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Human melanoma inhibitory protein binds to the FN12-14 Hep Il domain

of fibronectin
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The heparin binding site (Hep II) of fibronectin plays a major role in tumor cell metastasis. Its
interaction with heparan sulfate proteoglycans occurs in a variety of physiological processes
including focal adhesion and migration. The melanoma inhibitory activity (MIA) is an important
protein that is functionally involved in melanoma development, progression, and tumor cell
invasion. After its secretion by malignant melanoma cells, MIA interacts with fibronectin and
thereby actively facilitates focal cell detachment from surrounding structures and strongly
promotes tumor cell invasion and the formation of metastases. In this report, the authors have
determined the molecular basis of the interaction of MIA with the Hep II domain of fibronectin
based on nuclear magnetic resonance spectroscopic binding assays. The authors have identified the
type III modules 12 to 14 of fibronectin’s Hep II as the major MIA binding sites. These results now
provide a new target protein—protein binding interface for the discovery of novel antimetastatic
agents against malignant melanoma in the future. © 2017 American Vacuum Society. [http://

dx.doi.org/10.1116/1.4984008]

I. INTRODUCTION

The melanoma inhibitory activity (MIA) protein belongs
to a family of non-cytosolic proteins that consists of MIA,
OTOR/FDP, MIA-2, and TANGO [MIA-3, which bear four
highly conserved cysteine-residues'™ (Fig. 1)]. The 12kDa
MIA protein is secreted into the extracellular spaces and har-
bors an SH3 domain, an abundant cytoplasmic protein mod-
ule known to interact with proline-rich motif found in SH2
domains (Fig. 1).*® MIA is highly expressed and secreted
by melanoma cells after their malignant transformation." As
a matter of fact, not only neoplastic tissues, such as malig-
nant melanomas and chondrosarcomas, express MIA, but
also non-neoplastic cartilage tissues." Both in vitro and
in vivo data suggest an important functional role for MIA in
melanoma metastasis and invasion.' In contrast to other SH3
domains, MIA is not capable of binding to proline-rich pep-
tide ligands* but rather interacts with extracellular matrix
molecules, such as laminin, tenascin, and fibronectin (FN).
Through these interactions, MIA prevents cells from effi-
ciently attaching to components of the extracellular matrix.*
Consequently, elevated levels of secreted MIA strongly
boost tumor cell invasion that finally causes metastases in
malignant melanoma.’

SH3 domains are abundant non-catalytic protein modules,
which are structurally and functionally central to numerous
intracellular signaling processes mediated by kinases, lipases,
GTPases, adapter proteins, structural proteins, and viral regu-
latory proteins.'®'> SH3 domains consist of 55-70 amino
acids and adopt a compact fold of antiparallel three-stranded
[3-sheets.16’17 Over the last decades, numerous studies
revealed that SH3 domains participate in protein—protein
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interactions through binding to proline-rich peptide sequences
located in SH2 domains (Ref. 13 and references therein).
More extensive structural studies of the SH3 domain bound to
proline-rich peptide ligands revealed that the hydrophobic,
relatively shallow binding site consists of highly conserved
aromatic amino side chains.'® Characteristic structural fea-
tures of all SH3 domains are the RT-loop and n-Src loop (that
confine the binding site), the distal hairpin (that can vary in its
length), and sometimes a ﬁI-turn.10’14’15’18’19 In addition to
these structural elements, the extracellular MIA carries unique
N- and C-terminal extensions and two conserved disulfide
bonds.*®

Fibronectin is a multimodular glycoprotein in extracellu-
lar matrix that is essential to many cellular processes such as
adhesion and migration of cells, their proliferation and dif-
ferentiation, as well as the organization of the cytoskeleton,
and it is involved in fundamental and important processes,
like embryogenesis, wound healing, and tumor metastasis.*’
Fibronectin ubiquitously occurs in connective tissue, at cel-
lular surfaces, in plasma, and in body fluids—either in an
insoluble or a soluble form.?'>* In plasma, the soluble form
of fibronectin is secreted from hepatocytes, which modulates
blood clotting, wound healing, and phagocytosis. In the
extracellular matrix, however, fibronectin adopts an insolu-
ble state, after it has been secreted from fibroblasts, chon-
driocytes, and endo- as well as epithelial cells to create a
network of fibrils that contributes to and even modulates tis-
sue structure.”

