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ABSTRACT: We have demonstrated that the complementary combination of grazing
incidence X-ray fluorescence (GIXF) with specular X-ray reflectivity (XRR) can be used
to quantitatively determine the density profiles of Ni** ions complexed with chelator
headgroups as well as S atoms in recombinant proteins anchored to lipid monolayers at
the air/water interface. First, we prepared phospholipid monolayers incorporating
chelator lipid anchors at different molar fractions at the air/water interface. The fine-
structures perpendicular to the global plane of monolayers were characterized by XRR in
the presence of Ni*" ions, yielding the thickness, roughness, and electron density of the
stratified lipid monolayers. X-ray fluorescence intensities from Ni Ka core levels recorded
at the incidence angles below and above the critical angle of total reflection allow for the
determination of the position and lateral density of Ni** ions associated with chelator
headgroups with a high spatial accuracy (+5 A). The coupling of histidine-tagged Xenopus
cadherin 11 (Xcad-11) can also be identified by changes in the fines-structures using XRR.
Although fluorescence intensities from S Ko level were much weaker than Ni Ka signals,
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we could detect the location of S atoms in recombinant Xcad-11 proteins.

B INTRODUCTION

Bilayer lipid membranes are vital components of biological
membranes, defining the outer boundary of living cells or of
internal cell compartments. They do not only act as smart
filters to selectively import/export materials but also play major
roles in many key biochemical reactions such as signal
transduction processes and cell—cell interactions.

To date, lipid monolayers deposited at the air/water interface
have intensively been used as a defined model system suited to
study the phase transition and lateral phase separation.'>
Moreover, changes in the fine-structures perpendicular to the
membrane plane caused by the coupling of membrane-
interacting molecules can sensitively be detected by reflectiv-
ity-based techniques, such as ellipsometry and Brewster angle
microscopy.*~® Specular X-ray reflectivity (XRR) and neutron
reflectivity (NR) offer a unique advantage that they can provide
with not only thickness and refractive index (ie., scattering
length density) but also the Gaussian roughness of stratified
layers with sub-A accuracy.

Modern protein biochemistry enables one to engineer
various recombinant proteins with different “tags” (e.g.,
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histidine, biotin, and snap tags), which can readily be purified
by affinity chromatography.”~'® In the case of histidine-tagged
proteins, chelator complexes of nitrilotriacetic acid (NTA)
groups and divalent metal ion, for example, Ni**, Zn**, and
Cu*', that are covalently linked to solid matrices'" or lipid head
groups'” have widely been used as high affinity anchors for
recombinant proteins tagged with histidines.

The coupling of recombinant proteins with his-tags to
monolayer surfaces incorporating NTA-functionalized lipids
can be detected by ellipsometry or XRR/NR at the air/water
interface. However, the analysis of experimental results with
slab models often creates artifacts, when (i) the lateral protein
densities are low and (ii) the orientation of proteins are not
fully known.

In this study, we propose that the combination of XRR and
GIXF allows for the quantitative determination of (A) the yield
of chelator complex formation in monolayers containing NTA
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Figure 1. Structure of SOPC (A) and DOGS-NTA (Ni) (B).
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Figure 2. The experimental setup and the scattering geometry used for XRR and GIXF.

lipids in the presence of Ni ions, and (B) the conformation and
lateral density of histidine-tagged proteins. We deposited
monolayers of stearoyl-oleoyl-phosphatidylcholine (SOPC)
incorporating NTA lipids at different molar fractions at the
air/water interface, and measured XRR and GIXF simulta-
neously. The analysis of XRR vyields the thickness, electron
density, and roughness of hydrocarbon chains and head groups,
and the electronic structures of monolayers obtained from XRR
are essential for the calculation of illumination profiles of
electromagnetic waves in thin, stratified systems. This enabled
one to quantitatively calculate the intensity of reflected and
refracted beams and thus the concentration profile of Ni** ions
perpendicular to the membrane plane.

