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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
the increase of the peak width of IL-2, but the peak areas were kept constant. The binding constant of IL-2 with LMWH was calculated as
1.2x 10° M~ by Scatchard analysis, which is in good agreement with the results found in the references using enzyme-linked immunosorben
assay (ELISA). The results demonstrated that the interaction between IL-2 and LMWH is of fast on-and-off kinetic binding reaction. CZE
might be used to study not only slow on-and-off rates interactions, but also fast on-and-off rates ones. The binding constant can be calculate
easily, 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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1. Introduction are indeed the cases for AT lll, basic and acidic fibroblast
growth factors, which are activated by binding to appropri-
An increasing number of proteins are found to bind not ate sequences in H8]. The binding of heparin to protein
only to high affinity cell surface receptors, but also to gly- may have highly diverse functional roles such as the control
cosaminoglycans, particularly the heparin/heparin sulfate of homeostasis, the regulation of protease, cell behavior and
(HS) family[1]. These polysaccharides are linear, with highly metabolism, etd5].
sulfated chains and extremely heterogeneous in stru@hre Many methods have been used to study the interactions
Heparin, a highly sulfated variant, composes of repeating between heparins and proteins such as isothermal titra-
disaccharide units consisting of hexuronic acids linked to tion calorimetry[6—11], surface plasmon resonance spec-
glucosamine units bw(1— 4) bonds[3]. It is well known trometry (SPR]5,6,8,12,13] affinity chromatography (AC)
that heparin interacts with many biologically important pro- [6,8-10,14,15] nuclear magnetic resonance spectrometry
teins such as proteases inhibitors, extracellular signaling[5,6,16] X-ray [5,10,17,18] mass spectrometif{t9], circu-
molecules, lipid- or membrane-binding proteins and adhe- lar dichroism[11,14], Fourier transform infrared spectrome-
sion proteins. Some of the interactions are mediated by spe-ry [7], polyacrylamide gel electrophore$, fluorescence
cific intra-chain sequence. Such specificities are assumed td20], equilibrium dialysig9,21] and capillary electrophore-
be indicative of significant biological relevance and these sis (CE)[19,22,23] Among these methods, SPR and AC are
widely used, but they require immobilization of either of the
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tages of high speed, high resolution, low sample consump-pany (Beijing, China). Other chemicals were all analytical
tion, reproducibility, flexibility and capable of using a wide grade. Redistilled water was used throughout this work. Mi-
range of buffers, CE can also be used to study the interactionscrocon YM-3 and 10 were purchased from Millipore (Biller-
ofindividual components in a mixture, and to determine bind- ica, MA, USA).
ing parameters and stoichiometry in one $84j. To this end,
CE is a preferred method to study heparin—protein interac- 2.2. Sample preparation
tions. Affinity capillary electrophoresis (ACE) and capillary
zone electrophoresis (CZE) are two of five CE methods (ACE, A 10 pL of recombinanthuman IL-2 (1 mg/mL in 100 mM
CZE, Frontal analysis (FA), Hummel-Dreyer and Vacancy acetic acid) was diluted with water to 200 and ultra-
peak) available to study interactions. Though Heegaard andcentrifuged by Millipore microcon YM-3 to obtain 30L
Gunnarsson etal. have used ACE to study the heparin—peptidatock solution. The stock solution was diluted with 10 mM
[19,22,23]and heparin—protein interactiof6], little work acetic acid to various concentrations in the subsequent ex-
has been done on heparin—protein interactions using CZEperiments. Benzoic acid and EGF were all dissolved and di-
[27]. Previously, the slow on-and-off kinetic bindings of gran- luted with water. LMWH was dissolved and diluted using
ulocyte colony stimulating factor (G-CSF) to heparin were 10 mM acetic acid and water in the (IL-2)-LMWH and (ben-
studied using CZE28]. However, the fast kinetic systemsin  zoic acid)-LMWH interactions, respectively. Heparin was
heparin—protein interactions were never studied by CZE.  dissolved and diluted with water.

