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Macrophage-stimulating protein (MSP) and hepato-
cyte growth factor/scatter factor (HGF/SF) are plasmin-
ogen-related growth and motility factors that interact
with cell-surface protein tyrosine kinase receptors.
Each one is a heterodimeric protein comprising a disul-
fide-linked « chain and a serine protease-like 8 chain.
Despite structural similarities between MSP and HGF,
the primary receptor binding site is located on the «
chain of HGF/SF but on the B chain of MSP. To obtain
insight into the structural basis for MSP B chain bind-
ing, B chain structure was modeled from coordinates of
an existing model of the HGF B chain. The model re-
vealed that the region corresponding to the S1 specific-
ity pocket in trypsin is filled by the Asn®®*?/Glu®*® inter-
acting pair, leaving a shallow cavity for possible 8 chain
interaction with the receptor. Mutants in this region
were created, and their binding characteristics were
determined. A double mutation of Asn®®?/Glu®® caused
diminished binding of the B chain to the MSP receptor,
and a single mutation of neighboring Arg®®® completely
abolished binding. Thus, this region of the molecule is
critical for binding. We also found that at equimolar
concentrations of free a and g chains, « chain binding to
receptor was detectable, at levels considerably lower
than B chain binding. The EC;, values determined by
quantitative enzyme-linked immunosorbent assay are
0.25 and 16.9 nm for B and « chain, respectively. The data
suggest that MSP has two independent binding sites
with high and low affinities located in 8 and « chain,
respectively, and that the two sites together mediate
receptor dimerization and subsequent activation.

Macrophage-stimulating protein (MSP)! is a 78-kDa growth
and motility factor that belongs to a plasminogen-related krin-
gle protein family (1, 2). It is most closely related to hepatocyte
growth factor/scatter factor (HGF/SF), to which it has 45%
sequence similarity (3). Mature MSP acts on a number of cell
types including tissue macrophages, epithelia, and hematopoi-
etic cells (4). Actions on macrophages include stimulation of
motility (5), induction of phagocytosis of serum complement-
coated erythrocytes (1), inhibition of inducible NO synthase
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up-regulation by inflammatory stimuli (6), and induction of
interleukin 6 secretion.? MSP induces adhesion, motility, and
replication of epithelial cells, and it can prevent the apoptosis
that occurs when epithelial cells are prevented from attach-
ment to a substrate (7). MSP mediates its effects by binding to
and activating a cell receptor tyrosine kinase known as RON in
humans (8, 9) and STK in mice (10, 11). Closely related
HGF/SF also has mitogenic and motogenic actions on epithelial
cell types (12) that express Met, the specific receptor for this
ligand (13). HGF has a morphogenetic role in development and
tissue repair (14). Specific mutations in Met are oncogenic in
both experimental models (for a review see Ref. 15) and in
sporadic human cancers (16).

In contrast to other members of this plasminogen-related
family, which are serine proteases, MSP and HGF are devoid of
enzymatic activity because of catalytic triad mutations. How-
ever, they have retained the proteolytic mechanism of activa-
tion of the zymogens of the family (17). Thus, MSP is synthe-
sized by hepatocytes (18) as biologically inactive single chain
pro-MSP and is converted at extravascular sites to active MSP
by trypsin-like proteases, which cleave at Arg*®3/Val*®* (19) to
make a disulfide-linked «f chain heterodimer (20). MSP and
HGF have 40% sequence similarity to plasminogen and the
same domain organization. The three proteins evolved from a
common ancestor (21). Features of the a chain of MSP and HGF
include an N-terminal domain (N domain) corresponding to the
plasminogen preactivation peptide, four kringles, and a seg-
ment that terminates in the cleavage site for activation; the
chain is the serine protease-like domain. HGF binds with high
affinity to its receptor via the « chain. The N domain makes a
critical contribution to HGF binding, since N domain deletion
mutants have reduced or absent biological activity (22, 23) and
fail to inhibit binding of HGF to Met-expressing target cells
(23). In contrast to HGF, studies with '?°I-labeled subunits of
MSP showed that the 8 chain bound with high affinity to RON,
whereas o chain binding was undetectable (24). Mutant MSP
lacking the B chain is biologically inactive (25). Therefore,
despite the similarity in domains of HGF and MSP, the loci for
high affinity binding to their receptors are completely different.