In the second part, the monolayer systems were characterized
after the coupling of recombinant proteins with histidine tags.
Here, monolayers were functionalized with histidine-tagged,
extracellular domains (EC1-3) of Xenopus cadherin 11 (Xcad-
11), which plays key roles in cell adhesion and migration of
Neural crest cells (NCC)."> The fine structure of the
monolayer displaying Xcad-11 was measured by XRR and the
successful coupling to the Ni-NTA complex was confirmed by
the localization of the protein’s sulfur atoms using GIXF.

B MATERIALS AND METHODS

Materials and Sample Preparation. KCI, EDTA, and
CHCI; were purchased from Sigma-Aldrich (Germany) and
Hepes, NiCl,, and CaCl, from Carl Roth GmbH (Germany).
Double deionized water (Milli-Q, Molsheim) with a specific
resistance of p > 18 MQcm was used to prepare “Ni**-free
buffer” (Hepes-buffered saline (HBS) containing 100 mM KCl,
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5 mM Hepes, pH 7.4) and “Ni**-loaded buffer” that contains 5
mM NiCl, in addition (pH 7.4). The 1-stearoyl-2-oleoyl-sn-
glycero-3-phosphocholine (SOPC, Figure 1A), 1,2-dioleoyl-sn-
glycero-3-[ (N-(S-amino-1-carboxypentyl)-iminodiacetic acid)-
succinyl] (nickel salt) (DOGS-NTA (Ni**), Figure 1B),
obtained from Avanti Polar Lipids (Alabaster, AL), were
dissolved in CHCI; at a concentration of 1 mg/mL. SOPC
solutions containing different molar fractions of DOGS-NTA
(5, 25, and SO mol %) were prepared for the following
experiments.

Lipid monolayers were prepared by the deposition of lipid
solutions onto Ni**-free or Ni**-loaded buffer. After 20 min of
solvent evaporation, the film was compressed to a surface
pressure of 7 = 20 mN/m. Xenopus cadherin 11 EC 1-3 Snap
His12 (Xcad-11)"*"* was synthesized by fusing the extracellular
domain 1—-3 (EC1-3) of Xcad-11 (subcloned in pSEMS1-26m
(Covalys, Germany)) to a mutated hAGT protein'® and 12
histidins, and was dissolved in Ni**-free buffer at a
concentration of 40 ug/mL. The coupling of Xcad-11 to lipid
monolayers was achieved by the injection of Xcad-11 under the
monolayer.

XRR and GIXF experiments. XRR and GIXF experiments
were carried out at the beamline ID10B of the European
Synchrotron Radiation Facility (ESRF, Grenoble). The samples
were irradiated with a monochromatic synchrotron beam with
an energy of 9 keV (4 = 1.38 A). The film balance was kept in
He atmosphere to reduce the scattering of fluorescence
emission from air. Figure 2 represents a schematic drawing of
the experimental setup used for the simultaneous XRR and
GIXF experiments.

dx.doi.org/10.1021/jp401869t | J. Phys. Chem. B 2013, 117, 5002—5008
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Figure 3. (A) XRR results of SOPC monolayers incorporating S mol % (open circles), 25 mol % (open squares), and SO mol % (open triangles)
DOGS-NTA on Ni**-loaded buffer. The best fits corresponding to the experimental results are presented as solid lines. (B) The reconstructed
electron density profiles in the direction perpendicular to the air/water interface.

XRR was measured with a linear detector (Vantec-1, Bruker
AXS, U.S.A.) by integrating the pixels near the specular plane,
and the background was subtracted by integrating the intensity
out of the specular plane (see Supporting Information). The
reflectivity was normalized to the incident beam and analyzed
using the Parratt formalism'® with a genetic minimization
algorithm implemented in the MOTOFIT software package.'”
The incident angle @; was transformed into the scattering vector
component normal to the interface, g, = [(4x)/A]sin ;.

GIXF measurements were carried out at incident angles ¢;
below and above the critical angle of total reflection, is a, =
0.138°. Here, the penetration depth of the evanescent field
depends on the angle of incidence'®

A

NEY

Aay) = [\/(aiz - ac2)2 + 4ﬂ2 - (aiz - acz)]_l/z

@)
where f is the imaginary part of the refractive indexn=1—6 +
ip.

