JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

The Binding Energy of Two Nitrilotriacetate Groups Sharing a Nickel lon
David Tareste, Frdric Pincet, Marie Brellier, Charles Mioskowski, and ric Perez
J. Am. Chem. Soc., 2005, 127 (11), 3879-3884« DOI: 10.1021/ja043525q * Publication Date (Web): 26 February 2005
Downloaded from http://pubs.acs.org on March 24, 2009

e, = 6.5 kcal/mol
=0 == do
NTA N1

Ni-NTA
e =14 keal/mol
Ni-NTA NTA NTA-Ni-NTA

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 4 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja043525q

JIAICIS

ARTICLES

Published on Web 02/26/2005

The Binding Energy of Two Nitrilotriacetate Groups Sharing a
Nickel lon

David Tareste,’ Frédéric Pincet,’ Marie Brellier,* Charles Mioskowski,* and
Eric Perez*t

Contribution from the Laboratoire de Physique Statistique de I'Ecole Normalérieupe, 24,
rue Lhomond, 75005 Paris, France, and Laboratoire de Sys&l#&io-Organique, Facdultde
Pharmacie, 74, Route du Rhin, 67401 lllkirch, France

Received October 26, 2004; E-mail: perez@Ips.ens.fr

Abstract: Among the various molecular interactions used to construct supramolecular self-assembling
systems, homoliganded metallic NTA—Ni—NTA complexes have received little attention despite their
considerable potential applications, such as the connection of different biochemical functions. The stability
of this complex is investigated here by using two concordant nanotechniques (surface forces apparatus
and vesicle micromanipulation) that allow direct measurements of adhesion energies due to the chelation
of nickel ions by nitrilotriacetate (NTA) groups grafted on surfaces. We show that two NTA groups can
share a nickel ion, and that the association of a Ni—NTA complex with an NTA group has a molecular
binding energy of 1.4 kcal/mol. Binding measurements in bulk by isothermal titration calorimetry experiments
give the same value and, furthermore, indicate that the Ni—NTA chelation bond is about five times stronger
than the NTA—Ni—NTA one. This first direct proof and quantification of the simultaneous chelation of a
nickel ion by two NTA groups sheds new light on association dynamics involving chelation processes and
offers perspectives for the development of new supramolecular assemblies and anchoring strategies.

Introduction to Ni—=NTA moieties, thus forming a HisNi—NTA ternary
) complex. Today, such a complex is extensively used for
Supramolecular self-assembling systems are generally based, , iication purposes, surface functionalization by proteins, and
on noncovalent cooperative interactions which permit the yyqimensional crystallization through NNTA functionalized
construction of highly sophisticated structures presenting tailored lipids 611 Homoliganded metallic complexes, such as metal
functions!—3 The weak interactions involved in these systems bis(carboxylate}213 metat-bis(phosphonaté:15and metat
include hydrophobic interactions, hydrogen bondimgtacking bis(terpyridine)i6-18 have also been used to generate supramo-
interactions, metal coordination bonding, and specific ligand |5y jar systems with original structures and novel optical,
receptor interactions. One of the major goals in supramolecularmectric, or magnetic properties. Many potential applications
chemistry is to control the structure and dynamic of matter .44 be derived from the formation of NFANi—NTA
through self-organization. This includes a characterization, at
the molecular level, of the interactions that hold the building (6) Hochuli, E.; Bannwarth, W.; Dobeli, H.; Gentz, R.; StuberBintechnology
blocks together. Recent advances in nanoscale force and () g%ﬁ?nﬁff?g;ﬁf;ﬁ; C.: Tampe, R. Am. Chem. S0d994 116 8485
adhesion measurements have already allowed the quantification _ 8491. ) ) ) )
. . . 8) Venien-Bryan, C.; Balavoine, F.; Toussaint, B.; Mioskowski, C.; Hewat,
of hydrogen bonding interactiods, but many other weak E. A Helme, B.: Vignais, P. MJ. Mol. Biol. 1097, 274, 687—692.

