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ABSTRACT: Macrophage inhibitory cytokine-1 (MIC-1) is a divergent member of the transforming growth
factor-â (TGF-â) superfamily whose increased expression is associated with macrophage activation and
which is expressed highly in placenta as compared to other tissues. There are two known allelic forms of
human MIC-1 due an amino acid substitution at position 6 of the mature protein. We have raised four
monoclonal antibodies (MAbs) and one polyclonal antiserum to the mature protein region of human MIC-1
and have used an extensive panel of MIC-1 relatives, mutants, and chimeras to map their epitopes. None
of the MAbs were able to cross-react with either the murine homologue of MIC-1 or with hTGF-â1, and
all of the MAb epitopes were conformation-dependent. A distinct cross-reactivity pattern with the various
antigens was observed for each of the monoclonal and polyclonal antibodies suggesting the presence of
at least five immunogenic regions on the MIC-1 surface. One of the MAbs is directed against the amino
terminus of the protein and can distinguish between the two allelic forms of MIC-1. The epitopes for the
other three MAbs were located near the tips of the so-called “fingers” of the protein and appeared to be
partially overlapping as each involved amino acids in the region 24-37. In one case, it was possible to
mutate murine MIC-1 so that it could be recognized by one of the MAbs. Finally, the use of another
mutant in which Cys 77 was replaced by serine enabled confirmation of the location of the MIC-1 interchain
disulfide bond.

Macrophage inhibitory cytokine-1 (MIC-1)1 is a divergent
member of the transforming growth factor-â (TGF-â) su-
perfamily first cloned in this laboratory (1, 2). It has been
variously reported to inhibit TNF-alpha production from
lipopolysaccharide stimulated macrophages (1), induce car-
tilage formation and the early stages of endochonadal bone
formation, (3) and inhibit proliferation of primitive haemo-
poietic progenitors (4). A recent report suggested that MIC-1
can also suppress tumor cell growth in vitro (5). However,
very high concentrations of the protein were required to elicit
this latter effect, suggesting that this is not the primary role
of MIC-1 in vivo. Finally, the very high expression of the
protein in the placenta suggests that MIC-1 may be important
for placental function and/or fetal development.

As with all TGF-â superfamily members, MIC-1 is
synthesized with a long propeptide region (1). Following

processing of the protein at a furin-like cleavage site, the
mature protein is secreted as a disulfide-linked homodimer.
The mature protein subunits contain the conserved pattern
of seven cysteine residues which is a hallmark of TGF-â
superfamily proteins. In the members of this superfamily for
which a three-dimensional structure has been solved, six of
these cysteines form three intrachain disulfide bridges that
are arranged into a cystine-knot motif (6-11). An additional
pair of cysteine residues is found close to the amino-terminus
of the mature MIC-1 protein. In TGF-â1,2 and 3, the
corresponding residues form a fourth intrachain disulfide
bond that links the amino terminus to the core of the protein.

The three-dimensional structures have been determined for
the three mammalian isoforms of TGF-â (TGF-â1,2 and 3)
(6, 8, 9), two members of the bone morphogenetic subfamily
(BMP-2 and BMP-7) (7, 11) as well as for the more divergent
glial-derived neutrotropic factor (GDNF) (10). All have a
highly conserved subunit structure that has been described
as an outstretched hand with two slightly curled antiparallel
beta sheet “fingers” extending from an alpha helical “heel”
region (6). The strong conservation of the subunit structure
between family members, despite low sequence homology,
is illustrated in Figure 1.

A number of recent reports have made significant contri-
butions to the understanding of some of the structure-
function relationships for specific superfamily members. In
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particular, key receptor binding residues or regions have been
identified for TGF-â1 and TGF-â2 (12, 13), activin A (14),
and GDNF (15, 16). However, no systematic study mapping
the antigenic determinants on any superfamily member has
yet to appear. This is in part due to difficulties in raising
antibodies to superfamily members such as TGF-â which
have highly conserved protein sequences between species
and which also have immunosuppressive activity (17).

Most studies in which antibodies against TGF-â super-
family cytokines have been characterized have utilized anti-
peptide antibodies (5, 13, 18-24), although some anti-protein
monoclonal antibodies (MAbs) have also been described
(25-27). The majority of the above reports have concentrated
on determining the ability of the antiserum to neutralize
biological activity of a particular cytokine or the suitability
of the antiserum for use in cytokine-specific assays. There
are very few reports in which epitope specificities for MAbs
raised against whole TGF-â-superfamily proteins have been
determined (28) or attempted to be determined (25). In the
present paper, we have undertaken a study directed at gaining
an insight into the immunogenicity of aΤGF-â superfamily
protein by mapping the epitopes for four MAbs that we have
raised against the human MIC-1 mature protein. This is the
first study in which the surface structure of MIC-1 has been
systematically examined. The results suggest that major
regions of immunogenicity on MIC-1 coincide with known
receptor binding sites on other TGF-â superfamily cytokines.

