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Upon photoexcitation, the reaction center (RC) pigment-proteins that facilitate natural photosynthesis achieve a
metastable separation of electrical charge among the embedded cofactors. Because of the high quantum efficien-
cy of this process, there is a growing interest in their incorporation into biohybrid materials for solar energy con-
version, bioelectronics and biosensing. Multiple bioelectrochemical studies have shown that reaction centers
from various photosynthetic organisms can be interfaced with diverse electrode materials for the generation of
photocurrents, but many mechanistic aspects of native protein functionality in a non-native environment is un-
known. In vivo, RC's catalyse ubiquinone-10 reduction, protonation and exchange with other lipid phase
ubiquinone-10s via protein-controlled spatial orientation and protein rearrangement. In contrast, the mecha-
nism of ubiquinone-0 reduction, used to facilitate fast RC turnover in an aqueous photoelectrochemical cell
(PEC), may not proceed via the same pathway as the native cofactor.

In this report we show truncation of the native isoprene tail results in larger RC turnover rates in a PEC despite the
removal of the tail's purported role of ubiquinone headgroup orientation and binding. Through the use of reaction
centers with single or double mutations, we also show the extent to which two-electron/two-proton ubiquinone
chemistry that operates in vivo also underpins the ubiquinone-0 reduction by surface-adsorbed RCs in a PEC. This
reveals that only the ubiquinone headgroup is critical to the fast turnover of the RCin a PEC and provides insight
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into design principles for the development of new biophotovoltaic cells and biosensors.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Most of the biosphere is powered by sunlight through processes of
photochemical charge separation that take place in reaction centre (RC)
pigment-protein complexes. Although they show variety in composition,
structure and detailed mechanism, RCs from different organisms have the
common attribute of displaying a very high quantum yield for solar ener-
gy conversion, defined as charges separated per photon absorbed [1]. This
is achieved through a multi-step membrane-spanning electron transfer
that stabilizes the photo-induced charge-separated state for hundreds of
milliseconds [2,3]. This provides sufficient time for diffusional processes
to remove electrons from the “negative terminal” of the RC and donate
electrons to the “positive terminal”, resetting the RC for the next turnover.
Developments in our understanding of RC mechanism have influenced
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the design of new synthetic materials for solar energy conversion, and
there is interest in the hybridization of both natural and engineered RC
proteins with man-made materials for applications in photovoltaics
[4-9], biosensing [10,11] and molecular electronics [12,13].

The principle that a naturally photovoltaic pigment-protein can gen-
erate a photocurrent if interfaced with an electrode was established de-
cades ago [14], but recent years have seen an acceleration of interest in
this aspect of solar energy conversion. Particular attention has been
paid to the Photosystem I complex from oxygenic phototrophs
[15-17] and both the RC and RC/light harvesting complexes from
anoxygenic purple photosynthetic bacteria such as Rhodobacter (Rba.)
sphaeroides [4-8,10,18-23]. Major preoccupations of this work have
been the development of strategies for effective interfacing of the posi-
tive and negative terminals of the photovoltaic protein to the working
and counter electrode, either through direct binding or the use of diffu-
sional mediators [4-8,16-27]. In the case of RC's from purple bacteria a
particularly effective strategy has been to use analogues of the natural
electron donor and electron acceptor, cytochrome (cyt) c; and
ubiquinone-10 (UQyo), to connect the photovoltaic protein to the two
electrodes [18,20,22,27-29]. At the positive terminal, cyt ¢,, or more
often the commercially-available mitochondrial equivalent cyt c, has
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been used to “wire” the transfer of electrons from the working electrode
to an RC protein adhered via the natural electrostatic protein-protein
interactions [18,27-29]. The same strategy has also been used for the
larger complex in which the RC is surrounded by a light-harvesting 1
antenna protein (termed the RC-LH1 complex) [5,7]. At the negative
terminal, short-chain water-soluble analogues of the natural UQ,o,
such as ubiquinone-2 (UQ,) [7,22,26,28,29] or ubiquinone-0 (UQy) [5,
10,19], have been used to connect electron flow through the RC or RC-
LH1 complex to the counter electrode.

The use of a natural protein as the photoactive element in a
biophotovoltaic cell opens up the prospect of atomic-scale engineering
of its structure to introduce desirable features such as redox engineering
for larger open circuit voltage and protein-substrate self-assembly for
higher current densities. Progress in this area requires a better under-
standing of precisely how a RC protein interacts physically and electri-
cally with both the working and counter electrodes, and the extent to
which natural photosynthetic mechanisms still operate when the pro-
tein is interfaced with synthetic materials.

In the Rba. sphaeroides RC (Fig. 1), photochemical charge separation
takes place between a pair of excitonically-coupled bacteriochlorophyll
molecules (P) near the periplasmic side of the photosynthetic membrane
and a tightly-bound UQ;, (Qa) near the cytoplasmic side, forming the
radical pair P™Qa [2,30]. Qa acts as a single electron relay, passing the
electron laterally in the membrane to a pseudosymmetrically-located
UQ;0 bound at the Qg site, forming P Qg [31,32]. P™ is re-reduced by a
molecule of cyt c;, resetting the RC for a second membrane-spanning
electron transfer to form P™Qa Qg . Subsequent double reduction of Qg
is coordinated with double protonation [31,32], and the ubiquinol
(UQH,) formed dissociates into the intramembrane phase to be replaced
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by a new molecule of UQ,. In the native membrane the coordinated re-
duction and protonation of UQy is required to couple light powered elec-
tron flow to proton translocation across the membrane to form a proton
motive force, but in a biophotovoltaic cell this complexity is not required.
The diverse natural roles played by ubiquinone as a one electron relay in
the Q4 site, a two-electron/two-proton acceptor at the Qg site, and as a
diffusional electron carrier have been previously characterized in solution
via spectroscopic techniques [33] (Fig. 1).

