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Abstract

We have performed a quantitative analysis of the X-ray absorption near-edge structure (XANES) spectra at the Zinc K-edge

of systems formed by phospholipid Langmuir–Blodgett multilayers (LBMLs) in the presence and in the absence of myelin

basic protein (MBP) and in two hydration conditions. These spectra have been analysed by a new procedure called Minuit

XANes (MXAN) which is able to perform a quantitative fit of XANES data in terms of structural parameters. By this method,

we have been able to correlate the relevant differences between the spectra observed in the XANES range with the coordination

changes due to reduction of the space around the Zinc when the level of hydration is lowered and/or the myelin basic protein is

added. These spectral differences are peculiar of the XANES energy range, and are not present in the extended X-ray absorption

fine structure (EXAFS) energy range where the analysis was previously performed. With this investigation, we give an

unambiguous answer to the question of the role of zinc in such complexes by showing that the metal interacts with both the

phospholipid heads of the substrate and the myelin basic protein.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The myelin sheath is a rather unique multilamellar

membrane formed by many lipid bilayers tightly
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wrapped around the nerve axon. Its integrity is crucial

for the efficiency of the signal transduction along the

axon. The myelin basic protein (MBP) is known to

play a crucial role in ensuring the stability of the

myelin sheath [6,27]. The efficiency of MBP in

preserving the compactness and the stability of the

myelin membrane appears to be enhanced in the

presence of zinc (Zn) ions [4,12]. There are also
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evidences [8] that Zn stabilizes the ‘‘in vitro’’ self-

association of MBP dissolved in a phosphate buffer.

In order to understand the role played by Zn in these

aggregates one must get, as a necessary first step, a

precise information on the nature of the interaction of

Zn ions with myelin sheath components.

The multilamellar structure of the myelin sheath is

quite accurately modeled by Langmuir–Blodgett mul-

tilayers (LBMLs). Indeed, these model membranes

have been extensively used to obtain quantitative in-

formation on the molecular organization between phos-

pholipid andMBPmolecules with the help of a number

of complementary experimental techniques [16].

X-ray absorption spectroscopy (XAS) has been

recently employed to investigate the local environment

of Zn ions inserted in LBMLs. These studies have

suggested [21,25] that the geometry around the metal

is significantly different from that of Zn in water.

Furthermore, a qualitative analysis of the X-ray Ab-

sorption Near Edge Structure (XANES) region of the

spectrum has shown a correlation between on the one

hand the appearance of a peculiar preedge structure in

the spectrum and on the other the presence of MBP and

the level of hydration in the region between the heads

of two adjacent phospholipid layers.

However, because the extended X-ray absorption

fine structure (EXAFS) high-energy region appeared

unaffected by such physical and chemical modifica-

tions, the previous authors were led to the conclusion

that the examined samples were characterized by an

almost identical short range atomic arrangement

around the Zn, thus excluding that the differences

found in the XANES part of the spectrum were to be

attributed to differences in the coordination number or

the chemical nature of nearby scatterers.

With the purpose of extracting useful information

from the appearance of this peculiar preedge structure

in the measured XAS spectra, in this paper we

reconsider and analyse in a detailed way the whole

XANES region.

The analysis of the XANES region turns out to

be of great interest for structural studies of biolog-

ical systems. In fact, despite the fact that the

magnitude of the scattering amplitudes from light

elements (which biological systems are mostly made

of) severely limits the energy range of the available

experimental data, the precise form of the spectrum

in the low-energy region is extremely sensitive to a
variety of structural details that are often crucial for

our understanding of the subtle relations between

structure and function. Consequently, useful com-

parative information about the Zn coordination

mode in different samples can be obtained, also in

situations, like the biological ones, in which the

physicochemical conditions of the systems under

study are only marginally different. In this context,

a paradigmatic example, in which a lot of work has

been done with remarkable success, is given by the

many XAS studies of the stereochemistry and func-

tional properties of the active site in metallo-pro-

teins, carried out in recent years (Ref. [17] and

references therein).

