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The C-terminal fragment of axon guidance molecule
Slit3 binds heparin and neutralizes heparin’s
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Slit3 is a large molecule with multiple domains and
belongs to axon guidance families. To date, the biological
functions of Slit3 are still largely unknown. Our recent
study demonstrated that the N-terminal fragment of Slit3
is a novel angiogenic factor. In this study, we examined the
biological function of the C-terminal fragment of human
Slit3 (HSCF). The HSCF showed a high-affinity binding to
heparin. The binding appeared to be heparin/heparan
sulfate-specific and depends on the size, the degree of sul-
fation, the presence of N- and 6-O-sulfates and carboxyl
moiety of the polysaccharide. Functional studies observed
that HSCF inhibited antithrombin binding to heparin and
neutralized the antifactor Ila and Xa activities of heparin
and the antifactor Ila activity of low-molecular-weight
heparin (LMWH). Thromboelastography analysis observed
that HSCF reversed heparin’s anticoagulation in global
plasma coagulation. Taken together, these observations
demonstrate that HSCF is a novel heparin-binding protein
that potently neutralizes heparin’s anticoagulation activity.
This study reveals a potential for HSCF to be developed
as a new antidote to treat overdosing of both heparin and
LMWH in clinical applications.
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Introduction

The Slit families of axon guidance molecules are large,
secreted proteins and are highly conserved from
Caenorhabditis elegans to vertebrates (Rothberg et al. 1990;
Itoh et al. 1998). Mammals have three Slit proteins (Slit1-3).
They have an overall 60—66% sequence identity and share a
common domain organization: a putative signal peptide at the
N terminus followed by a long stretch of four leucine-rich
repeats, six epidermal growth factor (EGF)-like domains, an
agrin—laminin—perlecan—slit conserved motif, another three
EGF-like domains and a cysteine-knot domain at the C ter-
minus (Itoh et al. 1998). A similar domain structure is found
in Drosophila Slit (dSlit) that has a 43.5, 44.3 and 41.1% se-
quence homology with mammalian Slitl, Slit2 and Slit3, re-
spectively (Rothberg and Artavanis-Tsakonas 1992; Itoh et al.
1998; Brose et al. 1999). dSlit and bovine Slit2 were shown
to be cleaved in vivo by unknown proteases (Brose et al.
1999). In vitro cleavage was also reported for human Slit2
(hSlit2) and hSlit3 expressed in Chinese hasmster ovary
(CHO) cells and for hSlit2 and dSlit expressed in COS and
human embryonic kidney (HEK) 293 cells (Brose et al. 1999;
Patel et al. 2001). Studies of mammalian Slit2 established
that Slit2 binds through the second leucine-rich repeat to the
appropriate receptors Robo to exert functions as a guidance
molecule involved in neuron growth, cell migration and
angiogenesis (Howitt et al. 2004; Liu et al. 2004; Morlot
et al. 2007; Hohenester 2008; Jones et al. 2008).

Compared with Slit2, the biological functions of Slit3 are
less explored (Geutskens et al.; Zhang et al. 2009). Genetic
studies have observed that Slit3 deficiency leads to a central
diaphragmatic hernia and kidney malformation phenotypes in
mice (Liu et al. 2003; Yuan et al. 2003), but its underlying
mechanisms are not known. Using a recombinant N-terminal
fragment of hSlit3, we recently found that Slit3 interacts with
Robo4 to promote angiogenesis and suggested that Slit3 defi-
ciency may disrupt developmental angiogenesis in the dia-
phragm to lead to the central diaphragmatic hernia phenotype
in the mutant mice (Zhang et al. 2009). In the current study,
we explored the biological function of the hSlit3 C-terminal
fragment (HSCF) and observed that HSCF binds heparin and
heparan sulfate (HS), but not chondroitin sulfate A (CSA).
The binding appeared to be high affinity and depended on the
size, the degree of sulfation, the presence of N- and
6-O-sulfates and carboxyl moiety of heparin. Functional
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studies observed that HSCF inhibited antithrombin (AT)
binding to heparin and neutralized the AT (factor Ila) and
antifactor Xa activities of heparin and the antifactor Ila activ-
ity of low-molecular-weight heparin (LMWH). HSCF also
reversed the anticoagulant activity of heparin in the plasma in
the global blood coagulation assay. These observations dem-
onstrate HSCF as a novel heparin-binding protein and reveal a
potential for HSCF to be developed as a new antidote to treat
overdosing of heparin and LMWH in clinical applications.

