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Midkine (MK) is a 13 kDa heparin-binding polypeptide
which enhances neurite outgrowth, neuronal cell sur-
vival and plasminogen activator activity. MK is struc-
turally divided into two domains, and most of the
biological activities are located on the C-terminal
domain. The solution structures of the two domains
were determined by NMR. Both domains consist of
three antiparallel B-strands, but the C-terminal domain
has a long flexible hairpin loop where a heparin-
binding consensus sequence is located. Basic residues
on the B-sheet of the C-terminal domain form another
heparin-binding site. Measurement of NMR signals in
the presence of a heparin oligosaccharides verified that
multiple amino acids in the two sites participated in
heparin binding. The MK dimer has been shown to be
the active form, giving signals to endothelial cells and
probably to neuronal cells. We present a head-to-head
dimer model of MK. The model was supported by the
results of cross-linking experiments using transglut-
aminase. The dimer has a fused heparin-binding site
at the dimer interface of the C-terminal domain, and
the heparin-binding sites on MK fit the sulfate group
clusters on heparin. These features are consistent with
the proposed stronger heparin-binding activity and
biological activity of the dimer.

Keywords dimerization/growth factor/heparin binding/
midkine/three-dimensional structure

Introduction

Growth factors, which play fundamental roles in regulation
of growth, differentiation and development, frequently
bind to extracellular matrices, especially heparin-like

fibroblast growth factor (FGF) to cell surface heparan
sulfate proteoglycans causes its oligomerization (Spivak-
Kroizman et al, 1994), which is essential for receptor
binding and activation (Yayoret al, 1991; Spivak-
Kroizmanet al,, 1994).

Midkine (MK) is a new heparin-binding growth factor
of 13 kDa, and its expression is controlled by retinoic
acid (Kadomatstet al., 1988; Tomomuraet al,, 1990).
MK, which is rich in basic amino acids and cysteines,
has 45% sequence identity with heparin-binding growth-
associated molecule (HB-GAM, also called pleiotrophin,
PTN) (Li et al, 1990; Merenmies and Rauvala, 1990).
Retinoic acid-inducible heparin-binding protein isolated
from chicken embryos has 65% sequence identity with
MK, and is probably the chicken counterpart of MK
(Raulaiset al,, 1991). They are structurally unrelated to
other proteins and form a new growth factor family (Figure
1A) (Muramatsu, 1994; Kurtet al., 1995).

MK expression is strong in embryonic periods, especi-
ally in the midgestation stage (Kadomatstial, 1990;
Mitsiadis et al, 1995a,b). The nerve tissues, epithelial
tissues and mesoderm tissues undergoing remodeling are
the sites where MK expression is most intense. The
functional role of MK has been best clarified in the nervous
system. MK enhances survival and neurite outgrowth of
embryonic neurons, and promotes neuronal differentiation
(Michikawaet al,, 1993a,b; Muramatset al., 1993). MK
in the cerebral cortex of 17 day rat embryos is located on
the radial glial process along which neurons migrate
(Matsumoto et al, 1994). HB-GAM promotes neurite
outgrowth (Rauvala, 1989) and, furthermore, is involved
in postsynaptic induction (Pergt al,, 1995).

MK is also known to promote plasminogen activator
activity in bovine aortic endothelial cells, leading to
increased fibrinolysis (Kojimat al., 1995a). This activity
forms a part of the basis of the retinol-induced increase
of fibrinolytic activity of endothelial cells.

Recent studies revealed the medical significance of this
new growth factor family. MK mRNA expression is
increased in various human carcinomas (Tsutdual,
1993; Aridomeet al, 1995). In neuroblastomas and
bladder carcinomas, strong expression of MK in the
tumor correlates with a worse prognosis for the patients
(Nakagaweet al., 1995; O'Brienet al., 1996). Transfection
of HB-GAM cDNA or MK cDNA into NIH-3T3 cells
results in oncogenic transformation (Chauleaml., 1993;
Kadomatsiet al, 1997). MK has been identified recently
as a target gene of the Wilm’s tumor suppression gene
(Adachi et al,, 1996). On the other hand, HB-GAM has
been shown to be a tumor-derived angiogenic factor, and

carbohydrates of heparan sulfate proteoglycans (Lindhalribozyme targeting of the factor resulted in suppression of

et al, 1991; Ruoslahti and Yamaguchi, 1991). This

invasion and metastasis of melanoma and choricarcinoma

property is helpful in storage of the factors in proper sites (Czubaykoet al, 1996; Schultet al., 1996). Furthermore,
and their controlled release. Furthermore, binding of MK accumulates in senile plaques of the brain of
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Fig. 1. (A) Amino acid sequences of MK and HB-GAM. Conserved amino acids are boxed. MK and HB-GAM have ~50% sequence identity, and
all the disulfide bonds are conserveB) Schematic diagram of MK, MK(1-59), MK(60-121) and MK(62-104). The regions flanked by intradomain
disulfide bridges are colored in gra®. and O, heparin-binding consensus sequer®esa sequence similar to the consensus sequ&gd&KDKYV;

®, LKKARY; O, AKKGKG).

