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Midkine, a Heparin-Binding Growth/Differentiation Factor, Exhibits
Nerve Cell Adhesion and Guidance Activity for Neurite Outgrowth
In Vitro1
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By means of a baculovirus expression system, a large amount of mouse midkine (MK) was
produced. The protein was purified to homogeneity by heparin-Sepharose column chro-
matography. The purified protein was of a mature type; the signal peptide was cleaved at
the expected site. To examine the neurite-guiding activity of MK, rat embryonic brain cells
(embryonic days 17-18) were cultured on plates coated with purified MK in a grid pattern.
The cells attached to and extended their neurites along the substrate pattern. This interac-
tion was strongly inhibited by heparin, but not by other glycosaminoglycans. Treatment of
the cells with heparitinase was effective for inhibiting their adhesion to the substrate. These
data suggest that the heparin-like domain on cell surface heparan sulfate proteoglycan is
the primary site for MK binding upon interaction with nerve cells.

Key words: baculovirus, guidance molecule, heparin-binding protein, midkine, neurite
outgrowth.

During development of the central and peripheral nervous
systems, neuronal precursor cells undergo several steps
including proliferation, differentiation, and migration,
followed by neurite outgrowth and synaptic connection.
Many factors, i.e. neurotrophins, neurite outgrowth/inhibi-
tory factors, and cell adhesion molecules, may play pivotal
roles in these steps. Although the mechanisms underlying
neurite outgrowth and axonal guidance in developing
neurons are not known in detail, at least two mechanisms
are thought to be involved; one comprises a gradient of
chemoattractant or chemorepellent molecules, and the
other the expression of specific cell adhesion molecules (1,
2). Various cell adhesion molecules found on the cell
surface membrane and in the extracellular matrix are
known to possess neurite outgrowth promoting activity (3-
7).

Midkine (MK), which was originally identified as a
product of a retinoic acid inducible gene in a teratocar-
cinoma cell line, is a heparin-binding basic protein of Mr

13,000 (8, 9). MK is rich in basic amino acids and cysteine
residues, all of which are crosslinked through intramole-
cular disulfide bridges (10). On comparison of the primary
structures of MK and subsequently found pleiotrophin
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(PTN, also known as heparin-binding growth-associated
molecule) (11-13), it was found that 45% of their amino
acid residues are homologous, including the 10 cysteine
residues, and that they constitute a new family of heparin-
binding growth/differentiation factors (14, 15). The ex-
pression of MK raRNA during mouse development is
strictly regulated. Its expression is highest in the midges-
tational period and thereafter restricted predominantly to
the kidney in adulthood (8, 16). In accordance with their
developmental^ regulated expression, MK and PTN were
verified to be important molecules involved in organogene-
sis (17). In the developing brain, an immunohistochemical
study revealed that MK and PTN were expressed in radial
glial processes as well as the ventricular zone of the
cerebral cortex (18).

Regarding biological activity toward neurons, it was
shown that MK acts as both a diffusible factor and a non-
diffusible substrate molecule. As a soluble factor, a low
concentration of MK promoted the survival of mouse
embryonic spinal cord, dorsal root ganglion, and mesence-
phalic neurons in culture (19, 20). On the other hand, when
the culture dish was coated with MK, it was demonstrated
that MK promoted the neurite outgrowth and survival of
rat embryonic brain cells (21, 22). In these studies, we used
MK produced by L cells which had been transformed stably
with an expression vector. To investigate the interaction
between nerve cells and MK as a substrate in more detail,
we needed a relatively large amount of MK. Therefore, we
established a recombinant baculovirus clone which ex-
presses a larger amount of MK in the culture medium than
L cells. The MK protein was purified to homogeneity by
heparin-Sepharose column chromatography. Using the
purified MK, we demonstrate here that embryonic neurons
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preferentially attach to MK and extend their neurites along
tracks of MK, suggesting the possible contribution of MK in
in vivo axonal guidance through regulated expression of
MK during development.