interactions, such as metdigand binding, remain poorl (9) Wilson-Kubalek, E. M.; Brown, R. E.; Celia, H.; Milligan, R. Aroc.
. 9 9 poorly Natl. Acad. Sci. U.S.AL99§ 95, 8040-8045.
described. (10) Bischler, N.; Balavoine, F.; Milkereit, P.; Tschochner, H.; Mioskowski,
- : : - C.; Schultz, PBiophys. J.1998 74, 1522-1532.
Heteroliganded metallic complexes have received consider- 11y [apeau. L. Lachpr}’Venien_Bwany C. Renault, A Dietrich, J.: Jahn, T.:
able attention during the past few years since genetically Palmgren, M. G.; Kuhlbrandt, W.; Mioskowski, @. Mol. Biol. 2001, 308

. . . . ie 639-647.
engineered His-tagged proteins were found to bind specifically (12) Guo, s. W.; Konopny, L.; Popovitz-Biro, R.; Cohen, H.: Porteanu, H.;
Lifshitz, E.; Lahav, M.J. Am. Chem. Sod.999 121, 9589-9598.

)
(13) Waggoner, T. A,; Last, J. A.; Kotula, P. G.; Sasaki, D.JYAm. Chem.
)

T Laboratoire de Physique Statistique de I'Ecole Normale” Bepee. Soc.2001, 123 496-497.

* Laboratoire de Synilse Bio-Organique. (14) Cao, G.; Hong, H. G.; Mallouk, T. EAcc. Chem. Resl992 25, 420—
(1) Whitesides, G. M.; Mathias, J. P.; Seto, C.Skiencel991, 254, 1312 427.
13109. (15) Benitez, I. O.; Bujoli, B.; Camus, L. J.; Lee, C. M.; Odobel, F.; Talham,
(2) Lehn, J. M.Science2002 295, 2400-2403. D. R.J. Am. Chem. So2002 124, 4363-4370.
(3) Dmitriev, A.; Spillmann, H.; Lin, N.; Barth, J. V.; Kern, KAngew. Chem. (16) Liang, Y. W.; Schmehl, R. HI. Chem. SocChem. Commuri.995 1007~
Int. Ed. 2003 42, 2670-2673. 1008.
(4) Pincet, F.; Perez, E.; Bryant, G.; Lebeau, L.; MioskowskiP@ys. Re. (17) Constable, E. C.; Meier, W.; Nardin, C.; Mundwiler,Ghem. Commun.
Lett. 1994 73, 2780-2783. 1999 1483-1484.
(5) Tareste, D.; Pincet, F.; Perez, E.; Rickling, S.; Mioskowski, C.; Lebeau, (18) Lohmeijer, B. G. G.; Schubert, U. &ngew. Chem.Int. Ed. 2002 41,
L. Biophys. J.2002 83, 3675-3681. 3825-3829.
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Figure 1. Structure of the synthesized lipids: (a) NFAAOGA and (b)
Ni—NTA—DOGA. The unsaturations of the chains allow the functionalized
lipids to have some translational freedom within their monolayer, and the
flexible spacers provide rotational freedom to the headgroups. Functional
groups from opposite surfaces can thus adopt the most favorable config-
uration to interact with each other.

complexes, which up to now have been scarcely studied. Since

it involves only small synthetic molecules, this system would
be notably more convenient than the usual streptavitliotin
interaction for anchoring specific molecules on surfaces or
creating bifunctional compounds.

The present paper is devoted to the evaluation of the stability
of NTA—Ni—NTA complexes on surfaces by using the surface
forces apparatd® and the vesicle micromanipulation
techniqué® 22 and, in bulk, through isothermal titration calo-
rimetry experiments The first two techniques involved bilayers
in which lipids having either the NTA ligand or its chelate, the
Ni—NTA complex, as headgroups were incorporated (NTA
DOGA and NNTA—DOGA lipids, Figure 1). SFA experi-
ments involved monolayers of NFTADOGA or Ni—-NTA—
DOGA lipids deposited by the LangmuiBlodgett method!
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Figure 2. (a) SFA experiments. The reference distaBce O corresponds

to the contact between DMPE hydrophobic tails. NTBOGA and Ni-
NTA—DOGA lipids form fluid layers even at high surface pressure, as
checked from their compression isotherm. Their stability relative to
desorption was measured at both the air/Tris and mica/Tris interfaces and
proved to be less than 1%/h. This ensures that the lipids form stable, close-

