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Abstract

A method based on capillary zone electrophoresis (CZE) was used to study the interaction between low molecular weight heparin (LMWH)
and interleukin 2 (IL-2). The results showed that the increase of the concentration of LMWH led to the decrease of the peak height and
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he increase of the peak width of IL-2, but the peak areas were kept constant. The binding constant of IL-2 with LMWH was calc
.2× 106 M−1 by Scatchard analysis, which is in good agreement with the results found in the references using enzyme-linked immu
ssay (ELISA). The results demonstrated that the interaction between IL-2 and LMWH is of fast on-and-off kinetic binding react
ight be used to study not only slow on-and-off rates interactions, but also fast on-and-off rates ones. The binding constant can b
asily, and the method can be applied to study a wide range of heparin–protein interactions.
2005 Elsevier B.V. All rights reserved.
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. Introduction

An increasing number of proteins are found to bind not
nly to high affinity cell surface receptors, but also to gly-
osaminoglycans, particularly the heparin/heparin sulfate
HS) family[1]. These polysaccharides are linear, with highly
ulfated chains and extremely heterogeneous in structure[2].
eparin, a highly sulfated variant, composes of repeating
isaccharide units consisting of hexuronic acids linked to
lucosamine units by�(1→ 4) bonds[3]. It is well known

hat heparin interacts with many biologically important pro-
eins such as proteases inhibitors, extracellular signaling
olecules, lipid- or membrane-binding proteins and adhe-

ion proteins. Some of the interactions are mediated by spe-
ific intra-chain sequence. Such specificities are assumed to
e indicative of significant biological relevance and these

∗ Corresponding author. Tel.: +86 411 8437 9065; fax: +86 411 8437 9065.
E-mail addresses:bclin@dicp.ac.cn, bclin@ms.dicp.ac.cn (B. Lin).

are indeed the cases for AT III, basic and acidic fibrob
growth factors, which are activated by binding to appro
ate sequences in HS[4]. The binding of heparin to prote
may have highly diverse functional roles such as the co
of homeostasis, the regulation of protease, cell behavio
metabolism, etc.[5].

Many methods have been used to study the interac
between heparins and proteins such as isothermal
tion calorimetry[6–11], surface plasmon resonance sp
trometry (SPR)[5,6,8,12,13], affinity chromatography (AC
[6,8–10,14,15], nuclear magnetic resonance spectrom
[5,6,16], X-ray [5,10,17,18], mass spectrometry[19], circu-
lar dichroism[11,14], Fourier transform infrared spectrom
try [7], polyacrylamide gel electrophoresis[5], fluorescenc
[20], equilibrium dialysis[9,21] and capillary electrophor
sis (CE)[19,22,23]. Among these methods, SPR and AC
widely used, but they require immobilization of either of
involved substances to supporting material and this po
problem of steric hindrance[24,25]. Except for the advan
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tages of high speed, high resolution, low sample consump-
tion, reproducibility, flexibility and capable of using a wide
range of buffers, CE can also be used to study the interactions
of individual components in a mixture, and to determine bind-
ing parameters and stoichiometry in one step[22]. To this end,
CE is a preferred method to study heparin–protein interac-
tions. Affinity capillary electrophoresis (ACE) and capillary
zone electrophoresis (CZE) are two of five CE methods (ACE,
CZE, Frontal analysis (FA), Hummel–Dreyer and Vacancy
peak) available to study interactions. Though Heegaard and
Gunnarsson et al. have used ACE to study the heparin–peptide
[19,22,23]and heparin–protein interactions[26], little work
has been done on heparin–protein interactions using CZE
[27]. Previously, the slow on-and-off kinetic bindings of gran-
ulocyte colony stimulating factor (G-CSF) to heparin were
studied using CZE[28]. However, the fast kinetic systems in
heparin–protein interactions were never studied by CZE.

To exploit the applicability of the assay in fast on-and-
off interactions and investigate the binding kinetics of the
interaction between recombinant human interleukin 2 (IL-2)
and low molecular weight heparin (LMWH), we investigated
the sensitivity and specificity of the assay employing IL-2
as a heparin binding protein. The interaction between IL-2
and heparin has been investigated by an enzyme-linked im-
munosorbent assay (ELISA)[1,29]. IL-2 binds to heparin in
a dose-dependent manner. The interaction is dependent on
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pany (Beijing, China). Other chemicals were all analytical
grade. Redistilled water was used throughout this work. Mi-
crocon YM-3 and 10 were purchased from Millipore (Biller-
ica, MA, USA).