Results
Expression of recombinant HSCF

Slit3 has been observed to be cleaved to give rise to N- and
C-terminal fragments in vivo (Patel et al. 2001). We recently
examined the biological function of a recombinant N-terminal
fragment of hSlit3 and observed that the N-terminal fragment
potently promotes angiogenesis (Zhang et al. 2009), but the
biological function of the C-terminal fragment has not been
determined. To explore this issue, we attempted to determine
the natural size of the C-terminal fragment initially by trans-
fecting N2A cells with a full-length AS/it3 expression vector
containing an HPC4 tag at the N terminus (Figure 1A). By
probing the conditioned medium (CM) from the transfected
cells with an anti-HPC4 monoclonal antibody, we detected
two bands at ~170 and 120 kDa, respectively (Figure 1B).
The 170-kDa band was in agreement with the predicted size
of the full-length hSlit3 (167.7 kDa) and the 120-kDa band
would correspond to the N-terminal fragment, suggesting that

A

the cleavage of hSlit3 generates an 50-kDa C-terminal frag-
ment. A similar cleavage occurred in hSlit2 and hSlit3
expressed in CHO cells (Patel et al. 2001), and hSlit2 and
dSlit expressed in COS and HEK 293 cells (Brose et al.
1999). A putative cleavage site was proposed for hSlit2
(Brose et al. 1999). The sequence of the cleavage site is
highly conserved between hSlit2 and hSlit3 (Figure 1C) and
two fragments with predicted sizes of 120 kDa (N-terminal)
and 50 kDa (C-terminal) would form from this presumed
hSlit3 cleavage site, close to the observed size of the
C-terminal fragment in our experiment (Figure 1B).
Therefore, we designed an HSCF expression construct starting
from this presumed cleavage site (Figure 1A) and expressed
the construct in N2A and HEK 293 cells (Figure 1B). The re-
combinant protein was secreted into the CM, purified first on
a nickel-nitriloacetic acid (Ni-NTA) column and finally on an
anti-HPC4 column. The purified protein ran as a single
50-kDa band on a sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gel as predicted (Figure 1B) and
was confirmed to be HSCF by mass spectrometry (MS) ana-
lysis (Figure 1D). The HSCF appeared as same-sized single
bands on SDS-PAGE gels under both reducing and non-
reducing conditions (Figure 1E) and as a single peak in gel
filtration chromatography (data not shown), indicating that
HSCEF presents as a monomer in solution.

HSCF binds heparin with high affinity

The Slit2 C-terminal fragment was reported to bind heparin
(Hussain et al. 2006). To determine if HSCF also binds to
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Fig. 1. Expression of recombinant HSCF. (A) Schemes of S7it3 constructs: S/it3 full length (amino acids 22—1523) and HSCF (amino acids 1125-1523). Both
constructs have a transferrin signal (TS) peptide followed by an HPC4 tag at the N terminus and a 6x His-tag at the C terminus. (B) Slit3 cleavage in vivo. The
CMs from N2A cells transfected with full-length (lane 1) and C-terminal (lane 2) hSlit3 containing vector were analyzed by western blot probing with an
anti-HPC4 monoclonal antibody. (C) Sequence homology between hSlit2 and hSlit3 around the putative cleavage site (bold letters) identified in hSlit2. (D) MS/
MS analysis. Purified HSCF that appeared as a single band on an SDS-PAGE gel was cut out and subjected to MS/MS analysis. Identified peptides are shown in
bold letters. (E) SDS-PAGE analysis of purified HSCF in reducing (lane 1) and non-reducing conditions (lane 2).
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heparin, we injected the purified protein onto a HiTrap
Heparin affinity column. HSCF bound to heparin tightly and
required a 1.2 M NaCl concentration to elute out from the
column (Figure 2A). The binding was alternatively confirmed
in enzyme-linked immunosorbent assay (ELISA) and surface
plasmon resonance (SPR) analyses. In ELISAs, HSCF was
immobilized on 96-well plates and then incubated with
various concentrations of biotinylated heparin. Heparin
showed a dose-dependent and saturable binding to the immo-
bilized HSCF (Figure 2B). SPR analysis was carried out with
heparin immobilized on chip and determined an association
rate ko, =1.29x10"M 's™!, a dissociation rate k,r=3.2 %
10 s~ " and a binding dissociation constant K, =2.48 x 10~'°
M (Figure 2C) of the heparin—-HSCF interaction, revealing a
very high-affinity binding of HSCF to heparin. The sensor-
grams were fit with a 1:1 interaction model with mass transfer.
The goodness of the fit was indicated by a low > value (4.22)
and suggests that only a single class of high-affinity binding
sites is involved in the heparin—HSCF interaction.
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Slit3 binds and neutralizes heparin’s anticoagulation