MATERIALS AND METHODS

Isolation of a Recombinant Baculovirus Clone Carrying
Mouse MK cDNA—The full-length MK cDNA with
BamEl and Pstl sites at its 5' and 3' ends, respectively, was
produced by PCR using mouse MK-2 cDNA (8, 9) sub-
cloned into pUCl8 as a template. The sense primer was
designed so that 5' untranslated region upstream from the
initial metbionine was removed. The antisense primer was
located at 14 nucleotides downstream from the polyA+

signal. The sequences of the primers were as follows,
5'ATGGATCCATGCAGCACCGAGGCTTCTTC3' and 5'-
CGCTGCAGGGAAAAAAGTGAGTTTATTTT3', respec-
tively. After digestion of the PCR product with BaniHI and
Pstl, and purification by agarose gel electrophoresis, the
resulting DNA fragment was subcloned into the BamHl and
Pstl sites of the transfer vector, pVL1393, under the
control of the Autographa californica nuclear polyhedrin
promoter (Pharmingen, CA). For the generation of a
recombinant virus, Spodoptera frugiperda Sf-21 cells were
cotransfected with 20 ng of a BaculoGold linearized virus
DNA with a lethal deletion (Pharmingen, CA) and 1 n% of
the recombinant transfer vector by the lipofectin (Life
Technologies, MD) method in ExCell 400 serum-free
medium (JEH Biosciences, KS). After incubation for 3
days at 27'C, recombinant viruses released into the
medium were purified by the plaque method (23). The
resulting clones were amplified 3 times to obtain high titer
viral stocks in Grace's medium supplemented with lactal-
bumin hydrolysate (3.33 g/liter) and yeastolate (3.33 g/
liter) (Life Technologies, MD) containing 10% fetal bovine
serum (FBS).

Expression and Purification of Mouse MK—For the
production of the MK protein, Trichoplusia ni High Five
cells (Invitrogen, CA) were used. The cells were infected
with the recombinant virus and then cultured in ExCell 400
for 3 days at 27'C. Then, a protease inhibitor, 0.5 mM
p-chloromercuribenzene sulfonate (pCMBS), was added,
and the culture was continued for one more day. The
addition of pCMBS was effective in protecting the product
from proteolytic degradation, as described previously {24).

The culture medium was centrifuged at 7,000 rpm for 10
min, followed by ultracentrifugation at 35,000 rpm
(100,000 X^) for 30 min to remove virus particles. The
supernatant (500 ml) obtained was directly applied on a
Hi-Trap Heparin column (column size, 1 ml; Pharmacia
Biotech, Uppsala), which had been equilibrated with 50
mM sodium phosphate buffer, pH 6.8, containing 0.2 M
NaCl, at the flow rate of 0.5 ml/min using an FPLC system
(Pharmacia Biotech, Uppsala). After washing with the
same buffer, proteins were eluted stepwisely with 50 mM
sodium phosphate buffer, pH 6.8, containing 0.5, 0.7,1, and
2 M NaCl at the flow rate of 0.5 ml/min. The MK protein
was eluted at the 1 M NaCl step as a single peak.

Assay for Neurite Outgrowth on MK Tracks—Rat
embryonic cerebral cortex (embryonic days 17-18) was
isolated. After removal of the meninges, the tissue was
minced and digested with 0.25% trypsin (Life Technol-

ogies, MD) and 0.01% DNase I (Sigma Chemicals, MO) for
30 min at 37*C in phosphate-buffered saline (PBS). At the
end of the incubation, the medium was changed to a culture
medium comprising Dulbecco's modified Eagle's medium
(DMEM) containing 0.1% FBS, an insulin/transferrin/
sodium selenite mixture (Becton Dickinson, NJ), and
penicillin (100 U/ml)/streptomycin (100//g/ml) (Life
Technologies, MD), followed by gentle trituration with a
pasteur pipette. Remaining cell clumps and debris were
removed. Single cells were collected by centrifugation at
800 rpm for 5 min and suspended in the medium described
above.

