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ABSTRACT: Bacteriorhodopsin (BR) is a robust light-driven
proton pump embedded in the purple membrane of the
extremophilic archae Halobacterium salinarium. Its photo-
activity remains in the dry state, making BR of significant interest
for nanotechnological use. Here, in a novel configuration, BR
was depleted from most of its endogenous lipids and covalently
and asymmetrically anchored onto a gold electrode through a
strategically located and highly responsive cysteine mutation;
BR has no indigenous cysteines. Chemisorption on gold was
characterized by surface plasmon resonance, reductive striping
voltammetry, ellipsometry, and atomic force microscopy (AFM). For the first time, the conductance of isolated protein trimers,
intimately probed by conducting AFM, was reproducibly and reversibly switched under wavelength-specific conditions (mean
resistance of 39 ± 12 MΩ under illumination, 137 ± 18 MΩ in the dark), demonstrating a surface stability that is relevant to
potential nanodevice applications.
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In biology, retinal/opsin and phytochrome systems display
analogous photon-induced conformational changes.1,2 The

simplest and best described system is the retinal bound
photoreceptor bacteriorhodopsin (BR), which acts as a light-
driven proton pump in the extremophile archae, Halobacterium
salinarium.3 Retinal has a broad absorption band centered at 568
nm and is stoichiometrically linked via a Schiff base to each
protein molecule.4 Light absorption isomerizes the retinal chro-
mophore from all-trans to 13-cis, initiating a cycle of conforma-
tional changes that lead to unidirectional proton pumping from
the cytoplasmic to extracellular side of BR.4−7 This mechanism
produces an electrochemical gradient across the membrane that is
used for ATP synthesis under anaerobic conditions. Although BR
functions as a monomer,7 these monomers are organized within
the plasma membrane as a two-dimensional, hexagonal crystalline
lattice of uniformly oriented trimers,3−7 referred to as the purple
membrane (PM). The proteins of extremophiles are inherently
stable by virtue of their amino acid charge distribution and
nonhydrolyzable protective ether linked lipids in membranes.8,9

BR remains stable up to 80 °C in solution and 140 °C in dry
state, across a 0−12 pH range and resists both high ionic
strength and most forms of protease digestion.7

Photoinduced conformational changes through the BR photo-
cycle have been extensively studied using a wide range of methods
[X-ray diffraction, NMR, electron microscopy (EM), atomic force
microscopy (AFM), electron spin resonance (ESR)].6,10−13 The
conformational changes in the receptor induce a charge

separation that is coupled to proton transport14 and involves
a succession of charge displacements across the molecule result-
ing in a quantifiable photoelectric response.7 Similarly, the
photoresponse of a number of organic molecules, such as azob-
enzenes, spyropyrans and fulgides, triggers conformational
changes that modulate the distance between electron donors and
acceptors (for example, appended to the para position of pheny-
lene rings in porphyrin−azobenzene−porphyrin15 or azoben-
zene−porphyrin−azobenzene)16 or between chromophore and
electrodes in a proximal probe junction, to which, in most
cases, current modulation of the reversible switching has been
assigned.17

Scanning probe techniques present a powerful means of
elucidating molecular scale properties. They have been repro-
ducibly applied to the direct topographic imaging and conduc-
tance analyses of a range of surface-confined biomolecular
systems11,18,19 and played a significant role in the recent rise of
nanotechnology. Previous conducting atomic force microscopy
(C-AFM) analyses with metal-coated probes have specifically
resolved and modeled protein conductance under a wide range
of experimental conditions.20−22 Attempts to engage mono-
layers of BR in the native PM for electronic measurements,
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through the use of either lithographically fabricated contacts or
C-AFM probes, have led to reported junction resistances in the
TΩ range23 and low (pA range) currents per trimer.20,23,24

