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ABSTRACT In this article we report x-ray absorption measurements of Ca21-substituted bacteriorhodopsin. We present
a detailed study of the absorption spectrum close to the absorption edge that is very sensitive to the site geometry. We
combined ab initio calculations of the x-ray absorption cross section based on a full multiple scattering approach, with a best fit
of the experimental data performed by changing the cluster geometry. The Ca21-bacteriorhodopsin environment is composed
of six oxygen atoms showing a distorted orthorhombic symmetry, whereas the Ca21 in water solution has a regular
octahydrated first sphere of coordination. Our results are in good agreement with previous molecular models suggesting that the
high-affinity cationic site could be in the proximity of the retinal pocket. Our results provide strong direct evidence of the specific
binding site of the metal cation in bacteriorhodopsin.

INTRODUCTION

Bacteriorhodopsin (BR) is a 26-kDa chromophoric trans-

membrane protein formed by seven transmembrane helices,

connected by interhelical loops. It has a retinal molecule

covalently linked to Lys-216 through a protonated Schiff

base.When it absorbs a photon, it undergoes a photochemical

cycle during which the retinal configuration changes from all-

trans to 13-cis. This induces protein conformational changes

that result in the translocation of a proton from the inside to the

outside of the cell, returning both the retinal molecule and the

protein to their initial states. In this way, bacteriorhodopsin

converts the energy of light into an electrochemical proton

gradient, which is used by the bacteria to produce ATP by

ATP synthases.

Bacteriorhodopsin, which imparts the color of the purple

membrane (PM) of Halobacterium salinarum, is synthesized
under anaerobic conditions as an alternative way to obtain

energy from light. Apart from bacteriorhodopsin (75% w/w)

PM also contains phospho- and sulpholipids (25% w/w)

(Dracheva et al., 1996). Native purple membrane contains

divalent cations (;1mol ofCa21 and4mols of Mg21 to 1mol

of BR) (Kimura et al., 1984; Chang et al., 1985), that are

necessary to maintain the protein structure and its function.

Removal of these cations from the PMby ion exchange or any

other method increases the apparent pK of the blue/purple

transition from ;3.2 in water to 5.5. Therefore, the proton

pumping activity is stopped below pH 5.5 in the deionized

membrane (Kimura et al., 1984; Chang et al., 1985; Duñach

etal.,1987).Thischange is reversiblebyadditionofavarietyof

mono-, di-, or trivalent cations (Kimura et al., 1984; Ariki and

Lanyi, 1986; Duñach et al., 1987).

From a structural point of view, bacteriorhodopsin is

probably one of the most extensively studied membrane

proteins. In particular, the exact localization of the specific

cation binding sites in bR is currently a matter of discussion

and subject to numerous studies (Sepulcre et al., 1996; Eliash

et al., 1999, 2001; Tuzi et al., 1999;Wang andEl-Sayed, 2001;

Sanz et al., 2001) because of its relevance in the relationship

between the protein structure and its function.

The cation binding has been explained in terms of specific

chemical binding to these negatively charged groups. Dif-

ferent affinity sites, five of high and medium affinity, and five

of low affinity, have been found, although their localization is

not yet clear (Duñach et al., 1987). For the high affinity

binding site, an internal localization close to the retinal

molecule has been proposed by several groups (Jonas and

Ebrey, 1991; Zhang et al., 1992; Tan et al., 1996; Pardo et al.,

1998), whereas for themedium- and low-affinity binding sites

a surface localization nearGlu-194was suggested (Sanz et al.,

2001), as well as a specific binding to the negatively charged

lipids of the cellular membrane (Eliash et al., 2001). In

contrast, another model suggested that the cation binding

occurs nonspecifically at themembrane surface, via theGouy-

Chapman theory (Szundi and Stoeckenius, 1989).

In the last years, several three-dimensional models have

been published, but so far, none of them gives any evidence

about the cations’ role or binding site, even the high-resolution

x-ray diffraction experiments at 1.55 Å (Luecke et al., 1999,

2000; Belrhali et al., 1999). This is perhaps because the

cations are partially or completely lost upon crystallization.
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X-ray absorption spectroscopy (XAS) can provide direct

information about the local structure of the cation, allowing

study of the purple membrane in suspension, i.e., in an

environment that is close to its real physiological state. It also

has the advantage of being element-specific and not

requiring a crystalline sample. Such studies on Mn21-

substituted BR are reported in our previous work (Sepulcre

et al., 1996); they provide evidence for octahedral co-

ordination of Mn21 with six oxygen atoms located in the

protein molecule.