To exploit the applicability of the assay in fast on-and-
off interactions and investigate the binding kinetics of the 2.3, Capillary zone electrophoresis
interaction between recombinant human interleukin 2 (IL-2)
and low molecular weight heparin (LMWH), we investigated A Beckman apparatus consists of a P/ACE MDQ system
the sensitivity and specificity of the assay employing IL-2 (Beckman, Fullerton, CA, USA) with a photodiode array de-
as a heparin binding protein. The interaction between IL-2 tector was used to all experiments. A fused-silica capillary
and heparin has been investigated by an enzyme-linked im-(31.2/21 cmx 50 wm i.d.) was obtained from Yongnian Opti-
munosorbent assay (ELISA),29]. IL-2 binds to heparinin  cal Fibre Corp (Hebei, China). Data were collected and pro-
a dose-dependent manner. The interaction is dependent ogessed with the Beckman System software. In the present
the heparin chain length and the chains as small as 5 kDa restudy, the temperatures of the cartridge and sample room
tain the ability to bind to IL-2. However, to the best of our were 25 and 20C, respectively. Before each measurement,
knowledge, the interaction has never been studied by CZE,the capillary was rinsed with 50 mM phosphate buffer, pH
the binding kinetics has not been investigated, and the CZE9.0 for 3.0 min at 137.895 kPa. Samples containing mixtures
assay has never been used to study fast on-and-off kinetic sysof protein and LMWH were injected at the anodic end us-
tems in protein—heparin interactions. In this study, the effects ing a pressure injection mode with 3.447 kPa for 4 s and de-
of the addition of LMWH to the injection volume of asample  tected at the cathodic end at the wavelength of 201 nm. The
and the negative control of the interaction between epidermalrunning voltage was 8 kV. After each run, the capillary was
growth factor (EGF) and heparin were investigated by CZE. flushed consecutively with 1 mol/L HCI for 2.0 min, water for
The binding kinetics of the interaction between LMWH and 3.0 min, 1 mol/L NaOH for 2.0 min, and finally with water
IL-2 was represented and the binding constant was deter-again for 3.0 min at 137.895 kPa. Duplicate for each sample
mined. The applicability of the CZE assay in both slow and was performed.
fast on-and-off interactions was also discussed.

2.4. Quantitative model of the binding study

2. Experimental Binding studies often involve a proof of bindings, the num-
_ ber of binding sites and an estimation of the quantitative pa-
2.1. Materials rameterg30]. Binding constant and stoichiometry are im-

portant parameters to be determined. Scatchard analysis is a

Recombinant human interleukin 2 (Purity: 97% by SDS- common way to linearize the binding data, and the model can
PAGE and HPLC analyses) with a molecular WEight of be expressed in the fo||owing equation;
15.4 kDa and with the concentration of 1 mg/mL in 100 mM -
acetic acid was purchased from USBiological (Swamp- — = —Kr +nkK (1)
scott, Massachusetts, USA). EGF (solid, MW: 6216) was G
given by Prof. Ren-Bao Gan (Institute of Biochemistry and wherer is the ratio of the concentration of the bound ligand
Cell Biology, Shanghai Academy of Life Science, Chinese (or receptor) to the total receptor (or ligand) a@dis the
Academy of Sciences, Shanghai, China). Heparin (powder, unbound ligand (or receptor) concentratifris the apparent
MW: 15 kDa) and LMWH (powder, MW: 5 kDa) were kindly  binding constant andis the number of binding sitd31]. In
provided by Qilu Pharmaceutical Factory (Jinan, Shandong, this studyy is the concentration ratio of the bound protein to
China). Mannitol was purchased from Beijing Jingke Com- the total LMWH andC; is the unbound protein concentration.