EXPERIMENTAL PROCEDURES

Cell Culture.Chinese hamster ovary cells (CHO-K1) were
maintained as recommended by the American Type Culture
Collection in DMEM/F12 medium supplemented with 5%
(v/v) fetal bovine serum (FBS). For collection of conditioned
medium for immunoprecipitation and Western blotting
experiments, transfected cells were cultured in the absence
of FBS (see below).

Antibodies.Monoclonal antibody secreting hybridomas 13,
26, 10, and 14 were raised by immunization of BALB/c mice
with recombinant human MIC-1 that was produced inPichia
pastoris as described previously (29). Hybridomas were

cultured in DMEM (Gibco BRL) medium containing 4.5 g/L
D-glucose, 110 mg/L sodium pyruvate, 0.584 g/lLL-
glutamine, and 4 mg/L pyridoxine hydrochloride and supple-
mented with 20% (v/v) FBS (CSL Melbourne). For MAb
collection, the hybridomas were transferred into fresh
DMEM-hi glucose supplemented with Nutridoma-SR (Boeh-
ringer Mannheim) for 7 days. The culture supernatants were
centrifuged at 2000 rpm for 10 min to remove cell debris
then frozen until used. The polyclonal antiserum 233 was
raised in sheep by immunization with the same recombinant
protein. The particular antiserum used in this study was
obtained following the fourth monthly bleed. Anti-FLAG M2
antibody coupled to agarose used in immunoprecipitations
was purchased from Sigma.

Radio-Immuno Assay.The radio-immuno assay (RIA) was
performed as described previously (29) and involved com-
petition between radio-phosphorylated hMIC-1 and increas-
ing concentrations of unlabeled recombinant hMIC-1 with
each antibody. The MAb supernatant dilutions used were
MAb 26: 1:800; MAb 13: 1:300; MAb 14: 1:40; MAb 10:
1:30. Polyclonal antibody 233 was used at a 1:200 000
dilution.

Preparation of cDNA Constructs.The method for the
preparation of the base FLAG-tagged MIC-1 constructs has
been described previously (1). A FLAG-taggedΤGF-â1
construct was also made using a similar method. In each
case, the FLAG epitope was engineered onto the amino
terminus of the mature peptide of all constructs (i.e., inserted
immediately after the furin-like cleavage sequence of propep-
tide region) to facilitate immunoprecipitation of the secreted
proteins. A uniqueEcoRI restriction site was also added
immediately before the FLAG epitope to enable subcloning
between vectors. The relevant constructs were either cloned
into the pOCUS-2 vector (Novagen) for the construction of
the chimeras or the pIRES2-EGFP vector (Clontech) for
transfection into CHO cells.

Most of the chimeric constructs were made using a whole
plasmid PCR technique similar to that described by Fisher
and Pei (30) but without theDpnI digestion step which was
found to be unnecessary. Forward and reverse primers were
phosphorylated using T4 polynucleotide kinase (Boehringer
Mannheim) before use in PCR. In the case of the human
MIC-1/human TGF-â1 (hMIC-1 mature peptide with intro-
duced hTGF-â1 sequences), human MIC-1/murine MIC-1
(hMIC-1 mature peptide with introduced mMIC-1 sequences)
or murine MIC-1/human MIC-1 (mMIC-1 mature peptide
with introduced hMIC-1 sequences) chimeras, the primers
were designed with 3′ sequences complementary to h/mMIC-1
sequences with which to anneal to the template followed by
additional bases coding for the sequences that were to be
introduced into the construct (see Table 1 for all oligonucle-
otide sequences). Generally, half of each sequence region
to be interchanged for the corresponding TGFâ1/mMIC-1/
hMIC-1 sequence was encoded on each (i.e., forward and
reverse) primer. The primers used were as follows: hMIC-
1/hTGF-â1 site 2: primers 4 and 5; site 3: primers 6 and 7;
site 4: primers 8 and 9; site 5: primers 10 and 11; hMIC-
1/mMIC-1 site 5: primers 12 and 13; mMIC-1/hMIC-1 site
1: primers 14 and 15; site 5: primers 16 and 17. For the
hMIC-1/hTGF-â1 site 2, site 3, and site 5 chimeras with the
Cys 77 to Ser mutation, primers 20 and 21 were used on the
hMIC-1/hTGF-â1 site 2, 3, and 5 chimera templates in the

FIGURE 1: Conservation of TGF-â superfamily subunit structure.
The three-dimensional carbon backbone structures for (top) BMP-7
(derived from PDB file 1 BMP) and (bottom) hTGF-â1 (PDB file
1KLA) show strong conservation of overall structure despite low
sequence identity (26%). Figure was created using the Swiss PDB
viewer program.

