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ABSTRACT A 2.1-kilobase cDNA coding for a surface
protein of mammary epithelial cells has been isolated from a
mouse mammary gland Agt11 cDNA library. Sequence analysis
of this cDNA reveals an open reading frame of 1389 base pairs
that defines a protein with a molecular mass of 51.5 kDa.
Structural analysis of the predicted sequence identifies two
putative functional domains of the protein: (/) an N-terminal
cysteine-rich region that is similar to epidermal growth factor-
like domains of Drosophila Notch-1 protein and (ii) a large
segment of the sequence that exhibited 54.5% identity with
C-terminal domains of human coagulation factors VIII and V.
These similarities in structure are used to predict the possible
functions of the protein and its means of interaction with the
cell surface. mRNA expression was detectable in mammary
tissue from nonpregnant animals but was maximal in the
lactating gland. In cultured cells, mnRNA levels also correlated
with the degree of cellular differentiation.

During the course of lactogenesis, the apical surface of
mammary epithelial cells becomes highly specialized to par-
ticipate in the process of triglyceride secretion into milk (1).
Triglycerides are secreted by a unique budding process
whereby cytoplasmically formed fat droplets bud from the
apical surface and become enveloped by a portion of the
apical plasma membrane. The membrane is subsequently
secreted with the triglyceride droplet, forming the milk fat
globule membrane (MFGM) (1, 2). Studies of the composition
of this membrane have been performed and the dominant
glycoprotein was shown to be a high molecular mass mucin-
like glycoprotein termed polymorphic epithelial mucin (3, 4).
This has attracted considerable attention as it is also ex-
pressed on a large proportion of human breast tumors (5, 6).
Several monoclonal antibodies reactive with this glycopro-
tein have demonstrated diagnostic potential for monitoring
tumor growth and also for imaging tumors (7). cDNA mole-
cules coding for this protein have been cloned and the
sequence of the protein has been predicted (8).

Other proteins commonly present in the MFGM include a
155-kDa protein, xanthine oxidase (9), an 80-kDa glycopro-
tein (10), and glycoproteins with molecular masses in the
range of 63-70 kDa (11, 12) and 55 kDa (13). In contrast to the
information available on the polymorphic epithelial mucin
glycoprotein, little information is available regarding the
structure and functions of any of the other MFGM compo-
nents. Nevertheless, preliminary studies have demonstrated
that many of these components may also be differentiation
antigens that are expressed on tumor cells (14).

Many previous studies of mammary gland differentiation
have demonstrated the utility of the rat and mouse for
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experimental work and prompted us to choose the mouse for
detailed investigations of MFGM glycoproteins that may be
important in differentiation and carcinogenesis. In this manu-
script, we describe the cloning and sequencing of a cDNA
coding for a glycoprotein that is present in the mouse
MFGM.$§ Analysis of the predicted protein sequence reveals
a striking similarity between a region of the protein and
epidermal growth factor (EGF)-like domains of Drosophila
Notch-1 protein. In addition, two other sets of sequence are
very similar to regions of clotting factors VIII and V.

EXPERIMENTAL PROCEDURES

Preparation of Mouse MFGM and Generation of Antibodies.
Membrane-encased milk fat globules were prepared from
freshly collected milk by flotation centrifugation. The mem-
branes were subsequently released by freeze-thaw fragmen-
tation and collected by centrifugation at 100,000 x g for 1 hr.
Approximately 500 ug of membrane protein plus Freund’s
adjuvant was used to immunize New Zealand white rabbits at
monthly intervals and serum was collected 10 days after the
fourth immunization.

Construction and Screening of a Agtll Mammary ¢cDNA
Library. RNA was isolated from lactating mouse mammary
glands by the method of Chirgwin e al. (15) and cDNA was
prepared using (dT);,.;3 (Pharmacia LKB) as primer and
enzymes and reagents from a cDNA cloning kit (Amersham).
The fraction of cDNA >500 base pairs (bp) was ligated into
the EcoRlI site of Agtll arms, packaged into A coats, and
plated on Escherichia coli Y1090r~ (Promega). Approxi-
mately 5 x 10° recombinants were screened on nitrocellulose
filter lifts with an affinity-purified immunoglobulin fraction
from the antisera raised against the purified mouse MFGM
(see Results for details of affinity purification). A positive
clone with a 2.1-kilobase (kb) insert was selected for further
characterization.

