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Running Title: Structural determinants of epimorphin/syntaxin-2

We have shown that branching
morphogenesis of mammary ductal
structures requires the action of the
morphogen epimorphin/syntaxin-2.
Epimorphin, originally identified as an
extracellular molecule, is identical to
syntaxin-2, an intracellular molecule that
is @ member of the extensively investigated
syntaxin family of proteins that mediate
vesicle trafficking. We show here that
although epimorphin/syntaxin-2 is highly
homologous  to  syntaxin-1a, only
epimorphin/syntaxin-2  can  stimulate
mammary branching morphogenesis. We
construct a homology model of
epimorphin/syntaxin-2 based on the
published structure of syntaxin-1a, and we
use this model to identify the structural
motif responsible for the morphogenic
activity. We identify four residues located
within the cleft between helices B and C
that differ between syntaxin-la and
epimorphin/syntaxin-2;  through site-
directed mutagenesis of these four amino
acids, we confer the properties of
epimorphin  for cell adhesion, gene

activation, and branching morphogenesis
onto the inactive syntaxin-la template.
These results provide a dramatic
demonstration of the use of structural
information about one molecule to define a
functional motif of a second molecule that
is related at the sequence level but highly
divergent functionally.

Branching morphogenesis is a developmental
process involved in the formation of many
organs, including mammary gland, lung,
kidney, and salivary gland. In the mammary
gland, branching morphogenesis allows the
primitive anlage to develop into the highly
ramified mammary ductal tree.
Investigations of the signaling processes
involved in mammary ductal branching have
revealed that branching requires the presence
of a growth factor and the morphogen
epimorphin  (1). Epimorphin binds to
mammary epithelial cells through av-
integrins  (2), activating morphogenic
processes that are dependent upon the
transcription ~ factor ~ CCAAT/enhancer
binding protein-3  (C/EBPB) (3), and
mediating branching and invasion into the



extracellular ~ matrix (ECM)  through
activation of matrix metalloproteinase-3
(MMP3) (4). While epimorphin is required
for branching morphogenic  processes,
overexpression of epimorphin can lead to
pathological consequences, including ductal
hyperplasia and mammary cancer (3,5).
Epimorphin also plays a role in
morphogenesis of other epithelial organs as
well, including kidney (6), pancreas (7,8),
hair (9), intestine (10,11), and lung (12).

Although epimorphin  was first
identified as an extracellular morphogen
through the wuse of function-blocking
antibodies in lung and skin organ culture
assays (12,13), the same molecule was later
found to function in the cytoplasm as
syntaxin-2, a member of the syntaxin family
of proteins that controls vesicle fusion
(14,15). However, the idea that
epimorphin/syntaxin-2 might have distinct
roles dependent upon its location on the
outside or inside of the plasma membrane
was controversial (14-16), in part because
epimorphin lacks a canonical peptide signal
sequence to direct extracellular localization
through the ER/Golgi pathway. Since the
discovery of epimorphin/syntaxin-2, a
number of molecules have been found that
not only transit the plasma membrane in the
absence of a signal sequence, but also have
distinct functions in the cytosol and in the
extracellular ~ milieu  (17). While
investigations of such bifunctional, bi-
topological molecules are normally focused
on either their intracellular or extracellular
functions, the possibility that structural
information about a molecule in one
orientation could provide functional insight
about the same molecule in the opposite
orientation, where it binds to a completely
different ligand or set of ligands, has
remained largely unexplored.

While the structure of
epimorphin/syntaxin-2 has not been reported,
structural data exists for other members of
the syntaxin family (18). The conserved

syntaxin structure is comprised of an N-
terminal autonomously folded 3-helix bundle
domain (Habc), a flexible linker region, an
a-helical SNARE domain which participates
in the coiled-coil assembly of the SNARE
complex, and a C-terminal membrane anchor
(Figure 1B and 1C) (19,20). NMR and
crystal structures have shown that some
syntaxins partition between two
conformations: the open conformation, in
which the SNARE domain is able to
participate in the multiprotein SNARE
complex, and the closed conformation, in
which the SNARE domain interacts with the
b and c helices of Habc, to form an
intramolecular antiparallel four-helix bundle
(19-22). Deletion analyses have revealed
that the functional domain of epimorphin can
be distinguished from those of the syntaxins
(1,23), as the Habc domain alone is required
for epimorphin  morphogenic  activity,
whereas the SNARE domain is dispensible
for morphogenesis (1) but absolutely
necessary for syntaxin function (23,24).