HSCF—-heparin interaction depends on the degree

of sulfation, N- and 6-O-sulfates, carboxyl

moiety and size of heparin

To determine whether a specific structure is required for
heparin to bind HSCF, we carried out competitive SPR ana-
lysis. HSCF was incubated with various concentrations of gly-
cosaminoglycans (GAGs), including heparin, HS and CSA
(Table I), and then injected onto a heparin-coated chip and
the interactions of HSCF with the immobilized heparin were
measured. ICsq values were determined as the GAG concen-
trations that reduced HSCF binding to 50% of the maximal
binding (the binding in the absence of GAG). The ICs
values for heparin, HS and CSA were determined to be 30 ng/
mL, 6.5 pg/mL and 2.2 mg/mL, respectively (Table I). The
ICso values demonstrated that HSCF binds heparin and HS,
but not CSA, and the binding affinity to heparin was higher
than to HS. The structure of heparin is similar to the highly
sulfated regions of HS, and the relative number of sulfate
groups along the chains in heparin and HS were 2.4 and 0.85
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Fig. 2. HSCF binds to heparin with high affinity and depends on size. (A) Binding of HSCF to heparin in HPLC analysis. HSCF was applied to a HiTrap
Heparin column that was pre-equilibrated in PBS and was eluted with a step gradient of NaCl from 0 to 2 M (dotted line) in PBS at a flow rate of 0.9 mL/min.
Chromatogram represents three independent runs. (B) Binding of HSCF to heparin in ELISA. Various concentrations of biotinylated heparins were added to
HSCF-coated ELISA wells and bound heparin was measured after 2 h incubation. Values are presented as the mean = SE from three independent runs. (C) SPR
analysis. Various concentrations of HSCF (6.25, 3.12, 1.56, 0.78 and 0.39 nM from top to bottom) were injected over a heparin-immobilized chip. The response
in RU was recorded (solid lines). Fitted curves (dotted lines) were calculated using a 1:1 interaction model with mass transfer. The sensorgram shown is
representative of three independent runs. (D) Binding of heparin-derived oligosaccharide to HSCF in competitive ELISA. HSCF solutions pre-incubated with
heparin-derived oligosaccharides including tetra- (filled squares), hexa- (filled circles), octa- (filled triangles), deca- (filled diamonds), dodeca- (open squares),
tetradeca- (open circles) or hexadecasaccharide (open triangles) were added into heparin-coated ELISA wells. After incubation and washing, the HSCF bound
was measured. Data are presented as % of inhibition based on the values detected in the absence of oligosaccharides as 0% inhibition. Data are presented as the

mean = SE from three independent experiments.
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Table I. Summary of ICsy values of HSCF—-GAG interactions determined in
SPR analysis

Glycosaminoglycan ICsq

Heparin ~30 ng/mL (2 nM)
HS ~6.5 pg/mL

CSA ~2.2 mg/mL
OS-hep ~12.4 ng/mL
2/3-des-hep ~413.9 ng/mL
6-des-hep ~16.39 pg/mL
N-des-hep ~378.5 pg/mL

Carboxyl-reduced heparin
LMWH (Enoxaparin)
Fondaparinux (Arixtra)

~292.4 ng/mL
~288.4 pg/mL
~2633 pg/mL

sulfates/disaccharide, respectively (Schuksz et al. 2008).
Thus, this observation revealed a correlation between the
binding affinity to the degree of sulfation of heparin.
However, the similarly tested CSA, which has a comparable
degree of sulfation (0.95 sulfates/disaccharide) to HS
(Schuksz et al. 2008), showed a much higher ICs, than that
of HS, suggesting the existence of heparin/HS-specific struc-
tures that are necessary for HSCF binding. This was further
examined using several chemically modified heparins.
Compared with heparin, the oversulfated heparin (OS-hep)
showed a slightly higher binding affinity than heparin with an
ICso of 12.4ng/mL, whereas all the desulfated heparins
exhibited reduced binding affinities following the order: 2-/
3-O-desulfated heparin (2/3-des-hep; 1C5o=413.9 ng/mL) >
> 6-des-hep (6-O-desulfated heparin; ICs5o=16.3 pg/mL)>
N-des-hep (N-desulfated/N-acetylated heparin; ICso=378.5
pg/mL) (Table I). These observations further supported that
the HSCF binding depends on the degree of sulfation and
also revealed the particular importance of N- and 6-O-sulfate
groups in the binding. In addition, carboxyl-reduced heparin
(CR-hep) showed a very low binding affinity for HSCF with
an ICso of 292.4 pg/mL (Table 1), indicating that the carboxyl
groups are critically required for the binding also. Taken to-
gether, these observations demonstrated that the HSCF-
heparin interaction critically depends on both the degree of
sulfation and heparin/HS-specific modifications. Among the
specific modifications, N- and 6-O-sulfation and carboxylation
are essential for the binding.

To determine the size required for heparin to bind HSCF,
the protein was incubated with heparin-derived oligosacchar-
ides ranging from tetrasaccharide to hexadecasaccharide in
heparin-coated ELISA wells. After washing, the HSCF bound
on the wells was measured. Except tetrasaccharides, all other
oligosaccharides showed significant and dose-dependent inhi-
bitions on binding of HSCF to immobilized heparin
(Figure 2D). Among the inhibitory oligosaccharides, hexasac-
charides was the smallest, suggesting that an oligosaccharide
with 6-sugar residues is the minimal size required for HSCF
binding. Meanwhile, comparison among the inhibitory oligo-
saccharides observed that the inhibitory potencies positively
correlated with their sizes, indicating that the high-affinity
binding of HSCF requires a size larger than a hexasaccharide.
This prospection was strongly supported by examining the
interaction of HSCF with the LMWH enoxaparin (average
MW at 4500 Da, equivalent to 16-mer heparin oligosaccharide)
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and fondaparinux, a heparin-containing pentasaccharide with
N- and 6-O-sulfation and carboxylation, in SPR analysis. We
observed that enoxaparin, but not Arixtra, inhibited the
binding of HSCF to immobilized heparin in SPR analysis
(Table 1), further demonstrating the critical size of heparin for
interaction with HSCF. Combined with our aforementioned ob-
servation that HSCF potently inhibited AT binding to heparin,
we suggest that the binding site for HSCF in heparin is a
hexamer or a larger oligosaccharide containing or adjacent to
the AT-binding site.

