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Photocurrent of a single photosynthetic protein
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Photosynthesis is used by plants, algae and bacteria to convert
solar energy into stable chemical energy. The initial stages of
this process—where light is absorbed and energy and electrons
are transferred—are mediated by reaction centres composed of
chlorophyll and carotenoid complexes’. It has been previously
shown that single small molecules can be used as functional
components in electric?® and optoelectronic circuits’-'°, but it
has proved difficult to control and probe individual molecules
for photovoltaic'"* and photoelectrochemical applications'#-16,
Here, we show that the photocurrent generated by a single
photosynthetic protein—photosystem I|—can be measured
using a scanning near-field optical microscope set-up. One
side of the protein is anchored to a gold surface that acts as
an electrode, and the other is contacted by a gold-covered
glass tip. The tip functions as both counter electrode and light
source. A photocurrent of ~10 pA is recorded from the cova-
lently bound single-protein junctions, which is in agreement
with the internal electron transfer times of photosystem I.

In our set-up, photosystem I (PS I) was covalently bound to the
substrate and metallized scanning near-field optical microscopy
(SNOM) tip via cysteine mutation groups (Fig. 1; see
Supplementary Methods)!*!7-1. Photoexcitation of PS I triggers a
series of redox reactions in which an electron is transferred along
the reaction-centre electron transfer chain with an internal
quantum efficiency close to 1 (ref. 1). We used bipolar mutants of
PS 1, where the mutations are located at both the oxidizing (red
arrows in Fig. 1c) and reducing sides (grey arrow in Fig. 1c) of
the PS I. The cysteine groups promote an oriented self-assembly
of the PS I on surfaces as well as good electronic coupling
between the PS I and the electrodes. For control measurements,
we utilized unipolar mutants of PS I with two cysteine groups
only on the oxidizing side (red arrows in Fig. 1c). The unipolar PS
I has no cysteine mutation on the reducing side of the
electron pathway.

The SNOM tip comprises a macroscopic, tetrahedral glass frag-
ment with an atomically sharp apex (for a detailed description see
Supplementary Methods). The glass fragment is metallized by a
thin gold film. The distance between the substrate and the SNOM
tip is controlled by a single high-resolution piezoelectric element
(Supplementary Fig. S2). The tip is illuminated from the back side
of the glass fragment by 633 nm laser light with a power of
~4 mW. In this way, a highly efficient coupling of the incident
beam to a local excitation of the tip apex and the PS I is achieved.

Generally, the PS I complex consists of 12 polypeptides, to which
96 light-harvesting chlorophyll and 22 carotenoid pigment mol-
ecules are bound'. The PS I protein has a cylindrical shape with a
diameter of ~15 nm and a height of 9 nm. After photoexcitation
of the special pair of chlorophyll (P700) an electron is transferred
to a monomeric chlorophyll (Chl) at ~1 ps (Fig. 2). The excited

electron relaxes via two intermediate phylloquinones to three
[4Fe-4S] iron-sulphur centres. The first iron cluster (Fy) is
located just outside the molecular electron transfer chain, and the
transfer rate from the phylloquinones to Fy is biphasic with time
constants of ~15-150 ns. The electron is then transferred to the
last two iron clusters F, 5 in less than 500 ns.

Figure 3a shows a typical dark current versus distance profile
at Vi, =025V when the tip approaches a submonolayer of
bipolar PS I from 12 nm down to a metallic contact with the
substrate in an ultrahigh-vacuum environment at room tempera-
ture. We distinguish two different conductance regimes. Between
9 and 3 nm, we detect a finite current of ~300 pA with fluctuations
of ~200 pA. Below 3 nm, the current increases rapidly in a

Figure 1| Measuring the photocurrent of a single PS I. a, Photocurrent I,
is determined following covalent bonding of a gold-covered glass tip to an
individual PS | and optically exciting the PS | with a laser from the back of the
tip. b, Scanning electron microscope (SEM) image of such a tip made from
SiO, and covered with ~20 nm of gold. Scale bar, 100 nm. ¢, Molecular
structure image of PS | based on crystallographic data. PS | is composed of
polypeptide chains (grey) in which chlorophyll (green) and carotenoids
(orange) are embedded. The chromophores that mediate the electron
transfer are represented by the space fill model (magenta). The PS | can
covalently bind to the tip and substrate through cysteine mutations (arrows).
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Figure 2 | The reaction-centre electron transfer chain, showing electron
transfer and recombination times. After photoexcitation of an electron
in the chlorophyll (P700) special pair, the electron is transferred to three
[4Fe-4S] iron-sulphur clusters.