66 Biochemistry, Vol. 40, No. 1, 2001 Fairlie et al.



pOCUS-2 vector. Following PCR and agarose gel purifica-
tion, the linearized plasmids were recircularized using T4
ligase (Boehringer Mannheim) then transformed inE. coli.
Plasmid DNA derived from individual colonies was bidi-
rectionally sequenced to confirm that the correct insert had
been created. TheEcoRI/SacII fragment from wild-type
MIC-1 in the pIRES2-EGFP vector was then replaced with
the same fragment from the each of the mutated constructs
in the pOCUS-2 vector.

The only chimeric constructs not made using the above
technique were the hMIC-1/TGFâ1 site 1 chimera and the
mMIC-1/hMIC-1 site 1 chimera. Both of these were made
by direct PCR of mature wild-type MIC-1 insert in pIRES-
2-EGFP. In the case of the MIC/TGFâ chimera, two
successive rounds of PCR were performed with the common
reverse primer 2. In the first round of PCR, the forward
primer was primer 1. The product of this PCR was then
amplified using primer 2 as the forward primer. For the
mMIC-1/hMIC-1 site 1 chimera, the forward primer was
primer 14, and the reverse primer was primer 15. TheBssHII/
SacII fragment of the pIRES2-EGFP vector containing wt
MIC-1 was then replaced with the above PCR products
digested with the same enzymes.

The two constructs with point mutations, hMIC-1(C77S)
(hMIC-1 with Cys 77 substituted for Ser) and hMIC-1 (H6D)
(human MIC-1 with His 6 substituted for Asp) were both
made using the Altered Site II mutagenesis kit (Promega)
which was performed essentially as per the manufacturer’s
instructions using the mutagenenic oligonucleotides 18 and
19, respectively.

Transfections.Transient transfections were performed in
CHO-K1 cells grown in 6-well plates to 60-80% confluence
using lipofectamine (Gibco BRL) as per the manufacturer’s
instructions. After overnight incubation at 37°C, the cells
were washed with DMEM/F12 medium containing 5%
(v/v) FBS and incubated for 6 h at 37 °C in the same
medium. Cells were washed with serum-free medium and
then maintained in 1 mL of the same medium for a further

48 h before collection for immunoprecipitation and Western
blot analysis. Transfection efficiency was monitored using
a fluorescent microscope that could detect the enhanced green
fluorescent protein, a product of the pIRES2-EGFP vector,
and was routinely in the order of 60-80%. Comparison
between supernatants was only made from wells in which
the cells were transfected to approximately the same degree.

Immunoprecipitation, SDS-PAGE, and Western Blotting.
Immunoprecipitation of the FLAG-tagged proteins in the
conditioned medium was performed by addition of 10µL
of agarose beads coated with the anti-FLAG antibody, then
overnight incubation at 4°C. The bound proteins were then
washed three times with phosphate-buffered saline and eluted
by heating at 95°C for 5 min in SDS-PAGE sample buffer
with (reducing) or without (nonreducing) 2-mercaptoethanol.

Western blot analysis was performed as described previ-
ously (1). Membranes were probed with either the sheep anti-
MIC-1 polyclonal antiserum 233 (diluted 1:7000) or the
murine MAb culture supernatants [diluted 1:1 with phosphate-
buffed saline containing 2% (w/v) bovine serum albumin
and 0.1% (v/v) Tween-20] followed by either biotinylated
anti-sheep (1:1000) (Sigma) or anti-mouse antiserum (1:
1000) (Amersham), respectively. Blots were then visualized
on film after treatment with strepavidin-horseradish peroxi-
dase conjugate (Amersham) and chemiluminescence reagents
(NEN).

RESULTS AND DISCUSSION

Construct Design and Analysis Rationale.In this study,
we have aimed to map the epitopes for four monoclonal
antibodies and one polyclonal antiserum, all of which were
raised against recombinant human MIC-1. The specificity
of each antibody was determined by Western blot analysis
using a panel of antigens including hMIC-1, mMIC-1, hTGF-
â1, as well as hMIC-1/hTGF-â1, hMIC-1/mMIC-1, and
mMIC-1/hMIC-1 chimeras. The rationale behind the use of
chimeras was based upon the very strong conservation of