Alzheimer’s disease patients. MK is expressed in the

MK(62-104) is involved at least in neurite outgrowth

edema region upon experimental brain infarction at as promotion by the factors. Elucidation of the 3D structure

early as 1 day after operation (Yoshida al, 1995).
Destruction of the retinal nuclear outer layer by exposure
to constant light is prevented by MK administration (Unoki
et al, 1994). MK and HB-GAM are likely to be important
molecules involved in tissue repair, and their aberrant
expression occurs in diseases.

So far nothing is known about the three-dimensional
(3D) structure of MK or HB-GAM. The following three
interesting characteristics of MK prompted us to elucidate
the 3D structure. Firstly, MK is composed of two domains
[the N-terminally located domain, MK(15-52), and the
C-terminally-located domain, MK(62-104)] flanked by
intradomain disulfide bridges (Figure 1B) (Falat al,,
1993). This unique domain structure is conserved in HB-
GAM (Fabriet al,, 1992). The C-terminal half of MK(60—
121) was found to retain neurite outgrowth-promoting
activity (Muramatsuet al, 1994) and plasminogen activ-
ator-enhancing activity (Kojimat al, 1995b). Further-
more, MK(62-104) retains the latter activity, and this is

of this functionally important heparin-binding domain may
provide information concerning the specificity of heparin—
protein interactions. Secondly, MK is a heat- and acid-
stable growth factor, and heating at 97°C for 5 min or
treatment wih 1 M HCI at room temperature do not
significantly affect plasminogen activator-enhancing
activity nor neurite outgrowth-promoting activity (Kojima
et al, 1995c). Thus, it is of interest to determine the basis
of this unusual stability from a structural view point.
Thirdly, MK is known to cross-link to form a dimer by
the action of transglutaminase (Kojineaal., 1995a), and
heparin promotes MK dimerization (Kojimet al,, 1997).
Recent studies have shown that this dimerization enhances
plasminogen activator activity (Kojimat al., 1997) and
regulation of neuronal cell migration (Mahoneyt al,
1996). The 3D structure of MK is expected to shed light
on the functionally important complex of the MK dimer
and heparin-like carbohydrates.

the smallest peptide so far reported to be capable of Results

inducing the fibrinolytic activity (Kojimaet al, 1995b).
Both MK and HB-GAM bind strongly to syndecans, cell
surface heparan sulfate proteoglycans (Ratlal., 1994;

NMR analysis of MK, MK(1-59), MK(60-121) and
MK(62-104)

Mitsiadis et al, 1995a). N-Syndecan has been proposed We attempted to assign NMR resonances of MK, MK(1-

to be the receptor for HB-GAM upon HB-GAM-induced
neurite outgrowth (Raulet al, 1994). A low dose of
heparin inhibits neurite outgrowth activity of both HB-
GAM (Rauloet al, 1994; Kinnuneret al, 1996) and MK
(Kanedaet al, 1996a,b). Thus, recognition of heparin by

59), MK(60-121) and MK(62-104) to individual protons
in a sequence-specific manner using the sequential assign-
ment method (Wthrich, 1986). First, NMR resonances

were assigned to the spin systems of specific amino

acid types by using double-quantum filtered correlation
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Fig. 2. Sequential NOE connectivities il\] MK(1-59) and B) MK(62—-104). The height of the bars indicates the approximate intensity of the
NOESY cross-peaks recorded with a mixing time of 75 and 100 ms, respectively. x indicates an NOE connectivity which is not assigned due to
overlap with other NOE peaks. Filled circles and asterisks indicate slowly exchanging NH protons and dihedrag) asagist(aints.

spectroscopy (DQF-COSY) and total correlation spectro- MK(60-121) (Figure 4), suggesting that these halves are
scopy (TOCSY). Secondly, the spin systems were aligned relatively independent. As the NOE peaks characteristic
according to the sequence using sequential connectivitiesof the triple-strande@®-sheet structure in each MK(1-59)
obtained by nuclear Overhauser effect (NOE) spectroscopyand MK(60-121) were almost identical with those in MK,
(NOESY) experiments. However, several C-terminal tail we concluded that the domain structures in the individual
lysine residues in MK and MK(60-121) could not be halves were maintained in MK. Phe55 in mouse MK
assigned due to overlap of signals or bleaching of amide (Phe58 in human MK) was susceptible to chymotryptic
proton resonances by solvent pre-saturation. Since 13digestion (Matsudat al., 1996), indicating that the linker
amino acid residues in the C-terminal tail (109-121) have was exposed. Although the chemical shift differences
no biological functions except for antigenicity (Muramatsu were conspicuous for Asn53-Lys55, Trp69, Thr84—Lys86,
et al, 1994), we concentrated our efforts on MK(1-59) Ala88-Tyr90, Ala92 and 1le98-Arg99, they were0.05
and MK(62-104). We established the complete sequence-p.p.m. Both the N- and C-terminal halves in MK would
specific resonance assignments of these peptides andxist essentially independently and resemble closely those
revealed the sequential NOE connectivities (Figure 2). of MK(1-59) and MK(60-121). Since MK(62-104) has
Successive strong long-range NOE connectivites betweenalmost full biological activity in terms of fibrinolytic
CYHs were observed. These NOEs are characteristic ofactivity, its structural determination is significant for
the pairs of CHs located on the opposite strands of the elucidating the function of MK.
antiparallel 3-sheet. Thus, we determined the alignment
of the B-strands and confirmed the secondary structures Tertiary structure of MK(1-59) and MK(62-104)
of MK(1-59) and MK(62—-104) as shown in Figure 3. We The 3D structures of MK(1-59) and MK(62-104) were
also confirmed that the secondary structure found in determined by the simulated annealing method (YASAP)
MK(62-104) was also retained in MK(60-121). In these with XPLOR v3.1 using distance constraints derived from
peptides, all Pro residues were connected to the precedinghe NOESY experiments, the hydrogen bonds and the
residues by €H (i) — C®H (i+1) connectivity (ds), disulfide bonds. A total of 100 calculations were carried
indicating that Pro residues take ttrans configuration. out, and a final set of 20 structures was selected on the
MK is divided into two halves, MK(1-59) and MK(60— basis of agreement with the experimental constraints and
121). The NOESY spectrum of MK could be interpreted van der Waals energy. The structural statistics are shown
essentially by the superposition of those of MK(1-59) and in Table I. The number of NOESY distance connectivities