(=}
W
(=}

on solid mica surfaces, with their headgroups facing the aqueouspacked, and fluid monolayers on the time scale of force measurement

medium (Figure 2a). In the vesicle micromanipulation experi-
ments, NTA-DOGA or Ni-NTA—DOGA lipids were incor-
porated in the membrane of stearogleoyl—phosphatidyt
choline (SOPC) giant vesicles in the molar ratio of 1:10 (1
molecule of NTA-DOGA or Ni—NTA—DOGA for 10 mol-
ecules of SOPC) (Figure 3a). All of the experiments were
performed at a pH value close to physiological pH with tris-
(hydroxymethyl)aminomethane (Tris) buffer (pH 8.0). Surface

experiments. (b) Foreedistance profiles of the three systems (NTA/NTA,
circles; NTA/Ni—NTA, squares, and NiNTA/Ni—NTA, triangles; ap-
proaching phases, open symbols; separating phases, filled symbols).
Adhesive jumps are highlighted by arrows. The inset shows in a semilog
scale the electrostatic double-layer repulsion that occurs between charged
NTA—DOGA or Ni-NTA—DOGA monolayers.

interactions and are, therefore, a promising tool for the develop-
ment of novel dynamic supramolecular assemblies.

forces apparatus and vesicle micromanipulation experimentsMaterials and Methods

gave concordant results; two NTA groups can dimerize by
sharing a nickel ion, and the corresponding binding energy is
weak (about 1.4 kcal/mol). Complementary microcalorimetry
experiments were performed in volume by the titration of an
aqueous solution of Niglwith NTA groups. They led to the
bulk determination of NiFNTA and NTA—Ni—NTA association

Chemicals.The synthesis of the functionalized lipids (Figure 1) has
been described in detail elsewhé?dn brief, the NTA group was
covalently bound to two unsaturatedsGilkyl chains via a flexible
spacer, thus leading to the desired lipid, 2-(biscarboxymethylamino)-
6-[2-(1,3-di-O-oleylglyceroxy)acetylamino] hexanoic acid lipid (NFA
DOGA lipid). To obtain the NirNTA—DOGA lipid, a chloroform

constants and chelation bond energies. The value obtained forselution of the NTA-DOGA lipid was stirred with an aqueous buffer

the energy of the NTANi—NTA complex shows no significant

difference with the one measured on surface. Furthermore, the

Ni—NTA chelation bond was found to be five times stronger
(6.5 kcal/mol) than the NTANiI—NTA one. These results
suggest that NTANiIi—NTA complexes are stabilized by weak

(19) Israelachvili, J. N.; Adams, G. H. Chem. SocFaraday Trans. 11978
74, 975-1001.

(20) Evans, EBiophys. J.198Q 31, 425-431.

(21) Evans, E.; Metcalfe, MBiophys. J.1984 46, 423-426.

(22) Evans, EColloids Surf.199Q 43, 327-347.

(23) Heerklotz, H.; Seelig, Biochim. Biophys. Act200Q 1508 69—85.

(24) Gaines, G. L.nsoluble Monolayers at LiquidGas Interfaces Inter-
science: New York, 1991.
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(pH 8) containing 1 equiv of NiGl
Dimyristoyl—phosphatidytethanolamine (DMPE) and SOPC lipids
were purchased from Avanti Polar lipids. Tris buffer was purchased
from Merck-Eurolab. All experiments were made using ultrapure water

(purified with the Elgastat Maxima system, HPLC model).