non-systematic manner until a metallic contact is formed (zero dis-
tance). The current fluctuations always occur after we first touch the
molecule and then push the apex of the tip into the soft protein. We
note that beyond the point where the first fluctuations emerge, the
current-distance dependence is irreversibly modified: when the
tip-sample distance is again increased after touching a protein,
the tip has to be retracted by more than 50 nm until the current
through the molecule eventually fades out (not shown). This is
associated with the protein being covalently linked to the tip. Upon
tip retraction, the protein unfolds until finally the contact is broken.
In our experiments, the tip was replaced every time it came into
contact with a protein. For control, we also characterized unipolar
proteins assembled on the substrate. A typical approach curve is pre-
sented in Fig. 3b. A ‘lock in’ behaviour at ~9 nm above the surface (as
seen for the bipolar PS I), where the tip is at the height of the protein
layer, was never observed for the unipolar PS I species. We do not see
a significant deviation from an experimentally observed vacuum-like
tunnelling behaviour (dotted red line in Fig. 3b) at this height.
Instead, we observe a shoulder-like feature much closer to the
surface. At this point, the tip is assumed to deform the protein
layer strongly, without forming any covalent bonds.

For both bipolar and unipolar PS I, the current-voltage charac-
teristics were recorded at tip-surface distances below the point
where the first fluctuations appeared in the current-distance
curve. The proteins were approached with an illuminated tip or a
dark tip, and the light was not switched on or off during photocur-
rent measurements. For a low bias voltage, |V, | <50 mV, the
molecular junctions show a linear current-voltage dependence
(Fig. 4a). For |V;,| > 0.5V, the characteristics become more and
more nonlinear (Fig. 4a, inset). Nonlinear characteristics have
been reported both for transport across single reaction centres
without laser excitation!?*! and for corresponding photoconduc-
tance-voltage characteristics®>?.

To determine a value for the photocurrent, the current-voltage
characteristics under light excitation were fitted linearly for
[ Viias] <20 mV. These fits were analysed for their residual current
at zero bias (short-circuit current), which we define as Iy, The
histograms of I, ., in Fig. 4b show the accumulated photocurrent
measurements for samples of the bipolar PS I, which exhibit positive
(red) and negative (blue) offsets. The different signs of I, are
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Figure 3 | Current versus gap distance profiles. a, Profile for a
submonolayer of bipolar PS | measured in ultrahigh vacuum at V,,,, = 0.25 V.
b, As in a, but for a submonolayer of unipolar PS 1. The red curve shows
measured vacuum tunnelling without photosystems on the substrate.

The schematics in a and b illustrate the different contact regimes between
the tip (yellow), the PS | (green) and the substrate.

attributed to the two possible orientations of the bipolar PS I
with respect to the applied bias direction. The average value of the
photocurrent of six junctions in 77 measurements was 9.8 +5.1 pA,
irrespective of the direction. The photocurrent fluctuations remain
at the same order of magnitude between subsequent measurements.
These strong fluctuations, which do not exist in the absence of the
PS I layer (green histogram), suggest that the tip is in contact with
the PS 1, as previously concluded in similar single-molecule exper-
iments exploiting mechanically controlled break junctions*?*. The
fluctuations are also present when the tip is in contact with a
bipolar PS I without illumination (black histogram), but this distri-
bution does not show a significant offset in the residual current. We
consider a junction to be exhibiting a ‘significant’ photocurrent
when the mean value of the residual current in a sequence of
measurements is larger than its standard deviation (for more
information, see Supplementary Notes). Importantly, only ~50%
of all tip-sample approaches encounter a PS I between the tip
and the sample (for detailed statistics, see Supplementary Notes).
Additional characterization with atomic force microscopy
(Supplementary Fig. S4) confirmed a submonolayer coverage of
PS I proteins in our experiment. Given the apex size of the
SNOM tip, there is a probability of contacting two molecules, but
this cannot be appreciable. For multiple contacts, one has to take
into account different scenarios where two or more PS I proteins
could be oriented parallel or antiparallel between the electrodes,
either diminishing or adding to one another’s photocurrent. The
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Figure 4 | Photocurrent analysis and histograms. a, Typical current-voltage
dependence of bipolar PS | under laser excitation close to zero bias. The
ordinate interception of the linear fit defines the residual current /., at
zero bias (that is, 11113 pA). Inset: dependence up to |V, =1V.

