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Abstract We have performed a quantitative X-ray

absorption fine structure analysis of bacteriorhodopsin in

purple membrane patches and in lipidic cubic phases

regenerated with Mn2?. Lipidic cubic phases and purple

membrane results have been compared, demonstrating that

the lipidic cubic phase process does not introduce relevant

distortions in the local geometry of the cation binding sites.

For both samples, we have observed similarities for Mn2?

coordination in terms of type, number, and average dis-

tances of surrounding atoms, indicating a first coordination

shell composed by 6 O atoms, and 3/4 C atoms located in

the second coordination shell.

Keywords Membrane protein � EXAFS �
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Introduction

Bacteriorhodopsin (BR) is the only protein found in the

purple membrane (PM) of Halobacterium salinarum. PM is

arranged as two-dimensional crystalline patches constituted

by BR hexagonal lattices, where 75% of the weight cor-

responds to BR and the remaining 25% to phospho- and

sulfolipids (Dracheva et al. 1996). BR has a retinal mole-

cule covalently linked to Lys216 and functions as a light-

driven proton pump, thus generating a proton gradient

across the cell membrane, which is subsequently converted

into chemical energy (Hirai and Subramaniam 2003; Lanyi

2001).

BR arranged in PM binds 4 mol Ca2? and 1 mol Mg2?

per mole of chromoprotein (Kimura et al. 1984). The role

of these cations has been proven relevant for the function

of the protein. The location and some of the structural and

functional features of these cations still need to be resolved

(Duñach et al. 1986, 1988a, b, 1989; Sepulcre et al. 2005;

Yang and el-Sayed 1995; Yoo et al. 1995; Zhang and

el-Sayed 1993; Zhang et al. 1992, 1993; Eliash et al. 2001;

Jonas and Ebrey 1991; Sepulcre et al. 1996, 2004, 2007;

Tuzi et al. 1999; Wassenaar et al. 2009). Even though

several three-dimensional (3-D) structures of BR have been

published in recent years, none reports the presence of

metal cations. This could be explained because they are in

part or completely lost upon crystallization. In contrast, all

of these 3-D structures show different Asp and Glu groups

that in terms of geometry and bond distances are compat-

ible with the presence of cation binding sites (Luecke et al.

1999). In an effort to understand the role of metal cations in
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the BR function, the binding characteristics of these cations

have been analyzed using different techniques. Regarding

their location, both specific and nonspecific binding sites

have been proposed. The specific sites have been suggested

to be in (1) the retinal surroundings, which influences the

state of protonation of Asp85 (i.e., the color of the pig-

ment) (Jonas and Ebrey 1991; Sepulcre et al. 1996, 2004;

Wassenaar et al. 2009; Zhang et al. 1992), (2) the cyto-

plasmic loop between helices F and G (Tuzi et al. 1999),

and (3) in the proximities of Glu194/Glu204 in the extra-

cellular side of the membrane (Eliash et al. 2001; Sanz

et al. 2001; Sepulcre et al. 2007; Wassenaar et al. 2009).

An alternative model suggested that the cations bind to the

membrane surface and control the apparent pK (pKa) of

Asp85 via the Gouy–Chapman model (Nollert et al. 1999).

Nevertheless, the location of the metals and the associated

conformational change due to cation binding remain

unclear.

Extended X-ray absorption fine structure (EXAFS)

spectroscopy has been proven to be an ideal tool to unravel

cation interatomic distances and coordination numbers

(Sepulcre et al. 1996, 2005; Jonas and Ebrey 1991; Sanz

et al. 2001). The aims of the present study are the fol-

lowing: first, to test the diffusion of cations to specific

binding sites in lipidic cubic phases (LCPs) of BR, and

second, to check whether the incorporation of BR trimers

into the lipidic cubic phases introduces distortions in the

local geometry of the cation binding sites compared with

BR in native PM suspensions. To answer these questions,

we have regenerated BR LCPs with Mn2? and character-

ized the local environment by EXAFS spectroscopy.

Materials and methods

Purple membranes from Halobacterium salinarum S9

strain were purified as previously described (Oesterhelt and

Stoeckenius 1974).