In contrast, we employ electrochemical techniques to probe the di-
verse roles of the ubiquinones with relevance to the operation of a
biophotovoltaic cell. We do so by measuring the photocurrents generat-
ed by electrode-bound RCs with mutations that block specific quinone-
mediated electron or proton transfer steps within the RC, and by exam-
ining how isoprenoid “tail” length affects the capacity of ubiquinone to
mediate diffusional charge transfer between electrodes. With recent
large gains in photocurrent magnitude [4,5,7] and mounting interest
in this field, this work provides insight into design principles for the de-
velopment of more effective biophotovoltaic cells and biosensors.

2. Results
2.1. Structural characterization of the engineered RCs

Two engineered RCs were used to investigate how interruption of
double reduction and double protonation of the dissociable Qg ubiqui-
none would affect photocurrent generation by the RC. The first of these
had a Trp substitution at Glu L212, a functionally important residue in
the L-polypeptide that forms part of the Qg binding pocket (mutation de-
noted EL212W). This residue is structurally equivalent to Ala M248 that

Asp L213

oy

cyt ¢

Fig. 1. Cofactor structure and electron transfer pathway in the RC. Charge separation (black arrows) takes place between the P BChl dimer (yellow carbons) and the Q4 UQ;¢ (cyan carbons)
via a monomeric BChl (B — green carbons) and bacteriopheophytin (Ha — pink carbons). Qa transfers the electron to the dissociable Qs UQ; (cyan carbons) whilst P* is reduced by cyt ¢
(red arrows). After two membrane-spanning electron transfers the doubly reduced and doubly protonated Qg ubiquinol dissociates and is replaced by ubiquinone (cyan arrow). The
locations of the three mutated residues are shown in light-grey with backbone atoms shown as lines. Other atom colours are red — oxygen, blue — nitrogen, magenta spheres —

magnesium, brown sphere — iron.
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lines the Q4 binding pocket formed by the pseudosymmetrical M-
polypeptide. Previous X-ray crystallography and functional studies
have shown that substitution of Ala M248 for a much larger Trp residue
results in steric exclusion of the Qa ubiquinone from its binding pocket
[34,35]. The EL212W mutation was therefore introduced with a view to
blocking access of ubiquinone to the Qg site. In addition, it has been re-
ported that Glu L212 is responsible for delivery of the second proton to
the Qg ubiquinone [31,32,34,36,37] and so its replacement will prevent
formation of QH, should quinone binding not be blocked by the Ala to
Trp mutation.

The second engineered RC had Ala replacements of Glu L212 and the
neighbouring Asp L213 (denoted EL212A/DL213A), mutations first con-
structed by Hanson and co-workers [37,38]. As a pair, residues Glu L212
and Asp L213 are structurally equivalent to residues Ala M248 and Ala
M249 in the Q pocket and so this double mutation renders the Qg pock-
et more “Qa-like”. Double replacement of Glu L212 and Asp L213 to Ala
is known to block proton-coupled electron transfer after delivery of the
first electron to ubiquinone at the Qg site by preventing the transfer of
both protons to the ubiquinone within the Qg pocket [39,40] (for re-
views see [32,41,42]).

The single and double mutations were constructed as described in
Materials and Methods. Neither affected the absorbance spectrum of
the RC bacteriochlorins and carotenoid (data not shown) or the stability
of the RC during detergent extraction and purification. The protein
structural changes accompanying these mutations, including the effect
on binding of ubiquinone into the Qg pocket, were investigated by X-
ray crystallography.

2.1.1. Qg binding site blocking mutant RC EL212W

An X-ray crystal structure was determined for the EL212W RC to a
resolution of 2.4 A, as described in Materials and Methods. Comparison
with the X-ray crystal structure of the wild-type (WT) complex (Fig. 2a)
revealed that the introduced Trp side chain (yellow carbons) occupied
space normally occupied by the Glu side chain (cyan carbons) and near-
by water molecules, but did not prevent binding of ubiquinone into the
Qg site (yellow carbons). Four water molecules modelled in the Qg site
of the WT RC (shown as teal semi-transparent spheres in Fig. 2a) were
not resolved in the structure of the EL212W RC. The presence of the sec-
ond water from the bottom in Fig. 2a was directly precluded by the Trp
side chain, and electron density attributable to the three connected
water molecules was not present. There was some hint of concerted
movement of the head-group of the Qg ubiquinone away from the mu-
tation site, by between 0.3 and 0.5 A (left and down in Fig. 2a). Although
such a small structural change was close to the coordinate error for
structures at this resolution, it was required to prevent a steric clash be-
tween one of the carbons of the Qg headgroup and the new Trp side
chain (the closest atom-to-atom approach between the two was
3.1 A). These changes of structure aside, the Glu to Trp substitution
did not affect the general structure of the RC in the immediate vicinity
of the Qg site or beyond.

2.1.2. Qg protonation blocking mutant RC EL212A/DI1213A (dAla)

An X-ray crystal structure for the double alanine EL212A/DL213A RC
was previously determined to a resolution of 3.1 A by Pokkuluri and co-
workers [40]. In addition to the double residue substitution, this struc-
ture showed shifts in position of sections of backbone adjacent to the
Qg site. This encompassed amino acids L207-L227, with the strongest
shifts being seen for amino acids L207-213 (~0.5 A) and 1223-1227
(~0.3-0.7 A). There were also wider-spread small shifts in regions sur-
rounding this, the net result being a small expansion of the Qg cavity
as a result of replacement of Glu L212 and Asp L213 by smaller Ala
residues.