The Agtll phage stock containing the 2.1-kb insert was
used to infect E. coli Y1089r~(Promega) and lysogenic col-
onies were selected. B-Galactosidase fusion protein synthesis
was induced with isopropyl B-D-thiogalactoside (10 mM),
and, after SDS/PAGE of bacterial proteins, fusion protein
was detected on Western blots.

DNA Sequence Analysis. The 2.1-kb cDNA EcoRI insert
was ligated into pT,/T3a-18 and pT;/Tza-19 and transformed
into competent E. coli DH5a (Bethesda Research Laborato-
ries). In addition, the insert was ligated into M13mpl8,
replicative form (Pharmacia LKB), and used to transform E.
coli JM101. The dideoxynucleotide chain-termination
method (16) was used with T7 DNA polymerase (United
States Biochemical) to sequence the insert by both a double-

#To whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M38337).
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stranded denatured technique with the pT;/T; vectors and,
independently, by single-stranded sequencing of DNA iso-
lated from M13mp18 recombinant phage (17).

Northern Blot Analysis. 3?P-radiolabeled cDNA probe was
prepared by random-primer labeling of the isolated 2.1-kb
insert DNA using [*?P]dCTP (3000 Ci/mmol, 1 Ci = 37 GBq;
Amersham). RNA was isolated using guanidine isothiocya-
nate (15), resolved on formaldehyde/agarose gels, and trans-
ferred to nylon membranes (Hybond-N, Amersham). Blots
were probed and washed as described by Streuli and Bissell
(18).

Peptide Synthesis and Production of Antibodies. Peptides
were synthesized at the Microchemical Facility at the Uni-
versity of California, Berkeley. Unconjugated peptide (600
ug; 22 amino acids long) in Freund’s complete adjuvant was
injected subcutaneously into rabbits, followed by repeated
immunizations 3 and 5 weeks later. Rabbits were bled 10 days
after the third injection.

Compater Analyses. DNA sequence analysis and searches
of GenBank and National Biomedical Research Foundation
Protein Identification Resource were performed using a soft-
ware package from the University of California, San Fran-
cisco computing facility and programs of the Bionet National
Computer Resource for Molecular Biology (search date,
November 1989). Data base searches used a program devised
by Pearson and Lipman (19). Sequence alignments were
performed using MALIGN and GENALIGN programs (20).

RESULTS

Our approach to obtaining structural information about gly-
coproteins of the MFGM was to first identify the principal
components of the mouse membrane and subsequently to
generate antisera reactive with the major components other
than the well-characterized glycoprotein polymorphic epi-
thelial mucin. The antibodies would then be used to screen
cDNA expression libraries made from lactating mammary
gland mRNA, and the isolated cDN As were then sequenced.
Protein sequence would then be predicted on the basis of the
cDNA sequence. :

Fat globules were isolated from mouse milk by differential
centrifugation. Resolution of the solubilized components by
SDS/PAGE revealed the presence of four major Coomassie
blue-staining bands with molecular masses of 53, 66, 155, and
220 kDa (Fig. 1A). The dominance of 66-kDa species
prompted us to focus our efforts on these components.
Extensive efforts to generate monoclonal antisera recogniz-
ing the 66-kDa components were unsuccessful and it became
necessary to develop an affinity-purified polyclonal antise-
rum as an alternative. Antisera were first raised in rabbits
using purified membranes as immunogens. The resulting
antisera were subsequently purified by absorption against
66-kDa antigens immobilized on nitrocellulose, as described
by Smith and Fisher (21). The specifity of these antibodies is
shown in Fig. 1B. Strikingly, this affinity-purified antibody
recognized not only the 66-kDa band but additionally a lower
molecular mass form at 53-55 kDa, prompting us to refer to
the antigen as component 66/53 kDa.