b, Compilation of photocurrent and reference measurements using
individually prepared junctions with different PS | mutations and light
exposure as indicated. Red: histogram of /., for different illuminated single
bipolar PS | junctions, showing a positive offset when contacted (average
photocurrent: 114+5.6 pA). Blue: photocurrent histogram of different
illuminated single bipolar PS I junctions, showing a negative offset (average
photocurrent: —8.44 4.4 pA). Black: reference data for different bipolar PS |
junctions, without illumination (average residual current —0.09 +5.3 pA).
Grey: photocurrent histogram taken from different illuminated unipolar PS |
molecules (average residual current: 1.54+8.57 pA). Green: residual current
histogram for several measurements without photosystem, taken at a
comparable tunnelling conductance and illumination of the tip (average
current: 0.02141.0 pA). Histogram heights are normalized according to the
probability of their occurrence.

photocurrent contributions from the inter-electrode species might
even vary and thus be partially hidden in the broadening of the his-
tograms in Fig. 4. A careful analysis of our data for illuminated junc-
tions containing bipolar PS I that showed no significant
photocurrent did not lend any support to such scenarios. For uni-
polar PS I, we did not observe any significant short-circuit current
(grey histogram). These findings suggest that to obtain an efficient
electron transfer, the PS I should be covalently bound to both top

and bottom electrodes, in accordance with recent studies on single
molecules? and reaction centres?. Although a covalent bond is
not mandatory to measure electron flow through a protein'!, in
our experimental procedures the inability to recognize the first
contact to the unipolar PS I in the approach provides an explanation
for the inability to detect photocurrent for this species.

One of the most significant results in our experiment is the intri-
guingly large value of ~10 pA for I, This translates into a turn-
over time of ~16 ns; in other words, every ~16 ns, an electron
transverses the PS I covalently bound between the two electrodes.
As sketched in Fig. 2, a photoexcited electron reaches Fy in
~15 ns at the earliest, equivalent to the rate we deduce from our
photocurrent measurements. Therefore, the expected limiting step
of the electron transfer—electron transfer from Fy to F, ;;—seems
to be overcome by a direct transfer process to the covalently
bound tip. This interpretation is consistent with the rather high
dark currents of ~1.5nA at V,,,,~ 1V (Fig. 4a, inset), which
suggest that electron transfer to the top electrode is not limited by
the second slower stage. In particular, our dark current values are
consistent with results measured for a reaction centre coated gold
tip?!. The measured photocurrent, however, is higher than simple
expectations based on the electron transfer rates of PS I in solution?®.
Recent studies demonstrate that the electron transfer in proteins in
the dry state can be several orders of magnitude higher than in sol-
ution?”. Assuming an internal quantum efficiency close to 1 (ref. 1)
and absorption of the PS I monolayer of 0.003 at 633 nm, the
electron transfer time of 16 ns suggests a photon flux of at least
~2 % 10" s™". This value translates to a near-field intensity of
~3.5kW cm ™2 at the apex of our SNOM tip, which is in good
agreement with the laser power in our experiment after considering
field enhancement effects. The photocurrent generated by a single PS
I in our experiments corresponds to a current density of
~0.15mA cm > for 0.1 Wcem™? illumination with the given
lateral dimensions of the PS I proteins.

Our results demonstrate that individual PS I units can be inte-
grated and selectively addressed in nanoscale photovoltaic devices
while retaining their biomolecular functional properties. They act
as light-driven, highly efficient single-molecule electron pumps
that can function as current generators in nanoscale electric circuits.
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