Surface Forces Apparatus (SFA).The SFA technique gives the
force F) as a function of the separation distan@) petween two
crossed-cylinder surfaces (radigs The ratio ofF(D)/Ris proportional
to the interaction energk(D) between two plane surfaces following
the Derjaguin approximatiof¥:

F(D)

=" = 27E(D)

@
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Figure 3. (a) Vesicle micromanipulation experiments. The adhesion energy
(Wp) between the two vesicles is deduced from the deformation of the soft
vesicle, characterized by a geometrical faco+ 2(1 — RQ/(1 — cosO)R

(see text). (b) Adhesion curves of the three systems (NTA/NTA, circles;
NTA/Ni—NTA, squares; NiF-NTA/Ni—NTA, triangles; decreasing aspira-

tion pressures, open symbols; increasing aspiration pressures, filled symbols

Adhesion energiesip) are given by the slope of the adhesion curves.

and the other one is weakly aspirated (soft vesicle). The vesicles are
then brought into contact. If an adhesion occurs, the soft vesicle deforms
and takes the shape of the hard vesicle in the contact region (Figure
3a). The simultaneous knowledge of the geometrical parameters of this
deformation (represented by a geometrical fac®r and of the
aspiration pressuré\P) of the soft vesicle provides the adhesion energy
per unit area\(p) between the two vesicle membrarf&s?

_ (1 —cosO)R AP

W, AP ==
° 2(1-Rg9

5 @

where@ is the contact angle between the two vesicRss the radius

of the micropipets, and is the average curvature of the soft vesicle
(Figure 3a). Assuming a constant vesicle area and volume, the two
parameterg and 6 can be calculated from the displacemeAt) of

the soft vesicle inside its micropip&t.In practice, one first takes a
picture of the two vesicles when they are far from each other in order
to determine their initial geometrical parameters. Then, several aspira-
tion pressures of the soft vesicle are tested in order to obtain good
statistics and to probe the reversibility of the adhesion process. Only
data from reversible adhesion processes are considered reliable.

Giant vesicles were formed by rehydration of a dried lipid film
deposited on a roughened Teflon di§k’ The lipid film was made of
a 1:10 mixture in chloroform of NTADOGA or Ni-NTA—DOGA
lipids and SOPC lipids (it was impossible to obtain stable giant vesicles
from the pure NTA-DOGA or Ni-NTA—DOGA lipids). Vesicles
were prepared in a 180 mM (190 mOsm) saccharose solution, and
adhesion measurements were performed in a slightly hyperosmotic 130
mM (230 mOsm) Tris/NaCl buffer in order to have good osmotic
control of the membrane tension.

Isothermal Titration Calorimetry (ITC). ITC is a convenient
thermodynamic approach to monitor any chemical reaction initiated
by the addition of binding components. By measuring the heat generated
or absorbed during the association between interacting species, this
method allows full determination of multiple thermodynamic param-
eters, such as the association constagjstfie reaction stoichiometry
(n), the binding enthalpyAH), and the entropyAS).?® In the present
study, experiments were performed with an isothermal titration
calorimeter from Microcal Inc.

In a typical experiment, the calorimetric cell was filled with 1.4 mL

)_of a 0.05 mM solution of NiGlin 100 mM Tris buffer (pH 8.0), and

5 uL aliquots of a 0.85 mM solution of NTA in 100 mM Tris buffer
(pH 8.0) were successively injected (58 consecutive additions for a

The force is measured with a leaf spring, and the distance is obtainedtotal volume of 29Q:L of guest compound). The heat produced by the

interferometrically® In the present paper, force measurements were

reaction was measured after each addition of NTA. The temperature

made between two lipid bilayers deposited on silvered mica surfaces (20 °C) was kept constant during the entire experiment, and continuous

using the LangmuirBlodgett deposition techniqu#éA first monolayer
of DMPE lipid was deposited in a solid state, at 38 mN/m, with its
headgroups on the mica surface. A second monolayer of- NJAGA
or Ni-NTA—DOGA lipids was deposited in a fluid state, at 35 mN/

m, with its headgroups facing the aqueous medium (Figure 2a). The

reference distancB = 0 corresponds to the contact between DMPE

stirring was used to ensure rapid mixing of the solutions. Dilution effects
were measured in a separate experiment by adding the same NTA
solution to a pure Tris buffer solution. Thermodynamic and binding
data were processed with the Microcal Origin software.

