
Integrin αIIbβ3, a calcium�dependent heterodimeric

protein on platelets, can mediate platelet aggregation by

binding to its receptors. The receptors include fibrinogen

[1], fibronectin [2], vitronectin [3], and von Willebrand

factor [4] that contain RGD sequence that can be recog�

nized by integrin αIIbβ3 [5]. There are several divalent

cation binding motifs in integrin αIIbβ3, which can bind

Ca2+, Mg2+, and Mn2+ specifically [6�15]. These divalent

cations play an important role in regulating integrin func�

tion and ligand binding property. Among them, Ca2+ is

the most important [7]. Integrin has two classes of Ca2+

binding sites, one site with high affinity (nM) and 3�4

sites with low affinity (µM) [8]. The binding of Ca2+ to the

high affinity site is necessary for dimer formation [7], and

such binding can promote the binding of integrin αIIbβ3 to

its ligand [9]. However, high concentration of Ca2+ (5 mM)

lead to a dissociation of bound RGD containing ligand

Fab�9 from integrin [9], which suggests an inhibitory

effect on ligand binding of low affinity Ca2+ binding sites.

Mn2+ was reported to be a potent regulator in several inte�

grin�mediated cell adhesion events [10, 11]. It has been

reported that Mn2+ can increase the binding activity of

integrin to RGD peptide [12, 13] and cyclic�HarGD [6],

while decreasing the binding activity of integrin to fib�

rinogen [12, 14]. Though the crystal structure of integrin

αM subunit has provided a certain insight in the Mn2+

binding site [15], further investigations are still needed for

revealing its physiological role.

Surface Plasmon Resonance (SPR) has emerged as a

useful tool for obtaining thermodynamic and kinetic

information on biochemical reactions occurring at or

near an interface for label�free and real time measure�

ment [16]. It permits the measurement of the mass

change of deposited material with a high degree of accu�

racy. To prepare a SPR biosensor chip the supported pla�

nar lipid film has been widely used [17, 18]. Based on the

solid supported planar lipid film the SPR technique has

been extensively used to characterize lipid layer properties

[19, 20], protein–protein interactions [21, 22],

DNA–protein interactions [23, 24], and membrane–

protein interactions [25�27]. Both the binding constant

and the stoichiometry of the interaction can be analyzed

by SPR.

Biochemistry (Moscow), Vol. 67, No. 8, 2002, pp. 933�939. Translated from Biokhimiya, Vol. 67, No. 8, 2002, pp. 1122�1129.

Original Russian Text Copyright © 2002 by Lu, Zhang, Sui.

0006�2979/02/6708�0933$27.00 ©2002 MAIK “Nauka/Interperiodica”

Abbreviations: DPPG) dipalmitoylphosphatidylglycerol;

DOPC) dioleoylphosphatidylcholine; LB) Langmuir–Blodgett;

SPR) Surface Plasmon Resonance; NTA) nitrilotriacetic acid;

NTA�DOGS) Nα,Nα�bis(carboxymethyl)�Nε�(1,2�dioleoyl�sn�

glycero�3�succinyl)�L�lysine; RGD) Arg�Gly�Asp; RU)

Response Unit; P1) His�His�His�His�His�His�ε�aminohexa�

noic�Gly�Gly�Arg�Gly�Asp�Ser.

* To whom correspondence should be addressed.

Specific Binding of Integrin ααIIbββ3

to RGD Peptide Immobilized on a Nitrilotriacetic Acid Chip: 
a Surface Plasmon Resonance Study

Y.�J. Lu, F. Zhang, and S.�F. Sui*

Department of Biological Sciences and Biotechnology, State Key Laboratory of Biomembranes, Tsinghua University, 

Beijing 100084, P. R. China; fax: (86) 10�62784768; E�mail: suisf@mail.tsinghua.edu.cn

Received December 4, 2001

Revision received January 16, 2002

Abstract—Nitrilotriacetic acid has been routinely used in protein purification for its high affinity for His�tagged protein in the

presence of Ni2+. Here we reported a type of nitrilotriacetic acid chip (NTA�chip) prepared by transferring NTA�DOGS con�

taining a lipid monolayer to a 50 nm thick gold layer deposited on a glass slide. The surface binding ability of His�tagged pro�

tein and regeneration of NTA chip were characterized using a synthetic polypeptide P1 (His�His�His�His�His�His�ε�amino�

hexanoic�Gly�Gly�Arg�Gly�Asp�Ser). The effect of divalent cations on integrin binding affinity for RGD ligand was inves�

tigated after P1 had been immobilized onto the sensor chip. The results show that the NTA�chip is a useful tool to immobi�

lize His�tagged protein on the chip surface, and can provide a functional orientation for further investigation. The results also

show that removing of Ca2+ bound on low affinity sites or adding of Mn2+ can increase the binding ability of integrin.
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Nitrilotriacetic acid (NTA), which was first intro�

duced by Hochuli et al., is widely used as a metal�affinity

column material to purify His�tagged proteins [28].