HSCF neutralizes the antifactor lla and Xa activities of
heparin, and antifactor Xa activity of LMWH

Heparin is a commonly used anticoagulant in clinical settings
and exerts its anticoagulant activity by binding AT, thereby
enhancing AT’s inhibitory effect on coagulation proteases, es-
pecially factors Xa and Ila and to some extent factors [Xa,
Xla and XlIla (Rosenberg and Damus 1973; Bjork and
Lindahl 1982; Rosenberg and Rosenberg 1984). Structural
analysis revealed that the enhanced inhibition on factor Xa
only requires AT binding to a specific pentasaccharide se-
quence in heparin (the AT-binding site; Lindahl et al. 1979;
Petitou et al. 2003), whereas the increased inactivation of
factor Ila occurs only when AT and factor Ila bind together to
a longer heparin chain of at least 18 saccharides (Lane et al.
1984). The high-affinity binding of HSCF to heparin led us to
test whether it can block AT binding to heparin, thereby neu-
tralizing the antifactor Ila and Xa activities of heparin. To test
this hypothesis, we first examined if HSCF was able to
compete with AT in heparin binding. We observed that HSCF
dose-dependently inhibited AT binding to immobilized
heparin with a calculated apparent ICsq of 4.7nM and a
maximum inhibition of ~60% (Figure 3A). This indicates
that HSCF potently inhibited AT binding to heparin. To deter-
mine whether the inhibitory effect of HSCF on AT binding
could affect the anticoagulant activity of heparin, we carried
out antifactor Ila and Xa amidolytic assays. HSCF dose-
dependently and potently inhibited the inactivation of factors
Ila and Xa by AT (Figure 3B and C). For example, HSCF at
1.5 uM completely inhibited the thrombin inactivation and
inhibited 80% factor Xa inactivation at 2.5 uM. In the SPR
assay, HSCF was observed to bind to LMWH enoxaparin, but
not to fondaparinux, we therefore further examined whether
HSCEF could inhibit their antifactor Xa activities. As shown in
Figure 3C, HSCF inhibited enoxaparin- but not fondaparinux-
mediated inactivation of factor Xa. These results demonstrated
that that HSCF neutralized the antifactor Ila and Xa activities
of heparin, and antifactor Xa activity of LMWH, but not of
fondaparinux.

HSCF reverses the prolongation of plasma clotting time
produced by heparin

To test whether the neutralizing effect of HSCF on heparin
observed in antifactor Ila and Xa chromogenic assays is rele-
vant in the global blood coagulation, thromboelastography
(TEG) assay was performed using citrated pooled plasma.
TEG has been used increasingly for monitoring the adminis-
tration of heparin, LMWH and heparinoids in patients
(Bolliger et al. 2012; van Geffen and van Heerde 2012). TEG
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Fig. 3. HSCF inhibits AT binding to heparin and neutralizes the antifactor Ila
and/or Xa activity of heparin and LWMH, but not of Arixtra. (A) HSCF
inhibited AT binding to heparin. AT (50 ng/mL) premixed with various
concentrations of HSCF was added to heparin-immobilized ELISA wells and
bound AT was measured after incubation. Points are presented as % of
inhibition compared with values detected in the absence of HSCF as 0%
inhibition. Data are presented as the mean + SE from three independent
experiments. (B) HSCF neutralizes the antifactor Ila activity of heparin and
LMWH. Unfractionated heparin (open circles) or enoxaparin (filled circles)
were incubated with AT, thrombin and various concentrations of HSCF, and
then the chromogenic substrate S-2238 was added. Residual thrombin activity
was quantified by measuring the absorbance at 405 nm. The antifactor Ila
activity in the absence of heparin or LMWM was defined as 100%. The data
are presented as the mean + SE from three independent measurements.

(C) HSCF neutralizes the antifactor Xa activity of heparin and LMWH, but
not of fondaparinux. Unfractionated heparin (open circles), enoxaparin (filled
triangles) or fondaparinux (filled circles) were incubated with AT, factor Xa
and various concentrations of HSCE, and then the chromogenic substrate
S-2222 was added. Residual factor Xa was quantified by measuring the
absorbance at 405 nm. The factor Xa activity in the absence of GAGs was
defined as 100%. The data are presented as the mean =+ SE from three
independent measurements.
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measures the dynamic process of blood coagulation with
defined parameters reflecting the integrity of hemostatic com-
ponents, including the time a detectable clot is formed (R),
the rate of clot formation (Ang) and clot strength (maximal
amplitude, MA; Figure 4A). The smaller the R and the larger
the Ang and MA values, the greater the coagulability of the
blood is. In our study, the test was terminated when those
values appeared on the TEG recordings. However, when there
were no values given because the blood samples could not
form a clot, the test was terminated at 60 min. In the latter
cases, values of 60 min for R and zero for both Ang and MA
were assigned arbitrarily. With these values, the efficacy of
HSCF for reversing the anticoagulant effect of heparin was
determined in the plasma with or without kaolin, a strong acti-
vator of the intrinsic coagulation pathway.