The photoactivity of BR is retained in dried films of PM,25,26

making it an attractive material for developing biomolecular
devices, such as photodetectors or optical memories.7,27,28 In
all previous work, to the best of our knowledge, the protein
photoresponse has been analyzed in the PM, within relatively
large (micrometer sized) patches or in PM dispersions con-
tained in wells. We report here a controlled, orientated, and
covalent surface immobilization of functionally competent,
partially delipidated BR trimers that are bound to a gold surface
and the analysis of their photoinduced conductance switching
at molecular scales using C-AFM.
The lipid composition and density within the PM differ

between the cytoplasmic and the extracellular side, both having
different surface charges and stiffness as shown by AFM.12Ho-
mogeneous orientation, covalent and intimate chemisorption of
BRcys on a gold substrate, was achieved through a strategically
engineered cysteine mutation at M163C (BRcys); wild-type BR is
devoid of any cysteine. The location of the mutation in the
conformationally sensitive interhelix EF intracellular loop of BR10

is expected to orient the transmembrane helices close to
perpendicular to the conducting surface. High-speed AFM has
confirmed this conformational sensitivity of the EF loop,
indicating that real-time light-induced conformational changes
occur in BR in PM, resulting in a counter-clockwise twist outward
from the protein center upon illumination, with the loop being
displaced by a greater distance (∼0.8 nm) than the helices
move.11 Such distance and conformational sensitivity make this
location of the immobilization site for switching electrical measure-
ments more attractive than for more inert and less conformationally
sensitive locations.
Partial detergent-mediated delipidation of BR is a non-

destructive way of depleting the protein of 75% of its native
highly charged lipids (mono- and disulfate and phosphate
analogues, with residual negative charges 1 or 3),8,9 while
retaining endogenous lipids involved in the cohesion of the
protein trimers. Partially delipidated BR is still thermally stable,
as it is in PMs, with an unfolding temperature of ∼94 °C;8 the
exposed, nonburied position of the cysteine mutation is not ex-
pected to change thermal stability significantly. An absorbance
peak was observed at 560 nm for the partially delipidated
sample in solution, as expected,8 and a hypsochromic shift to
500 nm occurred after binding BRcys onto gold (Supporting
Information, Figure S1). This shift demonstrated that the
cysteine mutant was bound to the gold substrate and retained
its photon absorption characteristics. Surface plasmon reso-
nance association curves (Supporting Information, Figure S2)
showed that BRcys and wild-type BR were both immobilized on
a bare gold surface after injection. The amount of bound
protein, after washing the gold chip with detergent buffer, was four
times higher for BRcys (protein density on the surface of 46.83 ±
3.33 ng/cm2) than for wild-type BR (11.22 ± 1.52 ng/cm2), an
observation consistent with a robust thiolate-based
immobilization with the former. Other studies, including
AFM imaging (Figure 1), ellipsometry, and reductive stripping
voltammetry (Supporting Information, Figure S3), were per-
formed to assess the sample layer thickness and to provide
further confirmation of the specific and orientated
immobilization on gold of the BRcys compared to wild-type
BR. Additional Kelvin probe and photocurrent measurements

demonstrated a clear orientational effect of the cysteine mutation
and partial delipidation combination.29

Applied forces in the range of 6 − 40 nN ± 2 nN were tested
when engaging partially delipidated BRcys with a metal-coated
AFM probe, and reliable electrical contact was established at
10−15 nN of contact force. The current flowing through
partially delipidated molecular BRcys studied here reached +10
and −10 nA at +1 and −1 V bias, respectively (Figure 2a). After
sample engagement in the dark, the light source [495 nm
long pass filter, absorption maximum of BRcys (Supporting
Information, Figure S1)] was switched on, inducing a con-
ductance increase which decays when the light is switched off.
Junction resistances, quantified from a linear fit at the ±0.2 V
bias section of I−V curves (Figure 2b), drop by approximately
3-fold from 137 ± 28 MΩ pre-excitation to 39 ± 12 MΩ on
illumination. The statistical distribution of the “dark” and
“light” resistances showed that light-induced fluctuation was
reproducible over some 42 BRcys junctions (Figure 3). Indeed,
multiple successive measurements over illumination cycles of
∼5 s interspersed with measurements in the dark, on a same

Figure 1. AFM imaging of BR on gold. Topographic image
(tapping mode in air, Digital Instruments NanoScope IV
microscope) of a (a) wild-type PM patch and (b) partially
delipidated BRcys on flame annealed gold on glass substrate (200 ×
200 nm image). The BRcys sample (10 μM) shows discrete BR
trimers, or groups (up to 7) of trimers, with an average area of
∼250 sq nm. (c) Topographical cross-section of the indicated
trimer (green circle in b, xy scale 300 nm). The resolved feature,
tip convoluted, displays a 1.2 nm height.
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BRcys junction without withdrawing the tip, lead to a reproducible
series of shifts in conductance observable for typically 5 full
cycles (Figure 4) and confirming retention of molecular pho-
toactivity through the process. In most cases, a gradual decrease
in conductance was observed for junctions following 5−10
dark-light switching cycles, an observation independent of
illumination time. Conductance and its photomodulation,
however, were robustly reinstated on moving the probe to a
different part of the BR modified surface. This observation
suggests that the progressive conductance decrease was due to a
local current saturation of the protein under the C-AFM probe,
rather than being illumination-induced, since the whole sample
was illuminated.
The photoinduced conductance switching in these junctions