410
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 investigatedy. 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 kig. 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
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Fig. 2. Electropherograms of 0.1 g/L IL-2 mixed with various concentrations

of LMWH: (a) 0g/L, (b) 2.0g/L, (c) 10.0g/L, (d) 16.7 g/L, (e) 25.0g/L, (f)
33.3g/L. Conditions are described in Sectibn

50g/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
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 was=902.1%+ 351.41
(n=6), and the coefficientwas 0.999. The corresponding con-
centrations of IL-2 in subsequent binding study were calcu-
lated from the calibration equation.

The samples contain a fixed concentration of IL-2, with
increasing concentrations of LMWH was injected to the cap-
illary column (Fig. 2). The electropherograms showed that
with the increase of LMWH concentration, the peak widths

of IL-2 increased, the peak heights decreased consecutively

the complex are so fast that the peaks of IL-2 become broad-
ening. Theresults indicate thatthe 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 af. Fig. 3shows the Scatchard plot based
on Eq.(1). From the slope of the Scatchard plétwas calcu-
lated to be 1. 106 M—1 which was in excellent agreement
with theKp value of 0.5uM (that mean is 2.0x 10° M—1)
that Saloua et al. obtained by using ELIE®]. 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 hepafB®].

and regularly, but the peak areas and migration times re- In this study, EGF and the mixture of the same concentration

mained nearly constant. This means that the interaction be-

tween IL-2 and LMWH occurs and the dissociation rates of

0.06
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cmeeene 0.02% BA + 50 g/L LMWH
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Fig. 1. Electropherograms of benzoic acid alone and the mixture of benzoic
acid and LMWH as indicated in the figure. Detection wavelength: 224 nm,
running buffer: 50 mmol/L phosphate, pH 7.0. Other conditions are described
in Section2.

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.

Linear Regression for Data1_B:

Y=A+B*X
0.00040 Parameter Value  Error
A 0.00123 1.26206E-4
0.00035 - B -1.16309  0.14853
" R sD N P
000030+ -0.9689 2.70113E-5 6 0.00144
<)
= 0.00025+
0.00020 1
0.00015+
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r

Fig. 3. Scatchard plot for the interaction between IL-2 and LMWH.
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0.007 mentwith that obtained by ELISA (2.0 10° M~1) [29]. This
] —Sﬁﬂk‘} Egi + 962uM heparin demonstrated that the fast on-and-off kinetic interaction sys-
O'OOGj tems could also be studied by CZE contrary to traditional
0.005 4 opinion that CZE could only be used in studying slow on-
: and-off kinetic interactions and ACE is exclusive in studying
0.004 1 fast on-and-off ones based on CE methods.
. 0,003 ] CE can be performed in either ACE or CZE format, de-
pending on the separation time and the stability of the com-
0.002 plex[33,34] For a system with fast on-and-off kinetics, which
means that the half-life of a molecular complex is much
o.oow-_ . : e shorter than the time of the electrophoresis, the estimation
0.000 ‘ : . . of binding constants by ACE where a ligand (or receptor) at
0 2 4 6 8 different concentrations added to the electrophoresis buffer
t(min) is feasiblg35—37] For a system with slow on-and-off kinet-

) ) ~ics, which means that the half-life of the complex is longer
Fig. 4. _Electropherogr'amsofEGFanneand th(.emlxture of EGFand heparin. Compared with the time of the electrophoresis, the receptor
Detection wavelength: 210 nm, running buffer: 50 mmol/L phosphate, pH . . . .