In this work we report x-ray absorption measurements of

Ca21-substituted bacteriorhodopsin. The x-ray absorption

spectra are usually split into two different regions, an

extended region (EXAFS) ranging from ;40 to 1000 eV

above the absorption edge, and a near-edge region

(XANES), including the absorption edge and 50–100 eV

above it (Benfatto et al., 1986; Tyson et al., 1992). In the

EXAFS region the photoelectron scattering is mostly

determined by single scattering mechanisms, and a quite

simplified analysis of the fine structure oscillations can easily

give valuable structural information as the average near-

neighbor distances, coordination number, and type of

neighbor atom around the absorbing cation. The XANES

region is instead sensitive both to the electronic structure of

the absorbing atom and to the geometrical structure of the

scatterers. The interpretation of the XANES spectrum is

more complex than EXAFS; it requires more complicated ab

initio calculations of the scattering cross section taking into

account multiple scattering events that are dominant at low

photoelectron energies. On the other side its information

content is particularly rich. In our case, for example, it allows

us to determine bond angles and geometry coordination

together with interatomic distances of the Ca21 cluster,

which are important in determining the nature of the Ca21

binding site.

In the following we report the results of the geometrical

fitting of the XANES region of Ca21-substituted BR. In

order to search the local environment of the high-affinity

binding site of Ca21 in PM we have measured the x-ray

absorption spectra of deionized blue membrane regenerated

with 1 Ca21 per mol of BR. At this calcium concentration

only the high-affinity binding site of BR should be filled. The

results are discussed in terms of proposed models for the

metal cation binding site in the protein. The detailed XANES

analysis of the Ca21-BR complex and of Ca21 in water

based on the full multiscattering procedure MXAN (Benfatto

and Della Longa, 2001) shows differences in the co-

ordination number as well as in the geometry of the next

nearest neighbors.

MATERIALS AND METHODS

Purple membrane was isolated from the Halobacterium salinarum strain S9

as described previously (Oesterhelt and Stoeckenius, 1974). Cations were

removed from purple membrane suspensions by dialysis for 6 h against

a Dowex AG-50 W cation exchange resin. A separated aliquot of deionized

membrane was always used for pH and spectroscopic controls to avoid any

possibility of contamination. Regeneration was done at pH 5 by adding Ca21

at a molar ratio of 1:1 (Ca21/BR) and checked by ultraviolet spectroscopy,

verifying that the absorption band shifts, as expected, from 600 nm to

580–590 nm.

Measurements of the calcium K-edge were carried out at the beam line

ID26 of the European Synchrotron Radiation Facility that is dedicated to the

study of very diluted systems, requiring high photon flux (.1013 ph/s).

Monochromatic beam was obtained by means of a Si[111] double crystal

monochromator, with an energy resolution DE/E ¼ 1.4 3 10�4. Vertical

and horizontal focusing of the incident beam was achieved by means of Pt-

coated silica mirrors, also providing harmonic rejection of high energy

photons. The samples were deposited on the sample holders and were kept

overnight in a close chamber to get a partially dried film by applying a mild

vacuum. The fluorescence signal at the Ca K-edge, was detected by

a multielement silicon-drift solid state detector. The absorption spectrum of

Ca21 in water, at a concentration of 50 mM, was also recorded as a reference

system. Measurements at the Ca K-edge were carried out at room

temperature. In order to minimize the sample exposure to radiation we

used a quick scan method developed at ID26, consisting of data acquisition

during a continuous energy scan of the crystal monochromator. The

individual energy scans lasted ;1 min. The sample was moved

automatically every five scans and the results we show correspond to an

average over ;12 h.

The MXAN for simulation and XANES fitting code

In order to extract the structural/geometrical information on the Ca21 first

coordination shell that is contained in the fine structure just above the edge,

we performed a quantitative analysis of the XANES spectrum using the

MXAN code. This method is based on the comparison between

experimental data and many theoretical calculations performed by varying

selected structural parameters starting from a putative structure, i.e., from

a well-defined initial geometrical configuration around the absorber. The

calculation of XANES spectra related to the hundreds of different

geometrical configurations needed to obtain the best fit of the experimental

data is done in the framework of the full multiple-scattering calculation, i.e.,

the scattering path operator t is calculated exactly, and the optimization in

the space of parameters is achieved by the minimization of the square

residual function in the parameter space. In this way the low energy part of

the XAS spectrum is completely available for a quantitative analysis and we

can benefit for the extreme sensitivity of this energy region to the structural

details of the absorbing site (overall symmetry, distances, and bond angles).