As for our ability in extracting useful information

from the data, it should be observed that today there

exist several packages based on an accurate analysis

of multiple scattering (MS) events capable of ade-

quately reproducing the EXAFS spectroscopic signal

(for a review, see Ref. [26]). On the contrary, the

potentialities offered by the analysis of the near-edge

region have not been yet fully exploited and the

information encoded in the structure of the XANES

spectrum have been until very recently exploited only

at a qualitative level.

This situation has markedly changed with the

introduction of a new approach [2], implemented in

a code called Minuit XANes (MXAN), capable of

yielding a quantitative analysis of the region from the

edge up to 200 eV above threshold. The method takes

into account MS events in a rigorous way through the

evaluation of the scattering wave operator [24]. The

effectiveness of this approach has been already suc-

cessfully tested in a number of interesting situations

[3,9–11].

In this paper, we employ the MXAN strategy to

extract local structural information around the Zn site

in phospholipid LBMLs in the absence and in the

presence of MBP molecules and in two different

hydration conditions. The measured Zn K-edge

XANES are quantitatively analysed and the results

compared with those obtained by performing the same

analysis on two model systems. The parameters that

define the geometry are obtained by fitting the exper-

imental data to the phenomenological model imple-

mented in the MXAN package.

One finds in this way that the average coordination

geometry around the Zn ions is essentially tetrahedral
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in the maximal hydration condition in the absence of

MBP, but it ‘‘flattens’’ down in the minimal hydration

condition in the presence of the protein.
2. Materials and methods

2.1. Model compounds

A model sample where the scatterers around Zn are

known to assume a tetrahedral geometry has been

prepared by the following adsorption procedure.

An adsorption isotherm under specific adsorbent

condition was produced by preparing a series of

solutions with different initial concentrations of the

metal (Zn in our case) in a number of centrifuge tubes

with each tube containing the same concentration of

manganite (g-MnOOH) as adsorption support.

Manganite was prepared according to Giovanoli

and Leuenberger [15]. Mn(II), which is present as

MnSO4, is oxidized with 30% H2O2 and forced to

precipitation by adding 0.2 M of NH3. The surface

area of manganite, measured by the Brunauer–Em-

met–Teller (BET) method [7], was 57.64 m2/g.

Hydrous manganese oxide (y-MnO2) was prepared

by slowly adding Mn(II) nitrate, potassium perman-

ganate, and sodium hydroxide in the mole ratio 3:2:4.

Before using it in adsorption studies, y-MnO2 was

filtered, washed and redispersed in distilled water, its

pH was adjusted to be around 6, and it was aged for

16–20 h.

Adsorption experiments were then performed at

constant ionic strength and temperature (25.0F0.1

jC). After 24 h of equilibration, every sample was

removed by centrifugation and the concentration of

the metal (Zn2+) dissolved in the aqueous phase was

determined by Anodic Stripping Voltmeter (ASV)

measurements. The concentration of the Zn2+ ions

adsorbed or surface bound to particles or colloids was

then established by difference method, not being

accessible to ASV measurements. The resulting wet

paste was mounted in a 2-mm-thick cell and sealed

for EXAFS experiments.

The Zn K-edge XANES spectra of the tetrahedral

model compound obtained in this way were measured

in fluorescence mode with a Si (111) double crystal

monochromator at the beam line 4W1B of the Beijing

Synchrotron Radiation Facility (BSRF). The storage
ring was working at the typical energy of 2.2 GeV with

an electron current of about 100 mA. Spectra were

recorded in the energy range 9.6–9.9 keV with an

energy resolution of 1.5 eV. Standard background

subtraction procedure was employed in data reduction.

The Zn2+ in water solution, taken as model for

octahedral geometry, has been prepared according the

method presented in D’Angelo et al. [9].

2.2. Biological samples

L-alpha-Dilauroylphosphatidic acid LBML’s from a

subphase of a 10-3 M solution of ZnCl2, in the presence

and in the absence of MBP were subjected to XAS

measurements, as described in Morante [21] and

Nuzzo et al. [25]. XAS spectra were collected at the

Italian beamline BM8-GILDA of the European Syn-

chrotron Radiation Facility (ESRF) in Grenoble. Spec-

tra were acquired in fluorescence mode at the Zn K-

edge, achieving an energy resolution of about 0.4 eV.