To explore the basis of MSP B chain binding to RON, we took
advantage of a recently published energy-minimized three-
dimensional model of the B chain of HGF (21). We used the
HGF model coordinates to make a comparable model of the
MSP B chain to look for features that might account for its
binding properties. By analogy to proteases, MSP and HGF
correspond to enzymes, and their receptors correspond to en-
zyme substrates. From this viewpoint, regions of the MSP
serine protease-like domain of particular interest for binding to
receptor would include the catalytic site and several surface

2 A. Skeel and E. J. Leonard, unpublished data.
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loops that define the substrate binding cleft for chymotrypsin-
like proteases (26). Our model of the MSP B chain revealed
features that were postulated to account for its binding to RON.
Mutagenesis studies reported herein established that the re-
gion corresponding to an enzyme S1 site is essential for 8 chain
binding to RON.

Our experiments also revealed binding to RON-expressing
cells of MSP-free a chain, which was a small fraction of the
amount of B chain binding. This suggests that MSP has two
receptor binding sites, a high affinity site in the B8 chain and a
low affinity site in the «a chain. The result supports a recent
hypothesis that ligand-induced RON dimerization by MSP is
mediated by a single ligand molecule, which binds to a receptor
via the B chain, after which a second receptor is engaged by the
«a chain (27).

EXPERIMENTAL PROCEDURES

Materials—Human recombinant MSP and free « and B chains were
from Toyobo (Osaka, Japan) and R & D Systems (Minneapolis, MN).
Rabbit and mouse anti-MSP antibodies were described (28). Madin-
Darby canine kidney (MDCK) and CHO-K1 cells were from ATCC
(Manassas, VA). MDCK cells stably transfected with a human RON
c¢DNA (clone RE7) were described (9).

Modeling of the MSP B Chain—Inasmuch as the MSP B chain has
48% amino acid identity to the HGF 3 chain, we used the coordinates of
the three-dimensional model of the HGF 8 chain (21) to model the MSP
B chain structure. Side chains of HGF were replaced with MSP side
chains according to the alignment shown in Fig. 1. Positions of the
conserved backbone atoms were not altered. The loop comprising resi-
dues 525-533 was modeled to reflect the experimentally demonstrated
disulfide bridge between Cys®?” and Cys®®? (19). Subsequently the po-
sitions of several side chains were adjusted manually (program FRODO
and its silicon graphics version TOM (29)) to remove bad contacts and
to optimize electrostatic and hydrophobic interactions. The model was
then energy-minimized using program XPLOR (30) employing 250 cy-
cles of the Powell conjugate gradient algorithm.

Generation of Mutants of Wild Type Human MSP ¢cDNA—AIl mu-
tants were generated using the pAlterIl (Promega, Madison, WI) mu-
tagenesis kit with mutagenic oligonucleotides as follows: for R683Q,
GGAATTATAATCCCCAACCAAGTATGCGCAAGGTCCCGC; for
E648G/D682G, ATGTGCACTGGGGGACTGTTG/ATAATCCCCGGCC-
GAGTATGC. For stable transfection of eukaryotic cells wild type and
mutant MSP were re-cloned into pCL-neo (Promega, Madison, WI).

Cell Culture and Transfection of Recombinant MSP—CHO-K1 cells
(ATCC) were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 8% fetal calf serum. For stable expression of MSP, cells in
10-cm dishes were transfected with 10 ug of MSP ¢cDNA by Superfect
reagent (Qiagen, Santa Clarita, CA) and placed in medium with 500
png/ml geneticin (Life Technologies, Inc.). After selection, single colonies
were cloned, and clones with highest equal expression of wild type and
mutant MSP were selected. The concentration of recombinant MSP in
culture supernatants was measured by sandwich ELISA.