Results and Discussion

hydrophobic tails. Force measurements were performed in a 10 MM Force and Adhesion Measurements between Chelating

Tris buffer (a minimal concentration of Tris buffer compatible with

Lipid Bilayers: Surface Characterization of the NTA—Ni—

the pH control was used to minimize the probability of contamination NTA Complex Binding Energy. The surfaces used in the SFA

of the surfaces to which the technique is very sensitive); they consisted

of cycles of approaching and then separating the surfaces. For eac

case, at least three experiments and three cycles per experiment were

made.
Vesicle Micromanipulation Technique. The vesicle micromanipu-

and the vesicle micromanipulation techniques contained either
i—NTA—DOGA or NTA—DOGA lipids and were thus
complexed or not with nickel ions (NiNTA and NTA surfaces,
respectively). This leads to three experimental configurations

lation technique gives the macroscopic adhesion energy per unit arealOf Probing the molecular binding energy between-NiTA

between two free lipid bilayers. Two giant vesicles are aspirated by
micropipets; one of the two vesicles is strongly aspirated (tight vesicle),

complexes and NTA groups: NTA/NTA, NTA/NINTA, and
Ni—NTA/Ni—NTA systems.

(25) Derjaguin, B. V.; Muller, V. M.; Toporov, Y. PJ. Colloid Interface Sci.
1975 53, 314-326.

(26) Reeves, J. P.; Dowben, R. Nl Cell. Physiol.1969 73, 49—60.
(27) Needham, D.; Evans, Biochemistryl988 27, 8261-8269.
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Eab/e 1L Averz_lge Agf}esion Energlies D_elduce_d from Se\ller_al SFA Qualitatively, the same behavior was observed with SFA and
Eiggmgﬂg gm‘}g)fn rom Several Vesicle Micromanipulation vesicle micromanipulation techniques; increasing adhesion
energies were respectively measured in the NTA/NTA, NTA/

FJR FJR Foesl R E Wy . . o . .
(N (nNim) (mNim) (mam?) (udim?) Ni NTA_, and N|—NTA/N| NTA systems_. The higher adhesion
NTAINTA 121 i1 1112 18103 1613 energy in the NTA/Ni-NTA case, relative to the NTA/NTA
NTA/Ni—NTA A+1 941 1342 21+03 7246 one, proves that adding nickel ions forms new bonds between
Ni—-NTA/Ni—-NTA 17+1 741 24+2 3.8+03 99+6 the two surfaces. These new bonds can only be chelation bonds

between NTA groups from one surface and nickel ions from

@ Effective separation forcé=ei/R) is a corrected separation force, which he other, thus forming NTANi—NTA complexes. The Nt

takes into account the repulsive electrostatic interaction between the charge . . . .

surfaces. TA/Ni—NTA system displays the highest adhesion energy.
This is surprising since two NTA groups complexed with a

