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Abstract The conductivity of two photosynthetic protein—pig-
ment complexes, a light harvesting 2 complex and a reaction
center, was measured with an atomic force microscope capable
of performing electrical measurements. Current—voltage mea-
surements were performed on complexes embedded in their nat-
ural environment. Embedding the complexes in lipid bilayers
made it possible to discuss the different conduction behaviors
of the two complexes in light of their atomic structure.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Photosynthetic organisms use a molecular machinery, the
photosynthetic apparatus, to convert solar energy into a use-
ful form of chemical energy. The nano-scale apparatus of
photosynthetic organisms has been optimized for low-power
output and high-quantum efficiency operation. Advances in
X-ray crystallography and optical spectroscopy have provided
much insight into the structure and function of the simplest
photosynthetic apparatus, that of purple bacteria. The pri-
mary reactions of photosynthesis occur by a set of transmem-
brane protein—pigment complexes called the photosynthetic
unit (PSU), which is localized in a system of intracytoplasmic
membranes. The PSU consists of light harvesting (LH) com-
plexes and reaction centers (RCs). In particular, in the case of
photosynthetic purple bacteria, photons are absorbed by light
harvesting 2 (LH2) complexes. The excitation energy is then
funneled to the RC where a charge separation takes place
followed by electron transport across the membrane. This
produces an electrostatic potential and a proton gradient
across the membrane, which can be utilized for metabolic
processes.

The last years have seen considerable efforts in constructing
artificial solar-energy converters either with synthetic mole-
cules where biological functions are mimicked [1] or with bio-
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molecules [2]. An important prerequisite for successfully de-
veloping such devices is the ability to correlate the electronic
properties to the atomic structure of the molecule. In order to
obtain such information one needs to reveal the electronic
properties on the single-molecule level. Combining electrical
measurements with some form of spatial imaging can do this.

Scanning tunneling spectroscopy is a method to study the
surface electronic structure of conductors, semiconductors
and molecular absorbates. This method is available in a scan-
ning tunneling microscope (STM), which in addition can di-
rectly image the spatial organization of the material. Com-
bined scanning tunneling microscopy and spectroscopy has
been used to obtain topographs and current-voltage (I-V)
characteristics of photosynthetic complexes; plant photosys-
tem II membrane fragments [3-5] and plant photosystem I
detergent solubilized RCs [6,7].

Scanning tunneling microscopy on biological samples is
complicated due to the low conductivity and heterogeneity
of the sample, making the interpretation of the STM topo-
graphs difficult and ambiguous. Up to now, there have been
no reports of high-resolution imaging of large biological mol-
ecules with the STM, contrary to the atomic force microscope
(AFM), with which high-resolution imaging of large biologi-
cal molecules has been demonstrated. In a previous publica-
tion [8] we have shown that submolecular resolution of LH2
complexes from a purple bacterium could be obtained with
the AFM operating in liquid (Fig. 1A, insert), while molecular
resolution was obtained with the AFM operating in ambient
conditions. (Sub)molecular resolution was obtained with the
use of two-dimensional crystals of reconstituted single photo-
synthetic complexes in a lipid bilayer (Fig. 1A). The high
quality of such samples enables a straightforward interpreta-
tion of the AFM images and can be used to begin to define
how they make electrical contact with the electrodes.

A field of investigation, in constructing artificial solar-en-
ergy converters, has been the orientation of the functional
molecules between the two electrodes to define how the mol-
ecules and the electrodes make electrical contact. Various
methods have been employed to ensure that all molecules
lay with their electron transfer pathway axis perpendicular
to the electrodes [9]. Devices based on detergent solubilized
photosynthetic proteins, for example, make use of chemically
modified electrodes to attain significant coverage and to pre-
vent protein denaturation [10].

Using photosynthetic transmembrane proteins embedded in
lipid bilayers attached via adsorption on an unmodified sub-
strate does not require any substrate pretreatment, and results
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in stable systems because the proteins are in their native en-
vironment.