The formation of a pattern of MK on a plastic culture
plate was performed according to the method of Rauvala et
al. (25). A culture plate (24 wells, Falcon 3057; Becton
Dickinson, NJ) was coated with purified MK or poly
L-lysine (Sigma Chemicals, MO) at a concentration of 10
jjg/ml for 2 h at room temperature. After washing twice
with H2O, the plate was dried, and metal electron micros-
copy grids (HDL 200; Veco, Amsterdam) were placed in
the wells, followed by irradiation with UV light at 315 nm
for 30 min in a UV chamber (GS Gene Linker; Bio-Rad,
CA) to produce a grid pattern of the substrate. After
removing the grids, the wells were incubated with DMEM
containing 10 mg/ml of BSA for 30 min at 37°C. After
washing twice with H20, the rat brain nerve cell suspension
described above was seeded (0.8 x 106 cells/well), followed
by culturing for 24-48 h at 37*C under an atmosphere of 5%
CO2 and 95% air.

In experiments to analyze the effects of glycosamino-
glycans, brain cells were cultured in the presence of various
concentrations of glycosaminoglycans. They included he-
parin purified from porcine intestine (Wako Chemicals,
Tokyo), heparan sulfate from bovine kidney, chondroitin
sulfate A from whale cartilage, chondroitin sulfate C from
shark cartilage, dermatan sulfate from porcine skin, ker-
atan polysulfate from shark cartilage, and hyaluronic acid
from porcine skin (Seikagaku Corporation, Tokyo).

In some experiments, heparitinase or heparinase, both
from Flavobacterium heparinum (Seikagaku, Tokyo), was
added to the cell suspension, followed by culturing as
described above.

Analytical Procedures—SDS-PAGE at 12.5% gel concen-
tration was carried out by the method of Laemmli (26), and
the gel was stained with silver reagent, or subjected to
Western blotting (27) using a specific anti-MK antiserum
previously described (22). The protein concentration was
measured by means of the micro BCA assay (Pierce, IL)
using BSA as a standard. For determination of the amino
acid sequence, the purified MK was applied on a reverse
phase HPLC column (Nucleosil 7C18, 4.6x250 mm;
Chemco, Osaka), and eluted with a linear gradient of
acetonitrile (10-40%) in0.1%trifluoroacetic acid to remove
salts. An aliquot (1.2 nmol) of the protein was applied to a
gas-phase protein sequencer (373A; Perkin Elmer Applied
Biosystems, CA). For determination of the total mass of
MK, the purified protein was subjected to matrix-assisted
laser desorption ionization/time- of- flight (MALDI/T0F)
mass spectrometry (Voyager RP; PerSeptive Biosystems,
MA).
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RESULTS

Production and Characterization of Recombinant Mouse
MK—A full-length mouse MK cDNA including signal
peptide was subcloned into a transfer vector, pVL1393, and
then cotransfected into Sf-21 cells with a BaculoGold
genomic DNA. From the culture medium of cotransfected
cells, several recombinant viruses were isolated. The
expression efficiencies of these clones were comparable,
and one of the clones (M-7) was subjected to amplification
on a large scale. Comparison of the expression levels in
different insect cell lines, Sf-21 and High Five cells,
revealed that High Five cells expressed the MK protein
much more (about 5-fold) efficiently than Sf-21 cells. In
addition, proteolytic degradation of MK was almost negli-
gible in High Five cells, whereas in Sf-21 cells degradation
was obvious. Furthermore, the small amount of proteolysis
observed in High Five cells was completely inhibited by the
addition of 0.5 mM pCMBS. Figure 1 shows the elution
profile of MK from a heparin-Sepharose column. MK was
eluted at the concentration of 1 M NaCl as a single peak.
The purity of this fraction was examined by SDS-PAGE
and silver staining. As shown in Fig. 2, MK was found to be
purified to homogeneity by a single column chromatography
step from the culture medium. The purified MK gave a
single band corresponding to an apparent Mr of about
17,000 on both silver staining and immunoblotting. To
determine whether or not the signal peptide was removed
properly from the precursor protein, the N-terminal se-

550 600
Elution Volume (ml)