Sandwich ELISA for MSP—The concentration of secreted recombi-
nant MSP in cell culture supernatants was determined by sandwich
ELISA (28). Concentrations were calculated by reference to a standard
curve generated with wild type recombinant human MSP.

Immaunoprecipitation and Western Blotting—MSP from culture su-
pernatants was immunoprecipitated by rabbit polyclonal anti-MSP an-
tibodies conjugated to Sepharose beads. Immunoprecipitates were
washed and boiled after addition of 2X sample buffer. After PAGE,
proteins were transferred to a nitrocellulose membrane (Amersham
Pharmacia Biotech). MSP was detected with rabbit anti-MSP antibod-
ies. ECL (Amersham Pharmacia Biotech) was used for visualization of
the peroxidase complex.

Metabolic Labeling of MSP—CHO-K1 cells stably expressing wild
type or mutant MSP were incubated for 48 h with 3*S-easy labeling mix
([**S]cysteine and [*°S]methionine) (NEN Life Science Products) in
methionine- and cysteine-free Dulbecco’s modified Eagle’s medium (Life
Technologies, Inc.) supplemented with 8% dialyzed fetal calf serum.
The quality and quantity of **S-labeled MSP were analyzed by immu-
noprecipitation and SDS-PAGE under reducing and non-reducing
conditions.

Binding and Competition Assays with *°S-Labeled MSP—MDCK-
RET7 cells with stably expressed RON receptor were used. The parental
MDCK cell line without detectable expression of RON was used as a

Interaction of MSP with Its Receptor

negative control. Five ml of supernatant containing equal concentra-
tions of **S-labeled wild type or mutant MSP were added to 5 X 10° RE7
or MDCK cells. Cells were equilibrated for 4 h at 4 °C. After equilibra-
tion, cells were washed 3 times with phosphate-buffered saline and
lysed in lysis buffer (50 mm HEPES, pH 7.4, 150 mm NaCl, 10% glycerol,
1 mM EDTA, 1 mM sodium orthovanadate, 10 mm sodium pyrophos-
phate, 100 mm NaF, 1% Triton X-100, 10 pg/ml leupeptin, 10 units/ml
aprotinin, 1 mM phenylmethylsulfonyl fluoride). After clarification, ly-
sates were immunoprecipitated by equilibration overnight at 4 °C with
rabbit anti-MSP antibodies coupled to Sepharose. Then immunoprecipi-
tates were washed 3 times with HNTG buffer (50 mm HEPES, pH 7.4,
150 mMm NaCl, 10% glycerol, 0.1% Triton X-100) and analyzed by SDS-
PAGE. Protein bands were detected by radioautography. For competi-
tion assays, 50 nM unlabeled recombinant human MSP or free « or 8
chains were equilibrated with cells together with *°S-labeled MSP
culture supernatants.

Binding of Free a Chain to RON Receptor—RET cells (5 X 10%well)
with stably expressed RON receptor and parental MDCK cells as a
negative control were equilibrated for 4 h at 4 °C in 5 nM free recombi-
nant «a chain or MSP. Cells were then washed, and cell lysates were
processed as described above, except that detection of protein bands
was by immunoblotting with polyclonal rabbit anti-MSP antibodies.

