation sites in all sequenced peptides. Re-
peated attempts to obtain an N-terminal sequence were
unsuccessful, consistent with the conclusion that the N
terminus of BGP I is blocked. The predicted cleavage site of
the signal peptide from pro-BGP I would result in an
N-terminal glutamine. Conversion of the glutamine to pyro-
glutamic acid would produce a blocked N terminus.
The A' domain of BGP I is more similar to its A domain

than to its B domain (57.4%). Surprisingly, the extent of
identity between A' and A of BGP I is considerably less than
that observed (80-90%) between the A domains ofCEA (16).
This difference may indicate that BGP I diverged from NCA
with the acquisition of an ancestral immunoglobulin-like
gene. It is thus postulated that, together with other members
of the immunoglobulin gene superfamily, NCA evolved from
a common ancestral immunoglobulin gene (9, 14, 19), after
which BGP I and CEA diverged separately from NCA.

Further comparisons of the immunoglobulin-like domains
of CEA, NCA, and BGP I with the A' domain show some
distinct features. One of these occurs at the junction of the B
domain and the A' domain. As shown below, there is a
three-amino acid insertion in this junction compared to the
1B/2A junction of CEA:

BGP I 274-2% CNRTTVKTIIVTELSPVVAKPQI
CEA 274-293 LNRTTVTTITVY AEPPKPFI

Another feature is the presence of a third cysteine (Cys-274)
in the B domain of BGP I that is not observed in the A'
domain or in the domains of CEA or NCA. Like immuno-
globulin molecules, BGP I may exist as a dimer connected,
in this case, by a disulfide bond involving Cys-274.
The A' domain of BGP I is followed by a predicted

transmembrane domain. Shown below are the sequences
coding for the proposed membrane domains of NCA and
BGP I in the vicinity of the NCA stop codon (double-
underlined). For maximal alignment a single base pair gap
had to be inserted in the NCA sequence.

NCA (983-1091) TGGCCACCGTCGGCATCACGATC
BGP I (1284-1389) GGGCCATTGCTGGCATTGTGATC
GGAGTGCTGGCCAGGGTCGCTCTGATA C-AGCC
GGAGTAGTGGCCCTGGTTGCTCTGATUGCAGTAGCC
CTGGTGTATTTTCGATATTTCAGGAAGACTGGCAGA
CTGGCATGTTTTCTGCATTTCGGGAAGACCGGCAGz
TTGGACCAGACC
GCAAGCGACCAG

The absence of a stop codon in the BGP I sequence at the
same point as in NCA, perhaps brought about by mutations
during the evolution ofthe BGP I gene, explains the extended
cytoplasmic domain ofthe BGP I protein sequence compared
to NCA and CEA. Overall, the sequence identity observed in
this region was 67% and 73%, respectively (Fig. 5). The
identity between CEA and NCA for this same section is 86%.
The lower similarity in this region for BGP I versus NCA
compared to NCA versus CEA suggests that the BGP I gene
arose from the NCA gene preceding the evolution ofthe CEA
gene. Beyond this region, the sequences ofBGP I, NCA, and
CEA diverge in concert (underlined), suggesting that this may
represent an exon/intron boundary. Considering the unique

Proc. Natl. Acad. Sci. USA 85 (1988)
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properties of the NCA and CEA membrane domains, it is
possible to speculate that this region constitutes a single
exon. The absence ofsequence homology between BGP I and
NCA or CEA at the 5' end of this section leaves this
intron/exon boundary in doubt for BGP I.
The 3' untranslated regions of the CEA and NCA genes

have been shown to be specific for the respective genes (20).
The results from the Southern blot analysis (Fig. 4) demon-
strate that the 3' untranslated region of BGP I is likewise
specific and that the BGP I gene is present in a single copy.
However, when the 3' untranslated region was used to probe
RNAs from different tissues, messages of three different
sizes were observed (Fig. 3). A major band of 2.8 kb and
weaker bands of4.1 and 2.1 kb were observed in normal liver,
placenta, a liver metastasis of a colonic carcinoma, and a
breast carcinoma cell line (MCF7). The expression of the
minor bands varied in the RNAs. The 2.1-kb message could
not be seen and the 4.1-kb band was very faint in the
metastasis tissue compared to the placenta and tumor cell line
MCF7. Using the 159-bp Alu I fragment from the domain A'
in BGP I as a probe (Fig. 1), we showed that the 4.1- and the
2.1-kb messages hybridize, whereas the 2.8-kb band does
not, indicating that the BGP I-specific domain A' is not
present in the 2.8-kb species. Previous studies performed on
different forms of biliary glycoprotein and their relatedness to
CEA and NCA involved polyclonal BGP I-specific antisera
for isolation and characterization. These studies may explain
the absence of the A' domain from the 2.8-kb messenger
RNA. For example, BGP I obtained from serum (s-BGP I) did
not react with specific antisera against CEA and NCA, but it
showed partial identity with BGP I isolated from bile,
indicating that the two species differ in the number of BGP
I-specific epitopes (3). This immunological difference could
be explained with the elimination of an epitope-bearing
domain by a posttranscriptional modification such as alter-
native RNA splicing. Cloning of the BGP I species repre-
sented by the 2.8-kb messenger RNA will help to assign the
BGP I-specific antigenic determinants to the different do-
mains in those molecules.
Our data therefore suggest that three different forms of

BGP I can be generated from the single-copy gene by
alternative splicing of a precursor RNA. There is plenty of
evidence for posttranscriptional modification in the immu-
noglobulin gene superfamily. For example, the structure of
BGP I is similar to that of neural cell adhesion molecule
(N-CAM), another member of this family. In the case of
N-CAM, three different forms of the C-terminal region have
been described as a result of alternative RNA splicing (21). It
is believed that these posttranscriptional events are involved
in tissue-specific modulation of the function of N-CAM.
While two forms of N-CAM are demonstrated to have a
trahsmembrane and cytoplasmic domain, as is predicted for
BGP I, the third species has a cell membrane insertion
mechanism similar to that of CEA. Recently, it was shown
that the mature form of CEA is processed posttranslationally
to remove the proposed membrane domain with the subse-
quent addition of a glycosyl-phosphatidylinositol membrane
anchor (22). Preliminary data suggests that NCA is anchored
to the plasma membrane in a similar fashion (unpublished
results). Comparison of the primary structures of N-CAM
and BGP I leads to the hypothesis that the function(s) ofBGP
I on the cell surface of the bile canaliculi or in other tissues
may be regulated in analogy to N-CAM, leading to a number
of BGP I proteins translated from differentially processed
RNA. The existence of a transmembrane and threonine-rich

cytoplasmic domain could provide some insight into the
possible function ofBGP I. In contrast to CEA and NCA, the
cytoplasmic domain of BGP I may allow it to interact with
molecules in the cell cortex and to be further modulated by
phosphorylation at the threonine residues. Considering the
fact that we isolated BGP I from a human colon cDNA library
and that the gene is transcribed in a number ofhuman tissues,
the question of tissue-specific expression of this CEA-like
antigen remains to be solved. Clearly the liver is not the only
organ that shows the active gene. Development of monoclo-
nal antibodies with different epitope specificities to BGP I
will help to clarify the tissue distribution and expression
manner of BGP I during morphogenesis or in malignant
transformation of the cell.
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