Table 1: Oligonucleotide Sequences for Primers Used in PCRs for the Creation of the Various Constructsa

primer no. oligonucleotide sequence

1 GCTTCAGCTCCACGGAGAAGAAC TGCTGCCGTCTG(F)
2 GCATATGCGCGCGACACCAACTACTGCTTCAGCTCC (F)
3 ACGATAGATCTCCGCGGTCATATGCAGTGGCAGTC (R)
4 AAGTGGATCCACGAGCCCAAG GAGGTGCAAGTGACC (F)
5 CCAGCCGAGGTCCTTGCGGAA CGACGCGCGGACCG (R)
6 TGGCCCTGTACAACCAGCAT AAGCCCGACACGGTGCC(F)
7 GGACCTTGCTGTACTGCGT TGCCGCCCGGAACTGGC(R)
8 GCGCCTCGCCAGCGCCCTGCTGCGTG(F)
9 CCGGGTTCAGGCGGTGCAGGCTCGTC(R)

10 CAAGCCCAAG GTCCAGACCTATG (F)
11 CGGCCCACGTA TTGAATGAGCACC (R)
12 GACCGACAGTGGGGTGTCGCTCCAGACC(F)
13 CTGTGAATGAGCACCATGGGATTGTAGC(R)
14 NNNNNNGCGCGCAACGGGGACCAC TGCCCACTGGGTCCGG(F)
15 CGGGGATCCGGCGGCCGCTCAAGCGCAGTGGC(R)
16 GACAGACACCGGTGTGTCACTGCAGACTTATG(F)
17 TTTTG AATAAGAACCACCGGGGTGTAGCTGG (R)
18 CCAGCGCCCTCCTGCGTGCCC
19 AACGGGGACGACTGTCCGCTC
20 CTGCGTGCCCGCCAGCTACAATCCCA
21 GAGGGCGCTGGCACCGTGTCGGGCTT

a The (F) and (R) after each sequence indicates whether the primer used is a forward or reverse primer, respectively. The bold lettering indicates
bases substituted in the construction of chimeras or mutants. Underlined bases indicate restriction sites used or added for cloning. Italicized letters
represent additional sequences added to the primer to ensure efficient restriction enzyme digestion.

MIC-1 Epitope Mapping Biochemistry, Vol. 40, No. 1, 200167



the three-dimensional structure of TGF-â superfamily pro-
teins despite relatively low sequence homology (6-11). For
example, hTGF-â1 and BMP-7 are only 26% identical, yet
they have a remarkably similar three-dimensional structures
(Figure 1). Therefore, it was anticipated that primary
structural changes could be made that would allow the
epitopes to be mapped while also maintaining the conforma-
tion of the molecules so that they would fold correctly and
be secreted.

In the case of the MIC-1/TGF-â chimeras, five distinct
regions of MIC-1 were replaced with the corresponding
region of hTGF-â1. Site 2 (residues 24-37) and site 5
(residues 91-98) correspond to surface-exposed loop regions
of TGF-â1 and form the tips of the so-called “fingers” (see
Figure 2 for sequences of each region and Figure 5, panel a,
for relative location of each region on TGF-â). Site 1
(residues 1-13) corresponds to the amino terminus, which
in TGF-â1 forms a short, mostly surface-exposedR-helix.
Site 3 (residues 56-68) corresponds to the majorR-helix in
TGF-â, the inner surface of which is buried in the dimer
interface while the outer surface is predominantly surface
exposed. The site 3R-helix terminates in a type IIâ-turn
(residues 69-73) which corresponds to site 4. In the mMIC-
1/hMIC-1 chimeras, part of site 1 (residues 2-6) and site 5
(plus residue H90) of mMIC-1 were replaced with the
corresponding region of hMIC-1 while another construct was
made with site 5 (plus residue Q90) of hMIC-1 replaced with
the corresponding region of mMIC-1. These murine/human
constructs were made to further refine the epitope structures.

To determine whether the epitopes were linear or confor-
mationally dependent, MIC-1 in which the disulfide bonds
had been reduced was used. In addition, a construct was made
in which the cysteine residue, Cys 77, predicted to form an
interchain disulfide bond was mutated to a serine, thereby
preventing dimer formation. This made it possible to
determine if any epitopes extended across both subunits
within the MIC-1 dimer, or whether the conformation of the
protein/epitopes changed upon dimerization.

Finally, two alleles for MIC-1 have been reported that are
polymorphic at position 6 of the mature peptide region
(4, 31). In one case, the amino acid residue at this position
is histidine, while in the other allele it is aspartic acid. This
substitution occurs within site 1 described above. We initially
identified a number of clones in a fetal lung cDNA library
with both sequences. Subsequently numerous other cDNA
clones with the same variable sequence (and derived from
various tissues types) have been deposited in the Expressed

Sequence Tag database. We therefore wished to determine
whether any of the antibodies were allele-specific.

General Characteristics of the Antibodies.Initially, the
relative affinity of each antibody for hMIC-1 (which was
used as the immunogen) was examined by competitive RIA
(Figure 3). It was found that the polyclonal antiserum had
the highest affinity for hMIC-1 as judged by its ED50 (2.5
× 10-10 M) while MAbs 26 and 13 had the highest affinities
of the monoclonal antibodies with ED50’s in the range 1.3-
2.5 × 10-9 M, respectively. MAbs 10 and 14 bound with
about 10-fold less affinity with ED50’s in the range 1.0-
4.0 × 10-8 M.