Cations were removed from the PM by extensive dial-

ysis using a cation-exchange Dowex AG-50W resin. In

each case, a separate aliquot of deionized membrane was

used for pH and spectroscopic controls to avoid any con-

tamination. Regeneration was done at pH 7 by adding

Mn2? at molar ratio of 5:1 (Mn2?:BR) and checked by

UV–Vis spectroscopy, verifying that the absorption band

shifts were located, as expected, from 600 to 580–590 nm.

Solubilization and production of the lipidic cubic phases

containing BR and monoolein (ratio 1:55 w/w) were per-

formed as described in Facciotti et al. (2001). Tubes con-

taining lipidic cubic phases were overlaid with an excess of

10 mM MnCl2 solution (BR:Mn2? molar ratio at least

1:10) during a minimum of 10 days prior to EXAFS

measurements. All the measured LCPs were exhaustively

washed with distilled water before the measurements to

remove Mn2? located on the LCP surface.

The X-ray absorption experiments were carried out at

the ID26 beam line of the European Synchrotron Radiation

Facility (ESRF). Measurements were carried out at 260 K

in fluorescence mode at the Mn k-edge. The sample was

moved automatically every five scans, and the results

shown correspond to an average over about 10–12 h.

Radiation damage or photoreduction can be excluded by

checking the sample color changes associated to retinal

bleaching. No alteration was observed for overall 5 min

exposition. A monochromatic beam was obtained by means

of a Si(111) double crystal, with energy resolution DE/

E = 1.4 9 10-4. The fluorescence signal at the Mn k-edge

was detected by a multi-element silicon-drift solid-state

detector.

Quantitative analysis of the EXAFS signal was per-

formed by fitting the experimental spectra to theoretical

signals calculated by means of phases and amplitudes

generated by FEFF8 code (Ankudinov et al. 1998). The

fitting procedure was carried out by means of the Ifeffit

code (Newville 2001) implemented by the Artemis pack-

age (Ravel and Newville 2005).

One-shell and two-shell model clusters were used to

obtain theoretical EXAFS signals for comparison with

experimental EXAFS data. Information regarding the

interactions of absorber (Mn)-scatters (O and C) was

obtained by fitting the following equation to the EXAFS

data:

vðkÞ ¼
X

s

NsS
2
0FsðkÞ
kR2

s

sinð2kRs þ usðkÞÞ

exp �2r2
s k2

� �
exp

�2Rs

kðkÞ

� �
; ð1Þ

where Fs(k) is the effective scattering amplitude, us(k) is

the effective scattering phase shift, and S0
2 is the overall

inelastic factor. rs
2 is the Debye–Waller term, Ns is the

number of scatters at distance Rs, and k(k) is the mean free

path. The sum accounts for all scattering interactions. k, the

photoelectron wavenumber of the ejected electrons, is

defined by

k2 ¼ 2me E � E0ð Þ
�h2

: ð2Þ

E denotes the energy of the incident X-ray, and E0 is the

threshold energy for liberation of the photoelectron wave.

E0 (origin value of the photoelectron energy) and the

interatomic Mn–O and Mn–C distances (Rs) were allowed

to vary freely to minimize the v2 values (R-factor). The

overall inelastic losses factor S0
2 was fixed to a standard

value of 0.8, and the EXAFS data were fitted in k-space in

the range 2.5–9.4 Å-1.
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The Debye–Waller factors, which describe both static

and dynamic fluctuations in interatomic distances, were

calculated by the correlated Debye model implemented in

IFFEFIT and described by Sevillano et al. (1979), in which

the only two parameters required are the experimental

temperature and the Debye temperature of the cluster (HD).

The Debye temperatures (HD) of the different clusters were

calculated according to

HD ¼
ht
K
; ð3Þ

where h and K are, respectively, the Planck constant and

the Boltzmann constant, and t is the experimental vibra-

tional mode of Mn–carboxylate bonds. For simplicity,

we have considered the average value of these frequency

regions (t = 600 cm-1 for Mn–O bonds and t =

1,750 cm-1 for O–C bonds). This gives average values of

HD(Mn–O) = 936 K and HD(O–C) = 2,500 K, respectively.