In the extracellular matrix, fibronectin occurs as a hetero-
dimeric protein, which consists of two similar 250 kDa subu-
nits that are cross-linked via two disulfide bonds at their
carboxy-termini. Each subunit consists of several indepen-
dently folded homologous type I, II, and III modules, which
are separated by linker sequences like pearls on a string.?’
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FiG. 1. Sequence alignment of MIA, FDP, MIA-2, and TANGO. Conserved amino acids are highlighted according to Clustal Omega (www.ebi.ac.uk/Tools/msa/
clustalo/): (*)/green—fully conserved residues; (:)/yellow—conservation between groups with strongly similar properties; (.)/orange—conservation between

groups of weakly similar properties. Highly conserved cysteines are colored in red and their disulfide bridging pattern is shown by red connecting lines.

Human fibronectin harbors two type I, two type II, and
15-17 type III modules.’®?’ These functional domains
enable fibronectin to interact with various macromolecules
in the extracellular matrix, such as collagen, fibrin, and
cell surface proteins like integrins or syndecan.”'* In addi-
tion, fibronectin can bind to proteoglycans and glycosamino-
glycans such as heparin and heparansulfate that scaffold
the extracellular matrix.>'*?® Fibronectin is thus involved
in regulating the adhesion and migration of cells.”’ The
heparin binding sites have been mapped onto fibronectin,
referred to as heparin binding domains (Hep) I, II, and
IIICS. Hep I is located at the N-terminus and Hep IIICS—an
alternatively spliced type III connecting segment—is located
at the C-terminus of fibronectin.**=? Hep II is regarded as
the most important binding site for heparin, which is also
located at the C-terminus of fibronectin.?*3233 Notably, the
Hep II site is involved in a heparin-dependent adhesion of
melanoma cells and it can influence the conformation of
fibronectin itself.** Furthermore, integrin o4, is able to bind
to Hep II, which suggests that integrins might play a role in
the metastasis of melanoma cells.*>°

The Hep II domain of fibronectin is composed of the type
IIT modules 12—14, and it contributes almost exclusively to
the overall affinity of fibronectin for heparin.’” These fibro-
nectin modules consist of a sandwich of seven f§ strands that
are packed to form two antiparallel f3 sheets.* These type III
modules 12-14 are separated by intermodule linkers and
while the linker between modules 12 and 13 is rather flexi-
ble, the linker between modules 13 and 14 is rigid and causes
these two type III modules to adopt a defined interdomain
angle.’> The interaction between the Hep II domain and
heparin is entirely electrostatic in nature with Arg and Lys
side chains of fibronectin coordinating the sulfated sugar
moieties.>*’ In fibronectin, heparin mainly contacts module
13 and is fine-tuned by modules 12 and 14.>* In particular,
Arg98, Arg99, ArglOl, Argll5, Lysll7, and Argl46
located in module 13 are essential for the Hep II binding site
as shown by mutational studies.>*”” These six basic residues
form fibronectin’s cationic fork. Next to the Hep II site
located on module 13, a PRARI binding motif has been iden-
tified in module 14, which the cell adhesion receptor integrin
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asfy can bind t0.>”3%® Presumably, this PRARI region is
stabilized by the rigid interdomain linker between type III
modules 13 and 14 and it is located opposite to the Hep II
region on the surface of fibronectin. This architecture could
point toward a cooperative binding mechanism of heparin
and integrin to fibronectin.*?