For every MIC-1-based construct tested in the Western
blots, at least one antibody recognized a protein of the correct
molecular weight for the FLAG-tagged MIC-1 (monomeric
molecular mass approximately 15 kDa or dimeric molecular
mass 30 kDa) (Figure 4, rows a-m). This indicates that all
of the mutant proteins were secreted and could be immu-
noprecipitated with the anti-FLAG coupled agarose. In some
cases, a doublet is observed for the 30-kDa dimer. We believe
that the generally minor upper band represents mature MIC-1
produced as a result of cleavage at an alternative furin-like
recognition site located several amino acids upstream of the
major cleavage site (32). No proteins were recognized from

FIGURE 2: Sequence alignment of hMIC-1, mMIC-1, and hTGF-â1 mature peptides. Boxed regions indicate the five sites replaced in
hMIC-1 with either hTGF-â1 or mMIC-1 sequences. The extended box at the amino terminal end of site 5 indicates the extra residue
replaced in the hMIC-1/mMIC-1 and mMIC-1/hMIC site 5 chimeras.

FIGURE 3: MIC-1 radioimmunoassay.32P-MIC-1 and varying
concentrations of unlabeled MIC-1 were incubated with antibodies
and immune complexes isolated with Protein G-sepharose. Anti-
bodies used were polyclonal anti-MIC-1 antiserum 233 (b), MAb
26 (9), MAb 13 (2), MAb 14 (O), MAb10 (0). Points are the
mean of duplicate determinations in at least two separate assays.
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the supernatant of cells transfected with the vector only
(Figure 4, row o). The only protein not recognized by any
antibody was TGF-â1 (Figure 4, row n), although subsequent
probing of the blots with anti-FLAG antibody demonstrated
that the protein was secreted (data not shown). Therefore,
none of the epitopes for the five antibodies are conserved
between hTGF-â1 and hMIC-1, which is not surprising
considering the relatively low sequence homology (19%
across the seven-cysteine “cystine-knot” domain). Somewhat
more surprising however was the fact that none of the
monoclonal antibodies recognized the murine MIC-1 protein,
and the polyclonal antisera did so only relatively poorly
(Figure 4, row j). Human and murine MIC-1 mature regions
are 67% identical; therefore, many of the evolutionary amino
acid changes have probably occurred in the surface-exposed
regions that form the epitopes for the antibodies tested. As
antibody epitopes frequently correspond to, or overlap with,
receptor binding regions, it will be of interest to examine
the receptor specificities and affinities of the murine and
human MIC-1 molecules once a suitable assay is available.

Only the polyclonal antibody recognized the reduced
protein (Figure 4, row c). This indicates that the epitopes
recognized by the monoclonal antibodies are all conforma-
tion-dependent, while the polyclonal sera contains antibodies
that can also recognize linear epitopes. This is discussed
further below. The fact that the construct in which Cys 77
was mutated to a Ser residue was secreted as a 15-kDa
protein and which was recognized by all antibodies (Figure
4, row b) strongly supports the prediction that this cysteine
residue in MIC-1 forms an interchain disulfide bridge, as
does the corresponding cysteine residue in TGF-â1,2,3,
activin, and BMP2 and 7.

MAb 13. Monoclonal antibody 13 (in conjunction with
PAb 233) is currently being used successfully by us in a
sandwich ELISA for the detection of MIC-1 in human serum,
conditioned medium, and amniotic fluid (unpublished re-
sults). In this assay, MAb 13 is used as the capture antibody
and PAb 233 is the detection antibody. The results of the
present study have enabled us to localize the epitope and to
define at least one key amino acid. All MIC-1/TGF-â1
chimeras were recognized by MAb 13 with the exception
of the MIC-1/TGF-â1 site 1 chimera (Figure 4, rows d-h).
From this result, we can conclude that the MAb 13 epitope
does not involve amino acids from sites 2-5 (i.e., residues
24-37, 56-68, 69-73, 91-98); however, it does involve
amino acids at the amino terminus (residues 1-13) of the
mature protein that were replaced in the site 1 chimera.
Consistent with this result is the observation that the antibody
does not recognize the construct in which histidine 6 was
changed to an aspartic acid (Figure 4, row i). This demon-
strates that MAb 13 can differentiate between the two
allelic forms of MIC-1 described above and therefore will
be a useful reagent for the analysis of these forms of MIC-
1.