Here, we report the use of an AFM to obtain topographs in
combination with electrical measurements performed on an
oriented reconstituted layer of LH complexes and an oriented
reconstituted layer of RC in lipid bilayers. Current-voltage
measurements were obtained on both complexes. Electrical
conductivity relationships of these biological molecules are
addressed in terms of their molecular structure.

2. Materials and methods

The experiments were performed using a Multimode Illa AFM
(Veeco, Santa Barbara, CA, USA). A standard STM current-to-vol-
tage converter was used (gain 21 X 10® V/A). Si probes coated with a
conductive thin layer of Pt/Ir (EFM) were purchased from Veeco
(Santa Barbara, CA, USA). The cantilevers had a nominal spring
constant of 2.8 N/m and a typical resonance frequency of 75 kHz.

Supported reconstituted LH2 complexes and RCs in lipid bilayers
were produced by detergent removal, using a combination of freeze-
thaw and dialysis techniques, starting with detergent solubilized com-
plexes, as described elsewhere [8]. The LH2 complex from Rhodopseu-
domonas acidophila strain 10050 has been successfully resolved with
the atomic force microscopy under physiological conditions [8]. It is
an oligomer, with an of§ heterodimer as a basic unit [11], Fig. 2A.
Each off heterodimer binds three bacteriochlorophyll (BChl) mole-
cules and two carotenoid molecules. X-ray crystallography data
[11,12] and AFM topographs [8] showed that LH2 consists of nine
such subunits. The RC from Rhodopseudomonas sphaeroides strain R-
26 consists of three protein subunits and cofactors (four molecules of
BChla, two molecules of bacteriopheophytin a, one carotenoid, two
ubiquinones and one ferrous iron) [13,14], Fig. 2B. The graphical
representations of the complexes were made using Protein Explorer
(http://www.umass.edu/microbio/chime/explorer/).

Highly ordered pyrolythic graphite (HOPG) (Surface Preparation
Laboratory, The Netherlands) was used as a conductive substrate. In
the range of voltages used in this study, HOPG does not induce any
structure in the /-V graphs. The substrates were incubated in the
proteo(liposome) solution for 30 min, then rinsed with distilled water
and dried under a flow of nitrogen. The samples were imaged imme-
diately afterwards in ambient conditions.

The samples were first imaged with AFM in tapping mode to locate
a reconstituted lipid bilayer. When such an area was found, the tap-
ping oscillation of the tip was switched off and the distance between
the tip and substrate was decreased until a detectable current was
measured. For the /-7 measurement a linear voltage ramp was ap-
plied between the tip and the sample, and the resulting current was
measured. On average, 10 I-V curves were taken at each location.
One of the problems encountered was that the tip quickly got con-
taminated, due to the roughness of the sample and drifts. Once the
curves were no longer reproducible the measurements were stopped
and a new probe was utilized. The force exerted by the tip on the
biological sample did not exceed 2 nN. This force is probably large
enough to cause some deformation, but the overall structure and
function of the protein should remain largely intact [15]. This was
verified with topographs obtained in tapping mode operation after
the acquisition of I~V curves. Voltage—force curves showed no signifi-
cant influence of the applied voltage on the force between the sample
and tip. It has been shown previously that the combination of a high
spring constant probe and a broad tip apex introduces only weak
electrostatic generated forces [17]. The absolute scale of the current
measured for both complexes does not correspond to meaningful val-
ues, since the current depends strongly on the details of the contact
between the probe and the sample, for example on the distance be-
tween the conductive probe and the complex, and this distance slightly
varied from experiment to experiment.