X-ray fluorescence signals from elements in the illuminated
volume were recorded with an energy sensitive detector
(Vortex, SII NanoTechnology, U.S.A.) and normalized by the
detector counting efficiency. Subsequently, the intensities were
normalized by the intensity of elastically scattered beam to
compensate systematic differences between the experiments. In
the last step, the fluorescence signals in the presence of
monolayers were normalized by the signals from the blank
buffer. This procedure avoids artifacts arising from the
experimental geometry, such as the size of beam footprint
and the fluorescence detector aperture.

Fluorescence Intensities for Stratified Interfaces.
Fluorescence intensity Fll(z,a) from an element i at a distance
z from the air/water interface at an incidence angle a can be
written as

/(a) = S/oolill(z, a)ci(z)exp(_?z]dz .
0 i 3

S is a proportional constant that is scaled out in our
experimental system by the normalization to the fluorescence
signal from the corresponding blank buffer and c¢,(z) is the
concentration of element i at a depth z. The exponential term
represents the attenuation of the fluorescence emission
between the position z and the detector, where L; is the
attenuation length of water at the characteristic fluorescence
line (Ly; ko = 802.8 um, Lg g, = 24.04 pm). The illumination
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profile I"(z,&) can be determined by the matrix propagation
technique'® using slab model.”® Here, the determination of the
electron density and the thickness of each slab from the XRR
analysis are essential, since the illumination profile in a thin,
stratified system is significantly influenced by the electronic
structures. The concentration profile of the ion species was
parametrized as

Ci(z) = C0 + Cmax

Ve(z = zyc) exp(— (z - ZHC)Z)
22, ()

max max

where ¢, is the bulk concentration and zyc is the chain/
headgroup interface or the total thickness of the monolayer.
This enabled us to model ion distributions that possess a
concentration maximum with a smooth decay to the bulk
concentration with only two free parameters: (i) the
concentration maximum c,,, and (ii) the z-position z,, of
this maximum.”’ To refine the experimental results, we used
the Levenberg—Marquardt nonlinear least-squares optimization
in this study.”

B RESULTS AND DISCUSSION

A. Phospholipid Monolayers Incorporating NTA
Lipids. Figure 3A represents the XRR curves of SOPC
monolayers incorporating S mol % (open circles), 25 mol %
(open squares), and 50 mol % (open triangles) DOGS-NTA on
Ni**-loaded buffer. For the fitting of the measured XRR curves,
the SOPC/DOGS-NTA monolayer is modeled with a two-slab
model: the first slab represents alkyl chains, and the second
represents head groups. The best fit results and the
reconstructed electron density (p) profiles in the direction
perpendicular to the membrane plane are presented in Figures
3A (solid lines) and B, respectively. The thickness d, electron
density p, and root-mean-square (rms) roughness ¢ of each
interface are summarized in Table 1.

The thickness (d ~ 12.8 A), electron density (p ~ 0.2 e X
A7), and roughness (6 ~ 4 A) of alkyl chains of mixed
monolayers exhibit no major dependence on the molar
fractions of DOGS-NTA. On the other hand, the layer
parameters of the headgroup region showed a small increase
in the thickness and electron density of the headgroup/buffer
interface along with the increase in the molar fractions of
DOGS-NTA, which seems reasonable from increase in the
lateral density of chelator (nitrilotriacetic acid) head groups
with a higher electron density. The ideal mixing of two lipid
components were further confirmed by the pressure—area
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Table 1. Parameter of SOPC/DOGS-NTA Monolayers on
Ni**-Loaded Buffer Corresponding to the Best Fits in Figure
3

5 mol % DOGS-NTA d [A] p e x A73] o [A]
alkyl chain 12.8 0.222 4.0
headgroup 8.6 0.435 4.1
buffer 0.336 2.9

2S5 mol % DOGS-NTA d [A] plex A7) o [A]
alkyl chain 12.8 0.206 4.1
headgroup 8.7 0.451 3.8
buffer 0.336 5.8

50 mol % DOGS-NTA d [A] plex A7) o [A]
alkyl chain 13.1 0.213 4.2
headgroup 9.7 0.451 39
buffer 0.336 5.0

isotherms, indicating that the excess Gibbs free energy of the
lipid mixtures is almost zero (see Supporting Information).