NTA�lipids, were synthesized and characterized by two

groups [29, 30], and the studies using GFP or fluores�

cence�labeled His�tagged protein demonstrated that His�

tagged proteins could specifically bind to NTA�lipid

domains [31, 32]. The reversible and functional immobi�

lization of His�tagged protein on NTA�lipid surface has

been used to control protein orientation and to form two�

dimensional crystals of proteins [33�36]. The self�assem�

bly of NTA�lipid and the immobilization of NTA to dex�

tran matrix have been characterized [37, 38].

Here, we present a method for transferring NTA�

DOGS containing lipid monolayer to solid support to

prepare an NTA�chip for SPR. Using a synthetic peptide

containing both His�tagged peptide and RGD group,

HHHHHH�ε�aminohexanoic�GGRGDS (P1), we stud�

ied the specific interaction of integrin and RGD ligand

and effect of Ca2+ and Mn2+ on integrin ligand binding

affinity. The schematic model is shown in Fig. 1. Our

results show that integrin binds to P1 in a specific man�

ner, removing of Ca2+ from the low binding affinity site

and adding Mn2+ will promote the binding of integrin to

RGD ligand. The results also indicate that Mn2+ may

bind to the low affinity Ca2+ binding site.

MATERIALS AND METHODS

Chemicals and peptides. NTA�DOGS was purchased

from Avanti Polar Lipids (USA), DPPG and DOPC were

purchased from Sigma (USA). The peptide P1 and

GRGDSP were synthesized by Anaspec (USA), and the

purities were determined to be over 95%. Other chemicals

were purchased locally. Integrin αIIbβ3 was purified from

human platelets according to the method of Fitzgerald et

al. [39]. Purified integrin αIIbβ3 was dialyzed to buffer A

(0.1% Triton X�100, 20 mM Tris�HCl, pH 7.4, 100 mM

NaCl, 1 mM Ca2+, 1 mM Mg2+), and then stored at

–80°C. The purity of integrin was examined by sodium

dodecyl sulfate polyacrylamide gel electrophoresis.

ππ�A isotherm of NTA�DOGS monolayer. Film bal�

ance measurement was performed on a computer con�

trolled Langmuir–Blodgett (LB) trough. The LB trough

has a volume of 168 ml, and a surface area of 202.5 cm2.

A moveable barrier was used to change the area that was

covered by the lipid monolayer, and a Willhelmy system

was used to measure the surface tension. Phospholipid

dissolved in an organic solution (chloroform–methanol,

3 : 1 v/v) was carefully spread on the surface of buffer in

the trough. After 30 min, the monolayer was compressed.

Pressure/area diagrams of lipid monolayers were obtained

by isothermal compression. All experiments were per�

formed at room temperature (25 ± 1°C).

Preparation of NTA�containing supported monolayer.
Supported membranes constitute a widely used model

membrane system in studying lipid/protein interactions

[40]. In the present work, supported monolayers on gold�

coated cover slides were prepared according to the meth�

ods described by Sui et al. [18]. After a 50 nm thick gold

film was deposited onto the slide under vacuum condi�

tion, a lipid monolayer at a surface pressure of 42 mN/m

was horizontally transferred onto the slide by hand. Pure

NTA�DOGS monolayer was used in the study of P1

interaction with the NTA�chip, while a mixture of NTA�

DOGS/DPPG (1 : 1) was used when studying divalent

cations effects on integrin ligand binding ability.

Surface Plasmon Resonance setup. A homemade

SPR system [18, 41] based on the Kretschman configura�

tion was used in present work. A HL6711G semiconduc�

tor laser (China; wavelength of 670 nm) was used as the

incident polarized light source, and a photodiode served

as a detector to collect the reflected light. The sensor chip

was stuck onto a prism with refractive index of 1.8

through an index matching oil (cedar wood oil, n =

1.515). A 200�µl sample chamber was made of Teflon.