3. Results and discussion

3.1. Measurements
Fig. 1A shows molecular resolution AFM topographs in
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ambient conditions of LH2 complexes reconstituted in a lipid
bilayer, obtained with an uncoated Si probe. The lateral di-
mensions of the observed protrusions in the lipid bilayers are
~7.75 nm, which corresponds to single LH2 complexes. Sub-
molecular resolution can be obtained by imaging the recon-
stituted samples in solution [§8]. Fig. 1B shows AFM topo-
graphs of the same sample using a Pt/Ir-coated probe.
Protrusions are not visible in this topograph since the tip
diameter of the coated probe was likely to be broader than
~ 13 nm (the distance between two neighboring LH?2s), result-
ing in a lower resolution. Topographs of similar quality were
obtained with reconstituted RC complexes in lipid bilayers.
Current-voltage measurements were performed on patches
as those shown in Fig. 1. Fig. 3 shows the measured current as

Fig. 1. Molecular resolution AFM topographs of the LH2 complex
in lipid bilayers. A: Obtained with a Si tip. Insert: High resolution
of a LH2 complex. B: Obtained with a Pt/Ir-coated tip. The gray
scales represent height ranges of 20 and 35 nm, respectively.
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Light Harvesting Complex Reaction Center

Fig. 2. Atomic structures of the two photosynthetic complexes (top view, periplasmic side). A: The LH2 complex showing (AI) proteins and
pigments, and (AIl) only the pigment molecules, carotenoids, C, the BChls of the 850 band, B850, the BChls of the 800 band, B800. B: Atomic
structure of the RC showing (BI) proteins and pigments, and (BII) only pigments, BChl dimer, P, BChl, By, bacteriopheophytin, Hy, and qui-
none, Qr are indicated.

a function of the applied voltage between the substrate and about V=0, the I-V curves of the RCs were highly asymmet-
tip, for LH2 complexes (Fig. 3A) and for the RCs (Fig. 3B). ric.
The adsorbed proteins displayed different /- characteristics. The measured current-voltage curves on reconstituted LH2
While the I-V curves of the LH2 complex were symmetric at and RC protein complexes in lipid bilayers sandwiched be-
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Fig. 3. Current versus voltage curves on oriented protein bilayers, obtained with a bias voltage of +0.5 V. A: LH2 complex reconstituted sam-
ple. The gray line through the points is a polynomial fit to the data. The black line is a differentiate of the polynomial fit. B: RC reconstituted
sample.



112

tween two electrodes show that in these proteins indeed elec-
tron transfer takes place. There are various models to account
for electron transfer in organic systems, which we will now
consider. Firstly, direct tunneling from one electrode (tip) to
the other electrode (HOPG substrate). This source of charge
propagation can be simply ruled out due to the excessively
large tunneling distances [17] that would be involved, 5.6 nm
for the LH2 and 7.3 nm for the RC complex. The alternative
type of electron transfer is via electronic states existing in the
molecule, which could be localized or delocalized over the
entire molecule. Since the atomic structures of both proteins
have been resolved with X-rays we can attempt to assign a
molecular electron transfer pathway for each of them.

3.2. Electron transfer through LH2 complexes

The LH2 protein complex consists of chlorophylls, carote-
noids and proteins. The geometrical arrangement of these
molecules is shown in Fig. 2AI. The use of oriented samples
between the two electrodes makes it possible to exclude sev-
eral possible electron transfer pathways, as will be discussed
below.

Electron transfer could take place between the chlorophylls
via tunneling [18]. The chlorophylls in LH2 are arranged in
two optically absorbing bands, the so-called 850 (or B850)
and 800 (or B800) bands. The 850 nm absorbing chlorophylls
are arranged perpendicular to the membrane plane in a ring
and lie closest to the periplasmic face of the complex, at a
distance of ~ 0.8 nm. The 800 nm absorbing chlorophylls are
arranged with their molecular planes parallel to that of the
membrane and lay at ~2.2 nm from the cytoplasmic face of
the complex. Also here, the proposed electron transfer scenar-
io that involves electrons tunneling from the B800 chloro-
phylls to the electrode can be excluded due to the large dis-
tance between the B800 chlorophylls and the electrode. The
maximum distance reported for electrons traveling through a
protein medium is 1.4 nm [17]. The distance between the two
chlorophyll rings in the LH2 complex, 2.2 nm, is larger than
the 1.4 nm reported tunneling distance, and therefore could
not account for the significant measured currents.