6938



Functional structure of midkine

and the root mean square deviations (r.m.s.ds) from thewas well defined, except for the terminal region (Lysl-
mean structures of each residue for MK(1-59) (Figure Serl3 and Asn53-Gly59) and the loops (Gly74-Thr76
5A) and MK(62—104) (Figure 5B) are shown. The structure and Lys86—GIn93). The r.m.s.d.s between the 20 structures
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Fig. 3. Secondary structures oAf MK(1-59) and B) MK(62—-104)
identified with interstrand backbone NOE connectivities (arrows).

Chain and dotted lines represent disulfide bonds and hydrogen bonds
as manifested by amide proton exchange rates, respectively. Broken
arrows indicate expected but unassigned NOEs either due to overlap

with other NOE peaks or due to bleaching by water suppression.

A. Green : MK (1-59)

and the mean structures were 0:88.23 A [MK(1-59)]
and 1.05+ 0.28 A [MK(62-104)] for backbone heavy
atoms (N, @, C'), and 1.30= 0.25 A [MK(1-59)] and
1.54+ 0.28 A [MK(62—104)] for all non-hydrogen atoms
in the well-defined region [MK(1-59), 14-52; MK(62—
104), 62—73, 77-85 and 94-104], respectively (Figures
6A and 7A).

MK(1-59) consists of three antiparallBtstrands:By;
(Trp20-Pro25), By, (Val32-Cys39) andBys (GInd2—
Val50), which are connected by two loops (Figure 6A).
There is ap-bulge-like structure iny; due to Pro22
(Figure 3A). MK(62—-104) also consists of three antiparallel
B-strands: B¢y (Tyr64—Asp73),Bc, (Thr78-Leu85) and
Bcs (Thr97-Thrl01) (Figure 7A). The interstrand NOE
pattern shows thafic; contains afB-bulge at Asn68—
Trp69-Gly70 (Figure 3B).

Sequence homology is observed betw@gp (Arg35—
Glu36-Gly37-Thr38) andfc, (Arg81-GIn82-Gly83—
Thr84), andBys (lle46—Arg4d7, Pro51-Cys52) anflcs
(1e98-Arg99, Prol03—-Cys104), respectively. For both
MK(1-59) and MK(62-104), hydrophobic clusters are
formed as shown in Figures 6B and 7B, where the 20
structures of hydrophobic residues are overlaid on the
mean backbone structures of MK(1-59) and MK(62—104).
The most remarkable difference in the secondary structure
between MK(1-59) and MK(62-104) is the length of the
secondB-hairpin loop which connects the second and the
third B-strands (Figure 3). It should be noted that two
basic clusters are formed on the surface of MK(62—-104),
encircled with blue dotted lines (Figure 7C), while in
MK(1-59) there are no basic clusters (Figure 6C).
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Fig. 4. Comparison of NOESY spectra of MK(1-59), MK(60-121) and MK. These spectra were measured under the same conditions (20°C, pH 6.0,
150 ms mixing time). Fingerprint regions are showh) Superposition of NOESY spectra of MK(1-59) and MK(60-121). The spectrum of
MK(1-59) is shown in green, and that of MK(60-121) in re) NOESY spectrum of MK. Most of the peaks in (A) and (B) can be superimposed

on each other.
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Table I. Structural statistics of MK (1-59) and MK (62-104)

MK (1-59)

MK (62-104)