The sample chamber was rotated by a computer�con�

trolled stepping motor with a minimum step angle of

1/36,000°. Each curve of response�unit versus time was

obtained by varying the incident angle around the reso�

nance point with an error of less than 0.001°. All experi�

ments were performed at room temperature (25 ± 1°C).

SPR experiments design. Buffer B (20 mM Tris�HCl,

pH 7.4, 100 mM NaCl, 1 mM Ni2+, 1 mM Ca2+, 1 mM

Mg2+) was used in the experiments to investigate P1 inter�

action with NTA�chip. After the NTA�chip was balanced

with buffer B, 20 µl 1% bovine serum albumin (BSA) was

added into the chamber to block the nonspecific binding of

P1 to the surface. Thirty minutes later, buffer B was used to

wash out the excess BSA. Then P1 with concentrations

from 0.17 to 5.4 µM was added into the chamber separate�

ly to carry out the binding analysis. The apparent dissocia�

tion constant of P1 was calculated by a double inverse lin�

ear rearrangement of the adsorption isotherm [42, 43].

Fig. 1. Schematic model of our experiment. As indicated in the

figure, after the mixed monolayer was transferred to the sensor

chip, His�tagged peptide was added into the chamber to bind

to NTA�DOGS. Then integrin will interact with the RGD

head group in the C�terminal of the peptide.
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β α α αβ β β
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The binding of integrin αIIbβ3 to P1 was carried out

in buffer C (20 mM Tris�HCl, pH 7.4, 100 mM NaCl,

1 mM Mg2+) with different composition of divalent

cations. A series of buffers (buffer C; buffer C with 1 mM

EGTA, 1 mM Mn2+, 1 mM Ca2+, or 1 mM Mn2+/1 mM

Ca2+) were used in the experiments to get different bind�

ing performance of integrin in the presence of different

divalent cations. After P1 was immobilized onto the sen�

sor surface, the sensor chip was balanced with buffer.

Then the binding of integrin was carried out with

0.02 mg/ml integrin in the running buffer containing

0.01% Triton X�100. To evaluate the role of Ca2+ binding

site in integrin ligand binding, the integrin had been dia�

lyzed against buffer D (0.1% Triton X�100, 20 mM Tris�

HCl, pH 7.4, 100 mM NaCl, 1 mM Mg2+) at 4°C

overnight [7].

RESULTS

ππ�A isotherm of NTA�DOGS monolayer. To test the

binding activity of NTA�lipid monolayer, a film balance

measurement was performed. The π�A isotherm of NTA�

DOGS in the presence or absence of 3 mM imidazole was

measured as shown in Fig. 2. From Fig. 2 we can see that

in the presence of 3 mM imidazole, the whole π�A curve

shifts up with an increase in the axis of area. An average

increased area of 16.7 Å2 per NTA�DOGS molecule in

the surface tension range from 20 to 40 mN/m can be

obtained. A control experiment showed that imidazole

had no effect on the DOPC monolayer (result not

shown).

Characterization of NTA�chip. After NTA�DOGS

had been transferred onto the gold surface, the surface

binding activity of His�tagged peptide was characterized.

As reported by Hainfeld et al. [44], 10�40 mM imidazole

was used to inhibit the unspecific adsorption of native his�

tidine in proteins to NTA and 100 mM imidazole could

inhibit the specific binding of His�tagged protein to NTA.

Therefore, buffers containing 30� and 100�mM imidazole

were used in the experiments to investigate the binding of

P1 to NTA. From Fig. 3, we can see that in the presence

of 30 mM imidazole, the binding amount of P1 decreases

to 90 RU compared to 120 RU in the buffer without imi�

dazole. While in the presence of 100 mM imidazole,

nearly all the binding of P1 is eliminated from the inter�

face, and only a very small amount (15 RU) of P1 is

retained on the NTA�chip.

The NTA�chip can be regenerated by washing with

EDTA and then incubating in Ni2+ buffer. After the bind�

ing of P1 to NTA�chip reached equilibrium, 10 mM

EDTA was used to detach the bound P1 from the NTA�

chip. Then the chip was regenerated by incubation in

1 mM Ni2+ buffer for 30 min. After that, P1 was added to

execute the rebinding process. Three cycles of regenera�

tion were carried out, as shown in Fig. 4. From the plot,

Fig. 2. Effects of imidazole on the isotherm of NTA�DOGS mono�

layer. Subphase: 20 mM Tris�HCl, pH 8.0, 100 mM NaCl, with

(solid line) or without (dashed line) 3 mM imidazole. Compression

rate, 1 Å2/min per molecule; 25°C for all compressions.
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Fig. 3. Inhibitory effect of imidazole on the binding of P1 to

NTA chip. The NTA�chip surface was first blocked with 1%

BSA. After three cycles of buffer wash, the binding of P1 to
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we can see that the NTA�chip can be reused, but with a

partial loss of its activity of about 20%. After each wash of

EDTA, the bound amount of P1 decreases to 80% of its

maximum bound amount. Since EDTA is a specific

chelator of Ni2+ and the specific binding of P1 to NTA

only occurs in the presence of Ni2+, the main reason of

activity loss may be due to the unspecific adsorption of P1

to the chip.