Here, we use structural and functional
information about syntaxins to create an
epimorphin homology model and to deduce
the site of a key epimorphin ligand binding
motif; we demonstrate the specificity of the
interactions formed by this motif using site-
directed mutagenesis to create an active
morphogen from the functionally inactive
syntaxin-la. These results identify precisely
the minimal structural motif of epimorphin
essential for its function as a morphogen, and
bring us closer to understanding its mode of
interaction with critical physiological ligands.

EXPERIMENTAL PROCEDURES

Reagents. Bradford protein dye
reagent was from Bio-Rad (Hercules, CA).
Restriction enzymes, T4 DNA ligase, and
alkaline phosphatase were from New
England BioLabs (Ipswich, MA). Isopropyl-
1-thio-p-D-galactopyranoside and protease
inhibitor was from Calbiochem (San Diego,
CA). Coomassie Brilliant Blue R-250 dye



and Tag DNA Polymerase were from Sigma.
Purified oligonucleotides used for
mutagenesis and polymerase chain reaction
were from Bio-Synthesis (Lewisville, TX).
Deoxynucleotide triphosphates and
epidermal growth factor were from Roche

Applied  Science  (Indianapolis,  IN).
Professor Frederick M. Hughson
(Department  of  Molecular  Biology,

Princeton University) provided samples of

syntaxin-1a protein lacking the
transmembrane domain.
Three-dimensional homology

modeling. Homology modeling was carried
out using the SWISS-MODEL/PROMOD |1
server using the “first approach mode” (25).
In brief, the amino acid sequence of
syntaxin-2 was submitted to the server, and
suitable templates with a sequence identity of
more than 25% were selected. Five template
structure coordinates (1dn1B.pdb, 1ez3B.pdb,
1ez3C.pdb, 1ex3A.pdb, 1brOA.pdb) were
superimposed and a structural and local pair-
wise alignment of the target sequence to the
main template structures was generated. The
positions of the backbone atoms of the
template structure were averaged and the best
loops selected using a method that accounts
for force field energy, steric hindrance and
favorable interactions.  Starting  with
conserved residues, the model side chains
were built by isosteric replacement of
template structure side chains. Deviations in
the model were energy minimized using the
GROMOS96 force field.

Generation of Recombinant
epimorphin. Expression constructs were
generated by PCR amplification using cDNA
for mouse epimorphin or human syntaxin-1
as template. Habc-EPM lacks the N-terminal
26 amino acids, the linker, SNARE helix,
and transmembrane domains, and was PCR-
amplified with oligonucleotides: HSHisF,
CCGCGCCATATGCACCATCACCATCA
CCATGGCGGGGATCATTTCATGGACG
GTTTCTTCCAT,

HSHisR,
CGCGCGAAGCTTTTATTATTTGCTTCG
CTCCCGGAACAGGAT.

Recombinant syntaxin-1la (Habc-1a)
is derived from the homologous three-helix
bundle domain of syntaxin-1a and was PCR-
amplified using oligonucleotides: HS1AHis
CCGCGCCATATGCACCATCACCATCA
CCATGGCGGGGACCGCTTCATGGATG
AGTTCTTTGAA
HS1AHiIsR,
CGCGCGAAGCTTTTATTATTTGCAGCG
TTCTCGGTAGTCTGA.

Both Habc-EPM and 3-HIx-1A were
cloned as Ndel and Hindlll fragments into a
pET-27b(+) (Novagen, San Diego, CA)
expression vector leading to a N-terminal
fusion of Hisg tag to the protein fragment.
Recombinant Habc-1->2 is derived from
Habc-1A with the proposed ligand binding
site residues  mutated using  the
QuickChange™site-directed mutagenesis kit
from Stratagene. All mutations were
introduced by polymerase chain reaction
amplification of the entire expression
plasmid using two mutated oligonucleotide
primers. Two complementary  primers
carrying the mutation were used for the
substitution mutations. The sequences of the
sense primers used for the substitution of the
amino acids indicated were the following,
with the modified codons underlined and the
nucleotide changed indicated in bold:
to create the 1->2 protein:

M79N: 5’-
AGGAACTGGAGGAGCTCAACTCGGAC
ATTAAGAAGACAG-3’