In the present work an X-ray crystal structure of a RC carrying this
double mutation was determined to a resolution of 2.5 A. Replacement
of GluL212 and Asp L213 by Ala did not induce any major changes in the
structure of the Qg binding pocket or significant changes in the detailed
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Fig. 2. Structural analysis of the EL212W and EL212A/DL213A RCs. a) Alignment of the X-
ray crystal structures of the WT RC (cyan carbons) and EL212W RC (yellow carbons),
showing four water molecules present in the Qg pocket of the WT RC as semi-
transparent teal spheres. b) Alignment of the X-ray crystal structures of the WT RC
(cyan carbons) and EL212A/DL213A RC (yellow carbons). In both panels backbone
atoms are shown in white, side chain or ubiquinone oxygens in red and side chain
nitrogens in blue.

conformation of the Qg ubiquinone (Fig. 2b). The small (0.5-0.7 A) shifts
in the positions of backbone and side chain atoms affecting amino acids
L207-L213 and L223-227 described above were also seen in this new,
higher-resolution X-ray crystal structure; in Fig. 2b this small expansion
of the Qg pocket can be seen as a lateral shift of the backbone atoms of
amino acids L212 and L213 from left (WT) to right (mutant). These
changes aside the structure of the EL212A/DL213A RC was well pre-
served, with clear occupancy of the Qg site by ubiquinone.

It should be noted that, for the purposes of a parallel research project
(Fyfe, P.K. and Jones, M.R., unpublished), the RC used to determine the
structural consequences of the EL212A/DL213A mutations contained a
third mutation of Leu M215 to Ala in the RC Q4 site. This third mutation
also produced no significant change in the structure of the RC outside
the immediate vicinity of the Q4 site. This additional mutation was not
present in the EL212A/DL213A RC used for all other measurements de-
scribed below, and for convenience this RC is referred to as “dAla” in the
following.

2.2. Functional characterization of the engineered RCs

The effects of mutation on the reduction of Qg were monitored
through recovery of photo-oxidation of P as a result of P Qx or P* Qg
recombination. In detergent-isolated WT RCs the recombination reac-
tion P Qg 2PQg occurs with a time constant in the region of 1-2 s,
whereas the recombination of P Qx PQ, occurs with a time constant
in the region of 100-200 ms [43] As these two processes are reasonably
kinetically distinct, in the WT RC they can be used as an approximate
measure of occupancy of the Qg site, on the premise that the yield of
electron transfer from Qx to Qg is 100%. The kinetics of P* Q™ charge re-
combination in isolated WT RCs were monitored through millisecond
time scale recovery of P ground state absorbance at 865 nm. In the
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absence of exogenous ubiquinone, measurements on WT RCs (Fig. 3,
purple) revealed two recovery components with time constants of
1.2 s and 200 ms, and relative amplitudes of 81% and 18%, respectively
(Table 2). These values corresponded well with typical data from the lit-
erature [43] and indicated that ~80% of WT RCs have their native Qg in-
tact after purification. In the presence of a ~20-fold excess of UQ;q
(250 uM) or a ~75-fold excess of UQp (1 mM) a complete loss of the
faster recovery phase was observed (not shown) indicating the Qg site
could be functionally reconstituted with both the native UQ;¢ and iso-
prene tail truncated form UQy (Table 2).

2.2.1. Qg protonation blocking mutant RC dAla

The kinetics of charge recombination were markedly altered in puri-
fied dAla RCs, with a 52% contribution from a fast component and a sec-
ond, very slow recovery component with a time constant of 22 s (Fig. 3,
red). Hence replacement of Glu/Asp with Ala resulted in a significantly
lower yield of Qg than was the case for the WT RC and also very strongly
slowed P* Qg recombination. Also in contrast with data for the WT RC,
full reduction of Qg could not be reconstituted using either 1 mM UQg
(31% yield of Qg ') or 250 UM UQ¢ (48% yield of Qg ') (Table 2). These
findings were consistent with previous reports that double replacement
of GluL212 and Asp L213 with Ala [37] or GIn/Asn [31] stabilizes the Qg
semiquinone, strongly slows the rate of P™ Qg recombination, and
weakens affinity for quinone binding leading to lowered levels of recon-
stitution [41], and we conclude that the reduced level of Qg seen in the
dAla RC was mainly due to lowered occupancy of the Qg site by native
UQ; o or added UQ,,.

2.2.2. Qg binding site blocking mutant RC EL212W

Purified EL212W RCs displayed a single rapid phase of P* reduction
with a time constant of 125 ms, consistent with 100% recombination
from Qa (Fig. 3, orange). This could either indicate an absence of native
UQ; o binding at the Qg site, or a shutting off of electron transfer from Qa
to Qg due to destabilisation of Qg . Given that electron density for Qg was
obtained in the X-ray crystal structure of the EL212W RC the first of
these scenarios would seem implausible, but the X-ray data would not
rule out that the Qg site in the purified EL212W RC is partially occupied
by UQ;o that cannot be reduced by Qa. Interestingly, incubating
EL212W RC with 250 pM UQy ¢ did not change the rate of charge recom-
bination but incubation with 1 mM UQq produced a slow, 4.4 s decay
component with an amplitude of 13% (Table 2). A possible explanation
is that, due to the lack of a tail, binding conformations and local interac-
tions ofUQy bound into the Qg site may be less restricted allowing it to
undergo reduction whereas UQq is not. Regardless of the correct inter-
pretation of these data, it was possible to conclude that the EL212W mu-
tation prevents formation of Qg in the presence of UQ,, and largely
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Fig. 3. P* Q™ recombination kinetics at 865 nm in isolated RCs following flash excitation.
Data (average of 8 repeat traces) are shown with faded lines and fits are overlaid with
solid lines.

prevents its formation in the presence of UQy, although it is possible
that the Qg site was occupied with quinone.