650

Fig. 1 Purification of MK by heparin-Sepharose chromatog-
raphy. Culture medium from High Five insect cells (ca 500 ml) was
ultracentnfuged at 35,000 rpm (100,000 x^) for 30 nun, and then
applied to a column of Hi-Trap Hepann (column size, 1 ml), which
had been equilibrated with 50 mM sodium phosphate buffer, pH 6.8,
containing 0.2 M NaCl Elution was carried out stepwisely with the
same buffer containing 0.2, 0.5, 0.7, 1 0, and 2.0 M NaCl at the flow
rate of 0.5 ml/min.

quence of the purified preparation was determined. As
shown in Fig. 3, the signal peptide was cleaved at the
expected site, which coincides with the empirical rule
derived from many known signal sequences (28). To
explain the higher Mr than the value (about 13,000)
calculated from the nucleotide sequence, the total mass of
the purified MK was determined by MALDI/TOF mass
spectrometry (Fig. 4). The m/z value of the parent peak
was 13,073.3, which was in good agreement with the
theoretical value of 13,070.4, indicating that the purified
MK had an intact structure without any modifications.
Thus, the apparent higher Mr on SDS-PAGE may be due to
the high positive charge content of the sequence. Using this
expression system, at least 2 mg of purified protein was
obtained from 1 liter of culture medium.

Neurite Outgrowth on MK Tracks—To study the biologi-
cal activity of the purified MK toward nerve cells, a neurite
outgrowth assay on a substrate pattern was performed. The
grid pattern of MK on culture plates was made using
electron microscopy grids and the UV-inactivation tech-
nique. When rat embryonic brain cells were cultured on the
MK pattern, the cells preferentially attached to the area
which had been protected from UV-inactivation (Fig. 5A).
When seeded at a lower cell density, clear neurite out-
growth was observed along the tracks of MK, but not in the
inactivated areas (Fig. 5B). The effect of poly L-lysine
seemed to be weak compared to that of MK, the cells
aggregating with each other (Fig. 5C). These data show that
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Fig. 2 SDS-PAGE and Western blot analyses of culture
medium and purified MK. Culture medium (6//1) or the purified
MK fraction (0 4 //I) eluted from a hepann-Sepharose column shown
in Fig. 1 was subjected to 12 5% SDS-PAGE, followed by silver
staining (A) or Western blot analysis using anti-MK antiserum (B)
Lane 1, culture medium, lane 2, purified MK The faint bands
between 45 and 66 kDa m panel A are non-specific ones often
observed during silver staining. The molecular masses of the standard
markers are shown on the right in kDa

Signal peptide

-20 -10 1 10 20
Sequence deduced from cDNA: MOHRGFTLLMJALLVVTSAVA KKXZKVKKGSECSENTWGPC

Purified MK-
1 10 20
KKKBKVKKGSEXSEWTWGPX

Fig. 3 N-Tenninal amino acid se-
quence of the purified MK. The puri-
fied MK (1.2 nmol) was applied to a gas-
phase protein sequencer (373A, Perkin
Elmer Applied Biosystems). The ob-
served sequence is aligned with the
amino acid sequence deduced from the
nucleotide sequence. Amino adds are
shown in a one letter code, in which X
represents an unidentified residue.
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Fig. 4. Determination of the total mass of the mouse MK by mass spectrometry. The purified MK (7.5 pmol/0.5 pi) was subjected to
MALDI/TOF mass spectrometry (Voyager RP; PerSeptive Biosystems), using 0.3% sinapinic acid dissolved in 9% acetonitrile and 0.03%
trifluoroacetic acid as a matrix solution. The system was calibrated using parathyroid hormone (m/z=9,425.75) and myoglobin (m/z =
16,951.75) as external standards.

TABLE I. Effects of various glycosaminoglycans on nerve cell
adhesion. Rat embryonic nerve cells were cultured on plates coated
with a pattern of MK (10^g/ml). Cell adhesion was evaluated after
24 h. + + , cells detached from the plate and aggregated; +, cells
attached to the plate, but no grid pattern was observed; —, no
inhibition.