More plausible is electron transfer through the carotenoid
(rhodopsin-glucoside) molecules. Nine carotenoids are located
between the proteins and span the membrane (Fig. 2Al), one
carotenoid per off heterodimer unit [11]. Recent electron den-
sity maps with a higher resolution have revealed a second
carotenoid molecule per unit [12]. This second carotenoid
lies on the outside of the complex between the B-peptides
and is bent. Since it is not clear whether this bend is an in
vivo conformation or that it originates from the sample prep-
aration procedure, we will base our discussion on the atomic
structure obtained by McDermont et al. [11], i.e. the one with-
out the extra carotenoid.

In photosynthesis carotenoids are essential, they are effi-
cient quenchers of the excited triplet state, thus preventing
the formation of singlet oxygen. Carotenoids are conjugated
chains, having a backbone of alternating single and double
bonds. Electron conduction in polymeric opto-electronic de-
vices has been attributed to the conjugated character of such
polymer chains [19]. The presence of alternating single and
double bonds is what makes conjugated chains efficient charge
carriers: the mutual overlap of the m-orbitals of neighboring
atoms, arising from unpaired electrons in the chain, causes the
wave functions to delocalize over the whole chain.
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Electrical measurements on synthetic B-carotene molecules
have been performed by Rosenberg [20] on glass and on crys-
talline samples, and by Leatherman et al. [16] on oriented
samples. The latter measurements have been performed with
a conductive AFM on carotenes embedded in an insulating
alkanethiol matrix, and revealed symmetric /- curves around
V'=0. Although the data of [16] did not allow to distinguish
between an ohmic or a semiconductor behavior, the resistivity
was found to be on the order of 4.2 GQ per carotenoid. The
differential resistivity for carotenoids, outside the gap region,
in this study was found to be 1.7 GQ. We do not know how
many carotenoids our tip may be contacting at one time. Also
the contact resistance depends on the precise contact geometry
and chemistry [21]. The activation energy for semiconductor
conductivity of carotenoids as glass and crystalline samples
has been measured as 1.5 and 0.8 eV, respectively. These
values agree well with the energy gap of carotenoids em-
bedded in lipid bilayers estimated in this study to be larger
than 1 eV (Fig. 3A). The presence of oxygen [22] or conforma-
tional thermal fluctuations leading to conformational changes
[23] may be factors responsible for the absence of very sharp
I-V curves. Even so, the values for the resistivity and energy
gap are in good agreement with the values measured for car-
otenoids not embedded in proteins.

Considering all possible scenarios and the similarity be-
tween I-V characteristics between single oriented carotene
molecules and oriented LH2 complexes, we believe that
charge transfer from the tip to the substrate and vice versa
takes place via electron injection and conduction through the
carotenoid molecules.

3.3. Electron transfer through RC complexes

I-V graphs on films of oriented RCs showed an asymmetry
in the conductance between positive and negative bias volt-
ages, in contrast to the symmetric /-J graphs measured for
the LH2 complex. The current increases in reverse bias, and
remains small in forward bias. Current rectification by organic
molecules has been reported in literature for zwitterionic mol-
ecules [24], phythalocyanine molecules [25] and photosynthetic
RCs from plants [7]. In the case of the photosystem I from
plants [7] the current-rectifying /-7 curve, obtained with
STM, has been attributed to the orientation of the PSI on
the surface and has been used to propose in which orientation
the molecule preferentially adsorbs on the surface.

In nature, electron transfer indeed takes place in photosyn-
thetic RCs. In Fig. 2BII the atomic structure and molecular
electron transfer pathway derived from spectroscopic experi-
ments are depicted. The cofactors, a BChl dimer (P), a BChl
molecule (Br), bacteriopheophytin (Hy) and a quinone (Qr),
are the necessary electron transfer components. Excitation
with light or resonance energy transfer from an antenna com-
plex first promotes the electron donor (P) to an excited singlet
state. Electrons are then successively transferred from P to By
(0.47 nm transfer distance), then to Hy (0.38 nm transfer
distance) and finally to Qr (0.9 nm transfer distance).