E101D: 5’-
CGAGCAGAGCATCGACCAGGAGGAA
GGTC-3’

C145S: 5°-
GACTACCGAGAACGCAGCAAATAATA
AAAGCTTGCGG-3’

Y141F:
5’CCACTCAGTCAGACTTCCGAGAACG
CAGC-3’




The sequences of the primers used to
generate the 2-> 1 protein were:

D79M: 5’-
AAGAAGAGCTGGAGGACCTGATGAA
AGAGATCAAGAAAACTGCTAAC-3’
D101E: 5’-
ATTGAGCAGAGCTGTGAACAGGACGA
GAATGGG-3’

S145C: 5’-
CCGGGAGCGATGCAAAGGCCGCATC-
3

F141Y:5’-
GCGCAGATCCTGTACCGGGAGCGATG
C-3

Procedures used for  protein
production are in Supplemental Materials
and Methods.

Cell culture and cell assays. The
mouse mammary epithelial cell lines SCp2
and EpH4 were maintained in growth
medium (DME/F12 supplemented with 2%
FBS, 5ug/ml, insulin and 50 ug/ml
gentamicin); the human breast epithelial cell
line MCF10A was grown in
DMEM/F12 supplemented with 5% Horse
Serum, 20ng/ml EGF, 0.5ug/ml
Hydrocortisone, 100ng/ml Cholera Toxin,
and 10ug/ml Insulin. Adhesion assays were
carried out essentially as previously
described (1) with the  following
modifications. Wells of a 24-well
polystyrene plate (bacterial-grade, Falcon)
were coated overnight at 4°C with
250ul/well  of recombinant Epm at a
concentration of 25 ug/ml. The wells were
air-dried, then blocked with a 0.1% solution
of pluronics F108 (BASF) in PBS at room
temperature for 30 minutes, and then washed
twice with PBS. cells (100,000 cells/well)
were plated onto the protein-coated substrata
and incubated at 37°C for 2 hrs. The wells
were then washed three times with PBS, and
remaining cells attached to the plate were
trypsinized and counted. Wells coated with
fibronectin were used as a positive control
for adhesion. Blocking antibodies were: ol

(Ha31/8, 25 ug/ml, BD Biosciences); o5
(5H10-27, 25 pg/ml, BD Biosciences); av
(H9.2B8, 25 ng/ml, BD Biosciences); Bl
(Ha2/5, 25 upg/ml, BD Biosciences); B3
(2C9.G2, 25 pg/ml, BD Biosciences).
Transcriptional analysis was
performed using RNA from SCp2 cells
grown for 2 days in growth medium (control)
or growth medium supplemented with 25
ug/ml Habc-Epm, Habc-Synla, or Habc-
1->2. Isolated total RNA was labeled and
hybridized to Affymetrix mouse 430_2 gene
expression chips at the Mayo Clinic
microarray core facility. Processing,
normalization, and background correction
were carried out using the GCRMA function
of Genespring. Quantitative real-time PCR
was performed on reverse-transcribed cDNA,
using ABI 8900 fast cycler instruments,
following manufacturer protocols. TagMan
assays used were purchased from ABI and
were: MMP3 (Mm01168406_gl1), Fas

(Mm01204974_m1), Mgp
(Mm00485009 _m1), Agp3
(Mm01208559 m1), and Krtl-16

(Mm00492979 g1).

Branching morphogenesis  assays
were performed using modifications of
previously published protocols (3,4), as
described in Supplemental Materials and
Methods.

RESULTS

Our previous studies had shown that
extracellular epimorphin, when presented in
combination with a growth factor such as
epidermal growth factor (EGF) was sufficient
to direct mammary epithelial branching
morphogenesis; we had further localized the
morphogenic activity of epimorphin to a
domain of the molecule contained within the
first 187 amino acids, a fragment that we
designated as H12 (1,3). To determine
whether this property was unique to
epimorphin among the syntaxin family of
proteins, we used a 3D collagen branching
assay to compare the morphogenic capacity



of this fragment of epimorphin (EPM) with a
fragment of syntaxin-la that also lacks the
transmembrane domain (Synla). We found
that cells exposed to EPM in combination
with EGF showed abundant branching
morphogenesis, while cells treated with EGF
alone or with Synla and EGF showed no
branching (Figure 1A).