Glycosaminoglycans Concentration (og/ml)
0.16 0.6 2.5 10 50 200

Heparin
Heparan sulfate
Chondroitin sulfate A
Chondroitin sulfate C
Dermatan sulfate
Keratan polysulfate
Hyaluronic acid

MK is one of the most effective substrates for nerve cells,
and exhibits guiding activity, as shown by their preferential
adhesion and increased outgrowth of neurites.

Effects of Heparin and Other Glycosaminoglycans on
Nerve Cell Adhesion—MK is a heparin-binding protein,
and is thought to be associated in vivo with the carbo-
hydrate moiety of heparan sulfate proteoglycans on the cell
surface or in the extracellular matrix. To characterize the
interaction of MK with nerve cells, the effect of heparin was
examined. As shown in Fig. 6, A-C, and Table I, heparin
showed inhibition of nerve cell adhesion at the concentra-
tion of 0.6 //g/ml. At higher concentrations than 2.5 //g/ml,
nerve cells become completely detached from the plate and
aggregated with each other, and consequently no neurite
outgrowth was observed. The effects of other glycosamino-
glycans in this system were examined and the results are
summarized in Table I. Heparan sulfate purified from

bovine kidney showed no inhibitory effect, even at the
highest concentration examined (Fig. 6D). Chondroitin
sulfates A and C, dermatan sulfate, keratan polysulfate,
and hyaluronic acid also had no effect. Thus, the effect of
heparin was highly specific among the glycosaminoglycans
examined, suggesting that cell surface heparin-like poly-
saccharide structure may be involved in the interaction of
nerve cells with coated MK.

Effects of Heparitinase and Heparinase on Nerve Cell
Adhesion—To determine whether or not cell surface
heparan sulfate proteoglycans are directly involved in the
nerve cell attachment to the coated MK, heparitinase, or
heparinase was added to the culture. As shown in Fig. 6, E
and F, heparitinase treatment effectively inhibited the
nerve cell adhesion at the concentration of 20 mU/ml,
while heparinase had almost no effect when added at the
same concentration.

DISCUSSION

The present paper described the production of MK with a
baculovirus system and its biological activity toward cul-
tured embryonic neurons. The intactness of the purified
protein was confirmed by N-terminal amino acid sequenc-
ing and mass spectrometry. A yield of at least 2 mg of
purified MK/liter of culture medium was obtained, which
was much larger than that obtained with an L cell system
(about 200 //g/liter) {21). The large amount of MK enabled
us to analyze its nerve cell adhesion activity leading to
axonal guidance, especially in terms of glycosaminoglycans
involved in the interaction.

When embryonic neurons were cultured on a plate with a
pattern of MK, nerve cells preferentially attached to the
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rig. 5 Phase-contrast photomicrographs of rat embryonic
neurons cultured on a pattern of MK (A, B) or poly L-lysine (C).
Plastic culture plates (24-wells) were coated with MK or poly L-lysine
(10//g/ml) for 2 h at room temperature. A grid pattern was then
made by the UV-inactivation technique using electron microscopy
grids with a pitch of 125 /im (35). After blocking with 10 mg/ml of
BSA, brain cells prepared from rat embryo cerebral cortex (embry-
onic days 17-18) were cultured at 37*C in a medium comprising
DMEM, 0.1% FBS, insulin/transfemn/sodium selenite, and penicil-
lin/streptomycin, under an atmosphere of 5% CO, and 95% air.
Photographs were taken after 20 h. For details, see "MATERIALS
AND METHODS * A and C- 0.8 X10* cells/well, B: 0 2x 10« cells/
well. Bar, 50 //m

area coated with MK, and neurite outgrowth was observed
exclusively along the tracks. It is believed that the growth
cone of neurites selects the direction in which it should