2.2. Sample preparation

A 10�L of recombinant human IL-2 (1 mg/mL in 100 mM
acetic acid) was diluted with water to 200�L and ultra-
centrifuged by Millipore microcon YM-3 to obtain 20�L
stock solution. The stock solution was diluted with 10 mM
acetic acid to various concentrations in the subsequent ex-
periments. Benzoic acid and EGF were all dissolved and di-
luted with water. LMWH was dissolved and diluted using
10 mM acetic acid and water in the (IL-2)–LMWH and (ben-
zoic acid)–LMWH interactions, respectively. Heparin was
dissolved and diluted with water.

2.3. Capillary zone electrophoresis

A Beckman apparatus consists of a P/ACE MDQ system
(Beckman, Fullerton, CA, USA) with a photodiode array de-
tector was used to all experiments. A fused-silica capillary
(31.2/21 cm× 50�m i.d.) was obtained from Yongnian Opti-
cal Fibre Corp (Hebei, China). Data were collected and pro-
c esent
s room
w ent,
t pH
9 ures
o us-
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t . The
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t on.
he heparin chain length and the chains as small as 5 kD
ain the ability to bind to IL-2. However, to the best of o
nowledge, the interaction has never been studied by
he binding kinetics has not been investigated, and the
ssay has never been used to study fast on-and-off kineti

ems in protein–heparin interactions. In this study, the ef
f the addition of LMWH to the injection volume of a sam
nd the negative control of the interaction between epide
rowth factor (EGF) and heparin were investigated by C
he binding kinetics of the interaction between LMWH a

L-2 was represented and the binding constant was d
ined. The applicability of the CZE assay in both slow

ast on-and-off interactions was also discussed.

. Experimental

.1. Materials

Recombinant human interleukin 2 (Purity: 97% by SD
AGE and HPLC analyses) with a molecular weigh
5.4 kDa and with the concentration of 1 mg/mL in 100 m
cetic acid was purchased from USBiological (Swa
cott, Massachusetts, USA). EGF (solid, MW: 6216)
iven by Prof. Ren-Bao Gan (Institute of Biochemistry
ell Biology, Shanghai Academy of Life Science, Chin
cademy of Sciences, Shanghai, China). Heparin (pow
W: 15 kDa) and LMWH (powder, MW: 5 kDa) were kind
rovided by Qilu Pharmaceutical Factory (Jinan, Shand
hina). Mannitol was purchased from Beijing Jingke C
essed with the Beckman System software. In the pr
tudy, the temperatures of the cartridge and sample
ere 25 and 20◦C, respectively. Before each measurem

he capillary was rinsed with 50 mM phosphate buffer,
.0 for 3.0 min at 137.895 kPa. Samples containing mixt
f protein and LMWH were injected at the anodic end

ng a pressure injection mode with 3.447 kPa for 4 s and
ected at the cathodic end at the wavelength of 201 nm
unning voltage was 8 kV. After each run, the capillary
ushed consecutively with 1 mol/L HCl for 2.0 min, water
.0 min, 1 mol/L NaOH for 2.0 min, and finally with wat
gain for 3.0 min at 137.895 kPa. Duplicate for each sa
as performed.

.4. Quantitative model of the binding study

Binding studies often involve a proof of bindings, the nu
er of binding sites and an estimation of the quantitative
ameters[30]. Binding constant and stoichiometry are
ortant parameters to be determined. Scatchard analys
ommon way to linearize the binding data, and the mode
e expressed in the following equation:

r

Cf
= −Kr + nK (1)

herer is the ratio of the concentration of the bound liga
or receptor) to the total receptor (or ligand) andCf is the
nbound ligand (or receptor) concentration.K is the apparen
inding constant andn is the number of binding sites[31]. In

his study,r is the concentration ratio of the bound protein
he total LMWH andCf is the unbound protein concentrati
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3. Results

3.1. The effect of the addition of LMWH to the injection
volume of samples

The addition of LMWH to a sample solution might change
the viscosity of the sample, which might influence the injec-
tion volume. Therefore, the influence of LMWH to the injec-
tion volume of benzoic acid was investigated.Fig. 1shows the
electropherograms of 0.02% benzoic acid and the mixture of
0.02% benzoic acid and 50 g/L LMWH obtained at the same
experimental conditions. The peak heights of the benzoic acid
are equal to each other inFig. 1, which indicated that the ad-
dition of LMWH did not change the injection volume and
sample viscosity at least below the LMWH concentration of
50 g/L. The results also demonstrated that benzoic acid had
no affinity to LMWH.