2.2.3. Q4 binding site blocking mutant RC AM260W

Recombination of P™ Q™ was also examined in a RC with replace-
ment of Ala 260 in the M-polypeptide with Trp (AM26 0 W). This muta-
tion causes the RC to assemble without a Q4 ubiquinone, halting charge
separation at the P* Ha state. The AM260W RC has been characterized
by a range of spectroscopic techniques [35,44,45), and a 2.1 A resolution
X-ray crystal structure has been determined that showed a lack of a ubi-
quinone at the Q4 site and a Qg site occupied by UQ1, [36]. In the present
study, photoexcitation of purified AM260W RCs failed to produce a
change in 865 nm absorbance, indicating a lack of P* formation on a
millisecond time scale (Fig. 3, black). This was consistent with the fact
that the P™ Hjy state formed in Qa-deficient RCs recombines in a few
tens of nanoseconds [44] and so P oxidation is not detected on a milli-
second time scale. This lack of a response was not changed if
AM260W RCs were incubated in the presence of 250 uM UQ;o, but
when the measurement was carried out in the presence of 1 mM UQg
a light induced bleach of P ground state absorbance was obtained with
approximately one third of the amplitude of that of the same concentra-
tion of WT RCs (not shown). This P signal decayed with time constants
0f 0.1 s (52% amplitude) and 2.6 s (48% amplitude) (Table 3), which im-
plies the formation of approximately equal amounts of P* Q4 and P™
Qg in the subpopulation of RCs that had a UQy at the Q4 site. This indi-
cated that in the case where a UQy was bound in the Q4 site, electron
transfer to Qg in these Qa-reconstituted RCs proceeds with significantly
reduced efficiency.

2.3. Choice of electrode surface for comparative measurements

The three engineered RCs described above were used to test the
mechanism of photocurrent generation by comparison of the photocur-
rent densities obtained when each RC was interfaced with an electrode
surface. In previous work it has been shown that RCs generate sizeable
photocurrents when interfaced with an unfunctionalised planar gold
electrode, using cyt ¢ and UQy as redox mediators [5,10,13,20]. Howev-
er, one finding was that the absolute current density was variable from
one coated electrode to the next under a given set of conditions, proba-
bly due to variations in loading of RCs on the electrode surface through
drop casting. In an attempt to improve reproducibility, which is impor-
tant for a comparative study, functionalization of the gold electrode sur-
face was explored.

In the present study the working gold electrode was coated with a
thin SAM formed from 4-mercaptopyridine (4-MP) [46]. This SAM
could be applied through a simple 10 min incubation, as opposed to a
12-24 h process for other organo-sulfur compounds [47], and therefore
did not significantly complicate electrode fabrication. RC deposition on
SAM-coated electrodes was achieved by drop casting followed by careful
rinsing, then incubation with 200 uM cyt c followed by further rinsing.
Photocurrents from such assembled Au|4-MP|cyt c| WT RC electrodes
were measured in a liquid three-electrode photoelectrochemical cell con-
taining UQy as the solution electron acceptor. Gold electrodes coated with
a 4-MP SAM supported a consistently larger RC photocurrent (Fig. 4a,
blue) when compared to otherwise equivalent bare gold electrodes
(Fig. 4a, red), and improved the reproducibility of the photocurrent den-
sities obtained (note the relative sizes of the errors in Fig. 4a, represented
by the shaded areas).

To look at the source of the measured photocurrent and assess the
structural integrity of the RC when deposited on the substrates, the ex-
ternal quantum efficiency (EQE) of the electrodes was calculated be-
tween 450 and 930 nm using monochromatic excitation, as previously
described [5]. The EQE showed good agreement with the solution ab-
sorption spectrum of the RC (Fig. 4b), indicating that the RC had
retained its native structure on both the bare gold and SAM covered
electrode. As with the photocurrent density, the absolute magnitude
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Fig. 4. Photocurrent response from working electrodes fabricated with WT RCs.
a) Photocurrent density in response to 180 s of illumination (46 mW cm~2 LED at
870 nm) at a bias of —100 mV vs SCE. The shaded region represents one standard
deviation, n = 4. b) Wavelength dependence of EQE compared with the RC absorbance
spectrum (right axis, dotted black line, offset vertically for clarity).

of the EQE was proportionally higher on the Au|4-MP electrode relative
to a bare gold electrode, probably due to a higher protein loading or a
more optimal protein orientation on the electrode surface.

2.4. Suitability of different ubiquinones as redox mediator

To further explore parameters that influence photoelectrochemical
cell performance, ubiquinones with tails formed from zero, one, two,
four or ten isoprene units were compared as mediators of current flow
to the counter electrode. RC photoelectrochemical cells were constructed
with UQp and UQ; at 500 pM and maximum achievable concentrations of
326 uM, 3.0 M and 0.1 pM for UQ,, UQy4 and UQy, respectively. Upon il-
lumination an initial peak photocurrent response was observed which
decayed over a period of 3-4 min (Fig. 5). The maximum photocurrent
was obtained with UQy, with an appreciable current also being obtained
with UQ;. Extending the length of the isoprenoid tail through two, four
and ten isoprene units produced a decreased initial peak photocurrent,
an increasingly rapid decay of the peak photocurrent, and a decreased
steady state photocurrent. As the solubility of the quinone decreases dra-
matically with increasing tail length, we interpret these data to suggest
that the concentration of mediator is the limiting factor and greatly out-
weighs the negative effect of reduced affinity for the Qg pocket of non-
native quinones, especially UQ; and UQy [48]. This further suggests that
diffusive electron flux to the counter electrode is a major limiting factor
in steady-state photocurrent generation in these cells.