extend by detecting a more preferential one at the bound-
ary of a substrate (29). The present study showed that MK
is one of the most preferential substrates for neurons and
that their neurites are guided according to the pattern of
MK. So far, the relevance of several cell adhesion mole-
cules to neuronal guidance activity has been elucidated (2,
6). For example, neural cell adhesion molecule or JV-cadhe-
rin, typical cell adhesion molecules, may play an important
role in neuronal outgrowth guidance. However, the speci-
ficities of these molecules in the nervous system cannot be
defined since they are widely expressed in many tissues
during development (1). We previously demonstrated the
restricted expression of MK and PTN in the developing
brain using immunohistochemistry (18). Both MK and
PTN are significantly expressed in the radial glial processes
and ventricular zone of the developing cerebral cortex. In
this context, PTN has also been reported to exhibit neurite
outgrowth activity in vitro and suggested to be involved in
axonal guidance in vivo (25). Since the expression of PTN
in the brain increases in the perinatal period when that of
MK is declining, MK and PTN might have partly the same
functions, such as in cell migration or axonal guidance, but
could have their own roles as to specific neurons in the
embryonic brain.

It was shown that nerve cell adhesion on a pattern of MK
was strongly inhibited by low concentrations of heparin, but
not by other glycosaminoglycans, and that heparitinase
treatment of nerve cells significantly reduced the cell
adhesion. Although heparin is known to interact with MK,
these data indicate the biological significance of the interac-
tion and strongly suggest that the highly sulfated heparin-
like domain on a heparan sulfate chain is involved m the
interaction of MK with nerve cells. In fact, several other
heparin-binding growth factors, such as acidic and basic
fibroblast growth factors, and hepatocyte growth factor,
have been proved to be associated with a specific site on a
heparan sulfate carbohydrate chain (30-34). Especially m
the case of PTN, syndecan-3, a cell surface proteoglycan,
has been proposed to be a receptor site for the ligand in
PTN-dependent neurite outgrowth (35). In the present
study, however, heparan sulfate purified from bovine
kidney did not exhibit any inhibitory effect, even at the
highest concentration of 200/zg/ml (Table I). This may
imply that the heparan sulfate from bovine kidney is
structurally distinct from that present in embryonic neu-
rons; probably the latter is much more highly sulfated and/
or has structural features quite unique to the embryonic
brain.

The results of heparitinase and heparinase treatment
seem to be rather contradictory. Heparitinase exhibits
specificity toward a non-sulfated or less sulfated heparan
sulfate backbone, and heparinase toward a highly sulfated
(2-O-8ulfated iduronic acid and 6-O- and 7V-sulfated
glucosamine residues) disaccharide unit (36, 37). The fact
that heparitinase treatment had an inhibitory effect, while
heparinase had almost no effect, gave rise to the possibility
that the heparan sulfate on the nerve cell surface has rather
unique structural features compared to a typical haparan
sulfate, such as that found in bovine kidney. If we consider
the structural microheterogeneity found in heparan sulfate
and heparin (38, 39), the above result may be attributed to
the specificity of the enzyme, including the size of an
aglycon or to steric hindrance. A study on structural
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Fig. 6 Effects of heparin, heparan sulfate, heparitinase, and heparinase on nerve cell adhesion. The preparations of rat embryonic
neurons and the pattern of MK on culture plates were the same as those described in the legend to Fig 5, and under "MATERIALS AND
METHODS." The effect of heparin was examined at the concentrations of 0 16 //g/ml (A), 0 6 ̂ g/ml (B), and 2 5 ̂ g/ml (C) Heparan sulfate
purified from bovine kidney was added at 200 ̂ g/ml (D). Hepantinase (E) or heparinase (F) was added at the concentration of 20 mU/ml,
respectively Phase-contrast photomicrographs were taken after cultunng for 20 h. Bar, 50 fim.

characterization of the heparin-like domain of heparan
sulfate involved in the interaction is now in progress.
Further study on the isolation and structural determination
of a specific oligosaccharide with inhibitory activity may
facilitate understanding of the interaction between MK and
nerve cells. The production of a large amount of recom-
binant MK reported here will be extremely useful for such
studies.

We are grateful to PerSeptive Biosystems, Tokyo Branch, for the
MALDI/TOF mass spectrometric measurements, and to Ms K.
Yoshioka and Ms. K. Saito for their secretarial assistance.
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