The MXAN method is based on the muffin-tin approximation for the

shape of the potential and uses the concept of the complex optical potential

to account for the inelastic losses of the photoelectron in the final state. To

avoid the overdamping at low energies of the complex part of the HL

potential in the case of covalent molecular systems, we use here

a phenomenological treatment of the inelastic losses based on a convolution

with a broadening Lorentzian function having an energy-dependent width of

the form G(E) ¼ Gc 1 Gmfp(E). The constant part Gc includes the core-hole

lifetime and the experimental resolution, whereas the energy-dependent term

represents all the intrinsic and extrinsic inelastic processes. The Gmfp(E)
function is zero below an onset energy Es (which in extended systems

corresponds to the plasmon excitation energy) and begins to increase from

a value As following the universal functional form of the mean free path in

solids. Both, the onset energy Es and the jump As, are introduced in the

Gmfp(E) function via an arctangent functional form to avoid discontinuities.

Both numbers are derived via a Monte Carlo fit at each step of the

computation (i.e., for each geometrical configuration) using a procedure

similar to that in the simulated annealing method (Kirkpatrick et al., 1983).

This type of approach is justified by the equivalence of the use of a suitable

complex self-energy in the calculation and a convolution of the photo-

absorption cross section, calculated with the real part of the self-energy, with

a Lorentzian function with a well-defined energy-dependent width. The
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application of this method has given very good results for different systems

as, for example, metal-water complexes and potassium ferrocyanide. We

refer the interested reader to a series of very recent articles. (Benfatto and

Della Longa, 2001; Della Longa et al., 2001, 2003; Benfatto et al., 2002a,

2000b; D’Angelo et al., 2002; Hayakawa et al., in 2003).

In the case of test systems the right geometrical configuration has been

recovered, starting from a distorted geometry, within an error of the order of

2–4 degrees in the angle determination and 0.02 Å in the interatomic

distances. Moreover, the geometrical determination at the fitted condition

shows to be very stable with respect to the changes of some nonstructural

parameters, as the muffin-tin radii, confirming the dominance of the

geometrical arrangements over the electronic configurations in the construc-

tion of the photoabsorbing cross section.

RESULTS

Fig. 1 displays the raw absorption spectra corresponding to

a well-washed purple membrane (six to seven washes with

distilled water). Although the absorption signal is too weak

to perform a quantitative XANES analysis, it is indicative of

the presence of some Ca21 atoms tightly bound, as expected

if this cation is located in a cluster with a specific geometry

(i.e., a high- and/or medium-affinity binding site). Other-

wise, the successive washes should shift the equilibrium

completely to the Ca21-water form.

The XANES spectra of deionized PM after reconstitution

with Ca21 at a molar ratio of 1:1 (Ca21/BR) and of a Ca21-

water solution are shown as solid lines in Fig. 2, A and B,
respectively. The experimental spectra of both the Ca21-BR

complex and Ca21 in water show a small shoulder at;40 eV

above the edge due, probably, to a multiple excitation.

Ca21 cluster modeling

The MXAN program performs an ab initio calculation of the
XANES spectrum for a reference cluster, allowing a re-

finement both of its structural parameters, such as bond

lengths and bond angles, and nonstructural parameters, such

as Gc and the energy onset and jump intensity of Gmfp, which

are defined in the previous section. Therefore we have chosen

some possible model clusters as a starting point and refined

them to obtain the best fit to the experimental spectrum. The

best-fit model showing the best agreement with the

experiment is the one giving the least normalized residual

value.