When WT RCs depleted of the native UQ;¢ at the Qg site were used
for such measurements no differences in peak or transient photocurrent
were obtained with UQy as the mediator compared to RCs with a normal
complement of native UQ;q in the presence of bulk UQq (data not
shown). This suggests a mechanism where UQg enters the buried Qg
site for reduction and protonation rather than a more complex
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Fig. 5. Effect of ubiquinol isoprenoid tail length on photocurrent density from WT RCs.
Photocurrents from Au|4-MP|cyt c|WT RC electrodes were measured for 180 s of
illumination (45 mW cm ™2 LED at 870 nm) at a bias of — 100 mV vs SCE. The shaded
region represents one standard deviation, n = 4. UQ(—) denotes no added ubiquinone.

mechanism where, for example, a native bound UQ;q at the Qg site
passes electrons to the water-soluble UQj,.

2.5. Photochronoamperometry of engineered RCs

For comparative measurements of photocurrent generation, Au|4-
MP| cyt c|RC working electrodes fabricated with WT or engineered RCs
were immersed in buffer containing 500 pM UQo. With WT RCs (Fig. 6,
purple) a peak cathodic photocurrent of 12.8 & 1 uA cm™2 was observed
which, based on an estimate of RC loading (See methods 6.8),
corresponded to an apparent turnover rate of 12 + 1 electrons s~ !
RC~ ! or the transit of one electron per 83 ms (see Materials and Methods
for calculation). Under otherwise identical conditions, all three mutated
RCs produced a strongly decreased mean peak photocurrent relative to
that obtained for WT RCs, levels being 5%, 8% and 3% for the dAla,
EL212W and AM260W RC, respectively (inset to Fig. 6 and Table 3).

For comparison, the effects of abolishing binding of ubiquinone at
the Qg site was determined through the addition of the tight-binding in-
hibitor stigmatellin [49]. This reduced photocurrent generation to 0.7%
of the level seen with WT RCs (Fig. 6, green), demonstrating that most
of the residual photocurrent seen in the three engineered RCs arose
from a mechanism involving ubiquinone binding, reduction and ex-
change process at the Qg site, rather than some other light-activated
redox process.
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Fig. 6. Comparison of photocurrent response from working electrodes fabricated from WT
and engineered RCs. Irradiance was for 180 s (45 mW cm ™2 LED at 870 nm). Solutions
contained 500 pM UQp, and were performed under —100 mV vs SCE. Error bars
indicated standard deviation (n = 4).
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3. Discussion

Although the in vivo mechanism by which the RC produces electrons
via the double reduction and protonation of ubiquinone is well charac-
terized, the precise mechanism of electron transport in this type of
photoelectrochemical cell studied by ourselves and others has not pre-
viously been explored. In this work we employed site-directed mutants
to systematically block electron transfer and protonation steps neces-
sary to form the ubiquinol product.

Exclusion of UQ;( from the Q4 pocket through the AM260W muta-
tion reduced the observed photocurrent by ~97% with 500 uM UQy as
the mediator, indicating that formation of the P* Qj state is necessary
for photocurrent generation. This mutation has been used by a number
of groups to shut off electron transfer from Ha to Q4 in order to study
primary charge separation without formation of long-lived radical
pairs [50], P*Ha recombination [51], and the activation of inactive
branch electron transfer [52-55]. In a recent report employing conduc-
tive atomic force microscopy on an orientated RC monolayer [13] it was
shown that this mutation abolishes electron conduction across the RC
under an applied bias, revealing that the strong functional asymmetry
displayed by natural charge separation is retained when the RC is incor-
porated into an electrical circuit. A prediction of this finding is that the
AM260W mutation should completely block photocurrent generation,
but a residual current at ~3% of wild-type levels was routinely observed
(Fig. 6, inset). Insight into the source of this small current came from
measurements of P* Q™ charge recombination, where incubation of
AM260W RCs with 1 mM UQ, caused the appearance of a 865 nm absor-
bance change implying formation of a mixture of Q4 or Qg in around
one third of the RCs. This finding suggests that this Ala to Trp mutation
does not absolutely block binding of ubiquinone-0 at the Qj site, and
that an impaired Q4 activity can be partially restored in the presence
of a large (75-fold) molar excess of UQ (but not the native UQ;o). The
residual photocurrent seen for AM260W RCs can therefore be attributed
to a low level of reconstitution of Qa activity due to the presence of
500 uM UQo as the mediator.

The remaining mutations affected two residues known to be impor-
tant for operation of the Qg catalytic site. The mechanism of proton-
coupled electron transfer at this site is complex, and has been studied
through a combination of spectroscopy, computation and site-directed
mutagenesis (for reviews see [32,41,56]). The role of Asp L213 is deliv-
ery of the first proton to the Qg semiquinone immediately preceding the
second electron transfer. Residue Glu L212 is protonated following the
first electron transfer, and its role is to be to deliver the second proton
to the Qg ubiquinone following delivery of the second electron. The dou-
ble mutation EL212A/DL213A therefore blocks Qg site function after the
first electron transfer and the single EL212W mutation would be ex-
pected to block Qg site function after the second electron transfer by
preventing the second protonation.

Strongly attenuated photocurrents (see Table 3) were obtained with
the EL212W and dAla RC despite the fact that the X-ray crystal struc-
tures showed that these mutations do not abolish binding of UQ;¢ at
the Qg site. The EL212W mutation prevented formation of Qg in the
presence of an excess of UQ;q and produced only 13% Qg in the pres-
ence of UQy, and so the small photocurrent obtained with this RC at
7.8% of wild-type levels could be interpreted as simply reflecting re-
duced reduction of Qg. The situation with the dAla mutation was more
complex than this however, as up to a 48% yield of Qg could be achieved
in measurements of P™ Q™ recombination in this RC, but the measured
photocurrent was only 5.0% of that obtained with the WT RC. The low
photocurrent here is likely also a consequence of the inability of Qg™ to
undergo protonation and further reduction due to substitution of Glu
L212 and Asp L213, rendering it incapable of forming the reduced QH,
product which can then dissociate and exchange for an oxidized UQ.