In this study electrons are injected to P via the AFM tip.
We propose that the subsequent electron pathway mentioned
above is the same pathway used for electrons in this study.
The rate constants for electron transfer in the case of R.
sphaeroides have been determined. The rates for back electron
transfer (Qr to Hy to B to P) are significantly lower than the
forward ones [26]. We propose that this difference lies at the
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root of the observed asymmetry in the current between pos-
itive and negative voltages.

Only asymmetric I~V curves displaying higher currents for
negative voltages were measured, corresponding to RCs with
their cytoplasmic side facing the substrate. The observed ori-
entation unidirectionality of RCs in the lipid bilayer has to do
with the mechanism of the reconstitution protocol. For recon-
stitution of detergent solubilized transmembrane proteins in
preformed liposomes, the protein preferentially inserts in the
lipid bilayer with its more hydrophobic moiety first (for RCs,
the periplasmic side is the most hydrophobic, as revealed from
the X-ray structure), thus exposing its more hydrophilic part
to the exterior of the lipid bilayer. With rupture of the pro-
teoliposomes on the substrate the interior of the proteolipo-
some (which is the periplasmic side) is exposed to the AFM
tip [8].

The RC is thus attached to the substrate via the hydrophilic
protein subunit H. The largest part of this unit extends out-
side of the lipid bilayer, by about 3 nm. It is a low-density
protein and can therefore change its conformation or easily
gets deformed to the extent that electrons can reach the elec-
trode, substrate. We cannot rule out that the observed asym-
metry in the measured /-V curves is due to the formation of a
Schottky barrier. Schottky barriers are formed when a metal
is brought in physical contact with a semiconductor; at the
interface, the Fermi level of the semiconductor is pinned by
defect or interface states and the overall electrical properties
of the device are dominated by the resulting Schottky barrier
height. However, the observation that we invariably find the
same I-V behavior on many different locations on the RC
films, obviously with different contact geometries of the tip
and substrate sites suggests that the rectifying behavior is an
intrinsic property of the RC complex.

Before the acquisition of every I~V curve the distance be-
tween the tip and material in our setup was reduced so as to
measure a detectable current. Further decreasing the distance
between the tip and sample with LH2 complexes did not result
in asymmetric -V curves. Possible effects of material/protein
deformation could be pursued further by performing experi-
ments through electrical contacts consisting of small gold par-
ticles covalently bound to the protein [27]. However, this
would require protein engineering to introduce cysteines at
selected sites.

One of the open questions in photosynthesis is the spatial
organization of the photosynthetic apparatus. Clearly, opti-
mal performance of the LH and RC complexes can be ex-
pected only if these occupy strategic positions with respect
to each other. Using AFM topographs, it may be quite diffi-
cult to answer this question. Special sample preparation meth-
ods and high-resolution AFM imaging have to be employed,
since the dimensions of these complexes are very similar [28].
However, if the topographic resolution obtained with conduc-
tive probes can be improved, electrical measurements, as
shown here, in combination with AFM topographs can pos-
sibly be used as an easier route to identify the different com-
plexes in photosynthetic membranes and in this way directly
image the organization of the photosynthetic apparatus by a
conductivity map.

4. Conclusions

Using an AFM capable of performing electrical measure-
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ments we have measured the electrical conduction properties
of two photosynthetic protein complexes, a LH complex and a
RC. The conduction was measured as a function of applied
voltage. Whereas the LH complex exhibited a symmetric cur-
rent-voltage behavior, the RC exhibited a pronounced asym-
metry. Using the atomic structures of these complexes, known
from X-ray crystallography, and their well-defined orientation
in lipid bilayer samples we were able to suggest a plausible
electron pathway for each of the two complexes. We propose
that the electron conduction of LH2 complexes takes place
through the carotenoid molecules, which span the gap and
can be seen as molecular wires. The measured conduction in
this system was in good agreement with conduction measure-
ments of isolated oriented carotenoids. We propose that elec-
tron transfer through the RC occurs through the cofactors.
The asymmetric current-voltage curves for the RCs are attrib-
uted to the difference between the forward and back transfer
rates, known for this cofactor combination.
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