7.0. Other conditions are described in Section (or ligand) will be reflected in broadened or split peaks that

make ACE not suitable for this type of interactidi$,36]

A general approach to assess binding constants when bind-
4. Discussion ing kinetics is slow is to analyze pre-incubated samples at

different receptor—ligand ratios, which is the referred CZE

In this study, it was found that the addition of LMWH to method. Therefore, ACE is often used in fast on-and-off ki-

benzoic acid did not affect the injection volume of the benzoic netics, while CZE more competitive in studying slow on-and-
acid, which means that the changes of the benzoic acid vis-off kinetics. In cases with fast on-and-off kinetics, the lifetime
cosity could be neglected after the addition of LMWH. Inad- of the complex is shorter than the time required for the free
dition, the interaction between EGF and heparin confirms that receptor (or ligand) molecules to leave an injected sample
if two species have no affinity to each other, the sample peakplug. Thus, no changes in peak areas of the receptor (or lig-
could not be affected by the addition of the other substance.and) molecules are to be expected when CZE is used in this
Based on the above investigations, we studied the interactiontype of interaction[36]. However, the interaction between
between IL-2 and LMWH by CZE. It was observed that the receptor and ligand lengthens the receptor (or ligand) zone
peak height of IL-2 decreased and the peak width increasedand causes the peak broadening. The more ligand (or recep-
successively and regularly with the increase of the LMWH tor) the sample contains, the wider the receptor (or ligand)
ratios in the sample, but the peak area nearly had no changegeak becomes, and the lower the receptor (or ligand) peak
These changes were not occasional due to the regularity. Theneight change$38,39] The changes are successively and
changes in peak shape of IL-2 incubated with LMWH in regularly, which mean thatitis not occasional or dues to other
Fig. 2indicate occurrence of their interaction and the disso- effects, but the interaction occurrence. Based on the CZE/FA
ciation rate of the complex they formed is comparatively fast. method, the peak height changes of receptor (or ligand) re-
IL-2 transfers between LMWH and (IL-2)-LMWH complex  sulting from interacting with ligand (or receptor) can be used
very quickly and thus no stable complex exists. Under the sep-to estimate the binding constaj#0,41] Previous reports
aration conditions, IL-2 and LMWH all have negative charges have successfully estimated the binding constants of two fast
and they migrate to the cathode by the force of electroosmotic binding kinetic systems, TrpRS—tRNA9], DNA—-netropsin
flow (EOF) contrary to their electrophoretic mobilities. The [42]. From this study, we demonstrated that fast on-and-off
electrophoretic mobility of LMWH is larger than IL-2's be-  kinetic interactions could also be studied by CZE, but not
cause of its larger charge/mass ratio, and thus, LMWH movesonly by ACE.
slowly than IL-2, and the complex moves betweenthem.IL-2  Though ACE and CZE each has its own advantages and
is released from the (IL-2)-LMWH mixed zone continuously disadvantages, the obvious advantages of CZE over ACE are
because of the fast, reversible binding equilibrium. Finally, thatthe sample consumption of CZE is much lower than ACE
the whole of IL-2 leaves the LMWH zone and migrates as a and no neutral marker is needed in CZE. In this study,3=4
zone of free form. The interaction between IL-2 and LMWH samples is enough for each run, but if using ACE, 3-4mL
lengthens the IL-2 zone and causes the IL-2 peak broadeningsamples must be needed. In addition, the operation and cal-
but does not change its peak area. The more LMWH the sam-culation of binding constants using CZE is easier than ACE.
ple contains, the longer the interaction lasts, the broader theThe general approach of ACE is that a ligand (or receptor)
IL-2 peak becomes and the lower the peak height changesat different concentrations is added to electrophoresis buffer,
The peak heights of IL-2 were used to estimate the binding while the receptor (or ligand) at a constant concentration is
constant of the interaction between IL-2 and LMWH, and injected. Scatchard analysis of the migration shifts of the re-
the value (1.2« 10° M 1) obtained here is in good agree- ceptor (or ligand) as a function of the concentration of the
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ligand (or receptor) in the electrophoresis buffer allows the Renbao Gan for providing chemicals essential for the
determination of the binding constant of the interacfiil. project.
In this method, the actual concentration of the injected coun-
terpart is not needed to calibrate the binding constants (but
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