Figure 4A shows the Ni**-Ka fluorescence intensities from
SOPC monolayers incorporating S mol % (open circles), 25
mol % (open squares), and SO mol % (open triangles) DOGS-
NTA as a function of a;, on Ni**-loaded buffer. It should be
noted that the fluorescence signals from monolayers were
always normalized to the corresponding signals from the blank
buffer to exclude the influence of physical properties of
fluorescence lines and other geometrical effects.

The penetration depth below the critical angle is a few
nanometers and above it is in the micrometer range (see
Supporting Information). This implies that fluorescence
intensity below the critical angle is surface dominant while
above it is dominated by the bulk. The fluorescence signal of
Ni**-Ka collected at @; < a_ is stronger than that measured at a;
> a, for all the molar fractions, indicating the enrichment of
Ni** ions near the air/water interface. Moreover, higher
fluorescence intensity was detected by increasing the molar
fraction of DOGS-NTA. In addition, the illumination profile
spreads out as the incident angle increases and becomes closer
to the critical angle (see Supporting Information). This makes
the contribution of the fluorescence signal from the surface
becoming less and gradually decays to the bulk level.

To analyze the experimental results with eq 3, the
illumination intensity was calculated using the electronic
structures of each slab obtained from XRR (Table 1). An

asymmetric Gaussian function (eq 4) is used to model the
concentration profiles of the Ni** ions. Figure 4B represents the
concentration profiles corresponding to the best fit results
presented as solid lines in Figure 4A by taking the bulk Ni** ion
concentration of ¢y = S mM. As indicated by an arrow in Figure
4B, the onset of ion concentration profile (zyc in eq 4)
coincides with the thickness of alkyl chains, since z = 0 is
defined as the chain/air interface in the XRR analysis. In the
case of blank buffer, the fluorescence signal from ion depletion
near the interface®® is negligibly small and thus the
experimental results can be well fitted with a constant
concentration profile.

By integrating the excess concentration along the z-axis, one
can estimate the lateral density (c;) of Ni** ions. For example,
in the case of SOPC monolayer doped with 5 mol % DOGS-
NTA a lateral density of Ni** of ¢, = 7.9 X 10* ions/ um?* can
be calculated. If one takes the average area per molecule of A =
58 A* determined by pressure—area isotherms (See Supporting
Information), the average area occupied by one NTA group
would be 58/0.05 = 1160 A% This yields the number of Ni**
ions associated with one DOGS-NTA molecule Ny; = 0.91 +
0.25, implying that almost every NTA group forms a chelator
complex. The maximum concentration of Ni**-ions (c,,,), the
stoichiometry of Ni*NTA complex (Ny;), and the peak
position (z,,) are summarized in Table 2. A much lower

Table 2. The Lateral Density (c;) of Ni** Ions, the Peak
Position (z,,,,), the Maximum Concentration of Ni** Ions
(cmax) and the Stoichiometry of Ni**-NTA Complex (Ny;)

o, [x 10 Zroax
ions/cm?] [A] Cnax MM Nui
S mol % DOGS- 79 29 36.7 + 3.7 091 + 0.25
NTA
25 mol % DOGS- 38.8 32 192.6 + 26.2 0.94 + 0.17
NTA
50 mol % DOGS- 47.9 32 2403 + 11.0 0.63 + 0.05
NTA

binding stoichiometry found for the monolayer with 50 mol %
DOGS-NTA (Ny; = 0.63 =+ 0.05) suggests that some fraction of
DOGS-NTA could make a complex consisting of one Ni** ion
and two neighboring DOGS-NTA lipids. The 1:1 stoichiometry
found at the molar fractions of S and 25 mol % seems to agree
well with previous studies using atomic absorption spectrosco-
py'' and isothermal titration calorimetry.** It should be noted
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Figure 4. (A) Relative Ni’*-Ka intensities from SOPC monolayers incorporating 5 mol % (open circles), 25 mol % (open squares), and 50 mol %
(open triangles) DOGS-NTA on Ni**-loaded buffer, measured at ¢; below and beyond the critical angle of total reflection. Error bars coincide with
standard deviations from the Gaussian error propagation during the fitting. The solid lines indicate the best fit results to the experimental data. (B)
The ion concentration profiles normal to the air/water interface, reconstructed from the best fit results.
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Figure S. (A) Specular X-ray reflectivity curves of a monolayer doped with S mol % DOGS-NTA before (open circles) and after (open squares) the
binding of Xcad-11, measured on Ni*'-free buffer. The solid lines represent the best fit models matching the experimental results. (B) The
reconstructed electron density profiles in the direction perpendicular to the air/water interface.