is demonstrably wavelength and retinal-activity tethered: engaging
the same BRcys molecules while illuminating through a 550 nm
long pass filter resulted in I−V curves showing no significant
shift of conductance (Supporting Information, Figure S4).
Similarly, retinal-free partially delipidated BRcys samples,
photobleached in the presence of hydroxylamine, showed not
only much lower inherent conductance (∼60 pA at +1 V) but
also an absence of its modulation on illumination (Supporting
Information, Figure S5a,b).
The ability of (redox active) metal sites in proteins to both

facilitate facile tunneling conductance across the structure and
its electrochemical gating is known.18 Electronic current across
an uncompressed BR molecule spans some 5 nm and is not
expected to be significant whether superexchange or hopping
pathways are dominant. Despite this, recent analyses have con-
cluded that the lipidated protein can sustain current magnitudes
comparable to those observable with conjugated organics of
comparable length.30 The probe-independent observations we
report herein not only highlight the role of the retinal moiety in
mediating electronic conductance through BR20 but also the
significance of partial delipidation in facilitating a more robust
coupling of this conduit to electrodes. The combined effects of
partial delipidation and chemisorption on BR electrical
properties, long-term stability and on the different intermedi-
ates of its photocycle are currently under study.
The ability of surface confined organic chromophores to

present a means of photoswitching conductance has generated
a good deal of interest in recent years. We have shown here not
only that a biologically and technologically important bio-
molecule can be largely stripped of lipids and anchored in an

Figure 2. I−V spectroscopy of partially delipidated BRcys in dark and
under illumination using a 495 nm long pass filter. (a) Averaged I−V
curves obtained in the dark (blue) and on illumination (red) during
successive illumination cycles of 5 s each. Data shown here from an
average of 240 “light” and 260 “dark” curves at a junction force of
15 nN ± 1.3 nN over 42 gold−BRcys−gold junctions; bias range ±1 V,
sweep rate =0.5s. (b) Magnification of the linear part of the I−V curves
(±0.2 V bias section, represented by the “boxed” region in a); an
increase of conductance is clearly visible on illumination (black arrow).
Data analysis showed that the resistance of the molecular junction
switched from 137 ± 28 MΩ in the dark, to 39 ± 12 MΩ under
illumination. The current switching was not detected at other
wavelengths nor for retinal-free BRcys (Supporting Information,
Figures S4 and S5), showing the crucial role in conductance of the
chromophore, and that the phenomenon is color sensitive.

Figure 3. Resistance distribution of 75% delipidated BRcys in dark and light conditions (>495 nm). Only I−V curves presenting a symmetrical shape
toward positive and negative bias were retained for data processing. These curves were analyzed by a computed fit enabling the calculation of
individual resistances. This distribution confirms the ∼3-fold drop of resistance, from 137 ± 28 to 39 ± 12 MΩ, observed for trimers of BRcys on
illumination (long pass filter cut off at 495 nm, results obtained from 42 BRcys junctions for an applied force of 15 ± 1.3 nN, as in Figure 2).
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orientated and functionally competent form to man made electrodes
but also that the molecular conductance of BR can be both
measured and reversibly photoswitched with predictable wave-
length sensitivity.
Methods. Sample Preparation. Wild-type BR and BRcys

were grown in peptone media and purified following standard
procedures.3

Removal of 75% of membrane lipids was achieved by centri-
fuging the native sample (20900 rpm, 40 min, 4 °C), discarding the
supernatant and resolubilizing the pellet in 50% (w/v), 20 mM of
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) detergent. The preparation was kept overnight at 4 °C
under gentle stirring and the process was repeated twice. The last
incubation in detergent was followed by several washes in distilled
water, and the protein was then stored at 4 °C.
Removal of the retinal chromophore from the protein