The following four types of samples were measured:

� LBMLs in the absence of MBP, in air (from now

on sa for short);
� LBMLs in the absence of MBP, in vacuum (sb);
� LBMLs in the presence of MBP, in air (sc);
� LBMLs in the presence of MBP, in vacuum (sd).
3. Data analysis

For the purpose of extracting information on the

structural arrangement of atoms around Zn ions and

its dependence on the physicochemical nature of the

Zn environment, we have decided to reanalyse the

XANES data of the samples sa and sd, because we

expect their geometries to show the most pronounced

difference. They, in fact, correspond to complexes

where Zn ions experience the more different physico-

chemical conditions. In the present work, we present a

new analysis of the XANES region of the spectra of

samples sa and sd, employing the theoretical frame-

work implemented in the MXAN code.

The main novelty of the theoretical approach

implemented in MXAN lies in the fact that it provides

the ‘‘exact’’ solution of the photoelectron Schrödinger

problem by directly computing the inverse of the

complete wave operator [24], instead of expanding



Fig. 1. Zn K-edge XANES spectra of LBML samples. From top to

bottom: sa in the absence of MBP, in air; sb in the absence of MBP,

in vacuum; sc in the presence of MBP, in air; sd in the presence of

MBP, in vacuum. The spectrum of sample sd is also shown

superimposed (dotted line) to that of sa for comparison.
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the solution in powers of the free Green function, as is

done, e.g., in the gnXAS analysis code [1,13,14]. In

this way, all the MS contributions are automatically

taken into account and the absorption coefficient is

directly given as a function of the energy. This last

feature allows an immediate comparison of theory

with experimental data with no need to go to the k

space.

MXAN has a simple modular structure and incor-

porates related codes developed by Natoli and Ben-

fatto [24] and Tyson et al. [28] in the last years that,

among other features, allows to include hydrogen

atoms in the calculation.

The fitting procedure is based on a first comparison

of the experimental data to the results of a large

number (of the order of hundred) of different theoret-

ical calculations performed starting from different

model geometrical arrangements of scatterers around

the absorber. Such models are obtained by randomly

varying selected structural parameters. The final re-

finement in parameter space is carried out employing

standard minimization routines, like MINUIT, a freely

available package of the CERN computing library

[18], to minimize the square residual function

v2 ¼ 1

m� n

Xm

i¼1

ðythi � yexi Þ
2

e2i
ð1Þ

where n is the number of independent parameters let

to vary in the fit, m is the number of experimental

data, yi
th and yi

ex are the theoretically computed and

experimentally measured values of the absorption

coefficient, respectively, and ei is our estimate of the

experimental error, that is kept constant during the

fitting.

Inelastic losses are taken into account by convolut-

ing the computed signal with a broadening Lorentzian

function having an energy dependent width of the form

CðEÞ ¼ Cc þ CmfpðEÞ ð2Þ

The constant part Cc accounts for the core-hole life

time, as well as for the experimental resolution, while

the energy-dependent term Cmfp(E) [22] represents all

the inelastic processes that in the EXAFS analysis are

included in the term which depends on the electron

mean free path (mfp). Both terms are refined during

the fitting procedure at each step of the computation,

on the basis of a Monte Carlo search in the parameter
space, in a way similar to the procedure used in

optimisation by simulated annealing [20]. Muffin-

Tin (MT) radii of the external potential are chosen

according to D’Angelo et al. [9]. In the following

figures, the XANES spectra are presented in arbitrary

units with the absorption jump at the edge normalised

to unity. In Eq. (1), a conservative error e equal to

0.018 units (1.8% of the absorption jump) has been

attributed to all data points (e=ei). With this choice, the

statistical error evaluated by the MIGRAD routine of

the MINUIT package for the parameters is never

worse than 3–5%.
4. Results

In Fig. 1, the Zn K-edge XANES spectra of the

four samples sa, sb, sc and sd (from top to bottom) are

reported. In the high-energy region, where the stan-



M. Benfatto et al. / Biophysical Chemistry 110 (2004) 191–201 195
dard EXAFS analysis can be reliably employed [25],

the four spectra are all very similar, whereas relevant

differences appear around the edge. In same figure,

the spectrum sd is also drawn superimposed (dotted

line) to the spectrum of sa, to more clearly exhibit their

differences. While the sa spectrum shows a single

peak at about 9667 eV, the sd spectrum shows, besides

a lower peak at 9670 eV, a pronounced shoulder

around 9665 eV. As will be discussed in more detail

below, the appearance of edge structures, like the

shoulder observed in sd, is in general interpreted as

the symptom of a lowering of the degree of symmetry

in the geometrical arrangement of the scattering atoms

around the absorber [24].