Carboxyl side chains of Asp and Glu residues have been

proposed as candidates for cation binding in BR (Jonas and

Ebrey, 1991; Stuart et al., 1995; Yang and El-Sayed, 1995;

Wang and El-Sayed, 2001; Sanz et al., 2001). On the other

hand, all the three-dimensional models of bacteriorhodopsin

show different Asp and Glu groups that in terms of geometry

and bond lengths are compatible with cation binding sites

(Luecke et al., 1999, 2000; Belrhali et al., 1999). Therefore, as

a starting point of the theoretical calculations, it is reasonable

to consider as putative structures for both the protein andwater

different clusters in which the first coordination shell (nearest

neighbor) is formed by oxygen atoms. On the basis of this

assumption, we have considered five different geometrical

startingmodels for the nearest-neighbor shell (labeled fromS6

to S9):

1. S6, Ca-6O (orthorhombic, Ca-O at 2.33 Å).

2. S7, Ca-7O (capped trigonal prism, Ca-O at 2.40 Å).

3. S8r and S8a, Ca-8O (regular square and antiregular

square, respectively, Ca-O at 2.48 Å).

4. S9, Ca-9O (tricapped trigonal prism, Ca-O at 2.53 Å).

FIGURE 1 Calcium K-edge absorption spectra of well-washed PM.

(Inset) X-ray absorption signal before background subtraction.

FIGURE 2 Theory-versus-experiment

best-fit results for Ca21-BR complex

starting from cluster S6 (A), and for

Ca21 in water starting from cluster S8r

(B). All the Ca-O distances are considered

as independent parameters.
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We used two different approaches in refining the in-

teratomic distances of the starting cluster:

a. We started the calculations considering all the Ca-O

distances as independent parameters and letting them vary

simultaneously. The fitting results are presented in Table 1

for BR and Ca21-water solution, respectively. The best fit

for the Ca21-BR spectrum was obtained for the starting

geometrical configuration S6, corresponding to a distorted

first shell formed by six oxygen atoms at a mean Ca-O

distance of 2.32 Å, with a value of the normalized square

residual function S2/n of 4.25. The comparison between

the experimental absorption data of the Ca21-BR complex

and the best fit is shown in Fig. 2 A, in which a good

agreement between both curves is apparent. The best-fit

curve for Ca21 in water, obtained using the same starting

atomic clusters as for the protein sample, is shown in Fig. 2

B. In this case the best fit is attained by a different cluster,
S8r, and the refined structure corresponds to a regular

square for the first hydration shell (n ¼ 8) of the calcium

atom at an average distance of 2.36 Å. Table 1 also shows

the best-fit values for the nonstructural parameter Gc. As

can be observed,we always find values of;1 eV that are in

reasonable agreement with the convolution of the

theoretical core-hole value of ;0.8 eV for Ca with the

expected experimental resolution of ;0.4 eV.

b. A second group of calculationswas performed introducing

some constraints in the possible displacements of the

oxygen atoms with respect to the starting symmetrical

positions. Thus, the opposite oxygen atoms with respect to

the Ca21 were forced to move together during the fitting

process (i.e., the Ca21-O distances corresponding to the

opposite atoms change simultaneously) and were con-

sidered as a single parameter. This constraint slightly

optimizes the agreement between theory and experiment

compared to the previous calculations. The results are

shown in Fig. 3 for the Ca21-BR complex (A) and the

Ca21-water solution (B). For the Ca21-BR complex, the

best fit (S2/n ¼ 4.17) corresponds again to a distorted

square cluster of six oxygen atoms around the metal cation

at a mean distance of 2.31 Å and it was obtained starting

from the same S6 structure. For the Ca21-water sample,

the best fit (S2/n¼ 3.99) was obtained for a regular square

configuration around the Ca ion at an average distance of

2.35 Å, corresponding to the same starting cluster S8r as in

the previous case.

A view of the corresponding clusters is shown in Fig. 4.

As can be observed, the Ca21 bound to the protein has

a regular octahedral coordination shell formed by six oxygen

atoms at a mean distance of 2.31 Å (Fig. 4 A), whereas the
structure of Ca21 in water displays a square geometry

(octahydrated calcium ion), with the mean distance Ca-O of

2.35 Å (Fig. 4 B). Although the average interatomic

distances for the Ca21-protein and the Ca21-water are not

very different, the cluster geometry is not at all the same.

Table 2 shows the individual Ca-O distances, corresponding

to best fits, for BR and Ca21-water solution. Statistical errors

on distance values have been evaluated by the least-squares

minimization routine from correlation matrix, and they are in

all cases ,0.01 Å. The values found for the solution sample

show, indeed, quite a wide spreading, corresponding,

actually, to a distorted square geometry.