RON-ELISA—ELISA microtiter plates were coated overnight at 4 °C
with the recombinant mouse MSP receptor RON/Fc¢ (rmRON/Fe) chi-
mera (R & D Systems, Inc.) (100 ul/well at 0.5 ug/ml in carbonate-
bicarbonate buffer, pH 9.6). Nonspecific binding sites were blocked with
1% bovine serum albumin for 1 h at 37 °C. RON-coated ELISA plates
were then incubated for 2 h with a series of 2-fold dilutions of human
recombinant MSP (highest concentration 6.4 nm), free 8 chain (highest
concentration 8 nM) or free « chain (highest concentration 320 nm).
ELISA plates were washed 3 times with TBS/Tween 20 after this and
subsequent steps. Plates were then incubated with rabbit polyclonal
anti-MSP for an additional 2 h. The rabbit anti-MSP antibodies recog-
nize MSP and separate free chains with comparable sensitivity, as
determined by direct ELISA in which microtiter wells were coated with
MSP or free a or B chain standards (data not shown). Bound rabbit
anti-MSP was detected by equilibration with alkaline phosphatase-
conjugated anti-rabbit IgG. Substrate 104 (Sigma) was used for quan-
tifying alkaline phosphatase activity. Absorbance at 405 nMm was meas-
ured with an ELISA reader. At least three independent experiments
were performed. To quantify ligand binding affinity, EC,, values were
calculated by using a four-parameter nonlinear fitting algorithm (31).

RESULTS

Model of the Serine Protease Domain of MSP—The structural
core of all chymotrypsin-like serine proteases is composed of
two six-stranded B barrels, with the active site in a crevice
between these two domains. MSP and HGF B chains have 48%
sequence identity (Fig. 1) and higher than 30% sequence sim-
ilarity to several mammalian serine proteases. Features in
common include the same bilobed core, several surface loops,
and a C-terminal helix (Fig. 2A). Furthermore, despite loss of
enzymatic activity because of catalytic triad mutations, the
geometry of the regions of MSP that correspond to the active
site of serine proteases has been conserved. This includes mu-
tated catalytic triad residues GIn522(57),2> GIn®%8(102), and
Tyr®%1(195) (colored magenta in Figs. 1 and 2) at the junction of
the B barrels, the same conformation of the Gly®°°(189)-
Asp®%°(194) segment (colored violet) necessary for the forma-
tion of an oxyanion hole and a mature substrate specificity
pocket. The critical interaction maintaining active site archi-
tecture, a salt bridge between Asp®¢°(194) and the NH4 group
from the N-terminal Val of the B chain, is conserved.

The residues critical for zymogen activation (for a review see
Ref. 32) are also conserved in MSP, suggesting that conversion
to the biologically active growth factor conformation mirrors
the mechanism of zymogen activation. In the zymogen form of
the chymotrypsin-like enzymes, the active site cleft is not com-
pletely formed. His®*>(40) interacts with Asp®°(194), and the
adjacent segment Gly655(189)-Asp660(194) is oriented to the

3 MSP residue numbers in the text are followed in parentheses by the
corresponding bovine trypsin residue number.
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FiG. 2. A ribbon representation of the three-dimensional model of MSP serine protease domain. 3-Strands and C-terminal « helix are
shown in orange. Surface loop 1 (colored green) contains exclusively hydrophobic amino acids Leu, Leu, Ala, Pro, and Val. Three Arg residues from
loop 2 (red) and three from loop 3 (red) form a prominent cluster of positive charge on the MSP surface. Segments with conformation significantly
different from that of chymotrypsinogen, 484(16)-489(21) and 645(189)-660(194) are colored violet. Side chains of several key amino acids are also
shown: mutated catalytic triad, GIn®?%(57), GIn®%8(102), Tyr®%'(195) in magenta; Glu®*8(184) and Asn®®%(216) buried in the S1 substrate binding
pocket in azure; cluster of Arg residues in dark blue; carbon atoms of residues critical for zymogen activation, Val*®4(16), Asp®¢°(194), and His®*°(40)
in green. B, close-up of the region corresponding to the S1 specificity pocket of trypsin with the side chains of critical residues. Coloring as in A.

interior of the zymogen. Upon activation, Asp®¢°(194) forms the
salt bridge noted above with the newly liberated N terminus,
and segment Gly®5(189)-Asp®6°(194) (colored violet in Fig. 24A)
moves outward toward solvent to complete the active site cleft.