Results

In the EXAFS technique, the k-space frequency, amplitude,

and phase of the EXAFS oscillations are directly related to

interatomic distances and the number and type of scatterers

around the absorber. Due to its electronic properties and its

similar behavior to physiological BR cations, Mn2? has

been previously used to study the affinity binding sites in

BR (Duñach et al. 1987; Sepulcre et al. 2005, 2007). LCPs

containing BR crystals (with different size representation in

the micrometer range, see Fig. 1) were incubated in the dark

with a Mn2?-containing buffer to fill the high- and medium-

affinity binding sites of BR. The X-ray absorption Mn k-

edges were obtained for BR LCPs, as well as for suspen-

sions of deionized PM BR that were regenerated with 5 mol

Mn2? per mol of BR (from now on called ‘‘PM suspension’’

sample). As a negative control, we also measured the EX-

AFS signal of LCPs not incubated in the buffer. No Mn2? k-

edge EXAFS signal was observed in this case, indicating

the absence of Mn2? inside the crystals (data not shown).

Background-subtracted EXAFS oscillations in k-space

are presented in Fig. 2a. Each of the v(k) spectra was

characterized by a sine wave dominated by backscattering

from first-shell atoms around Mn2? atom with the signal

amplitude decreasing as k increased. In comparison with

PM suspensions, BR in LCPs showed a similar EXAFS

curve with lower amplitude.

The Fourier transforms of the spectra are presented in

Fig. 2b and 2c. A main peak centered at about 1.6 Å was

observed for PM sample (thick grey line in Fig. 2b), whereas

the main peak in the LCP sample was centered at 1.7 Å (thick

grey line in Fig. 2c). The second/third peaks of the Fourier

transforms are not clearly defined, indicating that both the

Fig. 1 Lipidic cubic phases containing both ordered and unordered

BR crystals (approx. 150 lm 9 150 lm 9 5 lm)

Fig. 2 EXAFS analysis of BR in PM suspensions and in LCPs.

a Experimental Mn k-edge EXAFS data for dark-adapted PM

suspensions regenerated with 5Mn2?/BR (grey line) and dark-adapted

BR in LCPs regenerated with Mn2? (black line). b Fourier transform

of the EXAFS data corresponding to dark-adapted PM suspensions

regenerated with 5Mn2?/BR (grey line) and the best fit (black line).

c Fourier transform of the EXAFS data corresponding to dark-adapted

BR in LCPs regenerated with Mn2? (grey line) and the best fit

(black line)
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number and the atomic weight of atoms in the second shell

were small, but some similarity in the shape is observed for

both samples. Peaks centered at about 2.2, 2.5, 2.9, and 3.5 Å

were present in both samples (shifted to higher R values in

the case of BR-LCP) with a similar relative intensity among

them. This similarity is indicative of a similar local envi-

ronment for Mn2? in the BR-LCP and 5 Mn2?/BR samples.

To extract structural information of the Mn2? coordi-

nation to the protein, quantitative EXAFS analysis was

performed. A model with the same average Mn–O distance

for the six oxygen atoms was fitted to the EXAFS data,

yielding poor results with a high R-factor value for both the

PM suspensions and the LCPs (data not shown). Thus, we

introduced some heterogeneity in this cluster by assigning

different Mn–O distances for the different coordinated

oxygen atoms (two oxygen shells). The results obtained are

summarized in Table 1a. For the 5Mn2?/BR sample, two

Mn–O distances of 2.19 and 2.49 Å were found with

coordination numbers of 4.2 and 1.8, respectively. The

fitting of the two-oxygen-shell model to the LCPs data

yielded again a high-R-factor value (i.e., a very poor fit).

In a second step, and to increase the fit quality, we

introduced another shell formed by carbon atoms. The

quantitative fit results obtained for this cluster are reported

in Table 1b and shown in Figs. 2b and c (as a solid black

line for PM suspensions and LCPs, respectively). Including

an extra Mn–C shell improved the fitting in both PM sus-

pensions and in LCPs, defining a six oxygen atom coor-

dination number for Mn2?.