A Ca21 protein binding site

Several studies have suggested that a divalent cation is located

in the proximity of the retinal binding pocket (Jonas and

TABLE 1 Best fit results for the Ca21-BR complex and for

Ca21 in water

Starting structure Res. ÆrCa-Oæ (Å´ ) Gc (eV)

Ca21-BR complex

S6 4.25 2.32 1.18

S7 5.54 2.32 1.22

S8r 4.42 2.29 1.02

S8a 6.57 2.32 1.22

Ca21 in water

S6 7.22 2.37 1.00

S7 5.40 2.34 1.10

S8r 4.34 2.36 1.14

S8a 4.95 2.36 1.17

The Ca-O distances reported are the average of the values found

considering all the Ca-O distances in the clusters as independent parameters

(see text). Gc is the energy-independent broadening factor.

FIGURE 3 Theory-versus-experiment

best-fit results for Ca21-BR complex

starting from cluster S6 (A) and for

Ca21 in water starting from cluster S8r

(B). All the Ca-O distances are correlated.
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Ebrey, 1991; Zhang et al., 1992; Tan et al., 1996; Pardo et al.,

1998) associated with Asp-85 and Asp-212. It should belong

to a cluster formed by Asp-212, Asp-85, and three water

molecules (as described in Pardo et al., 1998) leading to

similar characteristics, in terms of coordination number (6)

and geometry, as our model S6 for the first Ca coordination

shell which shows the best agreement with the experimental

XANES data. This suggests, therefore, that this BR internal

cluster can be a cation binding site.

To verify this hypothesis, we performed a fitting of the

experimental data with a molecular model obtained from the

optimized geometry of Pardo et al., (1998) by selecting

a sphere with a radius of 6 Å centered on the absorbing atom

containing the side chains of Asp-85 and Asp-212, three

water molecules, and a part of the retinal chromophore. The

starting cluster to be refined includes six oxygen atoms in

a distorted octahedral-like configuration with the Ca-O

distances varying from 1.98 Å to 2.24 Å, corresponding to an

average distance of 2.12 Å. No hydrogen atoms have been

included in the calculation. The results of this analysis are

shown in Fig. 5 and Table 3. The best fit of the experimental

data, showing a S2/n value of 1.79, corresponds to a first

coordination shell of 6 O atoms with a Ca-O average distance

of 2.31 Å. Therefore, the refinement results in an increase of

the average Ca-O distance, as expected from the increased

ionic radius of Ca21 in comparison with the Mg cation of the

model (Pardo et al., 1998). On the other hand, the Ca-O

distances in the refined cluster vary from 2.22 Å to 2.37 Å,

i.e., the distance spread appears to be reduced with respect to

the starting cluster. The agreement between the experimental

data and the fitting calculations is very good, even better than

that for model S6, clearly suggesting that this internal cluster

formed by Asp-85, Asp-212, and three water molecules is

a possible high-affinity binding site in the protein. Fig. 6

shows a detailed view of the computed Asp-85-Asp-212-3

H2O cluster for the best fit. As can be observed, the first

sphere around the Ca21 ion has a very distorted octahedral

coordination formed by the O atoms of Asp-212, the O1

atom of Asp-85, and three water molecules. The Ca-O bond

lengths and the angles between the water molecules, W1,

W2, and W3, are reported in Tables 3 and 4. The angles are

compared with those reported in recent studies on crystal-

lized BR (Belrhali et al., 1999; Luecke et al., 1999, 2000).

DISCUSSION

In this article we present a quantitative analysis of the

XANES spectrum of Ca21-regenerated bacteriorhodopsin to

characterize geometrically the high-affinity binding site. The

study of the XANES spectra gives information on the

geometrical structure of the absorbing atom site as, for

example, distances, symmetry, and angles. This kind of

analysis is particularly important in cases like this, where the

limited k-range of experimental data makes it difficult to use

the EXAFS spectra. This analysis is based on the assumption

that the first coordination shell of the high-affinity binding

site of the purple membrane is formed by oxygen atoms. On

FIGURE 4 Ca21 clusters corresponding to the best-fit results shown in

Fig. 2 A (A) and Fig. 2 B (B).

TABLE 2 Individual Ca-O distances corresponding to the

best-fit models for the Ca21-BR complex and Ca21 in water

BR-S6 Ca21sol.-S8r

rCa-O (Å
´
) rCa-O (Å

´
)

2.32 2.31

2.32 2.40

2.32 2.33

2.32 2.37

2.32 2.31

2.32 2.31

2.52

2.31

All Ca-O values in the clusters are considered as independent parameters

(see text). The statistical error in all cases is ,0.01 Å
´
.