We first examined the effect on coagulation without kaolin.
As shown in Figure 4B and D, the pooled citrated plasma had
an R value of 10.60 £ 1.47 min, an Ang value of 21.83 £3.51
and an MA value of 13.70 + 1.04. Addition of heparin (0.1 U/
mL) completely inhibited plasma coagulation, showing an
R-value >60 min, whereas the addition of HSCF at 50 ug/mL
(1 uM) reversed the heparin inhibition and restored the
plasma to coagulate, reaching an R time of 13.70 & 1.04 min.
We further examined the effect of HSCF on heparinized
plasma with coagulation activated by kaolin. Kaolin signifi-
cantly accelerated the coagulation of the citrated plasma,
resulting in a shorter R-value (4.17+0.19 min). The kaolin
addition also coagulated the heparinized plasma (heparin at
0.1 U/mL), but showed a prolonged R time (5.80 £ 0.40 min).
Addition of HSCF (50 pg/mL) shortened the heparin-
prolonged R time to 4.85+0.25 min. The inhibitory effect of
HSCF on heparin anticoagulation of the plasma was also
reflected by the increasing values of Ang and MA upon
HSCF addition (Figure 4B-D). Therefore, under both non-
activated and kaolin-activated conditions, HSCF reversed the
prolongation of blood coagulation produced by heparin.

Discussion

In this study, we present evidence for the first time showing
that HSCF is a novel, high-affinity heparin-binding protein.
Heparin exerts its biological functions mainly by ionic inter-
actions with proteins (Capila and Linhardt 2002; Esko et al.
2009). In some cases, like the interactions with fibronectin
(Ogamo et al. 1985) and platelet factor 4 (Maccarana and
Lindahl 1993), the strength of the binding depends more on
the length and degree of sulfation and less on a specific se-
quence. In other cases, the binding sites correspond to short
oligosaccharide stretches with defined sequences: examples
include the AT-binding site (Petitou et al. 2003), vascular
endothelial growth factor (VEGF) binding site (Robinson
et al. 2006) and FGF-binding site (Maccarana et al. 1993). In
our study, we observed that the high-affinity binding of HSCF
depends on the degree of sulfation, N- and 6-O-sulfate and
carboxyl groups of heparin. We also observed that the binding
requires a minimal size of 6-sugar residues and the larger
heparin-derived oligosaccharide showed higher binding affin-
ities. It is interesting to note that HSCF potently inhibited
binding of AT to heparin. This observation suggested that the
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Fig. 4. HSCF reverses the prolongation of blood coagulation produced by heparin in TEG assay. (A) A normal TEG scheme showing the R, Ang and MA
parameters. R, the time a detectable clot is formed; Ang, the rate of clot formation; MA, clot strength. (B) TEG of non-koalin-activated coagulation of plasma in
the absence or the presence of heparin without/with HSCFE. (C) TEG of koalin-activated plasma coagulation in the absence or the presence of heparin without/
with HSCF. (D) Summary of the parameters measured in (B) and (C). The data are presented as the mean + SEM, n = 3. The significance of the difference
between heparin and heparin + HSCF groups was analyzed by paired Student’s #-test. #P < 0.001 (non-koalin-activated samples) and *P <0.05 (koalin-activated

samples).

AT-binding site in heparin is involved in HSCF binding.
However, we also observed that HSCS does not bind fonda-
parinux, the unique pentasaccharide high-affinity AT-binding
site in heparin. Based on these observations we propose that
the minimal binding site for HSCF is a 6-mer heparin se-
quence with N- and 6-O-sulfates, and in heparin, the minimal
binding site for HSCF may contain or be adjacent to the
AT-binding site. The precise sequence of the HSCF-binding
site in heparin needs to be further determined.

Heparin and LMWH are commonly applied to prevent or
treat thromboembolic disorders and to prevent clotting of
extracorporeal blood during hemodialysis and cardiac surgery
(Kessler 2004). As with every anticoagulant, heparin and
LMWH are associated with bleeding risks (Crowther and
Warkentin 2008). Protamine sulfate has been used clinically
to reverse the bleeding caused by heparin and LMWH over-
dosing (Crowther and Warkentin 2008). However, protamine
sulfate is a non-specific heparin/LMWH inhibitor and can
have serious side effects like anaphylactic and anafilactoid
reactions that in some cases can be fatal (Crowther and
Warkentin 2008; Nybo and Madsen 2008). Thus, a safer and
effective antidote to heparin/LMWH is needed. HSCF potent-
ly inhibited the binding of AT to heparin and LMWH and
neutralized their anticoagulant activities, showing that HSCF
can function as an effective antidote to heparin and LMWH.
Meanwhile, HSCF is a natural protein fragment in human and
is unlikely to induce the anafilactic reactions that can caused
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by protamine sulfate in patients. Therefore, HSCF has the po-
tential to be developed as an effective and safer antidote
toward heparin and LMWH overdosing in clinical
applications.