The antibody preparation was then used to screen the
unamplified Agtll library, and a phage plaque was isolated.
EcoRI restriction of the purified phage DNA revealed the
insert to be 2.1 kb long. When the B-galactosidase fusion
protein was expressed in the bacterial strain Y1089 under
lysogenic conditions, fusion proteins from 170 kDa to 40 kDa
were identified (Fig. 1C). The range of bands observed on the
gel probably reflects degradation of the fusion protein. If the
largest band observed corresponds to the intact fusion pro-
tein, then, based on the difference in its size and that of the
B-galactosidase protein, it was estimated that the protein
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FiG.1. (A)Major components of mouse MFGMs. Purified mouse
MFGM components were resolved by SDS/PAGE on a 10% poly-
acrylamide gel and then stained with Coomassie blue. The major
components migrated with molecular masses of 220, 155, 66, and 53
kDa. (B) Specificity of the affinity-purified antibody used for screen-
ing the expression library. Western blot of MFGM proteins resolved
on a 7.5% polyacrylamide gel was probed with the affinity-purified
anti-66 kDa. The antibody reacted with a 66-kDa band and also to a
lesser extent with a 53-kDa component. (C) Identification of B-ga-
lactosidase fusion proteins produced by Y1089 Agtll-infected bac-
teria. Proteins were resolved by SDS/PAGE, and a Western blot was
then probed with anti-66 kDa exhibiting the specificity shown in B.
Lanes: 1, a Agtll construct with the 2.1-kb insert, selected from the
library using anti-66 kDa; 2, a Agtll construct with a 400-bp insert
coding for a heparan sulfate proteoglycan core protein; 3, a Agtll
vector with no insert.

coded for by the 2.1-kb DNA had a molecular mass of =54
kDa.

Nucleotide Sequence Analysis of the 2.1-kb Insert. The
complete sequence of the 2.1-kb cDNA is shown in Fig. 2, as
is the predicted amino acid sequence. Characteristic features
of the sequence are a 3’ poly(A) tail and an untranslated 3’
region of 658 nucleotides. Significantly, the usual consensus
sequence of AATAAA, specifying polyadenylylation was not
found but the sequence AATACA is located 17 nucleotides
from the poly(A) tail and possibly serves as an alternate
polyadenylylation signal. At the 5’ end of the cDNA, two
possible ATG start codons are found with the first codon
preceded by the sequence GCAGC, which is frequently
associated with ATG start codons (22).

Analysis of the Predicted Protein Sequence. The identity of
the protein coded for by the 2.1-kb cDNA as the 66/53-kDa
MFGM protein was confirmed by N-terminal sequence anal-
ysis of 66- and 53-kDa proteins isolated from SDS/PAGE-
resolved MFGM preparations. Although the N-terminal se-
quence of the 66-kDa protein was blocked, that of the 53-kDa
protein was shown to be: Ala-Ser-Gly-Asp-Phe-Xaa-Asp-
Ser-Ser-Leu-Xaa-Leu-Asp-, which corresponded to the se-
quence 21 amino acids beyond the methionine start codon.
Confirming evidence was obtained by raising an antibody
against the predicted sequence of amino acids 389-410 and
demonstrating that the antibody recognized 66-kDa and 53-
kDa MFGM proteins (data not shown).

Hydropathicity plots revealed the first 21 amino acids to be
a typical signal sequence and to be the only significant stretch
of hydrophobic sequences in the molecule. The N-terminal 86
amino acids beyond the signal sequence contain a total of 12
cysteine residues, constituting a cysteine-rich domain of the
molecule. The spacing of the cysteine residues is noteworthy,
in that a Cys-Xaa,s-Cys-Xaas-Cys-Xaa,-Cys-Xaa-Cys-Xaag-
Cys tandem repeat constitutes the bulk of the cysteine-rich
domain. Adjacent to this cysteine-rich domain is a short
sequence containing five closely positioned proline residues.
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AAAARRARAGGAATTC
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F1G.2. Nucleotide sequence and predicted amino acid sequence of the 2.1-kb cDNA coding for the 66/53-kDa MFGM protein. The translated
sequence is a protein with a molecular weight of 51,473. Dashed line, cysteine-rich region of the molecule; solid line, related internally repeated
sequences involving amino acids 139-281 and 299-441; boxes, proline-rich region.