An additional marked feature of the data collected on the dAla RC
was the very long lifetime of the slow phase of P* Q™ recombination,
determined to be ~20 s with UQ; and ~11 s with UQ, compared to ~

1.2 s for the WT RC. This long lifetime indicates stabilization of Qg by
this double mutation, in accord with previous observations [35]. In a
photoelectrochemical cell, with a mechanism for effective reduction of
P* by the working electrode using cyt ¢ as a “wire”, such stabilization
would be expected to result in photoaccumulation of RCs initially in
the state PQg and, following a second photoexcitation and in the ab-
sence of double reduction of Qg, the state PQa Qg . These results suggests
that the photon induced UQ, semiquinone formed at Qg does not sup-
port a photocurrent response as it cannot dissociate from the Qg pocket
[57] or transfer its electron to a second quinone in solution at an appre-
ciable rate to permit fast RC turnover.

Finally, in optimizing an assay system for looking at the impact of
quinone site mutation on photocurrent density we carried out (for the
first time as far as we are aware) a systematic study of how current den-
sity depends on the type of ubiquinone used. Native ubiquinones are
confined to the lipid bilayer and have an isoprenoid tail comprising 10
isoprene units (50 carbons), rendering this electron acceptor complete-
ly insoluble in an aqueous cell. As a result shorter chain analogues have
been used, including UQ, [7,22,24,26,28,29] and UQ, [5,10,13,20]. Ex-
amination of ubiquinones with isoprenoid tails of varying length
showed that the photocurrent density decreased with increasing num-
bers of isoprene units. The peak photocurrents obtained with UQg and
UQ; were identical (Fig. 5), but those obtained with UQ,, UQ4 and
UQ;o dropped precipitously with increasing tail length. We have previ-
ously shown that this transient peak photocurrent is a consequence of
diffusion-limited mass transport of ubiquinone from the bulk solution
to the working electrode surface driven by the photocatalytic consump-
tion of ubiquinone at the Qg site [5]. The peak value therefore is a mea-
sure of the maximum capacity of the RC layer and associated quinones
to support a current, whereas the amplitude of the later steady-state
current reflects limitations arising from quinone exchange due to de-
creased relative solubilities of different quinones in the bulk aqueous
phase. The steady-state photocurrent magnitudes were more strongly
attenuated than peak photocurrents with increasing tail length, due to
an increasingly lower quinone solubilities and decreased diffusion coef-
ficients under steady turnover conditions. The clear conclusion from
these assays was that the highest currents in our aqueous electrochem-
ical cell were supported by UQg as opposed to UQ; or, as is often used in
such studies, UQ, [7].

4. Conclusion

In conclusion we show that electron transfer through surface-bound
electrically-wired RCs is hampered by disruption of Q4 binding, Qg bind-
ing, Qp protonation and ubiquinone exchange. This behaviour reflects
that of RCs in their native cellular environment and highlights the intact
native functionality of the ubiquinone reductase mechanism of the RCin
generating photocurrent. Effective adaptation of these pigment-
proteins from their natural environment to that of a biohybrid device
was achieved using a ubiquinone with a fully truncated isoprenoid
tail, any negative impacts on binding or UQ turnover at the Qg site
being offset by the high concentration of UQq that could be achieved
in solution. This resulted in a peak photocurrent density of 12 pA cm-
2, one of the largest photocurrents to date for a reaction center without
an attendant light-harvesting system. These findings lay the ground-
work for further enhancement of RC turnover and photocurrent gener-
ation via protein and/or interfacial electrode engineering to meet the
demands of a viable biosensor or biophotovoltaic device.

5. Materials and methods
5.1. Experimental materials
A strain of Rba. sphaeroides expressing His-tagged WT RCs was con-

structed as described previously [10]. To construct the EL212W RC, res-
idue Glu 212 of the L-polypeptide was changed to Trp, and to construct
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the EL212A/DL213A RC residues Glu 212 and Asp 213 of this polypep-
tide were both changed to Ala. All mutations were introduced using
the QuikChange method (Stratagene), were restricted to the target co-
dons and were confirmed by DNA sequencing. For X-ray crystallogra-
phy, mutations were introduced into plasmid pUCXB-1 which is a
derivative of pUC19 containing a 1841 bp Xbal-BamHI fragment
encompassing the genes for the RC L and M polypeptides [35]. Xbal/
BamHI restriction fragments containing the mutations were shuttled
into expression vector pRKEH10D [58]. For all other work, mutations
were introduced into plasmid pv102, which was plasmid pUCXB-1
modified with a sequence that placed ten His residues at the C-
terminus of the RC M-polypeptide [10]. Xbal/BamHI restriction frag-
ments containing the mutations were then shuttled into expression
vector pv4, which is a derivative of broad-host-range vector pRK415
containing a 6.2 kb EcoRI-HindIll fragment encoding pufQLM,; this vector
allows expression of the RC L and M polypeptides in the absence of the
a and 3 polypeptides of the LH1 antenna complex or the PufX polypep-
tide. In both cases the expression vector was introduced into Rba.
sphaeroides deletion strain DD13 by conjugative transfer as described
previously [59]. Both procedures yielded transconjugant strains that
had mutant RCs but lacked both types of Rba. sphaeroides light-
harvesting complex, and these were grown under dark/semi-aerobic
conditions at 34 °C and 180 rpm in M22 + medium as described else-
where [58]. Bacterial cells were harvested by centrifugation.