3.2. The interaction between IL-2 and LMWH

IL-2 within the concentration range of 0.649–16.234�M
was injected to the capillary column to obtain the calibration
plot. The peak heights of samples were found to be propor-
tional to IL-2 concentrations. The relationship between peak
height and concentration of IL-2 wasy= 902.17x+ 351.41
( con-
c lcu-
l
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Fig. 2. Electropherograms of 0.1 g/L IL-2 mixed with various concentrations
of LMWH: (a) 0 g/L, (b) 2.0 g/L, (c) 10.0 g/L, (d) 16.7 g/L, (e) 25.0 g/L, (f)
33.3 g/L. Conditions are described in Section2.

the complex are so fast that the peaks of IL-2 become broad-
ening. The results indicate that the system is of fast on-and-off
kinetics.

To quantify the interaction between IL-2 and LMWH, the
peak heights of IL-2 in each sample were determined and free
concentrations were calculated from the calibration curve to
obtain the values ofr. Fig. 3shows the Scatchard plot based
on Eq.(1). From the slope of the Scatchard plot,Kwas calcu-
lated to be 1.2× 106 M−1 which was in excellent agreement
with theKD value of 0.5�M (that meansK is 2.0× 106 M−1)
that Saloua et al. obtained by using ELISA[29]. This demon-
strated that the fast on-and-off rates interactions might be
studied using CZE.

3.3. Binding of EGF to heparin

It is well known that EGF has no affinity to heparin[32].
In this study, EGF and the mixture of the same concentration
of EGF and an excess concentration of heparin were injected
to capillary column (Fig. 4). In both electropherograms, the
peaks of EGF nearly have no changes both in peak heights
and areas. The results verified that EGF had no affinity to
heparin.

.

n= 6), and the coefficient was 0.999. The corresponding
entrations of IL-2 in subsequent binding study were ca
ated from the calibration equation.

The samples contain a fixed concentration of IL-2, w
ncreasing concentrations of LMWH was injected to the
llary column (Fig. 2). The electropherograms showed t
ith the increase of LMWH concentration, the peak wid
f IL-2 increased, the peak heights decreased consecu
nd regularly, but the peak areas and migration time
ained nearly constant. This means that the interactio

ween IL-2 and LMWH occurs and the dissociation rate

ig. 1. Electropherograms of benzoic acid alone and the mixture of be
cid and LMWH as indicated in the figure. Detection wavelength: 224
unning buffer: 50 mmol/L phosphate, pH 7.0. Other conditions are desc
n Section2.
 Fig. 3. Scatchard plot for the interaction between IL-2 and LMWH
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Fig. 4. Electropherograms of EGF alone and the mixture of EGF and heparin.
Detection wavelength: 210 nm, running buffer: 50 mmol/L phosphate, pH
7.0. Other conditions are described in Section2.

4. Discussion

In this study, it was found that the addition of LMWH to
benzoic acid did not affect the injection volume of the benzoic
acid, which means that the changes of the benzoic acid vis-
cosity could be neglected after the addition of LMWH. In ad-
dition, the interaction between EGF and heparin confirms that
if two species have no affinity to each other, the sample peak
could not be affected by the addition of the other substance.
Based on the above investigations, we studied the interaction
between IL-2 and LMWH by CZE. It was observed that the
peak height of IL-2 decreased and the peak width increased
successively and regularly with the increase of the LMWH
ratios in the sample, but the peak area nearly had no changes
These changes were not occasional due to the regularity. The
changes in peak shape of IL-2 incubated with LMWH in
Fig. 2 indicate occurrence of their interaction and the disso-
ciation rate of the complex they formed is comparatively fast.
IL-2 transfers between LMWH and (IL-2)–LMWH complex
very quickly and thus no stable complex exists. Under the sep-
aration conditions, IL-2 and LMWH all have negative charges
and they migrate to the cathode by the force of electroosmotic
flow (EOF) contrary to their electrophoretic mobilities. The
electrophoretic mobility of LMWH is larger than IL-2’s be-
cause of its larger charge/mass ratio, and thus, LMWH moves
slowly than IL-2, and the complex moves between them. IL-2
i sly
b ally,
t as a
z H
l ning,
b sam-
p r the
I nges.
T ding
c and
t e-

ment with that obtained by ELISA (2.0× 106 M−1) [29]. This
demonstrated that the fast on-and-off kinetic interaction sys-
tems could also be studied by CZE contrary to traditional
opinion that CZE could only be used in studying slow on-
and-off kinetic interactions and ACE is exclusive in studying
fast on-and-off ones based on CE methods.