This is followed by a tandemly repeated sequence, compris-
ing amino acids 139-281 and 299-441 (Fig. 2).

The nucleotide and amino acid sequences of the MFGM
protein were compared with sequences found in the Gen-
bank, National Biomedical Research Foundation, and Swiss-
Prot data bases. The C-terminal region of the MFGM protein
sequence was found to be very similar to the C-terminal
sequence of human blood clotting factors VIII and V. Iden-
tity at a nucleotide level was found to be 54.2% in an
866-nucleotide overlap, and identity at a protein sequence
level was determined to be 42% in a 320-amino acid overlap
(Fig. 3). Factors VIII and V have been shown (32) to share
closely related C-terminal domains and it is these homolo-
gous sequences that are closely related to the MFGM protein.

Strong similarity of the cysteine-rich domain of component
66/53 kD to other sequences in the data bases was also found.
The most striking similarity was discovered with the Droso-

phila protein Notch-1 (23), as well as with neurogenic repet-
itive locus proteins, 95F and delta (24, 25). The same se-
quence was also very similar to a cysteine-rich region of a
proteoglycan core protein (26) (Fig. 4). Aside from the
cysteine spacing pattern, there is also close similarity of
intervening amino acid sequences, a feature that also applies
to the proteins EGF, transforming growth factor a, and lin-12
homeotic protein, which have only a single cysteine unit with
this or a closely related spacing (27-30).

Regulation of Expression of mRNAs Coding for the MFGM
Protein. The 2.1-kDa cDNA isolated was used to probe
mRNA levels in mammary tissue and in cultured mammary
epithelial cells. The cDNA identified a mRNA molecule that
was 2.1 kb long, confirming that the cDNA represented a
full-length copy of the mRNA (Fig. 5). Northern blot analysis
revealed that the mRNA was relatively abundant in mam-
mary tissue from lactating mice and was also expressed in
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mammary glands of virgin mice at a reduced level. Expres-
sion of the mRNA in cultured cells was also examined. Cells
isolated from late pregnant mice retain their differentiated
characteristics best in culture when maintained on collagen
gels that are made to float in the culture medium (31). Cells
on attached collagen gels or on tissue culture plastic dishes
are unable to express tissue specific mRNAs to the same
extent. Maximum expression of mRNA for the MFGM
protein was observed in cells on floating collagen gels but
cells on plastic expressed significantly reduced quantities of
mRNA (Fig. 5).

DISCUSSION

We are attempting to understand structural and functional
features of glycoproteins on mammary epithelial cell surfaces
by cloning and sequencing cDNAs for the major membrane
proteins. In this paper, we present data on a cDNA for the
66/53-kDa membrane protein. The cDNA is 2086 bp long and
carries coding information for the full-length mRNA. An
open reading frame of 1389 bp has been identified that is
flanked by a 39-bp 5’ leader and a 658-bp 3’ untranslated
region of unknown function. The primary translation product

KEWLGVDL |gtqrq |VTGIIT with the predicted sequence of the
.'25&2}’3{ c,':f'.':: YIE‘{;I rxm 66/53-kDa protein. The sequences
were aligned using the MALIGN

program. Dots in the sequence re-

rvizz  fer to gaps that were inserted for

V optimal alignment of the three se-

quences. The homologous regions

of factors VIII and V are the C-ter-

DL minal domains of the mol-

ecules.

defined by the open reading frame has a molecular weight of
51,473. Structural analysis of this amino acid sequence iden-
tifies five structural domains of the molecule: (i) a terminal
22-amino acid sequence that has characteristics of a signal
sequence, (i) an 86-amino acid cysteine-rich sequence that
begins with the N-terminal sequence of the mature protein,
(iii) a short stretch of amino acids 87-121 that includes a
cluster of aromatic amino acids followed by a series of proline
residues, (iv) two domains, each of 142 amino acids, that are
very similar to each other. As the signal sequence is the only
hydrophobic sequence in the whole molecule and this is
cleaved (at least in the 55-kDa form), we hypothesize that the
protein is a peripheral membrane protein. The difference in
size between the predicted translated molecular mass of 51.5
kDa and the observed sizes of 55 and 66 kDa presumably
reflect glycosylation at the many potential O- and N-linked
glycosylation sites.