Human and murine MIC-1 vary in the amino terminal 13
residues only at positions 2, 3, 4, and 6. As MAb 13 was
unable to recognize the murine MIC-1 construct in which
residues 2-6 were replaced with the corresponding human
sequence (Figure 4, row l), we can conclude that additional
residues outside of the amino terminus which differ between
the human and mouse proteins are possibly also involved.
Furthermore, this epitope (which is conformation-dependent)
is probably stabilized by the (noncystine-knot) disulfide bond
between residues Cys7-Cys16. In TGF-â, this disulfide bond
anchors the amino terminus to the protein core. The very
strong recognition of the Cys 77 to Ser “monomer” mutant
indicates that the conformation of this region is unchanged
by the association of the subunits.

The above results are consistent with the relative spatial
arrangement of the regions examined if it is assumed that
MIC-1 will adopt a three-dimensional structure similar to
that of the other superfamily members for which the
structures have been solved. This is illustrated in Figure 5
where it can be seen that the location of the amino terminus
and hence the MAb 13 epitope is remote or distinct from
the other sites which, when altered, had no effect of antibody
binding.

Previous studies have shown that antibodies raised against
synthetic peptides corresponding to the amino terminus of
TGF-â2 (22) and the inhibinR (23, 33) were able neutralize
the biological activity of these proteins in various in vitro
and in vivo assays. It will therefore be of interest to determine

FIGURE 4: Analysis of MAb specificities. Immunoprecipitated wild-
type or mutant MIC-1 and TGFâ proteins were electrophoresed
under reducing or nonreducing conditions and then blotted onto
nitrocellulose. Blots were probed with either polyclonal antiserum
(diluted 1:7000) or MAbs (diluted 1:1) as indicated. Protein loads
were identical for PAb 233, MAb 13, and MAb 26. Twice as much
protein was loaded for MAb 14 and MAb 10. The markers indicate
the migration position for the MIC-1 dimer and monomer.
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whether MAb 13 is similarly immunoneutralizing when a
suitable assay for MIC-1 is established.

MAb 26. The specificity of MAb 26 appears to differ
significantly from that of MAb 13 based upon its cross-
reactivity with the various MIC-1/TGF-â chimeras. This
antibody was able to bind to the site 1 and site 4 chimeras
(Figure 4, rows d and g) but not to the site 2, 3, or 5 chimeras
(Figure 4, rows e, f, and h). Furthermore, only relatively weak
recognition was observed when site 5 of hMIC-1 was
replaced with the corresponding murine sequence (Figure
4, row k), but no binding was observed for the mMIC-1/
hMIC-1 site 5 chimera (Figure 4, row m). From these
combined results, we can conclude that the epitope does not
involve residues 1-13 or 69-73 but does involve residues
within the regions 24-37, 56-68, and 91-98.

Because of the disparate location of these three regions
within the MIC-1 primary sequence, the conformational
dependence of this epitope becomes obvious. Examination
of the TGF-â1 three-dimensional structure demonstrates the
relative proximity of residues 24-37 (site 2) and 91-98 (site
5) (Figure 5, panel b). These regions, which are located on
the tips of the two so-called “fingers”, are directly adjacent,
and therefore it is not surprising that amino acids from both

sites could contribute to the epitope. The lack of involvement
of residues 1-13 and 69-73 is also consistent with their
location remote from fingertips (Figure 5, panel b). However,
residues 56-68, which form the majorR-helix within the
protein and also appear to be involved in the epitope, are
located at the opposite “end” of the monomer to the
fingertips. Therefore, it is unlikely that the MAb would cross-
react to any degree with the monomer, as it does, if these
residues directly contributed to the epitope. It is only in the
dimer that theR-helix from one subunit becomes positioned
directly adjacent to the “fingertips” on other subunit, and
the dimer interface is made up predominantly of hydrophobic
residues from theR-helix of one subunit and the fingers of
the other subunit (8). We therefore propose two hypoth-
eses: either that in the site 3 chimera dimer, residues replaced
in the helix from one subunit interfere, perhaps sterically or
electrostatically, with the antigen-antibody interaction in-
volving the nearby “fingertip” region on the opposite subunit.
Alternatively, the replacement of the MIC-1R-helix with
the corresponding TGF-â1 R-helix disrupts the epitope by
altering the arrangement of theâ-sheets which form the
“fingers”, hence altering the relative positions of the “fin-
gertips”.