A typical result obtained for each experimental SFA config- hickel ion are not expected to form together any type of bond
uration is given in Figure 2b. During the approaching phase, and, therefore, should lead to weaker adhesion energies. It has
the three systems display similar features. Between 200 and 30ndeed been shown that when NTA surfaces are fully complexed
nm, no force is measured between the two surfaces. At 30 nm,With nickel ions, the adhesion is smalThis shows that in the
a repulsive force sets in (inset in Figure 2b); this force is the Present case, a certain amount offNITA groups lose their
electrostatic double-layer repulsion between two charged mono-hickel ion in a Tris buffer. The ability of Tris molecules to
layers. In all cases, the decay length is 4 nm, which is close to capture nickel ions may explain this loss of nickel. The
the Debye length corresponding to a 10 mM Tris electrolyte. complexation constant of Tris molecules to metal ions, in
This electrostatic repulsion decreases when nickel ions are added@eneral, and to nickel ions, in particular, is weak, but it will
to the monolayers (the charge is smaller when NTA groups are give a substantial effect if, as is the case here, the number of
complexed with nickel ions). Below 8 nm, a steric repulsion is Tris molecules is 5 orders of magnitude larger than that of NTA
superposed on the electrostatic repulsion; this steric repulsionmolecules in the vicinity of the surfaces. For NTAANNTA
is due to the mobility of the headgroups that are linked to the and Ni=NTA/Ni—NTA systems, we thus observe an adhesive
hydrophobic tails through a flexible spa@&The two mono- behavior due to the combined effect of interactions between
layers come into contact at about 6 nm. As the zero referenceNTA groups (whose origin is discussed in the Supporting
distance is the one between the two DMPE monolayers on mica/nformation) and chelation bonds betweenNTA complexes
(as indicated in Figure 2a), this 6 nm distance corresponds toand NTA groups. The fact that the NNTA/Ni—NTA system
the thickness of two close-packed NFAOGA or Ni-NTA— displays the highest adhesion energy reveals that less than 50%
DOGA hydrated monolayers. At the beginning of the separation Of the Ni=NTA groups still have their nickel ion in a Tris buffer.
process, there is no significant variation of the contact distance Indeed, in the case of a low proportion of NTA groups
until, at a sufficient pulling force, the distance increases becausecomplexed with nickel ions, the NiNTA/Ni—NTA configu-
of the stretching of the compressible parts of the lipid molecules ration displays the most favorable combination of chelation
(hydrophobic tails and flexible spacers). When the pulling force bonds.
is equal to the adhesive force between the surfaces, which occurs From the adhesion energies measured for the three systems
when the distance increase is 2 nm, the two surfaces jump outand using Boltzmann statistics, one can deduce the molecular
of contact and end up far from each other (adhesive jump). Stericbinding energy between NINTA complexes and NTA groups.
and electrostatic repulsive forces contribute to this pull-off force, =~ We first have to emphasize two established results. (i) The
Fo/R. To compare the different adhesive forces and to analyze interaction energy between two-NNTA groups is weak enough
them in terms of molecular bonds, one has to take into accountto be within the error bar and can thus be negleétéi. A
the contribution of these repulsive forces. Since the adhesivecertain proportion of NiNTA groups lose their nickel ion in
jumps take place around 8 nm, the steric repulsion can bethe Tris buffer, as mentioned above. Thus, when facing an NTA
neglected. The force relevant to the contribution of the molecular group, they establish an NTA/NTA interaction, and when facing
bonds is thus an effective pull-off forcEges/R, corresponding a Ni—NTA group, they form a chelation bond. Let us cal
to the pull-off force that would be measured in the absence of the proportion of Ni-NTA groups that still have their nickel
the electrostatic double-layer repulsidiyR: ion.

Using these hypotheses, one can write adhesion energies
measured in the three cases as the sum of two contributions,
the first one corresponding to NTA/NTA interactions and the
second one to chelation bonds.
whereFJR is evaluated at the distance at which the adhesive In the case of SFA experiments, since no flattening of the
jumps occur (Table 1). surfaces was observed at contact, adhesion energigsie

The same three configurations have been studied with therelated to the effective separation forces between the two
vesicle micromanipulation technique. The adhesion curves aresurfaces through the Derjaguin, Muller, and Toporov (DMT)
given in Figure 3b. These experiments directly provide adhesion relation?5:2°
energies and can be compared with the SFA results, where the
effective pull-off force is proportional to the adhesion energy Foett
(eq 4 and Table 1). =R (4)

FOeff — FO

R R

Fe
R ©))

(28) Kuhl, T. L.; Leckband, D. E.; Lasic, D. D.; Israelachvili, J. Biophys. J.
1994 66, 1479-1488. (29) Maugis, D.J. Colloid Interface Sci1992 150, 243-269.
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Binding Energy of Two Nitrilotriacetates Sharing a Ni lon

ARTICLES

These adhesion energies can be written as

Ey(NTA/NTA) = Eyra (5)
Eo(NTA/Ni—NTA) = (1 — py)Enra T PvEc (6)
Eo(Ni—NTA/Ni—NTA) =

(1- pNi)ZENTA + 2pi(1 = pw)Ec (7)

where Ec is equal to the adhesion energy that would be
measured in the NTA/NiNTA case in a situation where all of
the Ni=NTA groups still have their nickel ion.

Since each NTA group has one chelating site that can be
either bound or unbound can be related to the microscopic
binding energy&c) between one NTA group and one-NNTA
group by Boltzmann statistics:

€

Se T AT Cexpen)

8)

whereEc andec are inkgT units, and wher&yra is the surface
density of chelating sites within their monolayer (from mono-
layer compression isotherm&yra = 1.89 moleculesim=2).