5.2. RC purification

To prepare RCs for X-ray crystallography, intracytoplasmic mem-
branes were isolated by breakage of harvested bacterial cells in a French
pressure cell and separated from cell debris and soluble components by
centrifugation [60]. RCs were purified for structure determination as de-
scribed in detail previously [61], the procedure employing solubilization
of the RC in lauryldimethylamine oxide (LDAO) followed by three steps
of anion exchange and one of gel filtration.

For RCs for photochronoamperometry, harvested bacterial cells
were broken in a cell disruptor (Constant Systems) and His-tagged
RCs purified by nickel affinity chromatography followed by gel filtration
as described in detail recently [10].

5.3. X-ray crystallography

Engineered RCs were crystallised by sitting drop vapour diffusion
[61]. Droplets contained 9 mg mL™" RC, 0.09% v/v LDAO, 3.5% w/v
1,2,3-heptanetriol, and 0.75 M potassium phosphate (pH 7.5) and
were equilibrated against a reservoir of 1.5 M potassium phosphate. Tri-
gonal crystals with a space group of P3,21 grew within four weeks, were
0.5 to 2.0 mm in the longest dimension, and had approximate unit cell
dimensionsofa=b =138 A, c=184A o = = 90°, y = 120°.

For mounting in cryoloops, RC crystals washed in artificial mother li-
quor were moved sequentially through liquors with increasing concen-
trations of glycerol to reach a final glycerol concentration of 35%. X-ray
diffraction data were collected at 100 K on a ADSC Quantum 4R CCD de-
tector on station 14.1 of the Daresbury Synchrotron Radiation Source and
processed using the HKL2000 package [62]. Collection and refinement
statistics are given in Table 1. Molecular replacement was performed in
AMORE [63]using the coordinates of the WT RC [61]as a starting model.
This was followed by refinement using REFMAC 5 [64]. In the Figures,
structures were illustrated using PyMOL [65].

5.4. Charge recombination kinetics

Charge recombination kinetics were measured using a Cary 60 spec-
trophotometer connected with a fiber optic coupler to an external 1 cm
cuvette holder. A 50 ms flash of white light was applied at a right angle
to the measuring beam from an HL-2000-FHSA halogen light source
controlled by a shutter triggered by a TGP110 pulse generator (Thurlby

Table 1

1931

Crystallographic statistics for data collection and refinement.

EL212W

EL212A/DL213A/LM215A

Collection statistics
resolution range *
unit cell

no. of reflections

18-2.4 A (2.44-2.4 A)
a=b=13982Ac=
185.25 A
a=p=90°y=120°
307297

23.9-2.5 A (2.56-2.5 A)
a=b=1390Ac=
184.7 A
a=p=90%y=120"
360990

no. of unique reflections 77800 70501
Rimerge ° 5.7% (50.2%) 7.2% (53.5%)
completeness 95.0% (95.6%) 98.4% (97.9%)
I/sigl 16.4 (1.63) 16.0 (2.7)
redundancy 42 (4.0) 5.1 (4.8)
Refinement
resolution range 17.9-24 23.9-2.5
no of reflections 73853 66935
Reactor 19.0 17.0
Rpree @ 21.7 19.8
RMSD bonds 0.014 A 0.017 A
RMSD angles 1.763° 1.931°
Ramachandran plot
preferred 97.1% 97.1%
allowed 2.5% 2.78%
outliers 0.4% 0.12%

no. of amino acid residues
no. of non protein residues®

L: 281; M: 299; H: 238
4 BChl, 2 BPheo, 2 Ubi, 1

L: 281; M: 299; H: 239
4 BChl, 2 BPheo, 2 Ubi, 1

Fe, Fe,

1Spn, 1Cdl, 5LDAO,3 1 Spn,1Cdl, 3LDAO, 5
Hyd, Hyd,

292 waters 302 waters, 1 phosphate

¢ Values in parentheses are for the outer resolution shell.

® Rinerge = 2_n 2 il{I(h)) — I(h)i|/3_ 5 3_l(h); where I(h) is the intensity of reflection h,
> nis the sum over all reflections, and Y_; is the sum over all i measurements of reflection h.

N Rfactor is defined by Z”Fol - |Fc|/Z|Fo|~

4" Reree Was calculated with 5% reflections selected to be the same as in the refinement of
the WT RC [61].

€ Abbreviations: BChl, bacteriochlorophyll; BPhe, bacteriopheophytin, Ubi, ubiquinone;
Spn, spheroidenone (carotenoid); Cdl, cardiolipin; Hyd, hydrocarbon chain.

Thandur Instruments). A mirrored insert was positioned opposite the
excitation source to double the excitation light intensity, measured at
25 W m~ 2. Solutions of reaction centers at 13.2 uM were prepared in
20 mM Tris pH 8, 200 mM Nadl, 0.1% LDAO and either 250 pM UQ;¢ or
1 mM UQy, and dark adapted for 1 h before measurement. A volume
of 100 pL of each sample was loaded into a 3 x 3 mm florescence cuvette
(Hellma). Data were collected at 865 nm with a time interval of 0.0125 s
over a total period of 30 s for the WT RC and all mutants except the dAla
RC, which required a measurement of 60 s to observe complete relaxa-
tion to the ground state. The flash was applied after 10 s with relaxation
over the remainder of the measurement. Eight transients were mea-
sured for each protein preparation, averaged and the data were fit to ei-
ther single or double exponential functions in Origin 8.0 to determine
the rate constant(s). The UQ, concentration of 1 mM used in these ex-
periments was the minimum required for full reconstitution of the WT
RC. This was over four-fold greater than that of Q,o, which has a much
greater affinity for the Qg site [66] .