Previously, a dodecapeptide FHWRYPLPLPGQ that
was identified in a phage display experiment denoted as
AR71 has been described as a MIA inhibitor, which led to
reduced cell migration, reduced formation of metastases,
and an increased immune response.' Finally, a recent NMR-
spectroscopic, fragment-based ligand screening (FBLS) study
supported by an in silico screen of the ZINC database™
revealed N-(3-cyanophenyl)-3,5-dimethylbenzimidamide and
(1-(1,2,3,4-tetrahydroisoquinoline-3-carbonyl)-N-(m-tolyl)-
pyrrolidine-2-carboxamide as low molecular weight antag-
onists of the interaction between MIA and fibronectin.****°
These compounds antagonize the interaction between
fibronectin and MIA. Based on these findings, this study
aimed at characterizing the binding interface between MIA
and fibronectin. Through optimizing the binding affinity of
the previously identified peptide sequence AR71 into
FRWRRRRR, we found that electrostatic charges deter-
mine and strengthen the interaction between MIA and its
ligand. The fact that Arg-rich peptide sequences showed
an improved binding to MIA enabled us to identify the
binding site of MIA on fibronectin in NMR-based interac-
tion studies between MIA and FN. Therefore, our study is
the very first to structurally describe the MIA/FN complex
at atomic resolution. It identifies the fibronectin FN12-14
Hep II domain as the binding site of MIA and characterizes
the interaction between these two proteins on an atomic
level.

Il. EXPERIMENT
A. Protein expression and purification

Recombinant human MIA was expressed and purified as
published previously.*' Fibronectin type IIT domains 12, 13,
and 14 were cloned into pET-19b vectors (yielding a shift in
sequence numbering of 72 in comparison to the PDB ID:


http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/

02D415-3 Yip et al.: Human melanoma inhibitory protein binds

1FNH), expressed in BL21 (DE3), and purified as His-
tagged proteins. The uniformly '*N-enriched protein samples
were prepared by growing the bacteria in minimal media
containing "’NH,4C1.*' The identity and purity of all isolated
proteins were checked by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and matrix-assisted laser desorp-
tion/ionization time of flight. The isolated proteins were
shown to be approx. 95% pure.

B. NMR spectroscopy

All protein NMR spectra were acquired at 298 K on Bruker
DRX 600 and AVANCE 700 NMR spectrometers equipped
with pulsed field gradients. Water suppression was achieved
by incorporating a Watergate sequence into the various pulse
sequences.*> All spectra were processed with NMRPipe and
analyzed with cCPNMR ANALYSIS and BRUKER TOPSPIN software
packages.*>** Complete 'H and °N resonance assignments of
human MIA have been published previously.>*!

Binding of peptides and proteins to MIA was characterized
and validated by mapping chemical shift perturbations using
two-dimensional (2D) 'H-'>N HSQC NMR spectroscopy.'>"?
The chemical shift pertubations were determined in units of
ppm by multiplying the respective '°N and "H Hz shifts by a
correction factor of 1.44 for 'H and 0.23 for '°N.* Binding
was monitored by chemical shift perturbation analysis of
backbone amide resonances of uniformly '*N-enriched MIA
samples (0.1 mM, phosphate buffered saline buffer, pH 7,
298 K) through recording a series of 2D 'H-""N HSQC spec-
tra with increasing ligand concentrations.*®*’ The pH was
maintained constant during the entire titration series.

C. Molecular docking

Docking studies were performed using HADDOCK 2.1 and
cNs 1.3 software packages.*®** The crystal structures of
MIA and EN type III tandem domain 13-14 were obtained
from the PDB databank (PDB ID: 111J and 1FNH).**
Within the HADDOCK process, active residues are forced to
be part of the interface by applying ambiguous interaction
restraints (AIR) while passive residue can also be part of the
interface.***° Active interface residues of MIA and FN were
defined based on chemical shift perturbations observed by
2D '"H-'N HSQC NMR titration of '’N-enriched MIA with
FN. For both proteins, only residues that are part of the inter-
face were treated as flexible. During the first docking itera-
tion, 1000 structures were calculated. The 200 top-ranked
models were then selected for further structural refinement.
Figures were created using PyMOL.>!

lll. RESULTS AND DISCUSSION
A. NMR spectroscopy

Using NMR spectroscopy, we have tested and optimized
previously published and new peptide sequences that bind to
human MIA.' Initially, the NMR-based binding experiments
suggested that the previously structurally and functionally
characterized peptide AR71, which was originally identified