that the former study deals with NTA groups covalently
coupled to glass surface and the latter with NTA groups in bulk
solution. In contrast, the combination of XRR and GIXF at the
air/water interface enables us to precisely control the lateral
density of NTA groups and quantitatively determine the
binding stoichiometry. Moreover, the combination of XRR and
GIXF allows for the localization of the target element within A
accuracy. In fact, the peak position of Ni** concentration profile
was found at Z,,,. = 29 + 5 A for the monolayer with 5 mol %
DOGS-NTA. A slight shift to a higher distance at higher molar
fractions Z,,, = 32 + S A agrees well with XRR results.

B. Coupling of Histidine-Tagged X-cad 11 to Lipid
Monolayers. Figure SA,B represents the XRR curves and the
reconstructed electron density profiles of the lipid monolayer
incorporating S mol % DOGS-NTA before (open circles) and
after (open squares) the binding of Xcad-11, measured on Ni*'-
free buffer. As presented in Table 3, the layer parameters of a

Table 3. Parameter of SOPC/DOGS-NTA Monolayer with
and without Xcad-11 EC1-3 from the Best Fits in Figure $

5 mol % DOGS-NTA (membrane) d [A] p e x A3 o [A]
alkylchain 13.0 0.206 3.8
headgroup (SOPC,DOGS-NTA-Ni) 83 0444 44
water 0.336 32
membrane + Xcad-11 EC 1-3 d [A] plexA3]  o[A]
alkylcha.in 13.1 0.201 3.9
headgroup (SOPC,DOGS-NTA-Ni) 8.8 0.454 4.3
X-Cadll (EC 1-3) 1265 0373 3
water 0.336 50.0

monolayer (open circles) on Ni**-free buffer obtained from the
best fit model (solid line) are almost identical to the
corresponding values collected on Ni**-loaded buffer (Table
1), verifying that the stoichiometry of chelator complexes is
identical to that on Ni*"-loaded buffer.

Prior to the XRR measurement in the presence of Xcad-11
(open circles), the monolayer was incubated with Xcad-11 in
Ni**-free buffer (final concentration: 10 pg/mL) for 6 h to
ensure that the system reached to thermodynamic equilibrium.
The surface pressure of the monolayer remained constant after
the injection and incubation of Xcad-11 solutions, which
confirms that the change in fine structures was not caused by
the physisorption of surface active proteins. As presented in
Figure 5B and Table 3, the binding of Xcad-11 results in a
major change in the monolayer structures, which can be
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modeled by inserting an additional slab. It should be noted that
the binding of Xcad-11 to the membrane did not cause any
remarkable change in the thickness, electron density, and
interface roughness for both alkyl chains and head groups. This
suggests that Xcad-11 molecules are bound to the membrane
surface but are not integrated into the membrane core. The
calculated thickness of recombinant Xcad-11 layer at the air/
water interface, 127 + 3 A, is in good agreement with what we
recently measured at the solid/liquid interface by the use of
high energy X-ray, 126 A2 This value actually seems plausible,
since our recombinant contains only two adhesion domains
(EC 1-3) of the whole cadherin (EC 1-5) molecule that has a
full length of ~220 A.*® The electron density (p) of the protein
layer, 0.373 e X A3, agrees well with the previously reported
one for different cadherins.”>*” The apparently larger rough-
ness of Xcad-11/water interface (50 = 1 A) than the other
interfaces can be attributed to the fact that the Xcad-11 “layer”
is composed of a lateral assembly of rodlike cadherin.