FIGURE 5: MAb specificities in relation to the TGF-â1 three-dimensional structure. The epitopes for the MAbs were mapped onto the
three-dimensional structure of TGF-â1 as determined by nuclear magnetic resonance spectroscopy (coordinates derived from the PDB file:
1KLA). Residues in yellow indicate those in MIC-1 which when replaced with the corresponding residues in TGF-â1 abolished binding of
the indicated MAb. The residues in blue indicate regions in which MAb binding was unaffected by replacement with the corresponding
TGF-â1 residues. The first panel for each antibody represents the carbon backbone for the TGF-â1 monomer; the second panel is a “front-
on” view spacefill model of the TGFâ1 dimer, and the third panel is the “top-down” view. Models were generated using the Swiss PDB
viewer program. Note that for MAb 26, site 3 is indicated in blue in the monomer and yellow in the dimer reflecting the different behavior
of the monomeric and dimeric site 3 chimeras with this antibody.
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Of these two possibilities for the result involving the MIC-
1/TGF-â1 site 3 chimera, the first option was most readily
investigated. To achieve this, we reconstructed the site 3
chimera with a mutation of Cys 77 to Ser, which resulted in
the expression of the monomeric chimera. This site 3 chimera
was now recognized by MAb 26 (Figure 6) suggesting that
in the dimer, the replacement of theR-helix results in an
indirect effect on the epitope located nearby at the fingertips,
as suggested in the first hypothesis above. The recognition,
however, was also relatively weaker than for the PAb with
the same construct indicating that other factors, such as those
described in the second hypothesis, may also apply but to a
lesser extent. Two other monomeric chimeras (MIC-1/TGFâ1
site 2 and site 5), behaved the same in the monomer as in
the dimer, i.e., they did not cross-react (Figure 6).

Amino acid residues from the regions corresponding to
both site 2 and site 5 have been shown using site-directed
mutagenesis strategies to be important in receptor binding
of TGF-â (12) and activin A (14) as well as GDNF (15). In
addition, antibodies raised against synthetic peptides that
encompass the region corresponding to site 5 in TGF-â1 have
been found to be immunoneutralizing both in vitro and in
vivo (18, 24). MAb 26 therefore also has the potential to be
useful for the modulation of the activity of MIC-1.

MAb 14. The cross-reactivity pattern of MAb 14 was
similar to that of MAb 26 in that it was able to recognize
the MIC-1/TGF-â site 1 and site 4 chimeras (Figure 4, rows
d and g) and failed to recognize both the site 2 and site 5
chimeras (Figure 4e, h), suggesting an involvement of
residues in the regions 24-37 and 91-98 on the “fingertips”
of the molecule. However, the MAb 14 cross-reactivity
pattern was quite different to that of MAb 26 in that it was
also able to recognize the MIC-1/TGF-â site 3 chimera
(Figure 4, row f) in the dimeric molecule (MAb 26 only
recognized the monomeric MIC-1/ΤGF-â1 site 3 chimera).
This result therefore indicates a subtly distinct epitope
specificity.

Strong evidence for the location of the MAb 14 epitope
is provided by the hMIC-1/mMIC-1 (90-98) chimera that
was not recognized by this antibody (unlike MAb 26) (Figure
4, row k). The murine and human proteins differ only by
three residues in this region (hQ90mH, hK91mR, hT94mS)
(Figure 2); therefore, at least one of these residues appears
to be critical. More compelling, however, is the fact that it
was possible to engineer mMIC-1 so that it could be
recognized by MAb 14 by replacement of the same three

amino acids with the corresponding human residues (Figure
4, row m). In this context, it should be noted that site 2 differs
by only one amino acid (hA30mS) between human and
murine MIC-1. Together these results indicate that the MAb
14 epitope is most probably dominantly centered on the
region corresponding to site 5 (fingertip 2) (Figure 5, panel
d). A recent study using an anti-peptide antibody raised to a
synthetic peptide that encompasses this fingertip region of
MIC-1 has been shown to block the ability of MIC-1 to
inhibit MvILu mink lung cell growth (5). However, the
concentration of MIC-1 (0.8µg/mL) required was so high
as compared to the concentration of TGF-â (20-50 pg/mL)
typically used to induce the same effect that the biological
relevance of this result is questionable.