Biointerphases, Vol. 12, No. 2, June 2017

02D415-3

in a phage display experiment, exhibits a rather weak affinity
for human MIA in solution." Therefore, we first optimized
this peptide sequence in the current study and developed a
new, Arg-enriched sequence FRWRRRRR that exhibits an
increased affinity for MIA (Fig. 2). The binding site of both
AR71 and the Arg-rich peptide is located the opposite to the
canonical SH3 ligand binding site and is characterized by an
acidic rim that harbors the basic side chains of the peptide
ligands. Thus, through optimizing the binding affinity of the
previously identified peptide sequence AR71 into the sequence
FRWRRRRR we could show that electrostatic charges deter-
mine and strengthen the interaction between MIA and its
ligand. The fact that Arg-rich peptide sequences showed an
improved binding to MIA enabled us to identify the binding
site of MIA on Fibronectin in NMR-based interaction studies
between MIA and FN. Based on this result, we then identified
the MIA-targeting amino acids located in fibronectin type III
modules 12, 13, and 14. Ultimately, the Arg-rich peptide led to
the identification of the FN Hep II domain as a target for MIA.

The interaction between MIA and the '*N-enriched fibro-
nectin type III module FN13 was monitored by means of 2D
"H-""N HSQC NMR spectra. The MIA-dependent chemical
shift perturbation (applying FN to MIA ratios of 1:1, 1:3,
1:8, 1:15, and 1:23) shows that a MIA-fibronectin complex
is formed with weak micromolar affinity (Fig. 3). In detail,
the following amino acids of the fibronectin type III module
FN13 participate in binding to MIA: G16, S23, R26, R27,
A28, R29, V30, T31, D32, A33, E35, W42, R43, T44, Q62,
S100, S101, S108, and I111 (Fig. 4). Furthermore, we have
also performed NMR-based binding studies with '°N-
enriched human MIA and tested as to whether the individual
fibronectin type III module FN12, FN13, and FN14 would
bind. All of these analyzed fibronectin modules induce very
similar chemical shift perturbations in 2D '"H-">N HSQC
NMR spectra of MIA with similar affinities in the weak
micromolar range. Projected onto the molecular surface of
MIA, these chemical shift perturbations cluster to form
the same binding site opposite to the canonical SH3 ligand
binding groove (Fig. 5). Finally, these results allowed for
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FiG. 2. Superposition of 2D 'H-">N HSQC NMR spectra of '°N-enriched
MIA in the absence (black) and presence of increasing amounts of the Arg-
rich peptide FRWRRRRR (red to orange). Resonances originating from
MIA that experience chemical shift perturbations upon peptide binding are
labeled and projected onto the MIA surface in violet (lower right).
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FiG. 3. Superposition of 2D '"H-'>N HSQC NMR spectra (full spectrum shown in upper panel, enlarged spectral regions depicted in lower panel) of '*N-
enriched fibronectin type II module FN13 in the absence (black) and presence of an excess of human MIA (red). Resonances originating from fibronectin that
experience chemical shift perturbations upon binding of MIA are labeled. For the sequence numbering scheme please refer to the experimental part.

mapping of the binding site of human MIA on the Hep II
domain of fibronectin.

B. Molecular docking

Using the software package HADDOCK, a molecular
dynamics-based docking approach was applied in order to
create an atomic model of the MIA/FN13 based on the multi-
dimensional NMR spectroscopic analysis (Fig. 6).*® The pro-
tein—protein interface was defined according to the chemical
shift perturbations obtained from the NMR titrations of MIA
to '“N-enriched FN13 and vice versa using '°N-enriched
MIA.* The affected amino acids (Figs. 3-5) were used as
input for the HADDOCK protocol by classifying them as
“active and passive residues” in order to generate AIR.** For
MIA, amino acids Q16, S19, D68, Y70, G71, A74, R76,
L91, Y106 were defined as active and residues D15, E17,
H20, G67, Y69, D72, L73, A75, L77, 190, K92, W103, and
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C107 as passive. For FN13, residues S95, R98, R99, T116,
S172 were defined as active and residues P96, P97, A100,
R115, K117, R171, and S173 as passive amino acids
(according to the PDB ID: 1FNH). The HADDOCK-
generated atomic model of the MIA/FN13 complex reveals
that the cationic fork—one of the most important heparin
binding sites on fibronectin—interacts with the acidic distal
loop of MIA (Fig. 6). Furthermore, MIA binds to a region
located to the right of the N-terminus of FN13.