The analysis of the EXAFS region of the spectra of

the four si samples, done by Morante [21] and Nuzzo

et al. [25], has proved that in all cases Zn is tetra-

coordinated. The four ligands are light atoms, possibly

oxygen, at a mean distance of about 1.96 Å. They may

belong to water molecules or to the phosphate groups

of the phospholipid heads, or else, in the case of the

samples where MBP is present (samples sc and sd),

also to protein residues. Moreover, the analysis of

whole set of experimental data confirms that the Zn

coordination is markedly different from the hexa-

coordinated, regular octahedral arrangement of Zn in

water.
Fig. 2. XANES difference spectra sb– sd (solid line), sa –sb (dotte
A parameter that to some extent affects the form of

the spectrum is the hydration level of the lipid multi-

layer. This is seen (Fig. 2) by comparing among

themselves the XANES difference spectra sb–sd (solid

line), sa–sb (dotted line), sa–sd (dashed line) and sa–sc
(dotted-dashed line). From their comparison, one first

of all notices that the geometrical distortion induced by

a modification of the hydration level (sa–sb) and that

induced by the presence of the protein at the highest

hydration level (sa–sc) are not really experimentally

distinguishable. In particular, while the height of the

preedge shoulder at 9663 eV increases, the height of

the peak at about 9667 eV decreases both by lowering

the hydration level as well as by adding the protein.

Furthermore, height variation is maximal when simul-

taneously the hydration level is lowered and the

protein is added (sa–sd). On the other hand, the two

spectra sb and sd (samples with and without the protein,

respectively, at the lowest hydration level) show sig-

nificant differences (see the sb–sd spectrum), which

essentially account for almost the whole difference

between the two extreme situations sa and sd.

All these results taken together indicate that more

than one single geometrical configuration of scatterers

around the Zn site must be present and contributes to

the structure of the XANES spectra. It must be,

however, remarked that the possible different local
d line), sa –sd (dashed line) and sa–sc (dotted-dashed line).



Fig. 3. (a) Experimental XANES spectrum of Zn2+ in aqueous

solution (o) superimposed to the MXAN best fit spectrum (solid

curve) corresponding to a regular octahedral symmetry with six

oxygens at a distance r =2.08F0.04 Å from Zn. (b) Experimental

XANES spectrum of Zn adsorbed at the water–manganite interface

superimposed to the MXAN best fit spectrum (solid curve)

corresponding to a pseudotetrahedral coordination geometry with

four oxygens at a distance r =1.98F0.04 Å and flattening angle

a1=a2=120jF6j (see Fig. 4).
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atomic arrangements should all be compatible with

the fourfold coordination mode that unmistakably

results from the EXAFS analysis of Morante [21]

and Nuzzo et al. [25]. Possible geometries range with

continuity between purely (i.e., undistorted) tetrahe-

dral and square-planar arrangements.

Taking into account these constraints, we have

attempted a quantitative analysis of the XANES spec-

tra of the two samples sa (i.e., LBMLs in air in the

absence of MBP) and sd (i.e., LBMLs at the lowest

level of hydration in the presence of MBP), because, as

we said above, they represent the two most distant

physicochemical situations for which we have exper-

imental data.

Our procedure will be to start by first examining

the MXAN analysis of the XANES spectra of two

model systems, Zn in bulk water and Zn adsorbed at

the water–manganite interface. While Zn in water is

known to be octahedrically coordinated [9], the Zn

adsorbed at the water–manganite interface is found to

be tetra-coordinated [5] and it is possibly representa-

tive of the situation experienced by Zn in LBMLs.

The good quality of the fits one gets is a test of the

ability of MXAN to correctly interpret the experimen-

tal data. Armed with this knowledge, we have pro-

ceeded to determine the (average) geometry around

the Zn ions in the physically interesting case of the sa
and sd systems, trying different geometries starting

with the planar square one.