The H12 domain of epimorphin
consists of an N-terminal region, the three
helix Habc bundle, and a linker sequence
(Figure 1B). Crystal and NMR structural
analyses of syntaxins suggest that the N-
terminal 28 amino acids and the linker region
have little defined structure, and thus that the
Habc domain is the only structured element
of H12-EPM (Figure 1C) (20,26-29). We
hypothesized that a minimal fragment
containing only the Habc bundle would
possess all of the functional activity of the
complete H12 domain. We expressed the
Habc domains of epimorphin (Habc-EPM)
and syntaxin-la (Habc-Synla) and found that
only Habc-Epm was sufficient to reproduce
the effects of H12 in branching
morphogenesis (not shown). We therefore
used the Habc proteins of Epm and Synla in
all subsequent experiments.

Epimorphin and syntaxin-la show a
very high level of sequence similarity, with
68% identity and 82% homology for human
epimorphin vs human syntaxin-la when
compared within the Habc homologous
domain (Figure 2A). That epimorphin and
syntaxin-la proteins showed very different
effects in the morphogenesis assay (Figure
1A) suggested that the morphogenic activity
of epimorphin was critically dependent upon
presentation of a highly specific ligand
binding interface, in which these two
proteins were likely to differ by a just a few
amino acids. Structural studies of syntaxins
in the closed conformation have revealed that
within the N-terminal Habc bundle, the
interface between the second and third
helices forms a groove that binds to the
SNARE helix in the closed conformation of

the intact molecule to form a four-helix
structure (20,26-29). We hypothesized that
epimorphin binds to its receptor through a
comparable interaction, that is, that there
exists a helix on the epimorphin receptor that
serves as an alternative epimorphin ligand,
binding to the cleft between the second and
third helices of the Habc domain. We
constructed an epimorphin homology model
by threading the sequence of epimorphin
through the published crystal structure of
syntaxin-1a (Figure 1B). We used this model
to identify the amino acid residues of the
epimorphin Habc bundle with side chains
pointing towards the cleft formed by the
second and third helices.

Of the residues in the homology
model that were predicted to be in contact
with the hypothetical fourth helix, four were
found to differ between syntaxin-la and
epimorphin and to be oriented towards the
predicted binding cleft (synla/epimorphin:
D79E, D10l1E, F142Y, S146C). It is
noteworthy that while the a-helical domains
of the Habc bundle are generally conserved
between epimorphin and syntaxin-1a, these
four residues which differ between the two
molecules are conserved between species in
mouse, rat, and human (Figure 2A). We
used site-directed mutagenesis to generate a
mutant construct of Habc-Synla in which
these residues were mutated to match the
corresponding  positions on epimorphin
(Habc-1->2; Figure 2B,C). We used similar
methods to generate a mutant construct of
Habc-EPM in which the residues were
mutated to match the corresponding positions
on syntaxin-la (Habc-2->1, not shown)

We determined the activity of the
quadruple mutant Habc-1->2 and Habc-2->1
proteins in assays that measure binding to
epithelial cells, alteration of gene expression,
and induction of mammary branching
morphogenesis. Association of epimorphin
with cells can be assessed through cell
binding assays in which proteins are adhered
to the surface of culture plates and then



overlaid with cells in suspension (1,2). We
found that the SCp2 cells adhered well to the
positive control fibronectin, to Habc-EPM,
and to Habc-1->2 protein, but not to Habc-
Synla or to Habc-2->1 (Figure 3A,B). We
found similar results with other mammary
epithelial cell lines, as well, including mouse
EpH4 cells (Figure 3C) and human MCF10A
cells (Figure 3D). These results show that
the mutation of the four amino acids within
the cleft formed by the second and third
helices of syntaxin-la reconstitutes the cell
binding activity of epimorphin/syntaxin-2.
As we had found greatly reduced binding of
the mammary epithelial cells to the Habc-
2->1 mutant, we used the Habc-Synla
mutant as control for further experiments.

We had previously found that
epimorphin binds to mammary epithelial
cells through adhesion to awv-integrins (2), so
we tested whether anti-integrin antibodies
blocked binding of SCp2 cells to Habc-EPM
and Habc-1->2. We found that antibodies
that blocked integrins av and p1 also
blocked cell association with Habc-EPM
(Figure 4A) and Habc-1->2 (Figure 4B), but
that antibodies targeting integrins al, ab,
and B3 had little effect. These results show
that cell binding to Habc-EPM and Habc-
1->2 occurs through the same receptors.