Using eqgs 58 andEg values given in Table 1, one can thus
determine simultaneously; andec:

pni = 0.15+ 0.05 ande; = 2.0+ 0.5,k T =
1.34 0.3 kcal/mol

For vesicle micromanipulation experiments, one has to take
the SOPC/SOPC interaction into account. This contribution,

Using eqs 9-12 andWj values given in Table 1, we deduce

Pni = 0.25+ 0.10 ande. = 2.5+ 0.5,k T =
1.6+ 0.3 kcal/mol

SFA and vesicle micromanipulation techniques give the same
results. This validates the statistical approach and the use of
both types of direct measurements. They both show that two
NTA groups grafted on surfaces and facing each other can bind
by sharing a nickel ion. This result has been suspected for a
long time8! here, we prove it unambiguously and quantify the
energy of the NTA-Ni—NTA bond.

Isothermal Titration Calorimetry: A Bulk Determination
of Ni—NTA and NTA —Ni—NTA Complexes Binding Ener-
gies.Complementary microcalorimetry experiments have been
performed to characterize the association in volume between
one nickel ion and two NTA molecules and have compared it
to results obtained with chelating lipid bilayers.

In a typical ITC experiment, the titration of a Nig3olution
was carried out with an NTA solution. Since nickel ions were
in excess at the beginning of the titration and since adhesion
experiments between chelating lipid bilayers showed thata Ni
NTA complex can bind a NTA molecule, complexation reac-
tions occurred according to the following sequential pathway:

Ni + NTA = Ni—NTA (K, &) (13)

Ni—NTA + NTA = NTA—-Ni—NTA (K,, &) (14)

where K; and g correspond, respectively, to the association
constant and the binding energy of the reactidn this model,

which is due to the van der Waals forces, has been evaluatedg is the chelating energy of a nickel ion by an NTA group,
in a separate experiment (adhesion measurement between twande, represents the binding energy of two NTA groups sharing
SOPC vesicles under the same experimental conditions; dataa nickel ion, that is, the one measured in the previous section.

not shown).
The adhesion energie®\f) can be written as

W,(NTA/NTA) — W,(SOPC/SOPC Wy (9)
W (NTA/Ni—NTA) — W,(SOPC/SOPC}-
(1 = pa)Wara + P (10)
W,(Ni—NTA/Ni —NTA) — W,(SOPC/SOPC}=

(1- pNi)ZWNTA + 2ppi(1 = p)We (11)

NTA—DOGA and Ni-NTA—DOGA lipids freely diffuse
within the membrane of SOPC vesicles and are recruited into

the contact region between the two vesicles. This leads to an

enrichment of adhesion sites in the contact zone. A microca-
nonical description taking this enrichment into account has been
developed and experimentally tesf&din the case of our
systems, this leads to the relation

: OZNTA(exp(ec) )

where the factot/1o corresponds to the surface fraction actually
covered by NTA groups (her&yra = 0.12 moleculesim2).

ke T (12)

C

(30) Pincet, F.; Perez, E.; Loudet, J. C.; LebealRhys. Re. Lett.2001, 8717,
178101-178104.

Figure 4 displays the final experimental binding isotherm
corresponding to the association of nickel ions and NTA
molecules. The ITC fitting curve was obtained using a sequential
binding site model (two binding sites), which gives access to
both association constanks, andK,, and both binding energies,
e; and e, (Table 2). We find that, is 1.4 kcal/mol, which
corresponds exactly to the one measured with SFA and vesicle
micromanipulation experiments for NTA groups grafted on
surfaces, and thag; is 6.5 kcal/mol. The corresponding
dissociation constankp;) of the Ni—NTA complex is in perfect
agreement with the one previously measured on surfaces by
impedance spectroscopy on thiNTA monolayers and in bulk
by fluorescence quenching or isothermal titration calorim&try.
The success of this model confirms a posteriori the formation
of both Ni-NTA and NTA—Ni—NTA complexes. It further-
more shows that the binding energy of the ternary NM—
NTA complex is about five times weaker than that of the binary
Ni—NTA complex. We can assume that in the ternary complex,
each NTA moiety binds the nickel ion through three bonds,
whereas in the NiNTA complex, the nickel ion is trapped by
the quadridentate NTA ligand in a cage structure fashion. The
difference between the measured thermodynamic vaiuasd
& thus reflects the stabilization effect of the NTA cage.