4.1. MXAN analysis of model systems

Fig. 3 shows the XANES part of the spectrum of

Zn2+ in aqueous solution (upper curve, a, o). The

XAS spectrum of this system [9] is taken as a model

of regular octahedral coordination for the metal. The

analysis of the EXAFS data yields an average Zn–O

distance r =2.08F0.04 Å.

The measured XANES spectrum of Zn adsorbed at

the water–manganite interface is also shown in Fig. 3

(lower curve, b, o). The analysis of the EXAFS

region performed by Bochatay and Persson [5] shows

a first coordination shell with an average Zn–O

distance r =1.95F0.04 Å.

We now discuss the theoretical calculations of the

XANES region of the spectra according to the ap-

proach of Benfatto and Della Longa [2] implemented

in the MXAN code.
The XANES analysis of Zn2+ ion in aqueous

solution has been reported in detail in D’Angelo et

al. [9]. By using a single parameter to fit the spectrum,

a value of the Zn–O distance r =2.06F0.02 Å with a

v2=2.85 (n=1) is obtained, in good agreement with the

EXAFS result. The theoretical spectrum is drawn in

Fig. 3 (solid lines, a, upper curve) superimposed to the

experimental data.

We performed a fit of the XANES spectrum of Zn

in manganite by varying the Zn–O distance and the

so-called flattening angles, ai, i=1, 2 (see Fig. 4). The

flattening angles ai are kept equal in the fit and varied

in the range between 109j (a configuration cor-

responding to a regular tetrahedral geometry) and

180j (a configuration corresponding to a square

planar geometry). The best fit gives a value r =

1.98F0.06 Å for the Zn–O distance and flattening

angles a1=a2=120F6j, leading to a fairly good

v2=2.69 (n=2).



Fig. 4. Scatterers arrangement around the Zn ion defining the

flattening angles a1 and a2.
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This analysis shows that the MXAN approach,

besides confirming the results obtained from the

analysis of the EXAFS region, is capable of giving

rather accurate information about the arrangement of

the scatterers around the metal. The small differences

in the height of the main peak between the theoretical

curve and the experimental data and the minor dis-

crepancies around 15–20 eV that one sees in both fits

(Fig. 3) are most probably due to the somewhat

inadequate MT approximation employed to model

the form of the external potential [2,19].
Fig. 5. Experimental Zn K-edge XANES spectra of LBMLs in the absenc

corresponding to the best fit structure (four ligands, six parameters) wit

r1=1.89F0.04 Å, r2=1.84F0.04 Å, r3=1.99F0.04 Å, r4=1.99F0.04 Å an
4.2. MXAN analysis of the LBLM samples

We now discuss the fit to the XANES part of the

spectrum of the samples sa and sd. The starting models

for the geometrical arrangements of atoms around the

Zn were constructed taking into account the results

obtained in Morante [21] and Nuzzo et al. [25].

Because the EXAFS results clearly indicate that in

both cases Zn is tetra-coordinated, the fitting MXAN

procedure starts assuming the existence of four water

molecules sitting around the Zn site, in a planar

geometrical arrangement (flattening angles are

assigned the initial values a1=a2=180j, see Fig. 4).

To avoid biasing the fit too much towards the EXAFS

results, the four water oxygens were located at dis-

tances, ri, from the Zn absorber fairly different from

those obtained from the EXAFS fit. For the sample sa
we decided to take r1=r2=r3=r4=2.08 Å, compared to

the average value1.96 Å of Nuzzo et al. [25]. Con-

tributions from hydrogen atoms were explicitly in-

cluded. In Fig. 5, the experimental spectrum (o) and

the best fit result (solid line) are shown. The fit

reproduces rather well the main features of the exper-

imental spectrum, giving v2=1.58 with n=6 (the four

distances, ri, and the two angles of Fig. 4). The best fit

emistry 110 (2004) 191–201 197
e of MBP (o) in air (sa); theoretical MXAN spectrum (solid curve)

h flattened tetrahedral coordination geometry and Zn–O distances

d flattening angles a1= 124jF6j, a2=106jF6j.
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values are r1=1.89F0.05 Å, r2=1.84F0.05 Å,

r3=1.99F0.06 Å, r4=1.99F0.06 Å, a1= 124F6j and

a2=106F5j, corresponding to an almost tetrahedral

coordination of four water molecules around the Zn

ion. These findings are in good agreement with

previous EXAFS results [25] and add to them new

information about the flattening angles. Recalling that

the Zn in manganite is tetrahedrically coordinated, the

overall geometrical picture we obtain is also well in

line with the observed overall similarity between the

two experimental spectra (sa and Zn in manganite).