We next assessed global
transcriptional alterations of cells treated
with the Habc constructs. When expression
levels were normalized to untreated cells,
1166 genes were found to be regulated more
than 2-fold in at least one of the treatment
conditions, and many of these showed
common pattern of regulation between Habc-
Epm and Habc-1->2 (Figure 5A; data for all
genes is in Supplementary Table 1). We
validated the microarray results for selected
genes relevant to epimorphin function and
mammary branching morphogenesis.
Epimorphin has been shown to induce
MMP3 (4), a molecule involved in mammary
ductal side branching (30), and we found that
both Habc-Epm and Habc-1->2 (but not

Habc-Synla) induced MMP3 (Figure 5B).
We also found that Habc-Epm and Habcl—>2
increased gene expression of a number of
additional transcripts encoding molecules
known to be involved in branching
morphogenesis, including Fas (31) and
matrix GLA protein (32) (Figure 5B). Both
Habc-Epm and Habc-1->2 also selectively
downregulated transcription of a number of
mammary luminal epithelial cell markers,
including aquaporin-3 (33) and keratin-16
(34) (Figure 5C), consistent with the loss of
luminal morphology during branching
morphogenesis (35). In all of these cases,
transcript level alterations induced by Habc-
Epm were also found in Habc-1->2, but not
in Habc-Syn1la.

We assessed the ability of the
recombinant proteins to induce mammary
branching morphogenesis of SCp2 cell
clusters. We found that treatment with EGF,
or with EGF and Habc-Synla led to growth
of the cell clusters, but little or no branching,
whereas those treated with Habc-EPM and
EGF or Habc-1->2 and EGF exhibited robust
branching activity (Figure 6A,B).  These
results show that, by mutating four amino
acids, we have reconstituted the epimorphin
morphogenic activity using an inactive
syntaxin-1la template.

DISCUSSION

In this study, we used structural
information from the crystal structure of the
homologous protein syntaxin-1a to develop a
hypothesis about a potential ligand binding
motif of epimorphin/syntaxin-2, and to
identify amino acids essential for the
function of this motif. This strategy relied
upon the fact that epimorphin and syntaxin-2
have identical sequences but distinct
behavior and functional domains, reflective
of their different localizations: epimorphin is
present on the extracellular surface of the
plasma membrane (1), while syntaxin-2 is
found on the cytoplasmic face. It is
noteworthy that epimorphin/syntaxin-2 has



no canonical signal sequence, and as such,
extracellular localization of epimorphin
apparently occurs without transit through the
ER and Golgi apparatus. A variety of
proteins lacking canonical signal sequences,
including fibroblast growth factors 1 and 2
and interleukin-1B, have been found to exit
cells using nonclassical protein secretion
pathways (36), but epimorphin/syntaxin-2 is
further distinguished in that it has distinct
extracellular and intracellular functions.
Inside the cell, syntaxin-2 mediates
membrane fusion, while outside the cell,
epimorphin acts as a morphogen. There are
other examples of proteins with topologically
distinct functions (17). For example,
phosphohexose isomerase functions inside
the cell in glycolysis and gluconeogenesis,
but the same molecule has been extensively
investigated as autocrine motility factor in
the extracellular space (37,38), and HMGBL1
acts as an architectural DNA-binding protein
in the nucleus, but the same molecule is
known as amphoterin outside the cell, where
it acts as a proinflammatory cytokine (39).
Our strategy to identify functional domains
of epimorphin through structural analysis of
the  homologous  syntaxin-la  could
potentially be applied to other proteins with
distinct  extracellular and intracellular
functions, or to homologous pairs of proteins
with  distinct  functions in  different
subcellular  compartments or different
extracellular localizations.

Investigations of structurally
homologous but mechanistically divergent
families of proteins have prompted
suggestions that new protein functions may
have evolved through an opportunistic
process termed “recruitment”, wherein the
preexisting structural features of an active
site or ligand binding site are exploited for a
new purpose (40,41). Analysis of protein
sequence data suggests that protein
speciation can proceed through intermediates
with promiscuous functionality that can bind
multiple ligands and facilitate multiple

biological processes (40). For a molecule
such as epimorphin/syntaxin 2, the
acquisition of dual topology would provide
an additional mechanism to acquire
multifunctionality (17). For a syntaxin
originally evolved to carry out an
intracellular function through the selective
binding of a particular ligand from among
the array of potential intracellular binding
partners, extracellular localization would
result in exposure to a novel pool of potential
ligands, allowing conscription of a
preexisting protein binding site for new
functional interactions.