Surface loop features specific for MSP are noted in the legend
of Fig. 2A. A detailed view of the region of MSP corresponding
to the substrate binding pocket and catalytic triad is shown in
Fig. 2B. Several features distinguish MSP from trypsin in this
region as follows: 1) The entrance to the large cylindrical S1
pocket is blocked in MSP by Asn®%2(216) and Ala%°%(226), in
contrast to trypsin, which has Gly residues at these positions.
The conformation of Asn®®%(216) is stabilized by interaction

with Glu®48(184) buried inside the pocket. 2) Residue 655 in the
base of the pocket in MSP is Gly, whereas in trypsin it is Asp,
which interacts with the scissile bond Lys of the substrate.
Thus, the model suggests that the receptor binding region of
MSP does not include the base of the S1 pocket but involves the
entrance.

Characterization of MSP Produced by CHO Cells Stably
Transfected with Wild Type and Mutated MSP ¢cDNAs—Two
MSP mutants were generated, a double mutant of residues that
stabilize the shape of the S1 pocket (E648G/N682G) and a
mutation of Arg®3 (R683Q), adjacent to the entrance to the S1
pocket. Wild type and mutated MSP ¢cDNAs were cloned into

8002 ‘0S AInC uo Arelqi ouIUBINS ‘Mouapal4-|DN Te 610 ogl mmm woly papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

e

29940

100kDa

‘nﬂ-
60kDa_ “--4_“
F

SCII(Dl - ¢ 8

Non-reduced

Interaction of MSP with Its Receptor

30kDa

Reduced

Fic. 3. Analysis by SDS-PAGE under non-reduced (A) and reduced (B) conditions of **S-labeled MSP produced by CHO cells. CHO
cells with stably expressed wild type (WT) or mutated MSP were metabolically labeled with [**Slmethionine and -cysteine. **S-Labeled MSP was
immunoprecipitated from 1 ml of CHO tissue culture supernatants by rabbit anti-MSP antibodies coupled to Sepharose beads. Immunoprecipitated
proteins were separated by 4-12% gradient SDS-PAGE under non-reducing (A) and reducing (B) conditions and detected by radioautography.
Arrows indicate the position of MSP « and B chains. Their presence under non-reducing conditions shows that they are not disulfide-linked. The

band at about 90 kDa is not an MSP protein.

the eukaryotic expression vector pCl-neo, and stable CHO cell
transfectants were generated. Serum-containing medium from
the transfected cells was used as a source of wild type and
mutant MSP. We selected clones that produced equal amounts
of wild type or mutant MSP, and by sandwich ELISA the
concentration in the medium was 0.5 nM (data not shown). The
products were further characterized by SDS-PAGE. Culture
fluids from 3°S-metabolically labeled CHO cell transfectants
were immunoprecipitated by rabbit anti-MSP antibodies and
analyzed by SDS-PAGE under non-reducing and reducing con-
ditions (Fig. 3). In confirmation of the sandwich ELISA results,
the intensity of the bands in Fig. 3 shows that the selected CHO
cell clones produce comparable amounts of wild type or mu-
tated MSP. SDS-PAGE under reducing conditions shows that
there is no 80-kDa pro-MSP in CHO supernatants. Only two
bands at molecular mass positions of approximately 60 and 30
kDa corresponding to MSP « and 3 chains were visualized (Fig.
3B). This is due to the fact that recombinant pro-MSP is
cleaved to MSP in supernatants of CHO cells cultured in me-
dium containing serum (17). The absence of an 80-kDa band
under non-reducing conditions (Fig. 3A) demonstrates that the
a and B chains of these recombinant products are not disulfide-
linked, in contrast to af chain heterodimeric native MSP. This
is due to the fact that in recombinant pro-MSP, 8 chain Cys®®®
may form an intrachain disulfide with Cys®’2 instead of with «
chain Cys*®® (19, 33).

