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Mechanism of RC-cyt electron transfer in vitro. A simplified scheme detailing light-induced 
charge separation and electron transfer is shown in Figure S1. Prior to illumination, reduced cyt 
c (cytred) and RCs are in an equilibrium between free and bound states.  The binding constant (KB) 
is given by: 

(S1)𝐾𝐵 =
1

𝐾𝐷
=

[RC:cyt𝑟𝑒𝑑]
[cyt𝑟𝑒𝑑][RC]

whereby [cytred] and [RC] are the concentrations of the free proteins, and [RC:cytred] is the 
concentration of bound complexes. The equilibrium state is determined by the strength of the 
binding interaction between the proteins, which comprises electrostatic attraction and 
complementary hydrophobic patches.1–3 The strength of an electrostatic attraction can be 
mitigated by the ionic strength of the electrolyte through screening of charges.4 The dissociation 
constant (KD) is the inverse of the association constant, which is often used to define binding 
affinity.  2,5,6  It is related to the rate of binding (kON) and unbinding (kOFF) according to: 

(S2)𝐾𝐷 =
𝑘𝑂𝐹𝐹

𝑘𝑂𝑁

Parameters kON and kOFF have units of M-1·s-1 and s-1, respectively. A KD of ~0.3 µM has been 
experimentally determined for wild-type RCs and cyt c2.2

Figure S1. Mechanism and kinetics of RC-cyt c electron transfer in vitro. A schematic 
detailing a single charge separation and electron transfer event, adapted from.2 P870 is 
abbreviated to P. Reversible association of reduced cyt c (cytred) with the RC can take place either 
before (1) or after (4) photoexcitation (2,3).  This binding interaction is described by a binding 
constant (KB), dissociation constant (KD), and rate constants for binding (kON) and unbinding 
(kOFF). Photoexcitation (2,3) results in charge separation and formation of the oxidized 
bacteriochlorophyll pair and reduced quinone acceptor (P+Q-).  This is followed by reduction of 
P+ by cytred (5) at the rate ket.  The unbinding of oxidized cyt c (cytox) enables cytochrome 
exchange.
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Biphasic P870+ reduction kinetics. Experimentally it has been found that the kinetics of P870+ 
reduction by cytred is biphasic, due to the possibility that P870 can be photooxidized regardless of 
whether the RC has a bound cytred or not. In the fraction of RCs that are bound to cytred when 
photoexcitation occurs, P870+ is reduced by the bound cytred with a lifetime of around one 
microsecond, and so is described by a first-order rate constant (ket ≈ 106 s-1).5,7 The remaining 
fraction of free RCs must first dock with a free cytred before P870+ reduction can occur, resulting 
in a slower kinetic component that is dependent on the concentration of cyt c . This component is 
described by a second-order electron transfer rate constant (k2) according to:

(S3)𝑘2 =
𝑘𝑒𝑡𝑘𝑂𝑁

𝑘𝑂𝐹𝐹 + 𝑘𝑒𝑡

where ket is the first-order electron transfer rate within the bound complex. The experimentally 
determined second-order rate constant k2 approximates to kON at low ionic strength (10 mM), 
since ket >> kOFF under these conditions.1,5 Determination of kON in this way enables calculation of 
kOFF using equation S2, which is useful in identifying potentially rate-limiting steps (Table 1). The 
rate of the second-order reaction also decreases at increasing ionic strengths8, consistent with 
the electrostatic screening of the long-range RC-cyt c binding interface under high ionic strengths, 
and forms a crucial parameter to consider when comparing rate constants.4,9 
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Illumination intensity and photocurrents. Losses in biophotoelectrode systems are primarily 
due to slow interfacial electron transfer and diffusion-limited mass transport, the latter of which 
leads to depletion of the electron acceptor and charge recombination of its reduced form with the 
electrode.10,11  As the focus of the present work was probing cyt-mediated electron transfer 
between the RC and the electrode, the intensity of the actinic light was lowered and a relatively 
high concentration of Q0 was used such that acceptor side limitations were not limiting, such that 
donor side limitations could be isolated. As illustrated in Figure S2, photocurrents exhibit a 
relatively linear relationship with irradiance in a low light regime.12 Accordingly, a light intensity 
of 2.9 mW cm-2 was used to measure photocurrents. Despite linearity in peak photocurrent 
values, the stable photocurrents were still noticeably lower than peak photocurrents (Figure S3), 
likely extending from charge recombination of the accumulate photo reduced product 
(hydroquinone) with the electrode. 