For epimorphin, we hypothesized that
the binding cleft between helices b and c,
which accommodates the SNARE helix in
the closed form of syntaxin 1a, could also be
used as a molecular interface for binding to
the extracellular receptor for epimorphin.
Initially we envisioned this alternative ligand
as another a-helix capable of forming an
intermolecular four-helix bundle with the
epimorphin three-helix domain. While this is
certainly an attractive model, the structural
nature of the interaction between epimorphin
and its receptor remains to be elucidated, and
one could envision alternative models that
would also be consistent with the recruitment
of the epimorphin binding site that we have
identified here. A striking example of the
diversity of protein-protein interactions that
can be mediated by a three-helix bundle is
found in the Golgi-localized, g-adaptin ear-
containing, ARF-binding (GGA) protein
family. The GAT domain conserved within
this family belongs to the syntaxin trihelical
bundle fold (42). The GAT domain has been
shown to represent a polyfunctional module
that can interact with a wide variety of
accessory proteins, using overlapping but
distinct sites of molecular interaction (43).
GAT domain binders include the coiled-coil
domain of endosome fusion mediator
Rabaptin-5 (44,45), which likely forms an
interaction resembling the four-helix bundle
of the closed form of syntaxin. However,



other GAT binders such as ubiquitin are
recognized through alternative modes of
interaction not involving helical epitopes
(46,47). Thus, while a variety of possibilities
exist, the precise mode of interaction of
epimorphin with its receptor remains to be
experimentally determined.

We have recently identified the av,
B1, and B5 integrin subunits as proteins that
directly bind to epimorphin and mediate its
morphogenic  effects  (2). Integrin
ectodomains are known to bind to a wide
variety of extracellular matrix, cell surface,
and soluble protein and glycoprotein ligands
(48,49); however, only a handful of structural
studies of integrins bound to their ligands
have been reported, and the variety of
binding interactions that must contribute to
specificity among the integrins remains to be
uncovered. The nature of the interaction
between epimorphin and cognate integrins
will be an important area of future
investigation.

The discovery of the active site of
epimorphin  may have applicability to
investigations of pathologies of the breast
and other organs. The transcription factor
C/EBPS is a key downstream mediator of the
effects of epimorphin in mammary epithelial
cells (3). C/EBPp functions as a homo- or
heteromeric dimer of its two constituent
isoforms: LAP (liver activating protein) and
LIP (liver inhibiting protein) (50-52). LAP
and LIP are mutually antagonistic, and
changes in their relative ratio can lead to

dramatically altered cellular properties (53-
55), including malignant transformation in
the mammary gland: transgenic mice with
increased LIP expression in  mammary
epithelial cells develop hyperplasias that can
spontaneously progress to neoplasia and
invasive carcinoma (56), and increased LIP
levels are associated with development of
human breast cancer (56-60). We have
found that epimorphin increases the ratio of
LIP to LAP in cultured mammary epithelial
cells and in the mammary glands of WAP-
epimorphin transgenic mice (3); these mice
develop mammary tumors as they age (5).
Since misregulation of epimorphin can
contribute to mammary tumor development,
inhibiting epimorphin binding may have
potential as a cancer preventative or
therapeutic approach in specific cancer cell
types. The identification of the epimorphin
binding cleft may facilitate development of
inhibitors capable of blocking the binding of
epimorphin to its cell surface receptors.
Moreover, since epimorphin has been
implicated in normal and pathological
development of a number of organs in
addition to the breast, including intestine
(10,61), lung (62,63), pancreas (7), liver
(64,65), cartilage (66), and hair (9,67), our
identification of a key epimorphin interaction
domain may be applicable to investigations
of these organs in both normal development
and in neoplasia.
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Figure Legends

Figure 1. Epimorphin morphogenic activity resides in the Habc domain. A. Epimorphin is
necessary, and Syntaxin-la does not substitute for epimorphin in directing branching
morphogenesis. Clusters of SCp2 mouse mammary epithelial cells were cultured for 10 d in 3D
collagen-1 gels with the addition of: (a) PBS only, (b) epidermal growth factor (EGF), (c) EGF and
the H12 domain of epimorphin (EPM; Hirai et al., 1998) and EGF, or (d) EGF and a fragment of
syntaxin-1a (Synla) corresponding to H12 EPM. Scale bar, 100 um. B. Syntaxin motif structure.
Syntaxins have three alpha helices (A, B, and C, comprising the Habc domain) connected by a
linker to the SNARE helix, followed by a transmembrane domain. C. Ribbon drawing of the
closed conformation of Syntaxinla (blue, green, and red, constituting the Habc domain, orange for
the linker domain, and white for the SNARE domain) in complex with nSecA (grey); molecular
coordinates from PDB 1DN1.