Several high-affinity heparin-binding proteins, including
serum amyloid P component and platelet factor 4, have been
shown to effectively neutralize the anticoagulant activity of
heparin, whereas the others, such as vitronectin and
histidine-rich glycoprotein, have very weak or no neutraliza-
tion effect (Williams et al. 1992). The neutralization capacity
of these heparin-binding proteins appears not to solely depend
on their binding affinity to heparin, as evidenced that vitro-
nectin (Kd= 102 uM) and histidine-rich glycoprotein (Kd=
7x107% uM) have higher binding affinity to heparin than the
serum amyloid P compenent (Kd = 1.5 uM) and platelet factor
4 (Kd=3x10"2uM) (Li et al. 1994; Conrad 1998). These
observations indicate that the antidote effect of HSCF to
heparin is not unique among heparin-binding proteins and the
heparin neutralization effect is not a general feature for
heparin-binding proteins.

In mammals, heparin is only produced in mast cells in con-
nective tissues (Bishop et al. 2007), whereas HS, which con-
tains heparin-like structures, is ubiquitously expressed on the
cell surfaces and in the extracellular matrix of all tissues. HS
critically modulates the biological functions of cytokines, che-
mokines, growth factors, morphogens, proteases and protease
inhibitors through several mechanisms, including serving as a



depot to store and to protect the protein ligands from degrad-
ation, facilitating the formation of morphogen gradients essen-
tial for cell specification and migration and co-receptor
functions (Bishop et al. 2007; Fuster and Wang). Slit3 is a
secreted protein and functions to induce cell migration and
proliferation by interacting with its receptor Robo4
(Geutskens et al.; Zhang et al. 2009). In this study, HSCF has
been shown to bind both heparin and HS. We also observed
that the N-terminal of Slit3 binds heparin (Zhang et al. manu-
script in preparation). Therefore, it appears that full-length
Slit3 possesses two HS-binding sites, which resides in the
N- and C-terminal fragments, respectively. Interestingly, previ-
ous studies by others have also observed that the C- and
N-terminal fragments of Slit2 both bind heparin and HS (Hu
2001; Ronca et al. 2001; Zhang et al. 2004), suggesting that
the two HS-binding sites in Slit proteins are conserved. The
HS-binding characteristic also suggests that the full-length Slit
protein may interact with HS to maintain a gradient in the
extracellular matrix to direct cell migration and to facilitate
Slit-Robo engagement on the cell surface. Meanwhile, the
naturally generated N- and C-terminal fragment through cleav-
age, each having its own HS-binding site, may compete with
the full-length Slit protein for HS binding to disrupt the gradi-
ent formation and the co-receptor function. Therefore, this
HS-based competition may represent a general, negative feed-
back and fine regulatory mechanism of the Slit signaling in
nature. In addition, similar to the competitive inhibition of AT
binding to heparin, full-length Slits and their N- and
C-terminal fragments may compete with cytokines, chemo-
kines, growth factors and morphogens for HS binding to
modulate these protein ligand-mediated, HS-dependent
physiological and pathological functions. Therefore, the inter-
action with HS may also represent a general mechanism for
Slits to crosstalk with other HS-binding proteins.

Materials and methods

GAG and heparin-derived oligosaccharide

Porcine intestinal heparin (Mw =12,000-15,000 Da) was
obtained from Scientific Protein Laboratories (Waunakee,
WI). Heparinoids were prepared as previously reported, in-
cluding OS-hep, N-des-hep, 2/3-des-hep, 6-des-hep and
CR-hep (Wang et al. 2002; Zhang et al.). Biotinylated heparin
was prepared with biotin coupled at heparin’s reducing end
(Osmond et al. 2002; Zhang et al.). HS and CSA were pur-
chased from Sigma-Aldrich (St Louis, MO). Enoxaparin was
purchased from Sanofi-Aventis (Bridgewater, NJ). Enoxaparin
is a clinically widely used LMWH with an average molecular
weight of 4500 Da (equivalent to a 16-oligosaccharide chain).
Its actual size distribution includes ~74% of the oligosacchar-
ide chains with a molecular weight between 2000 and 8000 Da,
~16% with a molecular weight lower than 2000 Da and ~18%
of the chains with a molecular weight higher than 8000 Da.
Fondaparinux  (methyl-O-2-deoxy-6-O-sulfo-2-(sulfoamino)-
o-D-glucopyranosyl-(1 — 4)-O-B-p-glucopyranuronosyl-(1 — 4)-
0-2-deoxy-3,6-di-O-sulfo-2-(sulfoamino)-a-p-glucopyranosyl-
(1 — 4)-0-2-O-sulfo-a-L-idopyranuronosyl-(1 — 4)-2-deoxy-6-
O-sulfo-2-(sulfoamino)-o-p-glucopyranoside, decasodium salt)
was purchased from GlaxoSmithKline (Brentford, UK). Heparin-
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derived oligosaccharides were prepared by partial digestion
with heparinase I (Grampyan Enzymes, Orkney, UK) and frac-
tionated on a high-performance liquid chromatography
(HPLC) Sephacryl S-100 column (3.2 cm ID x 100 cm). Each
fraction was further purified on a TSKGel G3000SWXL
column (7.8 mm ID %30 cm) connected in series with a
TSKGel G2000SWXL column (7.8 mm ID x 30 cm) (Tosoh
Bioscience, King of Prussia, PA; Rice et al. 1985). The frac-
tions corresponding to tetrasaccharide to decasaccharide were
confirmed by electrospray ionization mass spectrometry
analysis.