Derivation of apparent dissociation constant of P1. P1

with concentrations from 0.17 to 5.4 µM was added into

chamber separately to obtain the apparent dissociation

constant of P1. The relationship between concentration

of bound P1 (expressed by RU) and concentration (C) of

free P1 in bulk is shown in Fig. 5. The inset plot of 1/R

versus 1/C determines the semi�saturating concentration

of P1. Kd was calculated to be 1.17 µM.

The specific binding of integrin to P1. As GRGDSP is

a competitor of the binding between integrin with P1, so

the inhibitory effect of GRGDSP on the binding of inte�

grin to P1 was examined. Adding peptide GRGDSP into

the sample chamber can cause a significant decrease in

binding of integrin to P1, as shown in Fig. 6. From the

curves we can see that about half of the bound integrin

still remained on the surface after washing when the

buffer did not contain GRGDSP. In contrast, almost all

the bound integrin can be eluted away when washing with

Fig. 4. Regeneration of an NTA�chip. After P1 was bound to

the NTA�chip in 1 mM Ni2+, the surface bound P1 was

cleaned with 10 mM EDTA, and then the surface binding

activity was regenerated by 30 min incubation with 1 mM Ni2+

at room temperature. This process was repeated for three

times. A is adding 1% BSA for blocking; B is changing buffer to

1 mM Ni2+; C is adding P1; D is washing the chip with 1 mM

Ni2+; E is washing with 10 mM EDTA.
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buffer containing 17 µM GRGDSP. The amounts that

could be eluted out in the two buffers are almost equal,

which are adsorbed onto P1. This suggests that binding of

integrin to the sensor chip contains composite effects:

specific interaction and unspecific adsorption. The bind�

ing in specific interaction is stable and cannot be eluted

out by buffer, but adsorption is weak and can be eluted

out.

Effect of divalent cations on integrin–ligand binding.
As divalent cations have distinct effects on integrin bind�

ing affinity [6�14], experiments were carried out to inves�

tigate the effect of various divalent cations on the binding

activity of integrin to its RGD ligand. As shown in Fig. 7,

in the presence of 1 mM EGTA the bound amount is only

about 15 RU, indicating that EGTA can eliminate almost

all integrin specific binding. Compared to the bound

amount of 50 RU in the presence of 1 mM Ca2+ and

1 mM Mg2+, the bound amount of dialyzed integrin was

increased to 70 RU in buffer C (without Ca2+). If 1 mM

Mn2+ was present in buffer, the bound amount of integrin

increased whether Ca2+ was present or not. In the both

cases, the bound amount of integrin increased to 80 RU.

DISCUSSION

The binding activity of NTA�lipids can be tested

through imidazole binding. As shown in Fig. 2, the area

per NTA�DOGS molecule has an increase of about 17 Å2

in the presence of 3 mM imidazole, and the isotherm with

3 mM imidazole has a nearly parallel shift compared with

the one without imidazole. This suggests that imidazole

binds to the NTA�lipid and such binding causes an

increase in the headgroup size. Binding of imidazole to

NTA�DOGS is specific and tight as imidazole still binds

on NTA�DOGS even at a surface pressure of 45 mN/m.

The NTA�chip can immobilize His6�tagged protein

on the chip surface through the tight binding of NTA�

DOGS with histidine. The dissociation constant of His�

tagged protein to Ni�NTA has been measured to be

10–13 M at pH 8 [45], and it is stronger than most anti�

body bindings, which typically range from 10–6 to 10–9 M

[46]. But binding of NTA�lipid to His�tagged protein is

much weaker. A binding between His�tagged peptide

containing six histidines and NTA�lipid vesicle has been

reported to have a dissociation constant of 3 µM [47].