A striking feature of the predicted protein sequence is its
similarity to regions of other proteins. Nearly 70% of the
sequence is very similar to the C-terminal C1 and C2 regions
of factors V and VIII. Although the function of these domains
of the clotting factors remains to be fully established, they
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FiG.4. Comparison of the cysteine-rich sequence (amino acids 6-86) of the 66/53-kDa protein with EGF-like regions of Drosophila Notch-1,
neurogenic repetitive locus 95F and delta proteins, a human proteoglycan core protein, mouse EGF, human transforming growth factor a, and
Caenorhabditis elegans 1in-12 homeotic protein. The first four proteins containing tandem repeated units with cysteines spaced according to
the pattern: Cys-Xaa,-Cys-Xaas-Cys-Xaa,-Cya-Xaa-Cys-Xaag-Cys. Several of the amino acids in the intervening sequences are also identical.
Notch-1 has 34 repeated segments and most show homology to the 66/53-kDa protein. The sequence shown is a consensus of the 34 repeats
as described by Wharton et al. (23). Mouse EGF, human transforming growth factor a, and lin-12 homeotic protein have a single cysteine unit

with similar (though not identical) spacing to the 66/53-kDa protein.
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F1G. 5. Northern blots of RNA from virgin (lane V) and lactating
(lane L) mammary tissue (A) and of RNA from primary cultures of
cells maintained on plastic tissue culture dishes (lane P) or on
attached (lane G) or floating collagen gels (lane F) (B). Blots were
probed using the 2.1-kb cDNA probe coding for the 66/53-kDa

protein.

compose part of a larger functional domain that promotes
binding to anionic phospholipids on the surfaces of platelets
and endothelial cells (ref. 32 and references therein). It is
conceivable, then, that the C-terminal repeat segments of the
66/53-kDa protein are involved in phospholipid binding,
possibly as a means of attaching to the membrane surface.
The similarity of the cysteine-rich domain to Notch-1 and
other EGF-like sequences was also highly significant. Al-
though EGF has been shown to promote growth and differ-
entiation of several cells and tissues, the function of EGF-like
domains in other proteins is not yet known. One biochemical
activity associated with an EGF-like domain is that of cal-
cium binding, as identified in the vitamin K-dependent co-
agulation proteins (33). However, the EGF-like domains of
component 66/53 kDa do not contain the consensus of amino
acids associated with calcium binding.

Studies of component 66/53 kDa mRNA levels in virgin
and lactating mice revealed that mRNA expression was
developmentally regulated. Expression in cultured epithelial
cells was modulated by the culture substratum and was
maximal when conditions to promote differentiation were
used. These in vivo and in vitro studies then establish this
protein as a cell surface differentiation marker of mammary
epithelia.

The MFGM protein we have identified, to our knowledge,
appears to be unrelated to any characterized MFGM com-
ponent. The major protein in the molecular mass range of
65-70 kDa in MFGM from bovine and guinea pig is butyro-
philin, a relatively insoluble transmembrane protein. Protein
66/53 kDa appears to be distinct from butyrophilin (34).
Another glycoprotein, gp70, has been identified on human
MFGMs and shown to be expressed on many breast carci-
nomas but no information is available concerning its structure
(12). A 55-kDa glycoprotein termed gp55 has also been
identified in guinea pig membranes (13). This is similar to the
66/53-kDa protein in that it is a peripheral membrane protein
but, in contrast to protein 66/53 kDa, no higher molecular
mass forms of gp55 have been found. Although a function for

Proc. Natl. Acad. Sci. USA 87 (1990) 8421

component 66/53-kDa is not known, we believe it is appro-
priate to name this protein and refer to it as milk fat
globule-EGF factor 8 (MFG-ES).
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