Expression and purification of HSCF

Full-length and a C-terminal fragment (amino acids 1123—
1523) of hSIit3 were cloned into pcDNA 3.1 vector
(Invitrogen, Carlsbad, CA) containing a transferrin signal
peptide followed by an HPC4 epitope (Rezaie and Esmon
1992) at the N terminus and a 6x His-tag at the C terminus.
The expression vectors were transfected into mouse neuro-
blastoma cells N2A (ATTC, Manassas, VA) and stable col-
onies expressing HSCF were selected after screening CMs
with an anti-HPC4 antibody (Roche Applied Science,
Mannheim, Germany) in western blot analysis. Stable cell
clones expressing HSCF were cultured in Dulbecco’s
Modified Eagle Medium (Hyclone, Logan, UT) with N2
NeuroPlex serum-free supplement (Gemini Bio-Products,
West Sacramento, CA). Alternatively, for large-scale produc-
tion of HSCEF, the expression vector was transiently trans-
fected into suspension-adapted HEK293 cells. In both cases,
CM was collected after 5 days and recombinant protein was
purified passing through a Ni-NTA column (Qiagen, Valencia,
CA) and an anti-HPC4 antibody-conjugated Affi-gel 10
column (Rezaie and Esmon 1992). The purified protein was
partially sequenced by liquid chromatography-mass spectrom-
etry/mass spectrometry analysis and was confirmed to be
HSCEFE.

Heparin affinity chromatography

Fifteen micrograms of HSCF was injected onto a 1-mL
HiTrap Heparin column (GE Healthcare, Piscataway, NJ) that
was pre-equilibrated with phosphate buffered saline (PBS),
pH 7.4, and coupled to an Agilent 1200 HPLC system
(Agilent Technologies, Palo Alto, CA). The protein was
eluted with a step gradient of NaCl from 0 to 2 M in PBS, pH
7.4, at a 0.9-mL/min flow rate and monitored for absorbance
at 280 nm.

Enzyme-linked immunosorbent assays

Binding of heparin to immobilized HSCF. HSCF at 400 ng/
mL in Tris-buffered saline (TBS, 10 mM Tris—HCI, pH 7.4,
150 mM NaCl) was added to 96-well ELISA plates and
incubated for 2 h at room temperature (RT). After washing
and blocking with TBST (TBS with 0.05% Tween-20) plus
3% BSA, biotinylated heparin was added in various
concentrations and incubated for 2 h at RT. Bound heparin
was detected after incubation with streptavidin-horseradish
peroxidase (HRP) and 3,3',5,5'-tetramethylbenzidine (TMB)
chromogen (Thermo Fisher, San Jose, CA).
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Inhibition of HSCF binding to heparin. Heparin-coated wells
were prepared by incubating biotinylated heparin at 50 pg/mL
in TBST, 0.1% BSA on streptavidin-conjugated 96-well plates
(Pierce Biotechnology, Rockford, IL) for 2 h. After washing,
the wells were incubated for 2 h at RT with HSCF that was
pre-mixed with various concentrations of GAGs. Bound
HSCF was detected by sequential incubation with an
anti-HPC4 antibody, an HRP-conjugated secondary antibody
and TMB.

Inhibition of AT binding to heparin by HSCF. Human AT
(Sigma-Aldrich) pre-mixed with various concentrations of
HSCF was added to the heparin-coated ELISA wells and
incubated for 2h at RT. Bound AT was detected with an
antihuman AT antibody (Sigma-Aldrich) as the primary
antibody.

SPR analysis

SPR experiments were performed on a Biacore T100 instru-
ment (GE Healthcare). Streptavidin was covalently attached to
the surface of a CMS5 chip (GE Healthcare) using the amine
coupling method (Amara et al. 1999; Osmond et al. 2002)
and the remaining activated groups were blocked by ethanola-
mine injection. Biotinylated heparin was then injected to give
~1000 response units (RU). One flow cell of the chip was
used as a control for background subtraction having only
streptavidin immobilized on the chip. For kinetic studies, a
series of concentrations of HSCF in HBS-T buffer {10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4,
150 mM NaCl, 0.005% v/v Tween-20} was injected on the
chip for 180 s with a flow rate of 30 pL/min. A dissociation
time of 240 s was set up followed by regeneration with 2 M
NaCl in HBS-T buffer. Kinetic parameters were calculated
with the Biacore T100 Evaluation software using a 1:1
binding model. For the solution competition studies, HSCF at
a final concentration of 5 nM was mixed with various concen-
trations of GAGs and then immediately injected. The effect of
GAGs on the binding of HSCF to immobilized heparin was
monitored as relative RU that was used to calculate ICs,
values with the GraphPad Prism software (GraphPad
Software, San Diego, CA).