5.5. Fabrication of electrodes

Planar disc gold working electrodes of 2 mm diameter (CHI Instru-
ments) were mechanically polished to a mirror-like finish using Al,O5
lapping films of successively finer grain sizes of 5, 3 and 1 pum (Thor
Labs), followed by rinsing of the electrode with Milli-Q water after
each polishing step. To form the SAM, the electrode was incubated in
a solution containing 10 mM 4-mercaptopyridine (in Milli-Q water)
for 10 min. Following thorough rinsing, the SAM coated gold electrodes
were drop-casted with 7.5 pL of 10 uM RC complex for 30 min in the
dark at 4 °C. Unbound protein was removed by controlled, repeated dip-
ping in 20 mM Tris (pH 8) at 4 °C using a home-built dipping apparatus.
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Table 2
Recombination values for RCs and RCs reconstituted in UQp or UQ;.

Sample Additions 7 fast (s) Amp fast (%) 7 slow (s) Amp slow (%)
WT None 0.210 + 0.040 18 +£2 1.21 £ 0.03 81 £2
dAla None 0.108 + 0.005 80 £2 220+ 1.0 194 £ 04
AM260W None n/a? n/a? n/a’ n/a’
EL212W None 0.125 + 0.005 100 + 2 n/a® n/a?

WT UQ10o n/a® n/a" 1.09 + 0.2 100 + 1
dAla UQ1o 0.097 + 0.009 52 +3 203 + 06 477 + 04
AM260W UQqo n/a® n/a* n/a* n/a*
EL212W UQyo 0.125 + 0.006 100 + 3 n/a° n/a®

WT UQo n/a* n/a* 1.21 + 0.02 100 +1
dAla UQo 0.103 + 0.008 69 +£3 114 £ 03 31 £ 04
AM260W UQy 0.100 + 0.030 52 +9 26 + 0.2 48 £3
EL212W UQo 0.116 + 0.007 87 £3 44 4+ 0.5 1341

2 No photobleach observed
5 Only one rate observed

Subsequently, coated electrodes were incubated for 5 min in a solution
containing 200 uM cyt ¢ in 20 mM Tris (pH 8), followed by another
round of rinsing to remove unbound cyt c.

5.6. Photochronoamperometry

Au|4-MP|cyt c|RC electrodes were inserted into a photoelec-
trochemical cell fitted with a Ag/AgCl/3 M KCl reference electrode and
a platinum counter electrode (Metrohm Autolab BV, Utrecht,
Netherlands) in a working solution of 500 uM UQp in 20 mM Tris
(pH 8) unless stated otherwise. A PGSTAT128N potentiostat (Metrohm
Autolab) was used to control the three-electrode cell, a bias potential
of —68 mV vs. Ag/AgCl (— 100 mV vs. SCE) being applied for all experi-
ments. The working electrode was illuminated with an 870 nm LED
((Roithner Lasertechnik) with an irradiance of 46 mW cm 2 at the elec-
trode surface. All photocurrent measurements were performed under
ambient conditions, in air at room temperature.

5.7. Ubiquinone Isoprenyl tail length assays

Quinones UQy and UQ; were solubilized in the working buffer
(20 mM Tris pH 8.0) to 500 uM as determined spectroscopically. This con-
centration has previously been determined to be saturating for photocur-
rent generation with UQq [10]. Quinones UQ,, UQ4 and UQ;o were
solubilized to their maximum achievable concentration in the working
solution, which was determined spectroscopically to be 326 pM, 3.0 uM
and 0.1 pM, respectively. Solubilization of ubiquinones with detergents
to achieve equimolar concentrations (as in 6.4) was not utilized as the
presence of detergent in the working buffer desorbed the electrode
bound RCs, resulting in further decreased photocurrent magnitudes,
due to RC desorption (data not shown). An extinction coefficient of
15,100 M~ ! cm ™! at 275 nm was used to determine the maximum sol-
ubility for the oxidized UQ form [67]. Photocurrent measurements were
performed as described in the last section.

Table 3

Photocurrent density under 46 mW cm~? irradiation (870 nm) at —68 mV vs. Ag/AgCl.
RC Johoto (MAcm™2)  RC Kapp Ratio

(e"s~'RC~')  (mutant: WTRC) %

WT 128 £ 1.0 11.8 £ 1.23 100%
AM260W 04 + 0.04 0.04 + 0.01 3.1%
dAla 0.64 + 0.15 0.6 &+ 0.01 5.0%
EL212W 1.0 £ 0.2 0.9 + 0.01 7.8%
RC + Stig (100 pM)  0.09 £ 0.02 0.08 + 0.02 0.7%

Errors represent one standard deviation of uncertainty, n = 4.
Loading was measured at 10.9 pm cm ™2 + 0.8 for WT RC, and assumed identical for all
mutants which were incubated under identical conditions.

5.8. Quantification of RC loading and Kqpp

Upon completion of photocurrent measurements, working elec-
trodes were hermetically sealed in a 500 pL Eppendorf microcentrifuge
tube containing 250 L of a solution of 80% acetone and 20% Milli-Q
water saturated with Na,COs, then vortexed for 30 s in the dark, follow-
ed by sonication (30s). The electrode was removed and the absorbance
spectrum of the solution containing extracted bacteriochlorins was
then recorded. The loading of RCs on each electrode (Igc, [mol cm™?])
was estimated using an extinction coefficient at 770 nm for BChl a in
80% acetone of 69.3 + 0.3 mM~! cm™! [68], and by assuming each
Rba. sphaeroides RC complexes contains 4 molecules of BChl a. The ap-
parent RC turnover frequency (kapp) was determined using:

J
o -

where jphoto is the photocurrent flux in A cm™ 2 T'is the RC loading in
mol cm ™2, Fis Faraday's constant (96,485 C mol~ ') and n is the number
of electrons per turnover (one in this case). The turnover rates reported
are an apparent value because we assume all bound RCs are assumed to
be active in photocurrent generation.
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