CE can be performed in either ACE or CZE format, de-
pending on the separation time and the stability of the com-
plex[33,34]. For a system with fast on-and-off kinetics, which
means that the half-life of a molecular complex is much
shorter than the time of the electrophoresis, the estimation
of binding constants by ACE where a ligand (or receptor) at
different concentrations added to the electrophoresis buffer
is feasible[35–37]. For a system with slow on-and-off kinet-
ics, which means that the half-life of the complex is longer
compared with the time of the electrophoresis, the receptor
(or ligand) will be reflected in broadened or split peaks that
make ACE not suitable for this type of interactions[35,36].
A general approach to assess binding constants when bind-
ing kinetics is slow is to analyze pre-incubated samples at
different receptor–ligand ratios, which is the referred CZE
method. Therefore, ACE is often used in fast on-and-off ki-
netics, while CZE more competitive in studying slow on-and-
off kinetics. In cases with fast on-and-off kinetics, the lifetime
of the complex is shorter than the time required for the free
receptor (or ligand) molecules to leave an injected sample
p r lig-
a n this
t en
r zone
a ecep-
t and)
p peak
h and
r ther
e E/FA
m ) re-
s sed
t s
h o fast
b
[ d-off
k not
o

and
d E are
t CE
a 4
s mL
s d cal-
c CE.
T tor)
a uffer,
w n is
i e re-
c the
s released from the (IL-2)–LMWH mixed zone continuou
ecause of the fast, reversible binding equilibrium. Fin

he whole of IL-2 leaves the LMWH zone and migrates
one of free form. The interaction between IL-2 and LMW
engthens the IL-2 zone and causes the IL-2 peak broade
ut does not change its peak area. The more LMWH the
le contains, the longer the interaction lasts, the broade

L-2 peak becomes and the lower the peak height cha
he peak heights of IL-2 were used to estimate the bin
onstant of the interaction between IL-2 and LMWH,
he value (1.2× 106 M−1) obtained here is in good agre
.

lug. Thus, no changes in peak areas of the receptor (o
nd) molecules are to be expected when CZE is used i

ype of interaction[36]. However, the interaction betwe
eceptor and ligand lengthens the receptor (or ligand)
nd causes the peak broadening. The more ligand (or r

or) the sample contains, the wider the receptor (or lig
eak becomes, and the lower the receptor (or ligand)
eight changes[38,39]. The changes are successively
egularly, which mean that it is not occasional or dues to o
ffects, but the interaction occurrence. Based on the CZ
ethod, the peak height changes of receptor (or ligand

ulting from interacting with ligand (or receptor) can be u
o estimate the binding constant[40,41]. Previous report
ave successfully estimated the binding constants of tw
inding kinetic systems, TrpRS–tRNA[39], DNA–netropsin

42]. From this study, we demonstrated that fast on-an
inetic interactions could also be studied by CZE, but
nly by ACE.

Though ACE and CZE each has its own advantages
isadvantages, the obvious advantages of CZE over AC

hat the sample consumption of CZE is much lower than A
nd no neutral marker is needed in CZE. In this study, 3–�L
amples is enough for each run, but if using ACE, 3–4
amples must be needed. In addition, the operation an
ulation of binding constants using CZE is easier than A
he general approach of ACE is that a ligand (or recep
t different concentrations is added to electrophoresis b
hile the receptor (or ligand) at a constant concentratio

njected. Scatchard analysis of the migration shifts of th
eptor (or ligand) as a function of the concentration of
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ligand (or receptor) in the electrophoresis buffer allows the
determination of the binding constant of the interaction[43].
In this method, the actual concentration of the injected coun-
terpart is not needed to calibrate the binding constants (but
the exact concentration of the other one is needed). However,
a neutral marker is prerequisite to calibrate EOF and the bind-
ing stoichiometry cannot be obtained using this method. In
addition, the ligand (or receptor) is prepared in the running
buffer at different concentration and hence, the capillary must
be balanced for a relatively longer time before each run and
the ligand (or receptor) must be prepared each at the level of
milliliter. The basic principle of CZE is that the capillary is
filled with neat buffer, while the pre-incubated samples, con-
taining different ratios of the interacting species, are injected.
The peak height or area of one of the interacting species is de-
tected to calculate binding parameters. In this method, the ex-
act concentration of the receptor (or ligand) is needed, while
no neutral marker is needed, the binding stoichiometry can
be obtained easily, and the sample prepared in microlitre is
enough.

5. Conclusion

This study shows that it is possible to characterize the fast
on-and-off kinetic interaction between IL-2 and LMWH us-
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