20 structures

Mean structure

20 structures

Mean structure

R.m.s.ds from experimental distance constraints (A) 0.6852.002 0.047 0.067 0.002 0.071
No. of distance constraints (NOE) (551) (424)
Intraresidue 224 193
Sequential {H| = 1) 137 114
Short-range (2< |i-j| < 5) 42 16
Long-range (6< [i—j|) 153 97
Hydrogen bonds 12 0
Dihedral angle constraintsp( 5 11
No. of distance constraint violations0.5 A 0-1 0 0-2 0
(max. 0.55 A) (max. 0.40 A) (max. 0.65 A) (max. 0.48 A)
R.m.s.ds from experimental dihedral constraints (°) 379.77 2.58 4.07+ 1.76 3.72
No. of dihedral constraint violations5.0° 0-2 0 0-4 2
(max. 18.5°) (max. 4.9°) (max. 19.5°) (max. 9.0°)
Fnoe (kcal/molf 73.8+ 6.7 60.0 94.2+ 6.7 106.8
Fior (kcal/molp 16+17 0.5 3.3x 2.7 231
Frepel (kcal/molp 46.1*+ 5.6 33.6 37.2£ 6.7 44.8
R.m.s.ds from idealized geometry
Bonds (A) 0.005+ 0.0003 0.004 0.006= 0.0005 0.005
(906) (680)
Angles (°) 0.91+ 0.04 0.79 0.92+ 0.07 0.74
(1644) (1226)
Impropers (%9 0.80 £ 0.06 0.62 0.87+ 0.11 0.57
(479) (353)

The 20 structures are the final set of dynamic simulated annealing structures; the mean structure is the structure obtained by restrained minimization
of the averaged coordinate of the 20 individual structures.

aThe value of the square-well NOE potentiBog, is calculated with a force constant of 50 kcal/mdUAhe value 0OfFepel is calculated with a

force constant of 4 kcal/molfRwith van der Waal's radii scaled by a factor of 0.8 of the standard values used in the CHARMm empirical function.
bThe improper torsion term is used to maintain the planar geometry and chirality.

Chemical shift changes of MK(62-104) upon surface of MK(62-104) is a major heparin-binding site
binding to heparin 12mer in MK.

Since the major heparin-binding site of MK was located

on MK(62-104) (Muramatsat al., 1994), we investigated = Heparin-induced oligomerization of MK molecules

the changes of the NMR spectra of MK(62-104) by adding Inhibition of neurite outgrowth-promoting activity of MK

an aliquot of heparin 12mer solution. Upon addition of by heparin depends on the length of the heparin oligosac-
heparin 12mer, exchange broadenings or chemical shiftcharide chain, and the minimum heparin oligosaccharides
changes were observed for many resonances. The chemicalith inhibitory activity was reported to be ~22 monosac-
shift changes were almost saturated at the equimolar ratiocharide units (Kanedat al, 1996). We investigated the
of MK(62-104) to heparin. In order to identify the residues stoichiometry of the MK—heparin oligosaccharide complex
responsible for heparin binding, we analyzed the 2D- by laser light scattering experiments. The change of
TOCSY and 2D-NOESY spectra of MK(62-104) in the solution refractive index with respect to a change in
absence and presence of heparin 12mer (1:0 and 1:1.5)concentration of the MK-heparin complex (dn/dc) is
The chemical shift changes upon binding to heparin 12mer required for the analysis of the binding stoichiometry (see
are shown in Figure 8A. Both the main chain and the side Materials and methods). The (dn/dc) of MK was estimated
chain resonances of Ala88, Arg89 and Tyr90 and the sideto be 0.180 ml/g and that of heparin to be 0.134 ml/g
chain resonances of Lys79 and Arg81 disappeared due to(Arakawaet al, 1994) so that the (dn/dc) of the complex
exchange broadening, indicating that these residues arewvas estimated from the weighted average of the molar
major heparin-binding sites. In addition, the side chain ratio of the complex. The retention time of the gel filtration
proton resonances of Trp69, Lys86, Lys87, Asn91 and of the MK—heparin 29mer complex suggested that three
Cys94 showed significant chemical shift changes0f15 MK molecules bound to the heparin 29mer. However, as
p.p-m. There were also residues which showed appreciablethe retention times of oligosaccharides are generally faster
chemical shift changes on the main chain amide protonsthan those of proteins of the same molecular weight, the
but negligible shifts on the side chain resonances (Glu67, number of MK molecules which bind to one heparin
Asn68, Val80 and Leu85). The residues which showed 29mer molecule could be3. We estimated the (dn/dc)
exchange broadening or chemical shift changes of the sideof the MK—heparin 29mer complex to be within the range
chain protons were plotted on the 3D structure of MK(62— of 0.157—-0.169 ml/g. The results of the multi-angle laser
104) (Figure 8B). The residues were located on the specificlight scattering experiments for the MK complexed with
surface involving the positively charged clusters. There 12, 20 and 29 monosaccharide units are shown in Figure
were no amino acid residues which showed appreciable9. With the estimated (dn/dc) values, the analyses of the
shifts and/or exchange broadening on the opposite surfacdight scattering experiments gave the range of the molecu-
(Figure 8B). Thus, we confirmed that the heparin-binding lar weight of the MK-heparin 29mer complex to be
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33 000-36 000. This corresponds to a stoichiometry of
MK:heparin 29mer of 2:1. The same analyses gave the

molecular weight of the MK—heparin 20mer complex as

Functional structure of midkine

Fig. 6. Solution structures of MK(1-59) in steredA) Main chain

atoms (N, €, C') and disulfide bonds of the 20 converged structures
are superimposed. The N-terminal (Lys1-Ser13) and C-terminal
(Asn53-Gly59) regions are highly disordered and are not shown. Main
chain folds of each peptide from the N- to C-terminus are represented
by gradation from white to green. The disulfide bonds are shown in
yellow. (B) Hydrophobic clusters in MK(1-59). Overlays of 20
structures of the side chains for hydrophobic residues are shown on
the mean structure of main chain MK(1-59)(Space filling model

for MK(1-59) with annotations of basic (blue), acidic (red),
hydrophobic (beige) and polar (white) residues on the surface.