FIGURE 5 Theory-versus-experiment best-fit results for Ca21-BR com-

plex starting from Asp-85-Asp-212-3 H2O cluster.

TABLE 3 Best fit Ca-O distances and angles for the Ca21-BR

complex, obtained starting from the molecular dynamics model

by Pardo et al. (1998) made by an Asp-85-Asp-212-3 H2O cluster

Asp-85-Asp-212-3 H2O

Asp-85 Asp-212

Group O1 O2 O1 O2 W1 W2 W3

rCa-O (Å
´
) 2.31 3.36 2.22 2.37 2.25 2.36 2.29

Ca-XANES Analysis of the BR 517
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the other hand, calcium ions are known to bind strongly

phosphate groups, but the EXAFS part of our data (data not

shown) does not support the presence of phosphorus or

sulfur atoms in the second shell because no significant

contribution beyond the first peak of the Fourier transform is

observed. Therefore, we assume that the Ca21 binding site is

located in the protein, in full agreement with a previous work

indicating that the high-affinity Mn21 binding site is also

located in the protein (Sepulcre et al., 1996). In the

framework of this hypothesis, we have performed a theoret-

ical test on the Ca21 K-edge of several coordinations (from 6

to 9) and geometries to compare them with the experimental

data. In this way, we take advantage of the high sensitivity of

the XANES spectrum on the local coordination chemistry of

the absorbing atom.

It should be noted that the determination of the identity

and geometry of the first nearest neighbors represents

a notoriously difficult problem because of the flexibility of

the first coordination sphere and the low atomic number of

the atoms involved. Our results can also be compared with

more recent results (Fulton et al., 2003) in which a distance

of 2.43 6 0.01 Á̊ is found by EXAFS of Ca21 aqueous

solution. This makes a difference of 0.07 Á̊ with respect to

our finding of 2.36 Á̊. It has to be noted that in Fulton’s study,

the coordination number found is 7, with a quite large error

of 61.2. The distance value we find for a coordination

number, N ¼ 7, is 2.34 6 0.07 Á̊, that is, very close, within

the experimental error, to Fulton’s value. These large errors

on coordination numbers found by EXAFS could also be

ascribed to the wide spread in the interatomic distances (that

is probably associated to the complex configurational

changes that this kind of system can undergo). We have no

news of any other study that takes this into account, as we do,

by fitting all the oxygen distances as independent parame-

ters. Moreover, we must mention that we have detected

a slight systematic shrinking of interatomic-distance absolute

values of 0.02–0.03 Á̊, in the MXAN simulation. This is due

to the Hedin -Lundqvist potential behavior, which is nearly

constant for the first 30–40 eV after the edge. This effect is

discussed in detail in the article by D’Angelo et al. (2002).

This could shift our value of 2.36 to 2.39 Á̊, that is, even

less far from the previous EXAFS determination. Moreover,

this would be in full agreement with a recent, yet un-

published study by P. D’Angelo (2004, private communi-

cation), in which a value of 2.39 Á̊ is found for the Ca-O

distance in aqueous solution.

A coordination number of 8 for Ca21 ion in water was also

proposed by Albright (1972) in his x-ray diffraction study

of aqueous CaCl2 solution. XAS studies on several Ca

complexes such as Ca-formate, Ca-glutamate, and Ca-EGTA

(Alemà et al., 1982; Einspahr and Bugg, 1977) have shown

that the intensity of the resonance at;20 eV above the edge

increases as the coordination number of the metal atom

decreases. Our results are in agreement with this observation:

the complex Ca21-BR, which shows a stronger peak

intensity at 20 eV than the complex Ca21-water, has

a coordination number of 6, whereas the Ca21 in water has

a coordination number of 8 (see Fig. 3).

Einspahr and Bugg (1977) reported common features

about the geometry of the Ca-carboxyl interaction by

studying 60 crystal structures containing Ca. In particular

they found that 1), bidentate-chelated calcium ions are

confined to a restricted range of interactions with both

oxygen atoms of the carboxyl group, posessing C-O-Ca

angles of ;90�; 2), the unidentate and bidentate interactions

display an average Ca-O distance of ;2.37 Å and 2.54 Å,

respectively and; 3), the average distance for Ca contacts

with carboxyl-oxygen atoms are ;2.35 Å for sixfold

coordination. The results described in the present work are

in reasonable agreement with these features. First, the C-O-

Ca angles in the Ca-Asp-212 carboxyl bidentate interactions

are both very close to 90� (86.16� and 89.75�). Second, the
Ca-O distance in the unidentate Ca-Asp-85 carboxyl

interaction is 2.31 Å (see Table 3) in comparison with

2.37 Å found by Einspahr and Bugg. Third, the Ca-O

average distance found by us (2.30 Å) agrees well with the

value proposed for sixfold coordination by those authors

(2.35 Å).