MAb 10. As with MAb 26 and MAb 14, MAb 10 also
recognized the MIC-1/TGF-â site 1 and 4 chimeras (Figure
4, rows d and g) and failed to bind the site 2 chimera (Figure
4, row e). MAb 10, however, was unlike those other
antibodies in that it also recognized the site 5 chimera (Figure
4, row h) but failed to bind the site 3 chimera (Figure 4,
row f). It therefore appears that this MAb has a distinct
epitope specificity to the previous MAbs described. The
cross-reactivity pattern observed with these chimeras suggests
that the epitope involves amino acids in the regions 24-37
and 56-68. As discussed above for MAb 26, these regions
are located quite distant to one another in the monomer
(Figure 5, panel c); therefore, it is unlikely that the MAb
would bind to the hMIC-1(C77S) monomer mutant to the
extent that it does if there was a direct contribution of amino
acids from both sites. The reasons for the lack of binding
observed for MAb 26 to the same chimeras therefore possibly
also apply for MAb 10, and therefore the cross-reactivity of
MAb 10 with the MIC-1/TGF-â1 site 3 monomeric (C77S)
chimera was also examined. The results demonstrate that,
unlike MAb 26, MAb 10 was still unable to recognize the
site 3 chimera in the monomeric form (Figure 6). Its
recognition pattern for the site 2 and site 5 monomeric
chimeras, however, was the same as in the dimeric form of
these proteins (Figure 6). Therefore, we hypothesise that
replacement of theR-helix disrupts the MAb 10 epitope in
the distant “fingertip” (residues 24-37) by altering the
arrangement of theâ-sheets that emerge from either end of
the helix and which form the “fingers”. While this hypothesis
is difficult to test, it may be relevant that it has been
previously noted that the angle between theR-helix axes in
the dimer, as defined by Griffith et al. (7), is specific for
different subgroups within the superfamily. For example, the
BMPs have an interhelical angle of about 48° while in the
TGF-â’s, it is 37° (11). While the significance of this
difference is still unknown, our results demonstrate that the
introduction of a “foreign” R-helix (i.e., a helix from a
different superfamily subgroup) can have a wide ranging
effect across the molecule. Furthermore, this effect appears
to be more significant in relation to the MAb 10 epitope
which involves only the fingertip corresponding to site 2 as
compared to the MAb 26 epitope that involves both the site
2 and site 5 fingertips.

Polyclonal Antisera.The polyclonal antiserum was capable
of recognizing all of the human MIC-1 mutant constructs
(Figure 4, rows d-h and k-m) as well as the reduced protein
(Figure 4, row c). This demonstrates that more epitopes exist
on MIC-1 than those recognized by the four monoclonal

FIGURE 6: Cross-reactivity of MAb 26, MAb 10, and PAb 233
with monomeric chimeras. The wildtype MIC-1 (lane 1) and site 2
(lane 2), site 3 (lane 3), and site 5 (lane 4) chimeras were constructed
with a mutation of Cys 77 to Ser resulting in the expression of the
monomeric form of the molecules. Immunoprecipitated proteins
were electrophoresed under nonreducing conditions and then probed
with either MAb 26, Mab 10, or PAb 233. Antibody dilutions and
protein loads are exactly as described in the legend for Figure 4.
The bands shown migrated with an apparent molecular mass
consistent with that of monomeric FLAG-tagged MIC-1 (15 kDa).
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antibodies that we have generated and characterized above.
At least one of these additional epitopes is probably a linear
epitope on the basis of the strong cross-reactivity observed
with the reduced protein. The relatively strong recognition
of all of the mutant constructs by the polyclonal antiserum
suggests that there was probably not one epitope that was
dominant in generating this particular immune response.

Conclusions.The combined results of this study represent
the most thorough epitope mapping study performed on any
TGF-â superfamily member to date. There is evidence for
the presence of at least five distinct epitope specificities on
the surface of MIC-1. At least three of these appear to be
partially overlapping because replacement of residues 24-
37 affected the binding of all of the MAbs except MAb 13,
suggesting that this may be an immunodominant region on
MIC-1. It is noteworthy that a previous comprehensive
epitope mapping study of the human chorionic gonadotrophin
(hCG) R- and â-subunits, which both have cystine knot
structures and are approximately the same size as the MIC-
1, revealed a similar number of epitopes per subunit (34).
Significantly, the major immunogenic regions of hCG were
located at the tips of the loops of the subunits that are
analogous to the “fingers” of MIC-1 on which the majority
of the epitopes studied are located. As data from a number
of studies has demonstrated that many of the critical residues
for receptor binding of TGF-â superfamily proteins are also
located on the fingers regions of the protein (12, 14-16), it
appears that these regions are the major site of molecular
recognition/interaction. In this context, the results involving
the effect of replacement of the majorR-helix in MIC-1 on
the epitopes for MAb 26 and MAb 10 were particularly
interesting, as they suggest that the orientation or arrangement
of the fingertip regions is influenced by the nature of the
helix itself. The differences previously observed in inter-
helical angles for the various superfamily subgroups (see
above), therefore, may be an important indirect factor for
determining cytokine specificity.

This laboratory is currently investigating the clinical
relevance of MIC-1 which requires the use of sensitive and
specific immunoassays. The results of the present study,
however, have highlighted at least one important factor that
must be considered in the development of further assays,
namely, that some MAbs may be allele-specific, as MAb
13 was shown to be. This has obvious consequences when,
for example, the concentration of MIC-1 in various samples
is estimated. Finally, one of the important clinical applica-
tions of immunochemical mapping is that it provides a basis
for comparison and standardization of results derived from
immunoassays between laboratories. As the panel of antigens
used in this study readily enabled us to discern each of our
four MAb specificities, it should also prove to be useful for
the comparison of MIC-1 MAb specificities used in other
laboratories, as well as to potentially identify new specifici-
ties if and when other MAbs are produced.
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