Attempts to fit the spectrum of the sd sample with

the same geometry as sa, is unsatisfactory. The sd
spectrum is also quite different from that of Zn in

aqueous solution, where scatterers are arranged in a

regular octahedral geometry. In particular, neither with

a distorted tetrahedral nor a regular octahedral geom-

etry, it is possible to satisfactorily reproduce the char-

acteristic edge shoulder at about 9665 eV (Fig. 1). As a

general remark, we recall that the presence of a

shoulder in the rising edge of a XANES spectrum

indicates an asymmetrical coordination geometry with

large distortions of nearest neighbour scatterer dis-

tances [23,28]. For this reason, a sixfold, pseudoocta-

hedral geometry having large orthorhombic distortion
Fig. 6. Experimental XANES spectrum (o) LMBL in the presence of MBP

hydrogens (solid curve) corresponding to the best fit structure (six ligands,

Zn–O distances r1=r2=1.81F0.04 Å, r3=r4=2.03F0.04 Å, r5=2.74F0.0

6jand a2=154jF6j.
was assumed in fitting the sd spectrum, with the two

axial atoms located at a much larger distance from the

metallic site than the four equatorial oxygens.

Two different fits were tried, according to whether

the equatorial oxygens are taken with or without

bound hydrogens. The corresponding theoretical spec-

tra will be called ldH and ld
noH, respectively. The

experimental spectrum of the sd sample (o) and the

calculated spectra corresponding to the best fit results

are reported in Fig. 6 (ldH spectrum) and Fig. 7 (ld
noH

spectrum).

The fit with bound hydrogens (Fig. 6) gives

v2=2.53, with n=6 (four distances and two angles).

We only let four distances to vary by imposing the

constraints r1=r2 and r3=r4 in the plane, while letting

the long axial distances, r5 and r6, to vary indepen-

dently. Besides, a1 and a2 are kept as independent

parameters. The best fit values are r1=r2=1.81F0.04

Å , r 3=r 4=2 .03F0 .06 Å , r 5=2 .74F0 .07 Å ,

r6=2.96F0.07 Å, a1= 176jF6j and a2=154jF6j.
The fit with no bound hydrogens (Fig. 7) yields a

value v2=2.22 (again n=6) with the following best

fits values r1=r2=1.94F0.05 Å, r3=r4=1.94F0.05 Å,

r5=2.77F0.07 Å, r6=2.82F0.07 Å, a1= 170jF6j
and a2=176jF6j.
, in vacuum (sd); theoretical MXAN spectrum including water-bound

six parameters) with flattened tetrahedral coordination geometry and

7 Å, r6=2.96F0.07 Å, and flattening angles equal to a1= 176jF



Fig. 7. Experimental XANES spectrum (o) LMBL in the presence of MBP, in vacuum (sd); theoretical XANES spectrum without

hydrogens (solid curve) corresponding to the best fit structure (six ligands, six parameters) with flattened tetrahedral coordination geometry

and Zn–O distances r1=r2=1.94F0.04 Å, r3=r4=1.94F0.04 Å, r5=2.77F0.07 Å, and r6=2.82F0.07 Å and flattening angles a1= 170jF6j
and a2=176jF6j.
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The second model is characterized by a better v2

and reproduces more accurately the relevant features

of the experimental spectrum, especially the rise of the

edge shoulder and the shape of the bump around

threshold. However, in many details the experimental
Fig. 8. Pictorial view of the Zn environment in LMBLs in the presence of M

adsorbed on the surface of the lipid heads is also bound to the protein. So
data and the theoretical curve differ for energies above

threshold. For these reasons, numerous other fits have

been attempted with different numbers of free param-

eters and different types of axial ligands (for example,

phosphate groups instead of the axial oxygens have
BP in vacuum, according to our results. The majority of the Zn ions

me of them remain embedded within nearby phospholipid heads.
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been included to mimic the interaction of Zn ions with

the phosphatidic heads). In all the cases, we have tried

the fit leads to a geometrical arrangement which

always requires a more or less distorted equatorial

plane formed by four oxygens at a distance of about

1.95 Å from the Zn, plus two axial ligands with

distances ranging between 2.5 and 3.0 Å, depending

on the details of the chosen model geometry.