C. Discussion

Previously, several regions of human MIA were shown to
be of functional relevance based on mutagenesis of certain
amino acids.’> These regions not only contain parts of the
canonical binding-site in homologous SH3 domains but also
the highly flexible distal loop of this protein and regions on
the opposite side of the MIA surface. It was concluded that
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these identified regions either constitute one continuous single
ligand-binding site or point towards a bifunctional binding
mode of MIA for two (different) ligands.52 This would indi-
cate that the SH3-fold-based structure of MIA harbors an
extended ligand binding site as shown for other SH3 pro-
teins.' 3240483356 The current study has now characterized
the molecular interaction between MIA and fibronectin and
found that, interestingly, the distal loop of human MIA is also
involved in contacting fibronectin***" (Fig. 6). The chemical
shift perturbation analysis clearly shows that the site of inter-
action for MIA on FN13 fully overlaps with the heparin bind-
ing site on the HEP II domain of fibronectin (Fig. 4) and is
mainly mediated through electrostatic forces from the cationic
fork. Obviously, the heparin binding site that is constituted by
eight amino acids fully overlaps with the MIA binding site on
the FN13 surface. In comparison, significant chemical shift
perturbations could be detected for more than eight amino
acids of FN13 upon binding to MIA (Figs. 3-5). This is in
concordance with the bigger molecular interface between
FN13 and MIA in comparison to the FN13/heparin complex.
The Hep II domain of fibronectin comprises the type III
module 12-14 and is the most important fibronectin

MIA+FN13

MIA+FN12 MIA+FN14

FiG. 5. Chemical shift perturbations induced by FN12 (left), FN13 (middle),
and FN14 (right) upon binding to "*N-enriched MIA projected onto its rib-
bon representation (highlighted in pink, red, and orange, respectively). The
orientation of MIA matches the one shown in Fig. 2.
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interaction site for heparin.’**” The FN13 module exhibits
the highest affinity for heparin as it contains a structural ele-
ment known as the cationic fork.”'>* This structural feature
is composed of six amino acids, R98, R99, R101, R115,
K117, and R146. The basic side chains of these residues con-
tact the sulfated sugar heparin.’” In addition to sugar bind-
ing, the Hep II domain of fibronectin can also bind to the
integrin o, receptor.” This interaction is mediated by a
PRARI motif located within fibronectin’s type III module
FN14 on the opposite side of the cationic fork. This relative
orientation is stabilized through a rigid linker between FN13
and FN14.% It is well established that integrin influences the
adhesion of cells in the extracellular matrix, cell growth, and
signal transduction.’~° Previous studies were able to show
that peptide sequences derived from fibronectin’s Hep II
domain that matched to the FN14 module could interact with
MIA. %% Therefore, MIA could interfere with fibronectin/
intregrin complex formation. The current study has now ana-
lyzed the interaction between MIA and fibronectin in more
detail. Based on this study, all fibronectin type III modules
of the Hep II domain—FN12, FN13, and FN14—can interact
with human MIA with comparable affinities in the weak
micromolar range (Fig. 5). Noticeably, MIA does not only
bind to the main heparin contact module FN13, but also to
module FN12 and FN14 that are known to fine-tune the FN/
heparin interaction.*>**?7 Apparently, MIA does not only
antagonize the interaction between fibronectin and integrin
but could also interfere with fibronectin/heparin complex
formation. This might be the molecular basis for MIA’s
capability to inhibit the attachment of melanoma cells to the
extracellular matrix in vitro and its ability to promote metas-
tasis in vivo.”’® The non-canonical FN-binding interface on
the MIA surface is located opposite to the (non-functional)
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Fibronectin type Ill module 13