Discussion

31 000-34 000, which was again az2:l StOiChiometry, and Structural requirement for heparin binding

that of the MK—heparin 12mer complex to be 18 000—
19000 with a 1:1 stoichiometry. The binding of MK

to heparin of >20 monosaccharide units induced MK

dimerization (H.Muramatsu and T.Muramatsu, unpub-
lished results), while the binding to the heparin 12 mono-
saccharide units did not, showing that the inhibitory
activity of heparin oligosaccharides for neuronal cell
outgrowth paralleled the MK oligomerization activity.

The neurite outgrowth activity of MK is inhibited by
addition of heparin (Kaned&t al, 1996a,b). Heparin
would act as an antagonist of heparan sulfate on the nerve
cell surfaces and detach MK from cell surface heparan
sulfate. Heparitinase digestion of target cells reduced
neurite outgrouth activity, indicating that interaction of
heparan sulfate with MK plays a direct role in MK-
induced neurite outgrowth (Kanedaal.,, 1996b). Heparin-
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Fig. 7. Solution structures of MK(62—104) in stere@)(Main chain
atoms (N, €, C') and disulfide bonds of the 20 converged structures
are superimposed. Main chain folds of each peptide from the N- to
C-terminus are represented by gradation from white to red. The
disulfide bonds are shown in yellowB) Hydrophobic clusters in
MK(62-104). Overlay of 20 structures of the side chains for
hydrophobic residues are shown on the mean structure of main chain
MK(64-102). C) Space filling model for MK(62-104) with

annotations of basic (blue), acidic (red), hydrophobic (beige) and polar
(white) residues on the surface. Trp69 is shown in green. Basic
clusters are encircled by blue dotted lines.

80 8 90 9 100
Residue Number

015

Fig. 8. Binding of MK(62—-104) to heparin 12merA§ Chemical shift
differences of each amino acid residue of MK(62—-104) between
complexed and uncomplexed forms with heparin 12mer. Striped bar,
residues with only a chemical shift change of the main chain NH;
closed bar, residues with chemical shift changes-6f15 p.p.m. for

side chain resonances; asterisk, residues with exchange broadening of
side chain resonances. The main chain and side chain resonances of
Ala88, Arg89 and Tyr90 disappear upon complex formati@). The
residues with chemical shift changes>®0.15 p.p.m. for side chain
resonances are shown in blue, those with exchange broadening in
green, and those whose resonances disappear in yellow on the 3D
structure of MK(62—-104). The left structure is viewed from the same
direction as in Figure 7C and the right structure shows the opposite
view.

has large r.m.s.d. values, suggesting that this region is
flexible (Figure 7A). The flexibility of the long loop may

be important for creating a specific heparin-binding site,
as will be discussed later. This loop bends toward the
B-sheet because some NOEs were observed between

binding consensus sequences (Cardin and Weintraub,residues on the-sheet and the loop (Trp69—Ala88,
1989) and a sequence similar to the consensus sequenckeu85-Tyr90, Leu85-Asn91, 11€98-GIn95) (Figure 3B).

are located on 2-6 (KKDKV), 85-90 (LKKARY) and

114-119 (AKKGKG) (Figure 1B). The heparin-binding
activities of MK(60-121), MK(62—-104) and MK(1-105)

are slightly reduced compared with that of intact MK,
while MK(1-59) has weak heparin-binding activity. The
heparin-binding activity of MK(62—104) is dependent on
the 3D structure of MK(62-104), while that of MK(1-59)
is not (Muramatsuet al, 1994). We will compare the

structures of MK(1-59) and MK(62-104) focusing on
their heparin-binding activities.

Consequently, basic residues on tfeheet (cluster-1;
Lys79, Arg81, Lys102) and those on the long loop
(cluster-2; Lys86, Lys87, Arg89) are exposed on the same
surface (Figure 7C).

Titration of MK(62—-104) with heparin 12mer demon-
strated that cluster-1 and cluster-2 were responsible for
heparin binding. The residues on the heparin-binding
consensus sequence (Ala88, Arg89 and Tyr90 on cluster-2
and Lys79 and Arg8l on cluster-1) disappeared due
to exchange broadening upon heparin binding, possibly

Since the main heparin-binding site is located on 62— forming a major heparin-binding surface (Figure 8B). On
104, the heparin-binding consensus sequence of LKKARY the opposite surface of MK(62-104), no residues with

(85-90) may play significant roles in heparin binding. It

appreciable chemical shift change or line broadening were

should be noted that this sequence is located on the longfound, showing that this surface is not responsible for

hairpin loop of MK(62-104). Figure 5 shows that the loop

6942

heparin-binding activity of MK (Figure 8B). Thus, we
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Fig. 9. Stoichiometry of MK—heparin oligosaccharide complexes.