From our results, it is clear that the first coordination shell

for the metal atom is different when it is bound to the protein

FIGURE 6 Ca21 coordination in the vicinity of the Schiff base,

corresponding to the best-fit for the Ca21-BR complex, starting from the

putative cluster described in the reference by Pardo et al. (1998).

TABLE 4 Best-fit angles between the three water molecules W1, W2, and W3, of model by Pardo et al. (1998), and the three water

molecules, W401, W402, and W406, belonging to the cluster labeled 1C3W of the model proposed by Luecke et al. (1999)

Model

1C3W W402-W401-W406

69.9�
W401-W406-W402

64.0�
W401-W402-W406

46.1�
Asp-85-Asp-212-3W W1-W3-W2

72.1�
W3-W2-W1

61.6�
W3-W1-W2

46.3�
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or is solvated by water molecules. When the calcium ion is in

the presence of the protein, its first coordination shell is

composed of six oxygen atoms showing a distorted ortho-

rombic symmetry, whereas if the metal is in water solution, it

has a very regular octahydrated first sphere of coordina-

tion. These results imply that the calcium tends to interact with

the protein rather than with the water. Such a significant

difference between the Ca21 environments establishes that

the high-affinity binding site has to be internal to the protein,

otherwise it would be hydrated (i.e., showing aXANES signal

similar to Ca21 in water). These results are consistent with our

previous EXAFS work in which we found an octahedral

geometry for the high-affinity Mn21 binding site (Sepulcre

et al., 1996). This similarity suggests that both cations (Mn21

and Ca21) bind to the same high-affinity binding site.

A further confirmation of our model goodness is also given

by previous articles (Belrhali et al., 1999; Luecke et al., 1999,

2000) on the crystallographic structure of bacteriorhodopsin,

which report about the presence of internal water molecules

near the Schiff base region, forming a pentagonal cluster.

Such a kind of cluster is well visible indeed in our model

shown in Fig. 6. Again, our results are consistent with

a location of the high-affinity cation binding site in the retinal

pocket. This does not exclude the possibility of a further

binding site, in the extracellular region, in the cluster formed

byGlu-194, Glu-204 groups, and thewatermolecules close to

them, as suggested by previous studies (Sanz et al., 2001). In

any case, our results are a strong evidence of the specific

binding site of the metal cation to bacteriorhodopsin. An

additional issue is why any of the crystallographic structures

does not show bound cations. One reason could be that due to

the methods used in the crystal preparation the native cations

are lost and substituted bymonovalent cations, which, having

a higher mobility around the binding site(s), are not detectable

by crystallographic methods.
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purple membrane at 1.9 Å resolution. Structure. 7:909–917.

Benfatto, M., P. D’Angelo, S. Della Longa, and N. V. Pavel. 2002a.
Evidence of distorted fivefold coordination of the Cu21 aqua ion from an
X-ray absorption spectroscopy quantitative analysis. Phys. Rev. B. 65:
174205-1–174205-5.

Benfatto, M., J. A. Solera, J. Garcı́a Ruiz, and J. Chaboy. 2002b. Double-
channel excitation in the X-ray absorption spectrum of Fe31 water
solutions. Chem. Phys. 282:441–450.

Benfatto, M., and S. Della Longa. 2001. Geometrical fitting of experimental
XANES spectra by a full multiple-scattering procedure. J. Synchrotron
Rad. 8:1087–1094.

Benfatto, M., C. R. Natoli, A. Bianconi, J. Garcia, A. Marcelli, M. Fanfoni,
and I. Davoli. 1986. Multiple scattering regime and higher-order cor-
relations in x-ray absorption spectra of liquid solution. Phys. Rev. B.
34:5774–5781.

Chang, C. H., J.-G. Chen, R. Govindjee, and T. Ebrey. 1985. Cation
binding by bacteriorhodopsin. Proc. Natl. Acad. Sci. USA. 82:396–400.
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