Antifactor Xa assay

A chromogenic antifactor Xa assay was carried out using a
Coatest heparin kit (Chromogenix, Bedford, MA) according
to the manufacturer’s instructions adapted to a 96-well plate
format. In brief, samples (80 uL) containing 8 uL. of human
normal plasma in 50 mM Tris, pH 8.5, were incubated for 3
min at 37°C with human AT (0.1 IU/mL) in the absence or
the presence of heparin (30 mIU/mL), enoxaparin (250 ng/
mL) or fondaparinux (30 ng/mL) and various concentrations
of HSCEF, and then 40 pL of bovine factor Xa (7.1 nkat/mL)
were added and incubated for 30s at 37°C. The residual
factor Xa activity was determined after incubation with 80 uL
of substrate S-2222 (1 mM) for 3 min at 37°C, stopping the
reaction with 60 pL of acetic acid 20% and measuring the
change of absorbance at 405 nm.
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Antifactor lla assay

Antifactor Ila (thrombin) activity was measured using a
heparin anti-Ila kit (Diapharma Group, West Chester, OH)
according to the manufacturer’s instructions adapted to a
96-well plate format. Briefly, samples (50 pL) containing
various concentrations of HSCF in 50 mM Tris, pH 8.5, 150
mM NaCl, 2mg/mL bovine serum albumin were pre-
incubated for 4 min at 37°C in the presence or the absence of
heparin (5 mIU/mL) or enoxaparin (200 ng/mL), and subse-
quently, 50 uL. of human AT (0.31 IU/mL) was added and
then incubated for another 2 min at 37°C. Following, 50 puL
of human thrombin (5 NIH units/mL) was added and incu-
bated for 90 s. The residual thrombin activity was determined
after incubation with 50 pL of substrate S-2238 (0.78 mg/mL)
for 3 min at 37°C, stopping the reaction with 50 puL of acetic
acid 20% and measuring the change of absorbance at 405 nm.

Thromboelastography

TEG was performed on a TEG-5000 instrument
(Haemonetics, Braintree, MA) according to the manufacturer’s
instructions (Pittman et al. 2010). All disposable supplies
were purchased from Haemonetics. Briefly, 20 uL of 0.2 M
CaCl, was added to a disposable TEG cup pre-warmed at 37°
C. To this cup, 340 puL of pooled, citrated plasma that had
been pre-incubated for 5 min with a number of different
additives was added. Additives to the plasma (shown at final
concentrations in the cup) included: unfractionated heparin at
0.1 U/mL only, unfractionated heparin at 0.1 U/mL + HSCF
at 50 ug/mL, or HSCF at 50 ug/mL only. Control plasma
samples with no additives were also evaluated. For kaolin-
activated samples, 5 uL of kaolin solution (Haemonetics) was
added to the plasma samples immediately prior to the initi-
ation of the assay; the sample was mixed by pipette aspiration
five times, and then was added to the warmed TEG cup. TEG
parameters measured included R time in minutes, representing
the time until initial fibrin formation was detected in the
sample, angle, measured in degrees and representing the rate
of clot formation, and MA, measured in mm and representing
the final clot strength. All assays were allowed to run for 60
min or until generation of all three values.
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Abbreviations

AT, antithrombin; CM, conditioned medium; CHO, Chinese
harmster ovary; CR-hep, carboxyl-reduced heparin; CSA, chon-
droitin sulfate A; 2/3-des-hep, 2-/3-O-desulfated heparin;
6-des-hep, 6-O-desulfated heparin; dSlit, Drosophila Slit; EGF,
epidermal growth factor; GAG, glycosaminoglycan; HEK,
Human Embryonic Kidney; HPLC, High-performance liquid
chromatography; HRP, horseradish peroxidase; HS, heparan
sulfate; HSCF, human Slit3 C-terminal fragment; hSlit,
human Slit; LMWH, low-molecular-weight heparin; MA,
maximal amplitude; MS, Mass Spectrometry; N-des-hep,
N-desulfated/N-acetylated heparin; Ni-NTA, nickel-nitriloacetic
acid; OS-hep, oversulfated heparin; PBS, phosphate buffered
saline; RT, room temperature; RU, response units; SDS-PAGE,
Sodium dodecyl sulfate polyacrylamide gel electrophoresis;
SPR, surface plasmon resonance; TBS, Tris-buffered
saline; TBST, TBS with 0.05% Tween-20; TEG, thromboelas-
tography; TMB, 3,3',5,5'-tetramethylbenzidine.
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