(A) Incubation mixtures containing 1Qd of 50 mM Tris—HCI

(pH 7.4), 130 mM NacCl, 0.60 mg of MK (45 nM) and 0.04 mg of
heparin 12mer units (11 nM) were applied to a gel filtration
chromatograph connected to a light scattering photometer. The
molecular weight of the larger peak was ~18 000; this corresponds to
the molecular weight of the 1:1 complex of MK—heparin 12mer. The
smaller peak corresponds to the free MK. MK has strong positive
charge and many MK molecules were adsorbed by the column, so the
elution peak of free MK is very smallB{) Analytical samples

containing 0.60 mg of MK (45 nM) and 0.08 mg of heparin 20mer
(11 nM) were used.Q) Analytical samples containing 0.60 mg of MK
(45 nM) and 0.11 mg of heparin 29mer (11 nM) were used. (B) and
(C) shows the molecular weights of 32 000 and 34 000, respectively,
both of which correspond to MK-heparin 2:1 complex.

identified the heparin-binding surface. It is to be noted

that the basic residues involved in cluster-1 and cluster-2,

except for Arg89, are conserved or type-conserved in
MK and HB-GAM of all the species so far examined.
MK(K86Q, K87Q), where both K86 and K87 were
replaced by Q86 and Q87, as well as MK(R81Q) were

Functional structure of midkine

interacting with heparin at each binding site as revealed
in this study explains the above result: mutation of certain
amino acids reduced but may not have abolished the
activity of the heparin-binding site. We noted that Arg81
is located on th@s-strand Bc») facing Trp69 involved in
the Bc1 bulge on the opposite strand. Both side chains of
Arg81 and Trp69 direct to the same side, thus restricting
the orientation of the Arg81 side chain. Therefore, the
B-bulge is considered to be essential for exerting the
biological function of MK.

Although MK(1-59) has many basic residues, its
heparin-binding activity is weak. Unlike MK(62—104), the
basic residues of MK(1-59) do not form clusters for fitting
to the sulfate groups on heparin oligosaccharides (Figure
6C). There are also acidic residues on this surface, which
reduce the heparin-binding activity of MK(1-59).

Dimerization of MK on heparin oligosaccharides

The MK dimer, and not the monomer, is the active form,
at least in terms of enhancement of plasminogen activator
activity of endothelial cells (Kojimaet al, 1997). We
propose here a molecular model for dimer formation of
MK on heparin oligosaccharides (Figure 10). We show
the heparin with 20 monosaccharide units, consisting of
basic disaccharide repeat units comprised._-@duronic
acid (Idu) andp-glucosamine (GIcN) joined by 81-4
linkage. The conformations of heparin are shown as
helical, as derived from NMR studies (Mullogt al,
1993), where Idu rings are assumed to have eithet@je
chair conformation or théS, skew boat conformation
(Figure 10A and C). It should be noted that when MK(62—
104) binds to heparin to form a dimer in a head-to-head
manner, a fused heparin-binding surface is formed between
the interface of the two MK(62-104) molecules (Figure
10A). This binding surface is formed by basic residue
clusters (cluster-2; Lys86, Lys87, Arg89) on the long
hairpin loop. The flexible nature of this loop is suitable
for sandwiching a sulfate cluster on heparin. The interval
of exposed positively charged clusters on the dimer surface
(circled with a dotted blue line in Figure 10A) is almost
the same as those of sulfate group clusters on heparin
(circled with a dotted pink line in Figure 10A). The size
and the form of these clusters on the dimer surface and
those of the sulfate clusters on heparin oligosaccharide fit
well with each other. These features imply that MK dimer
would bind heparin more strongly than monomer. Light
scattering experiments clarified the number of MK mole-
cules bound to heparin oligosaccharides. Heparin 12mer,
which was shown to bind to one molecule of MK, is
unable to inhibit MK-dependent neurite outgrowth, while
heparin 20 and 29mer, which should bind to two molecules
of MK, inhibit neurite outgrowth (Kanedat al., 1996).