Figure 2. Design and production of Habc-1-22. A. Sequence alignment of the Habc domain of
rat, mouse, and human epimorphin with rat, mouse and human syntaxin la. Residues highlighted
yellow are those which differ between the two molecules and are predicted by the epimorphin
homology model to face inwards towards the cleft between helices B and C. Homologous residues
in helices A, B, and C are colored blue, green and red, respectively. B. Location of the key
functional residues on the epimorphin homology model. Helices B and C are depicted as green
and red, respectively, and the white helix represents a hypothetical helix that aligned along the
long groove formed by the helices B and C. The space filling molecules are the residues that are
oriented towards the cleft and that differ between syntaxinla and EPM. C. Image of Commassie-
stained gel of recombinant proteins.

Figure 3. Cell adhesion to Habc-1->2. A. Images of SCp2 cells to uncoated plates (C), or to
plates coated with fibronectin (FN), Habc-EPM (E/S2), Habc-Synla (S1), Habc-1-2>2 (1-2>2), or
Habc-2->1 (2->1); scale bar 25 um. B. Quantification of SCp2 cell adhesion (C, untreated
control). C. Quantification of EpH4 cell adhesion. D. Quantification of MCF10A cell adhesion.
For B-D, quantification is expressed as meanszSE, p<0.01 for C, S1, or 2->1 vs FN, E/S2, or 1->2
for all three cell lines.

Figure 4. Cell adhesion to Habc-EPM and Habc-1->2 is mediated by integrins. Adhesion of
SCp2 cells to plates coated with Habc-EPM (a) or Habc-1->2 (b) is blocked by antibodies against
integrin-av or integrin-b1, but not by antibodies against integrins —al, -a5, or -b3. Quantification is
expressed as means+SE, *=p<0.005.

Figure 5. Gene expression in cells treated with Habc-EPM, Habc-Synla, and Habc-122. A.
Gene expression fingerprint of SCp2 cells treated with Habc-EPM, Habc-Synla, and Habc-1->2,
normalized to expression levels in untreated cells. Heat map displays expression for transcripts
regulated by more than 2-fold relative to untreated cells. B. Real-time QPCR of MMP3, Fas, and
matrix gla protein (mgp) transcripts, which are activated by Habc-EPM (EPM) and Habc-1->2
(1-=>2) relative to Habc-Synla (Synla). C. Real-time QPCR of aquaporin-3 (Aqp3) and keratin-
16 (Krt1-16) transcripts, which are inhibited by Habc-EPM and Habc-1->2. All comparisons for
B,C are p<0.05 for Habc-EPM and Habc-1->2 vs Habc-Synla.



Figure 6. Branching morphogenesis directed by Habc-EPM and by Habc-1-22. SCp2 cell
clusters were embedded in collagen-1 gels and exposed for 4 d to 50 ng/ml EGF and/or 25 ug/ml
of the indicated recombinant proteins. A. Representative images of branching assay. Scale bar,
200 um. B. Quantification of branching expressed as meanszSE. More than 25 randomly
selected cell clusters were measured for each condition and positive branching was assessed when
clusters displayed two or more cell projections of greater length than the central cell cluster.



Figure 1. Epimorphin morphogenic activity resides in Habc domain.




Figure 2. Design and production of Habc-1-2>2.
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Figure 3. Mammary epithelial cells adhere to Habc-1->2.

Adhesion (%)

C

100

122 21

80

60 -

40 |

20 -

Adhesion (%)

S1 122 2->1

Adhesion (%)

C

FN E/S2 S1 122 2->1



Figure 4. Cell adhesion to Habc-EPM and Habc-1-2 is mediated by
integrins.
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Figure 5. Common transcriptional alterations induced by Habc-EPM and
Habc-1->2.
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Figure 6. Branching morphogenesis directed by Habc-1->2.
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