Figure 6A shows the relative S Ka fluorescence intensities
from a SOPC monolayer doped with $ mol % DOGS-NTA 6 h
after the injection of Xcad-11 (open circles). To obtain the
concentration profile of S atoms, the illumination profile
through a lipid monolayer functionalized with proteins was
calculated using the electronic structures obtained from XRR
(Table 3). Like the case of a monolayer in the absence of
proteins, the zy value in eq 4 is the total thickness of alkyl
chain and the headgroup obtained by XRR (d = 13.1 + 8.8 A =
21.9 A, Table 3). The ion concentration profile reconstructed
from the best fit result (Figure 6A) is presented in Figure 6B in
which the maximum concentration of S atoms can be found at
Zmax = 68 + 16 A. The estimated peak position seems
reasonable from the structure of recombinant Xcad-11,%” since
the part adjacent to the histidine-tag (hAGT)>® contains more
S atoms (9) than the following EC 1-3 Domain (6).

Despite the high accuracy in the spatial localization of the
peak position achieved here, it should be noted that the
intensity below the critical angle of incidence was only by a
factor of 2 stronger than the bulk level. This is in contrast to
our previous study on neutravidin, where the intensity at ¢; < .
was about 4 — 6 times stronger than that from bulk.*® This
makes it very challenging to precisely determine the c,, value,
since it strongly depends on the intensity level at o; < a.. The
integration of the area below the curve in Figure 6B yields a
lateral concentration of S atoms of (2.7 + 0.3) X 10™"' mol/
cm?. With the total number of S atoms in recombinant Xcad-11
(15), the area occupied by one recombinant His12 molecule

dx.doi.org/10.1021/jp401869t | J. Phys. Chem. B 2013, 117, 5002—5008
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Figure 6. (A) Relative S Ka intensities from SOPC monolayers incorporating S mol % DOGS-NTA after the binding of Xcad-11 (open circles) as a
function of @, on Ni**-free buffer. Vertical bars are + standard deviations obtained from Gaussian error propagation during the fit of the fluorescence
spectra. The solid lines indicate the best fit to the experimental data. (B) The ion concentration profile normal to the interface reconstructed from

the best fit results.

can be estimated to be ~90 nm?, which is about 6 times smaller
than the value expected from the lateral density of lipid
anchors. Currently, a distinct difference in the sensitivity
between Xcad-11 and neutravidin would be attributed to the
fact that S atoms of Xcad-11 are much broadly distributed near
the interface than those of neutravidin.

B CONCLUSIONS

This account demonstrates that the combination of GIXF and
XRR enables one to quantitatively determine the density
profiles of metal ions as well as S atoms near the air/water
interface. The quantitative analysis of GIXF from lipid
monolayers incorporating lipids with NTA head groups
sensitively detected a remarkable accumulation of Ni** ions
near the air/water interface. Moreover, the integration of ion
concentration profiles yields the surface concentration of Ni**
ions. From the linear relationship between the molar fractions
of NTA lipids and the surface concentration of Ni** ions, we
demonstrated that >0.9 Ni** forms a chelator complex with one
NTA lipid at the molar fraction of 5 and 25 mol %. As a
biologically recombinant protein, we selected histidine-tagged
XCad-11 (Xcad-11) that plays key roles in cell adhesion and
migration of neural crest cells. The coupling of histidine-tagged
Xenopus cadherin 11 (Xcad-11) can also be identified by
changes in the fines-structures using XRR. As fluorescence
intensities from S Ka level at @ < a. were much weaker than Ni
Ka signals, we could not precisely determine the lateral
concentration of S atoms and thus the lateral density of
proteins at the interface. On the other hand, we could
sensitively detect the location of S atoms in proteins, which
cannot be assessed only by XRR. The obtained results
demonstrated that the unique combination of XRR and GIXF
enables one to quantify not only the electron density profiles
but also density profiles and lateral density of target elements in
biologically functionalized lipid membranes.

B ASSOCIATED CONTENT

© Supporting Information

Background subtraction, pressure—area isotherms of SOPC/
DOGS-NTA monolayers, the cancellation of Ni**-NTA
chelator complexes, and quantitative determination of the
Ni*NTA complex binding stoichiometry. This material is
available free of charge via the Internet at http://pubs.acs.org.
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