MK probably also acts as a dimer in neurite outgrowth, and
heparin oligosaccharides20mer may prevent heparan
sulfate binding on the cell surface of MK and thus inhibit
neurite outgrowth. Heparin has two negatively charged
surfaces where the sulfate groups line both sides of the
chain (Figure 10C). Two binding forms are considered:

reported to have reduced heparin-binding and neurite (i) N- and C-terminal halves alignh on the same negatively

outgrowth-promoting activities (Asaeét al, 1997). The

degree of reduction of the activities was not great: the
mutants had 80-85% of the heparin-binding activity of
the wild-type MK. The presence of multiple amino acids

charged surface of heparin, or (ii) the N- and C-terminal
halves bind to the opposite surfaces of heparin. The latter
model is consistent with the fact that one MK molecule
binds to the heparin 12 monosaccharide units since there
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MK (62-104)
dimer
(Opposite surface)

Heparin 20 mer
1Cy form

MK (62-104)

28, form dimer

Fig. 10. The model for binding of MK(62-104) dimer on the heparin
20mer units with two conformationsAf The model for heparin and
MK(62—104) head-to-head dimer complex (blue, basic residues; red,
acidic residues; green, GIn; and pink, oxygens of sulfate groups).
Positively charged clusters (blue dotted circles) of MK(62—-104) fit to
negatively charged clusters (pink dotted circles) of hepaBh.The
opposite surface of MK(62—-104) to that shown in (A). The acidic
residues of MK(62—104) are localized opposite the heparin-binding
surface. GIn95 which is attacked by transglutaminase is exposed
opposite to the heparin-binding surface and is in close proximity to
Lys63 on the counterpart. Lys63 is thought to be an amine donor in
the transglutaminase reactioi)(Side view of (A). The sulfate

groups are localized on the right and left sides of the heparin
molecule. Basic charged clusters in MK(62—-104) dimer fit the clusters
of sulfate groups.

is no space for MK to bind to heparin 12mer with alignment

linker is cleaved by chymotrypsin, the proteolysis is
inhibited specifically in the presence of heparin (Matsuda
et al, 1996). This result as well as the NOESY spectra
suggest that the linker is flexible and exposed in heparin-
free form. However, in heparin-bound form, the linker
may bind to the heparin chain and may be protected from
proteolysis.

Dimerization of MK by transglutaminase

The proposed model for the MK-heparin complex is
supported by the cross-linking experiments with transglut-
aminase. Upon incubation with transglutaminase, MK
formed an oligomer through cross-linkages. The oligomer
formation was significantly enhanced in the presence of
heparin. Furthermore, when MK(60-121) was treated with
transglutaminase, GIn95 in MK(60-121) was reported to
serve as an amine acceptor in the cross-linking reaction
(Kojima et al,, 1997). According to our model (Figure
10B), GIn95 is exposed on the surface opposite to the
heparin-binding site, so that binding to heparin does not
block the access of transglutaminase. It should be noted
that GIn95 in MK(62-104) is located in close proximity
to Lys63 on its counterpart when the head-to-head dimer
is formed, thus explaining the hyperreactivity of MK
towards cross-linkage by transglutaminase.

If the oligomerization of MK by transglutaminase is
inhibited, the plasminogen activator-enhancing activity is
abolished (Kojimaet al., 1997). Though it has not been
determined whether or not transglutaminase acts on MK
in vivo, this result also suggests that the heparin-induced
oligomerization of MK is important for MK activity. MK
oligomerization may cause receptor oligomerization and
activation. The signal transducing MK receptor has not
been identified, but a candidate is a receptor-type tyrosine
phosphatase: the extracellular domain of receptor-type
tyrosine phosphataggis known to bind strongly to HB-
GAM (Maedaet al, 1996). The 3D structure of MK
presented here may be helpful in pinpointing amino acid
residues important for interaction with the putative signal
transducing receptor.

Materials and methods

Materials

MK, MK(1-59), MK(60-121) and MK(62—104) were chemically synthe-
sized by solution procedure (Inet al., 1996). Heparin oligosaccharides
were prepared from porcine intestine (Kanedal, 1996).

NMR measurements

MK, MK(1-59), MK(60-121) and MK(62—104) were dissolved at 3 mM

in D,O or H,O (10% D,O). The pH was adjusted to an uncorrected
glass electrode reading of 6.0 for MK, MK(1-59) and MK(60-121) and
5.0 for MK(62-104) by addition of aliquots of 1 M DCI and NaOD
using a Radiometer PHM86 pH meter. No extra salt was added to the
samples.’H NMR spectra were recorded on a 600 MHz Varian
UNITYplus 600 spectrometer at a probe temperature of 20°C for MK,
MK(1-59), MK(60-121) and MK(62-104). Sodium 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) was added as an internal chemical shift
standard. DQF-COSY (Rane al, 1983), TOCSY with 40 and 75 ms
mixing times using the clean MLEV17 sequences (Cavanaugh and

of the N- and C-terminal halves on the same surface. Rance, 1992) and two-dimensional NOESY with 75, 100 and 150 ms

The linker region (Asn53—-Asp61) which connects the

mixing times (Jeeneet al, 1979; Macuraet al, 1981) were recorded

N- and C-terminal halves seems to be Iong enough to link in the phase-sensitive mode. The water resonance was suppressed by

the two domains bound on the opposite surface of the

selective irradiation during the relaxation delay or by water flip-back. A
total of 64 or 128 scans were accumulated for egchith a relaxation

heparin oligosaccharide chain. Though Phe55 of mousegejay of 1.3 s. All two-dimensional spectra were recorded with 512

MK (which corresponds to Phe58 of human MK) in the
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(t))X1024 ¢,) data points and with a spectral width of 7500 Hz. After



zero filling once in the, dimension and twice in thig dimension, phase-
shifted sine-bell functions were applied prior to Fourier transformation. A
total of 2048<2048 real data matrices were finally obtained, and digital
resolution was 3.7 Hz/point in both dimensions.