Binding of Wild Type and Mutated MSP B Chain to
RON—To determine the capacity of wild type and mutated
MSP B chain to interact with receptor, MDCK-RE7 cells with
overexpressed RON and parental MDCK cells as a control were
equilibrated with 3S-labeled CHO cell supernatants contain-
ing 0.5 nM free a and B chain. After equilibration, cells were
washed and lysed. Cell-bound MSP chains were immunopre-
cipitated by rabbit anti-MSP antibodies which recognize both «
and B chains (28). Precipitated MSP chains were analyzed by
SDS-PAGE, and protein bands were visualized by radioautog-
raphy. Results for RE7 lysates (Fig. 4A4) showed an intense wild
type MSP B chain band, a faint band for 8 chain mutated in the
S1 pocket, and no band for the R683Q mutant. Densitometry of
the B chain bands showed that the amount of double mutant
E648G/N682G bound was about 50 times less than bound wild
type B chain; no R683Q band was detected. There was no MSP

A

<+— 60 kDa

<+— 30 kDa

Fic. 4. A, binding of **S-labeled wild type (WT) and mutated MSP to
RON. MDCK-RET cells (5 X 10°) with stably expressed RON receptor or
parental MDCK cells without detectable RON were equilibrated for 4 h
at 4°C in 5 ml of CHO tissue culture supernatants containing *°S-
labeled wild type or mutated MSP. Cell-bound #*S-MSP was immuno-
precipitated with rabbit anti-MSP antibodies coupled to Sepharose
beads. Immunoprecipitated proteins were separated by 4—12% gradient
SDS-PAGE, and protein bands were visualized by radioautography. B,
MSP and free 8 chain compete with **S-labeled wild type or mutated
MSP for binding to RON. MDCK-RE?7 cells were equilibrated for 4 h at
4 °C in 5 ml of CHO supernatants containing **S-labeled wild type or
mutated MSP in the presence of excess unlabeled MSP, « chain or 8
chain. Cell-bound labeled MSP was detected as described for A.

B chain binding to parental MDCK cells, which do not express
detectable RON (9). Interaction of 2°S-labeled B chain from
CHO supernatants was inhibited by either unlabeled MSP or
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free B chain (Fig. 4B). This result suggested that we were
observing saturable binding of 8 chain to RON, a conclusion
supported by the absence of binding to MDCK cells. The dimin-
ished or absent B chain mutant bands in Fig. 4A therefore
reflect diminished or undetectable binding of the mutants to
RON.

Binding of Free a Chain to MDCK-RE7 Cells—In addition to
the B chain, we detected binding of free a chain to RON-
expressing cells (Fig. 4A, upper band). Reasons to suggest that
the observed band represents MSP « chain are as follows: 1) an
appropriate molecular mass; 2) no band in the case of super-
natants from metabolically labeled CHO cells transfected with
vector alone, which therefore do not express MSP; and 3) no
band with supernatants of MSP-transfected cells that were
equilibrated with parental MDCK cells, which do not express
RON. Comparison of the band intensities in Fig. 4A shows that
the amount of bound « chain is only a small fraction of the
amount of bound B chain. Therefore it was important to deter-
mine whether the band reflected binding of free a chain or a
small amount of MSP «af chain heterodimer binding via the 8
chain. Two facts weighed against the latter possibility. First, as
noted above, SDS-PAGE of metabolically labeled transfected
CHO cell supernatants did not reveal any trace of «f chain
MSP. Second, despite no sign of MSP mutant R683Q B chain
binding, the « chain band was detectable (Fig. 4A). To obtain
independent evidence that free « chain can interact with RON,
a binding assay of purified recombinant « chain was performed.
MDCK-RET7 cells or MDCK cells as a control were equilibrated
for 4 h at 4 °C with 5 nM free recombinant « chain or disulfide-
linked af chain MSP. Then bound «f chain MSP or a chain
was immunoprecipitated with mouse monoclonal 2 S anti-
MSP, which recognizes only « chain (28). Immunoprecipitated
« chain was detected on a blot with rabbit anti-MSP antibodies
after SDS-PAGE and transfer of proteins to a nitrocellulose
membrane. Fig. 5A shows binding of free a chain to RE-7 cells,
which is a small fraction of the amount of « chain detected after
af chain MSP was equilibrated with the cells. In both cases,
binding is RON-dependent, as shown by the absence of bands
from MDCK cell lysates. It was also important to consider the
possibility that the bound « chain line came from binding of a
small amount of af MSP that contaminates the « chain prep-
aration. This was ruled out by SDS-PAGE of the same cell
immunoprecipitates under non-reducing conditions. If the «
chain detected in Fig. 5A (under reducing conditions) were due
entirely to bound af chain contaminating the « chain prepa-
ration, non-reducing SDS-PAGE should show an af line and no
a. The converse is the case (Fig. 5B). For the « chain lane, at an
ECL exposure that shows an « chain line comparable in inten-
sity to that of Fig. 5A, there is no detectable af line. At longer
exposure times we see an «f line and a much more intense «
chain line. The latter reflects binding of free a chain to the
RE-7 cells; the former is due to the small amount of «f chain
contaminating the « chain preparation and is a small fraction
of the total bound « chain.