(31) Schwarzenbach G.; Biedermann, Welv. Chim. Actal948 31, 331—
340

(32) Stora T.; Hovius, R.; Dienes, Z.; Pachoud, M.; Vogell Bhgmuir1997,
13, 5211-5214.
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Figure 4. Isothermal titration calorimetry of a solution of NiCin 100

mM Tris buffer (pH 8) with NTA groups (heat of the reaction as a function

of the molar ratio [NTA]/[Ni]). The curve is fitted by applying a sequential

binding sites model (see text). The first part of the curve, up to 1 molar

ratio, corresponds to the chelation of one nickel ion by one NTA molecule

(nickel in excess). In the second part of the curve, the further addition of

NTA molecules results in the formation of the ternary N¥TRi—NTA
complex.

o

Table 2. Association Constants (Kj), Dissociation Constants (Kpj),
and Binding Energies (e) as Deduced from Isothermal Titration
Calorimetry of Nickel lons with NTA Molecules?

microcalorimetry other approaches
e (or AHy) 6.5+ 0.1 kcal/mol
K1 1.8x 10 Mt
Kp1 8.6 x 10°1°M 7.9 x 10710 MmP

e (or AHy) 1.4+ 0.2 kcal/mol 1.3t 0.3 kcal/mol (SFA)
1.6+ 0.3 kcal/mol (vesicle)

Kz 48x 10°M1

Kp2 3x10'M

aKpy and e; correspond to the chelation of a nickel ion by an NTA
group.Kpz and e are associated with the binding of two NTA groups sharing
a nickel ion. Values oKp; take into account the competition of amine
protonation of the NTA moiety with complex formation. They are directly
calculated from the association constarkg computed by the Microcal
Origin software using the following correction equation from ref B3;
= 10PH ~ PKJ/K;, where K, = 9.8 and pH= 8.0.° From ref 32.

The Ni, Ni—-NTA, and NTA—Ni—NTA species were also
identified by UV absorption experiments (data not shown),
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which clearly showed that the formed complexes were the ones
of the chemical reactions 13 and 14.

NTA—Ni—NTA complexes are very similar to HisNi—
NTA complexes, which are commonly used in protein purifica-
tion methods. It can thus be speculated that their binding
energies are of the same order-@kcal/mol). This shows that
the attachment of a protein to a-NNTA-coated surface through
histidine is weak and, therefore, very labile. In most practical
cases, the proteins to be separated are fused with a polyhistidine
sequence, which strengthens the anchoring by a cooperativity
effect.

Conclusion

A major goal in nanotechnology is the development of novel
functional surfaces and supramolecular structures built upon the
assembly of molecular blocks held together through weak
interactions. Metatligand interactions have already been suc-
cessfully used in order to generate complex molecular archi-
tectures with specific topology, high stability, and original
properties:33-36 The force and adhesion measurements obtained
here in the technologically relevant context of chelating surfaces
will be of fundamental importance for the fabrication of
functional interfaces. Our results show that the stability of
NTA—Ni—NTA complexes is not decreased when the interact-
ing groups are grafted on surfaces, and that their corresponding
binding energy, although weak, is significantly larger than the
thermal energyksT. Therefore, the sharing of a metal ion by
two chelating agents offers a novel complexation mechanism
that opens up a variety of avenues for the development of new
supramolecular entities and anchoring strategies that are of major
interest in the design of active interfaces with catalytic, sensing,
or switching properties.

Supporting Information Available: The NTA/NTA interac-
tion is characterized in terms of electrostatic forces and hydrogen
bonds between the carboxyl functions of the NTA groups. This
material is available free of charge via the Internet at
http://pubs.acs.org.

JA043525Q
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