Structure calculations

Functional structure of midkine

Iguchi,A., Inagaki,F. and Muramatsu,T. (1997) Heparin binding sites
in midkine; identification and analysis of their different roles in neurite
guidance and in enhancement of plasminogen activator activity.
Biochem. Biophys. Res. CommuzB86, 66—70.

Cardin,A.D. and Weintraub,H.J.R. (1989) Molecular modeling of
protein—glycosaminoglycan interactiosterioclerosis 9, 21-32.

Interproton distance constraints were derived from NOE cross-peak Cavanagh,J. and Rance,M. (1992) Suppression of cross-relaxation effects

intensities (peak height) in the NOESY spectra (75 or 100 ms mixing
time) according to the method of Hatanaka al. (1994). The peak

in TOCSY spectra via a modified DISPI-2 mixing sequerkcéMagn.
Resonanced6, 670-678.

intensities were translated into distance on the basis of the relationship Chauhan,A.K., Li,Y.S. and Deuel, T.F. (1993) Pleiotrophin transfoms

(NOE intensity)e (distance)® and standard known distances of sequen-
tial dgqy in B-sheet= 2.2 A in H,0 NOESY and interstrand g
in antiparallel B-sheet= 2.3 A in D,O NOESY. The upper-bound

distance constraints were the calculated distance plus 0.5 A. The lower-
bound distance constraints were set to 1.8 A. Dihedral angle constraints

were obtained based on the analysis of DQF-COSY (Wagneal.,

NIH3T3 cells and induces tumors in nude mi€eoc. Natl Acad. Sci.
USA 90, 679-682.

Clore,G.M., Bringer,A.T., Karplus,M. and Gronenborn,A.M. (1986)
Application of molecular dynamics with interproton distance restraints
to three-dimensional protein structure determinatidnMol. Biol.,
191, 523-551

1987). The 3D structures were calculated by the simulated annealing Czubayko,F., Schulte,A.M., Berchem,G.J. and Wellstein,A. (1996)

method with X-PLOR v3.1 using distance constraints. A final set of 20

Melanoma angiogenesis and metastasis modulated by ribozyme

converged structures was selected from 100 calculations on the basis of targeting of the secreted growth factor pleiotrophitnoc. Natl Acad.
agreement with the experimental data and the van der Waal's energy. A Sci USA 93, 14753-14758.

mean structure was obtained by averaging the coordinates of the FabriL.,

Nice,E.C., Ward,L.D., Maruta,H., Burgess,AW. and

structures that were superimposed in advance to the best converged Simpson,R.J. (1992). Characterization of bovine heparin-binding

structure, and then minimized under the constraints (Giti., 1986).

Measurement of the stoichiometry of MK-heparin
oligosaccharide complexes
A DAWN DSP multi-angle laser light scattering photometer (Wyatt

Technology) at 632.8 nm and a refractive index detector (Shodex) at

neurotrophic factor (HBNF)—assignment of disulfide bor&lechem.
Int., 28, 1-9.

Fabri,L., Maruta,H., Muramatsu,H., Muramatsu,T., Simpson,R.J.,
Burgess,AW. and Nice,E.C. (1993) Structural characterization of
native and recombinant forms of the neurotrophic cytokine MK.
J. Chromatogr, 646, 213-226.

632.8 nm were used to measure the molecular weight of MK-heparin Hatanaka,H., Oka,M., Kohda,D., Tate,S., Suda,A., Tamiya,N. and

oligosaccharide complexes. For analytical experiments, MK was
incubated at room temperature for 1.5 h with appropriate heparin
oligosaccharides in the elution buffer. The light scattering photometer
was connected after a gel filtration chromatography with a PROTEIN
KW-802.5 (Shodex) column. We used an elution buffer of 50 mM Tris—
HCI (pH 7.4), containing 130 mM NaCl (Maccararet al, 1993;
Kinnunenet al, 1996) at a flow rate of 0.4 ml / min.

The light scattering data were analyzed in the following manner.

(K-c)
R(9)

= + 2ACc+ ...
Mw-P@®)

()

d
K = 4182 (—n) Ao* Na )
dc

where c is the concentration in g/nR(0) is the light scattering intensity

at angled, Mw is the molecular weight, Ais the second Virial constant,

n is the reflective index, (dn/dc) is a change of solution refractive index
with respect to a change in concentration of the MK-heparin complex
and N, is Avogadro’s constant. PO) is the scattering factor which
depends on the average square rotation rad5m§,2>. P ©) is the
function of sirf (8/2) and

lim P@) =1
8-0

©)
Therefore, from Equation 1, we find

. K-c 1
lim =
c-0 R(®)
-0

4)

Mw

Practically, KcR(B) versus siA (8/2) (Zimm plot) is plotted and is
extrapolated to s (8/2) = 0. Then, the intercept gives Mw, and the
slope gives<rg®>.
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