The binding of P1 is determined by the His�tag binding

to NTA molecule, because most P1 remains to bind onto

the sensor in the presence of 30 mM imidazole, and the

surface binding ability of P1 can be abolished by 100 mM

imidazole, as shown in Fig. 3. The apparent dissociation

constant we got is in the range of µM, which is closed to

that obtained from peptide interaction with NTA�lipid

vesicles [47]. As P1 binds to NTA chip through its N�ter�

minal, it indicates that under the support of carbon chain

the RGD headgroup (C�terminal) will remain for further

investigation.

Integrin has a ligand�binding pocket, which has a

distance from the surface of 1.1�3.2 nm investigated by

binding of integrin to RGDF with different length of

spacer [48], or 0.75�0.85 nm detected by NMR [49]. To

provide an effective binding of RGD to integrin, a peptide

with six histidines and a spacer of ε�aminohexanoic�GG

linked RGDS ligand was synthesized. The maximum

length of the spacer is calculated to be 2.2 nm from

known bond length and bond angle. This distance is suf�

ficient to provide RGD peptide to enter the ligand bind�

ing pocket if the peptide is properly immobilized onto the

chip. As described in the previous paragraph, the six his�

tidines in the N�terminal of P1 can interact with NTA�

chip specifically, so the orientation of P1 on the sensor

chip can be ensured. From Fig. 6, it can be observed that

in the presence of free RGD peptide, the specific binding

of integrin is totally inhibited. This indicates RGD pep�

tide has a competitive effect on the binding of P1 to inte�

grin and suggests that P1 binds to the NTA�chip in a

manner that the RGD headgroup of P1 is extended out.

The extended RGD ligand can enter the binding pocket

of integrin, and then promote a specific binding of RGD

group to integrin. As there is flexibility in the carbon

Fig. 7. Effects of divalent cations on integrin ligand binding

activity. After P1 is immobilized on the NTA�chip, the binding

of dialyzed integrin was carried out in the buffer 20 mM Tris�

HCl, pH 7.4, 100 mM NaCl, 1 mM Mg2+ with EGTA or dif�

ferent cations as indicated in the figure.
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chain, the real depth of integrin RGD binding site should

be less than 2.2 nm.

Divalent cations are very important in regulating inte�

grin αIIbβ3 ligand binding activity. As reported by previous

studies [6�15], Ca2+ is essential for integrin ligand binding

and the binding of Ca2+ to the second affinity site has dif�

ferent effect on integrin ligand binding. Our experiments

showed that in the buffer with 1 mM EGTA or 1 mM Ca2+

or without Ca2+, integrin has different bound amount. As

shown in Fig. 7, integrin has little binding after adding

1 mM EGTA in the buffer, and the binding amount of inte�

grin in buffer C increased by 40% to that in 1 mM Ca2+.

This suggests that Ca2+ is required for integrin binding and

the increased binding ability of integrin is mainly caused by

removal of Ca2+ binding to the low affinity sites.

Mn2+ can promote RGD ligands binding to the rest�

ing form of integrin [50]. As shown in Fig. 7, integrin

binding amount was increased to 80 RU in 1 mM Mn2+

buffer, no matter whether Ca2+ was present or absent in

the buffer. This indicates that adding 1 mM Mn2+ can

eliminate the inhibitory effect on integrin ligand binding

ability induced by Ca2+ binding to the low affinity sites.

Though the binding sites of Mn2+ and Ca2+ are still not

clear, the loss of Ca2+ inhibitory effect after adding Mn2+

suggests Mn2+ has a regulatory role in Ca2+ binding to the

low affinity binding sites. This has some relative accor�

dance with some previous findings that Mn2+ might bind

to the low affinity cation binding site of integrin [51�53].

Our results give a further implication that Mn2+ may bind

to the low affinity Ca2+ binding site, and the binding

activity of this site to Mn2+ is larger than that to Ca2+. The

occupancy of low affinity Ca2+ binding sites by Mn2+ can

restrain Ca2+ from binding to the low affinity binding site,

thus eliminating the inhibitory effect of Ca2+.

In conclusion, we developed an NTA�chip and syn�

thesized a histidine�tagged peptide P1. P1 was immobi�

lized on the NTA�chip with a proper orientation, and then

was used to study the effect of divalent cations on integrin

ligand binding ability. The result shows that Ca2+ binding

to the low affinity binding sites decreases the binding abil�

ity of integrin to ligand, while the presence of Mn2+ can

eliminate this inhibitory effect. The binding site of Mn2+

may be the low affinity Ca2+ binding site. It also suggests

that divalent cations are an important factor in regulating

integrin ligand binding affinity and will play an important

role in regulating the physiological role of integrin.

This work was supported by the National Natural

Sciences Foundation of China.
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