None of these attempts led to a significant im-

provement of the overall quality of the fit, although

with an appropriate ‘‘tuning’’ of the model, separated

portions of the energy interval could be fitted with

high accuracy. The situation suggests that multiple

configurations of the Zn coordination geometry are

simultaneously present in the measured samples. This

interpretation is in line with a model of the interac-

tions of the Zn ion in LBMLs in the presence of MBP

in which a high fraction of ions is adsorbed between

the protein and the phopholipids heads of LBMLs,

while a smaller fraction is adsorbed within nearby

phopholipids heads (Fig. 8). A nice confirmation of

this model comes from the observation that, as shown

in Figs. 6 and 7, the overall quality of the fit of sample

sd is higher if the contribution from oxygen bound

hydrogen atoms is removed (ld
noH spectrum), despite

the fact that the high energy region is more accurately

fitted if hydrogens are included (ld
H spectrum). This

peculiar situation can be explained assuming that a

fraction of Zn ions is always bound to four water

molecules and thus retains the same geometrical

configuration as in the sample sa.
5. Conclusions

Recent XAS experiments [21,25] have proved that,

when LBMLs are grown in the presence of Zn ions,

the metal remains trapped in between two adjacent LB

layers. The analysis of the recorded EXAFS spectra,

formerly carried out by these authors, showed that the

coordination mode of the Zn in all the measured

samples (i.e., in the presence or in the absence of

MBP and at two different hydration levels) is defi-

nitely different from that of Zn in water. Qualitative

considerations based on general features of the

XANES part of the spectrum suggested some sort of

interaction between Zn ions and the lipid heads of the

phospholipid molecules.
In this paper, we have subjected to an accurate

quantitative analysis the edge region of the XAS

spectrum of Zn adsorbed at the water–manganite

surface (Fig. 3b), as well as the spectra of Zn

immersed in LBMLs in two situations, namely in

the absence of MBP and at the highest explored

hydration level (sample sa, Fig. 5) and, at the other

extreme, in the presence of MBP and at low hydration

level (sample sd, Figs. 6 and 7).

We find that the structural parameters emerging

from the MXAN fitting algorithm of the spectrum of

Zn ions adsorbed at the water–manganite interface

and those emerging from the fit to the sa sample are

very indicative of highly similar geometric arrange-

ment of scatterers around the metal. In both cases,

the geometry around the Zn turns out to be that of a

slightly distorted tetrahedron, definitely different

from the fully symmetrical octahedral geometry of

Zn in water (Fig. 3a). The similarity of the atomic

arrangement that we find should be taken as a strong

indication of the fact that also in this last case Zn

finds itself in a constrained environment rather

similar to that experienced at the water–manganite

interface. We conclude that in the sa sample, there

must be a direct interaction of Zn ions laying within

two adjacent LB layers with the ‘‘surface’’ of the

lipid heads.

The quantitative analysis of the XANES region of

sample sd confirms this picture, showing that multi-

ple configurations of Zn coordination geometries are

simultaneously present. A large fraction of ions

adsorbed between the protein and the phopholipids

heads of LBMLs are responsible for the appearance

of some new features in the spectrum, like the

enhancement of the preedge shoulder. At the same

time, there is a small fraction of Zn ions that is still

located within two adjacent of phospholipid heads.

The coordination mode of the latter is rather similar

to that of Zn ions at the water–manganite interface

and in the sample sa.

We would like to conclude by saying that a

quantitative XANES analysis requires quite a sophis-

ticated discussion of the geometry of the metallic site.

We have nevertheless been able to obtain a satisfac-

tory and more complete picture of the Zn environment

in the various physicochemical situations we have

studied, thus enlightening the role played by the Zn in

stabilizing the interaction between LMBL and MBP.
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