Figure S2. Photocurrents and irradiance. Peak photocurrents for WT RCs on AgR electrodes at 
different irradiance intensities. The data are fitted with the Michaelis Menten equation with an R2 
> 0.99. Errors are indicated by bars, n=3
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Photocurrent transients. Photocurrent transients recorded during cyt c titrations are shown 
in Figure S3.  The data for WT RCs are also shown in Figure 3a.  Photocurrents were typically 
maximal shortly after illumination started and then declined due to mass transport limitations 
associated with the Q0/Q0H2 mediator 10,12,13.  The spike of negative current seen after the 
cessation of illumination is attributed to recombination of Q0H2 with the working electrode13.

For WT RCs, it was notable that small photocurrents with a peak value of approximately 
5 µA cm-2 were observed in the absence of free cyt on bare rough silver, but not on the SAM 
functionalized electrode (Figure S3). We hypothesize that the small photocurrent on bare AgR in 
the absence of free cyt stems from either a small population of RCs directly wired to the electrode, 
or electron transfer between the two mediated by quinone/quinol. Since the SAM likely blocks 
both direct RC-electrode ET, as well as blocking quinone-mediated ET as evidenced by the 
absence of a reverse photocurrent spike in the presence of the SAM (Figure S3), it is not possible 
to exclude either of these possible ET pathways.

Figure S3. Photocurrent transients for WT and mutant RCs.  WT-SAM denotes WT RCs on a 
SAM-coated silver electrode. Periods of dark and illumination are indicated by the gray and 
yellow bars. The concentrations of cyt c for each photocurrent trace are shown in the legend.
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Photocurrent Stability. The stability of the photocurrent was monitored and found to decrease 
negligibly over the course of four photocurrent recordings, as depicted below in Figure S4.  

Figure S4. Photocurrent transients for WT RCs. Irradiance equaled 12.5 mW cm-2 (870 nm), 
and photocurrents were measured at -50mV vs AgAgCl in an electrolyte containing 20 mM Tris 
/ pH 8.0 / 50 mM KCl and 20µM cyt c. Periods of dark and illumination are indicated by the gray 
and yellow bars, respectively. 

 

Table S1. Experimental data for WT RCs on bare and functionalized silver electrodes. 

KPC Jphoto ΓRC TOF
(µM) (µA cm-2) (pmol cm-2) (e- s-1 RC-1)

WT on bare AgR 3.6 ± 0.1 23 ± 4.0 80 ± 3 3 ± 0.3
WT on SAM-AgR 2.8 ± 0.1 5.8 ± 1.2 25 ± 2 2.7 ± 0.5

Data shown are the RC-cyt dissociation constant in BioPEC systems (KPC), peak photocurrent (Jphoto), RC-loading (ΓRC) 
and electron turnover frequency (TOF) for the WT and the WT on a SAM. All values are shown with their standard 
deviation (n=3).
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Figure S5. Proposed mechanisms of cyt-mediated electron transfer. a) a mechanism where 
cyt must orient the heme in an optimal position to facilitate electron transfer from the electrode 
substrate, diffuse across the electrode surface, and dock to the RC with a new optimal orientation 
to transfer an electron. Facile electron transfer steps indicated in green arrows. b) An alternative 
proposed mechanism whereby the RC is ‘wired’ to the electrode via docking to a cyt. Fast electron 
transfer (green arrows) requires a short electron tunneling distance.  Reorientation could be 
required to prevent slow, long-distance electron transfer (red arrows) becoming limiting.
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