(bleached BRcys) was obtained by adding 0.2 M of hydroxyl-
amine (pH of 7.0) to the partially delipidated BR mutant and
stirring under a halogen lamp placed at ∼10 cm from the
sample. Bleaching was performed in a cold room (4 °C) to
prevent excessive heating of the sample by the proximity of the
halogen lamp. Completion of the reaction was visually detec-
table by a change in the sample color from deep purple to beige
after 30 min. The preparation was then centrifuged and washed
several times in distilled water to remove hydroxylamine. After
bleaching, the maximum of absorbance shifted from 560 to 360 nm,
as expected.31

C-AFM. I−V spectroscopy was performed on a Molecular
Imaging Pico STM instrument (Agilent Technologies) using a
1196 AFMS scanner and on a NanoWizard AFM fitted with a
C-AFM module (JPK, Germany) at different times. Illumina-
tion was performed with a light source (KL 1500 halogen cold
light source, 150 W, Schott), whose light guide was fitted onto
the microscope at the substrate level for direct illumination of
the sample. Experiments were performed in a dark room. Soft
contact silicon conducting AFM probes with an overall gold
coating and a spring constant of 0.2 N/m (Budget Sensors,
Bulgaria) were cleaned for 30 min in a UV cleaning box
(Bioforce UV/Ozone ProCleaner, U.S.A.) before use. Gold-on-
glass substrates (2 nm rms; Arrandee, Germany) were cleaned
in the UV/ozone box for 30 min, washed with ethanol followed

by deionized water, and then annealed to obtain atomically flat
gold terraces. Annealing was performed by passing a flame over
the substrate for a few seconds, gold face up; a process repeated
2−3 times. The substrate was then allowed to cool down to
ambient temperature before being incubated overnight at 4 °C
in 10 μM of protein solution. The substrates were then
thoroughly washed with deionized water, dried under nitrogen,
and glued onto a metallic disk. Nitrogen was flown in the
microscope chamber of the Agilent system before starting the
experiment to reduce the level of humidity. The conducting tip
was then brought into contact at low force (1 nN), and surface
characterization was performed in contact mode C-AFM. The
substrate was partially scanned at constant voltage (scanning
intentionally limited to protect the clean probe gold coating)
in order to obtain height and current images and thus localize
the partially delipidated protein on the surface. Between 5 and
45 BRcys junctions were probed for each substrate. Preliminary
I−V spectroscopy was performed in order to determine the
minimum range of forces that should be applied to the sample
so reproducible I−V curves would be generated; this was in the
range of 6−10 nN. A force of 15 nN was then systematically
applied during the experiments, unless stated otherwise. A
voltage bias ranging from −1.5 to +1.5 V was applied to the
sample, and the sweep duration was set up at 0.5 s. I−V curves
were first obtained in the dark, and the light was then switched
on for ∼5 s (GG495 and OG550 long-pass filters, SCHOTT)
before being switched off. “On/off” cycles were performed
manually, hence a slight difference in each illumination cycle
duration. Raw data were analyzed with a home written MatLab
routine (R2008b, MathWorks) that selected the predominantly
linear I−V response regime (between −0.2 to 0.2 V for
backward and forward sweeps) and computed a linear fit, thus
enabling the calculation of the ohmic resistance for each I−V
curve. The results of the I−V analysis were then collated and
further statistically analyzed.

■ ASSOCIATED CONTENT

*S Supporting Information
UV−vis absorption spectra of partially delipidated BRcys before
and after adsorption on transparent gold; gold−BRcys−gold
junction characterization; SPR results, ellipsometry, and reductive

Figure 4. Switching of one BRcys junction resistance under dark and light (>495 nm) conditions over time measured by C-AFM. A drop of resistance
is clearly visible on illumination and is reproducibly observed for an average of five cycles of interspersed illuminations. Following cycles showed an
attenuation of the shifts probably due to the current saturation (see text). Repeating the experiment on another point of the sample restored the
photoswitching behavior. The BRcys-modified gold substrate was engaged at a force of 9 ± 1.2 nN under an applied bias ranging from ±1 V. Each
point corresponds to the resistance of single I−V curves recorded every 0.5s. At 7.5 s (after 15 consecutive I−V sweeps), a light source fitted with a
495 nm long pass filter was switched on for a few (∼4 − 5) seconds and then turned off. C-AFM measurements were performed over successive on/
off periods of illumination, which were of slightly variable duration as switching of the light source was performed manually.
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stripping methods and results; C-AFM conductance measure-
ments performed on partially delipidated BRcys at a different
wavelength and on bleached (retinal-free), partially delipidated
BR are provided. This material is available free of charge via the
Internet at http://pubs.acs.org.
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