MIA

FiG. 6. Complex of MIA (gray) bound to FN13 (blue) based on HADDOCK docking calculations. The best scoring model is shown in surface representation.
The amino acid interactions of the cationic fork from FN13 are shown in the upper left corner (according to the PDB ID: 1FNH), the contacts of the distal loop

from MIA are shown in the upper right corner.

canonical binding site for canonical SH3 polyproline ligands
(Figs. 2 and 5). MIA mainly interacts through its rather
extensive acidic surface patch that includes the distal loop
with the basic patches found on each of the three type III
modules of the fibronectin Hep II domain. This is in accor-
dance with previous mutagenesis studies on MIA that identi-
fied residues of functional relevance within its acidic patch
and recently identified low molecular weight antagonists of
the MIA/fibronectin interaction.®3

Interestingly, the distal loop is highly flexible on the pico-
to nanosecond time scale in the apo-form of human MIA >
In the HADDOCK-generated models of MIA bound to either
FN13 or FN14,39 the distal loop is in contact with fibronectin
(Fig. 6). It has been previously suggested that flexible loop
regions might be of functional relevance in recognizing (dif-
ferent) ligands.®® Furthermore, through sampling numerous
conformations in the flexible distal loop of MIA’s apo-state,
different ligands might select distinct conformations from
the structural ensemble to provide selectivity in binding,
thereby shifting the conformational equilibrium of the pro-
tein to its bound state. This mechanism has been described
as conformational selection.®’** Interestingly, it has also
been shown that heparin itself exhibits intrinsic flexibility.®?
Therefore, conformational selection might indeed play a
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crucial role for proper binding of MIA to the type III mod-
ules FN12—-14 of the fibronectin Hep II domain.

The current study characterizes the molecular basis for the
interaction between MIA and the Hep II domain of fibronectin,
which differs from the canonical ligand interaction of classical
SH3 domains. The identified acidic fibronectin binding patch
of MIA surrounds the small ligand binding pocket, which has
recently been identified and shown to be a valuable target for
MIA/fibronectin antagonists.”> Therefore, the current study
provides a more detailed view on the molecular basis of the
MIA/fibronectin interaction that might pave the way for future
therapeutic strategies against malignant melanoma disease.

IV. SUMMARY AND CONCLUSIONS

The MIA protein plays a crucial role in the tumor pro-
gression of malignant melanoma. Unlike melanocytes, mela-
noma cells specifically express and secrete this protein in
ample amounts. In melanoma patients, the serum levels of
MIA correlate with metastasizing disease states III and IV
and, thus, MIA can serve—among lactate dehydrogenase
and the S100 calcium-binding protein B—as a relevant clini-
cal marker protein. Previously, numerous studies reported
that MIA interacts with proteins from the extracellular
matrix, such as fibronectin for instance. This interaction
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competitively interferes with melanoma cell adhesion and,
ultimately, contributes to or even promotes metastasis in
malignant melanoma. Based on previous investigations that
reported fibronectin-derived peptide ligands for MIA, this
study focused on the characterization of the MIA/fibronectin
complex on an atomic level. After having optimized known
peptide ligands for MIA, we analyzed the interaction between
MIA and the Hep II domain of fibronectin using multidimen-
sional heteronuclear NMR spectroscopy. Here, we could
show that MIA binds to the type III modules 12, 13, and 14 of
fibronectin that constitute the Hep II domain. In addition, we
have mapped the binding interface between MIA and FN13 at
atomic resolution. These results now provide a molecular
basis for a detailed understanding of the MIA/FN interaction,
which is of physiological importance for metastasis in malig-
nant melanoma. Finally, the current study provides a detailed
description of the target MIA/FN protein—protein binding
interface at atomic resolution for the discovery of novel anti-
metastatic agents that might serve as a starting point for future
therapeutic strategies against malignant melanoma.
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