Quantitative Analysis of MSP, a and B Chain Binding to the
RON Receptor—In addition to the above experiments on bind-
ing of MSP and its chains to cells expressing RON, we quanti-
fied by sandwich ELISA the binding of disulfide-linked «f3
chain MSP and free « and B chains to recombinant mouse RON
receptor adsorbed to wells of a microtiter plate. Binding of each
ligand was tested in duplicate in three separate experiments,
and concentration-dependent binding curves were generated
(Fig. 6). Mean EC;, values calculated from curves of the three
experiments (31) are shown in the inset of Fig. 6. Disulfide-
linked af chain MSP has a somewhat higher affinity for RON
than free B chain, a result comparable to binding data for
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FiG. 5. Interaction of MSP free a chain with RON. MDCK-RE7
cells or MDCK cells as a control were equilibrated for 4 h at 4 °C in 5 nm
recombinant MSP or free a chain. Cell-bound MSP or a chain was
immunoprecipitated (IP) by mouse monoclonal anti-MSP antibody (that
reacts with an « chain epitope) coupled to Sepharose. Immunoprecipi-
tated proteins were separated by 7.5% SDS-PAGE under reducing (A)
and non-reducing (B) conditions. Protein bands were detected by West-
ern blotting (WB) with rabbit anti-MSP antibodies. For the MSP stand-
ard, 5 nm MSP was directly immunoprecipitated with mouse mono-
clonal anti-MSP. The left and right blots in B illustrate results of short
and long exposures.

RON-expressing cells (24). In contrast, free « chain binds to
RON with a much lower affinity, as reflected in an EC;, that is
2 orders of magnitude higher than the value for MSP. Thus,
MSP has two separate binding sites with high and low affinity,
located in B and « chains, respectively.

DISCUSSION

The MSP B chain three-dimensional model enabled us to
consider possible loci for RON high affinity binding by analogy
to substrate-enzyme interactions in the family of chymotryp-
sin-like serine proteases. In zymogens of the family the cata-
Iytic triad is formed, but the substrate-binding site is not fully
shaped. MSP is able to bind RON with high affinity only after
proteolytic cleavage, which in zymogens causes conformational
changes leading to formation of a mature binding site (Fig. 2).
Thus residues critical for receptor binding should correspond to
those that define the subsite preference at the scissile bond of
substrate. According to the model, the S1 pocket in MSP is
filled by interacting pair Glu®*® and Asn®®? leaving only a
shallow cavity for interaction with the substrate side chain. In
addition to a double mutant of the Glu/Asn pair (E648G/
N682G), we made a single mutant of Arg%®3 located at the
entrance to the S1 pocket. We mutated Arg®®? to Gln, which is
also hydrophilic and has side chain length comparable to that
of Arg. Thus mutation of Arg®®® to Gln was not expected to
affect the structure of the B chain. The fact that mutation of
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Arg®®3 alone completely abolished B8 chain binding to RON (Fig.