We studied also the possibility that the cation binding

occurred around P and/or S atoms from phospho- and

sulfolipids of the PM. We have ruled out this possibility

due to the very poor fitting results, in agreement with our

previous work (Sepulcre et al. 2005). The possibility of

Mn–Mn interactions due to cation aggregation or Mn

crystallization was also discarded by comparing the theo-

retical EXAFS spectra of Mn–Mn and Mn–O-Mn (man-

ganese hydroxide) with our experimental data. An intense

peak at about 2.7–2.9 Å appeared in the Fourier transform,

in contrast with the experimental results (data not shown)

in all these theoretical models.

To summarize, the quantitative fit showed similarities

for Mn2? coordination when bound to BR in both PM

suspensions and LCPs. The best fitting was obtained when

the model with two Mn–O shells was improved with a third

C shell. This model explained the results better than Mn2?

crystallization/aggregation processes or the coordination of

the cations with the lipidic S and P groups.

Discussion

The binding of cations to BR influences the protonation

state of Asp85 and subsequently the proton transport

function. In this sense, characterization of the cation

binding sites in BR represents an important subject to

understand this molecular mechanism, and also to under-

stand the relationship between the structure of the protein

and its function.

We present a direct comparison between BR samples in

PMs and in LCPs. The experimental conditions and Mn2?/

BR ratio are easier to define in the PM membrane sample,

Table 1 Parameters for manganese coordination in PM suspensions and in LCPs

Sample Ligand R (Å) N r2 (Å2 9 10-3)

hD(Mn–O) = 936 K, fix

E0 (eV) R-factor

(a) Mn–O fit model

PM suspensions regenerated with 5Mn2?/BR O1 2.19 4.2 2.8 -6.69 0.035

O2 2.49 1.8 2.9

BR in LPCs regenerated with Mn2? [1

Sample Ligand R (Å) N r2 (Å2 9 10-3)

hD(Mn–O) = 936 K, fix

hD(O–C) = 2,500 K, fix

E0 (eV) R-factor

(b) Mn–O–C fit model

PM suspensions regenerated with 5Mn2?/BR O1 2.19 3.6 2.8 -4.66 0.019

O2 2.44 2.4 2.9 -4.66

C 2.77 3.0 1.1 -0.23

BR in LPCs regenerated with Mn2? O1 2.27 2.4 2.6 -0.39 0.080

O2 2.58 3.6 2.7 -0.39

C 2.86 4.2 1.1 -5.40

Fit parameters corresponding to (a) the one-shell model formed by oxygen atoms and (b) the two-shell model including a second coordination

shell formed by C atoms. E0 and R were iterated (S0
2 = 0.8)
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whereas in the case of LCPs, it is difficult to define the

amount of Mn2? diffusing to the protein. It should also be

taken into account that the new interlayer contacts estab-

lished through the loops BC and EF to form the LCP

crystals (Belrhali et al. 1999) could influence the cation

binding sites. These questions appear to be relevant in view

of the use of LCPs to obtain BR structures. In this study we

have gone one step further in the cation binding site

characterization in BR: Mn2? is bound by two oxygen

shells as first neighbors, followed by a carbon atom shell,

as expected for a carboxylic acid. We had previously

shown that after retinal depletion only one Mn–O distance

is observed, indicating that a tertiary structure change leads

to the disappearance of one of the specific cavities for

Mn2? in the bleached BR PM (Sepulcre et al. 2005). In

contrast, the existence of two different Mn–O distances and

very similar values for the Debye–Waller parameters (r2)

found for both samples studied here (BR in PM and BR in

LCPs) indicates that the structure of BR that configures the

cavities occupied by cations is conserved. LCPs were

originally prepared using sodium phosphate buffer, thus we

can speculate that there has been a substitution of mono-

valent Na? by divalent Mn2? after the incubation period,

which confirms that the affinity for the conserved cavities

is higher for divalent cations (Belrhali et al. 1999). Both

the presence of cavities in PM suspensions and LCPs and

the potential displacement of monovalent cations argue for

the conservation and specificity of the cation binding sites

of BR in LCPs.
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