4A) suggests that this residue is directly involved in receptor
binding. Such a profound effect caused by a single site muta-
tion is not surprising in view of the fact that mutation of a
single residue of human growth hormone receptor (34) or HGF
a chain (see below) caused loss of binding to their respective
ligands. Binding of 8 chain mutant E648G/N682G is about 50
times less than the binding of B chain wild type. The dimin-
ished binding of the double mutant (E648G/N682G) suggests
that these residues are required to stabilize the B chain struc-
ture in this region. Our results show that the region corre-
sponding to an enzyme S1 site is essential for 8 chain binding
to RON. Other features affecting specificity of MSP-receptor
interactions may involve residues from loops 1-3 (shown in Fig.
2A), which influence substrate specificity and catalytic effi-
ciency of the trypsin-like serine proteases (26). It is noteworthy
that six Arg side chains from loops 2 and 3 form a prominent
cluster of positive charge on the MSP B chain surface in the
neighborhood of the S1 site.

We recently proposed that both HGF and MSP have two
receptor binding sites of different affinity, one on the a chain
and one on the B chain, and that Met and RON dimerization
can be induced by a single ligand molecule (27). The site on the
B chain becomes available for binding only after proteolytic
cleavage of the single chain precursors. For HGF, the high
affinity site is on the « chain and the postulated low affinity
site is on the B chain. The converse is the case for MSP.
Comparison of our model of the MSP B chain structure with
that of the HGF B chain shows that, in contrast to MSP, the
opening of the HGF S1 pocket is not blocked; and there are
differences in the surface loops, as described in the legend of
Fig. 2A. These differences in the S1 pocket and neighboring
surface loops could account for the inability of HGF to bind via
its B chain to RON (35).

This communication provides the first evidence that free
MSP « chain interacts with the RON receptor (Figs. 44, 5, and
6). We previously reported undetectable binding to RON-ex-
pressing cells by a !%5I-labeled aliquot of the same « chain
preparation used in the current study (24). We attribute this to
a lower sensitivity of the former method. After cells were equil-
ibrated with equimolar concentrations of free « and 8 chains,
bound « chain was less than 10% of bound B chain (determined
by densitometry of the blot shown in Fig. 4A4). The published
binding curves of iodinated MSP or B8 chain show that 10% of
the observed values would be indistinguishable from back-
ground (24). We quantified binding of MSP and its free « and B

Interaction of MSP with Its Receptor

Whole MSP

w« chain

MSP EC,, = 0.18+0.012 nM
B chain EC,, = 0.25+0.018 nM

achain EC,, = 16.940.99 nM

100 1000

Concentration (nM)

chains to recombinant RON adsorbed to microtiter wells. Re-
sults show that MSP has two binding sites with low (EC;, =
16.9 nM) and high (EC;, = 0.25 nMm) affinity, located in « and B
chains respectively.

Despite binding of free a chain or 8 chain to RON, neither
chain can replicate the action of the disulfide-linked het-
erodimer. Wang et al. (24) reported that whereas mature MSP
caused tyrosine phosphorylation of RON and a cellular biolog-
ical response, these effects were not induced by strongly bind-
ing free B chain or by « chain. In our case, the low level of «
chain binding to RON-expressing cells also did not induce RON
tyrosine phosphorylation (data not shown). How does af chain
MSP cause RON dimerization? The fact that the « chain and 3
chain are each capable of interacting with RON suggests that
MSP is bivalent, with a high affinity locus on the 8 chain and
a low affinity site on the « chain. The contribution of the «
chain to the binding strength of MSP to RON was suggested by
an MSP binding K, that was significantly lower than the K, for
free B chain (24). As noted above, we proposed that a RON
dimer could be formed by a single MSP molecule that could
bind to RON via the B chain, after which a second RON could
interact with the o« chain. The converse sequence was sug-
gested for HGF. This is the model that has been confirmed for
induction of receptor dimerization by growth hormone (36). The
finding that the a chain can bind to RON supports our proposed
model.
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