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Fig. S1 Generation of Δψ induced by single laser flashes in proteoliposomes containing menB-PQL PS I in the presence of Asc/DCPIP couple and dPQ, but in the absence of the artificial electron acceptor MV. The additional slow positive electrogenic component is shown by the red dashed line. 


Kinetic modeling of electron transfer in photosystem I 
Redox potentials of the electron transfer (ET) cofactors within PS I remain a subject of active discussion. In particular, there is ongoing debate regarding the redox-potentials of the quinones at the A1 sites and the intermediate iron-sulfur cluster FX (Ptushenko et al., 2008; Santabarbara and Zucchelli, 2016; Makita and Hastings, 2017; Milanovsky et al., 2017; Santabarbara and Casazza, 2019), as these parameters are difficult to determine directly. Nevertheless, it is possible to construct quantitative model describing the ET steps observed in this study while circumventing this uncertainties. 
The temperature dependence of charge recombination in PS I suggests that, at room temperature, electron back-reaction from the terminal iron-sulfur clusters [FA/FB] proceed via re-population of phylloquinone A1A, rather than through direct ET from FX to P700 (Milanovsky et al., 2019). This allows us to consider a kinetic model involving only three ET transitions between the quinones at the A1 sites, the iron-sulfur clusters FX, and the [FA/FB] clusters, as well as the special pair P700 (see Fig. S2). In the menB mutant, only the forward (k’12) and backward (k’21) transitions between A1 and FX are altered due to quinone substitution. 
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Fig. S2 Scheme of the ET considered for simulation of the observed electrogenic reactions 
As demonstrated by basic kinetics analysis within this model (Milanovsky et al., 2017), the experimentally observed charge recombination rate from the terminal Fe-S clusters depends only on the redox-potential difference between A1A and [FA/FB] and on the rate of A1A electron back‑reaction k10A, and not on the exact position of FX within this gap. This allow us to estimate a redox potential difference of Em(A1A)‑Em(FA/FB) ≈ ‑180 mV in WT PS I. Similarly, the difference in charge recombination rates from the terminal FeS clusters [FA/FB] in WT PS I (~70‑170 ms) and menB PSI (~3 ms) correlates directly with the difference in redox-potentials of phylloquinone and plastoquinone at the A1A site in these complexes. Joint kinetic modeling of ET in WT and menB PS I suggess a value of  ΔGS = Em(PhQ in A1A)‑Em(PQ in A1A) ≈ 125 mV (Srinivasan and Golbeck, 2009; Milanovsky et al., 2017), which is comparable to the ~90 mV difference between their redox potentials measured in DMF (Prince, Leslie Dutton and Malcolm Bruce, 1983). 
The Marcus theory of nonadiabatic electron transfer (ET) states that the reaction rate constant depends on the electronic coupling between cofactors, |HAB|, the reorganization energy of the reaction, λ, the reaction free energy ΔG, and temperature, T: 
						(1),
It is generally accepted that the free energy difference between A1A and FX is within 100 meV, although their relative energetic ordering remains debated. In contrast, the reorganization energy (λ) for this ET step has been estimated to be as high as 1100 meV at room temperature (Schlodder et al., 1998; Agalarov and Brettel, 2003), such that the inequality |ΔG| << λ is correct for both the WT and menB complexes. Thus, the rate constants for direct A1→FX transitions in WT PSI (k12) and in the menB mutant (k’12) are related by the ratio: 
								(2), 
where B is the pre-exponential factor  of the Marcus equation.
According to the Moser-Dutton empirical approximation, the rate of ET drops by ~0.6 orders of magnitude when the distance between the donor and acceptor increases by 1 Å (Moser et al., 1992). As the distance for ET between A1 and FX increases by ~2 Å in the menB mutant compared with WT (Gisriel et al., 2024), this gives us an estimate (BmenB/BWT) ≈ 1/16. Substituting the previously obtained estimate ΔGS ≈ 125 mV, we obtain a ratio k’12/k12 ≈ 1/180 for the forward A1→FX reactions in both ET branches. Thus, the forward ET rate from A1 is expected to slow down from ~200 ns to 36 µs in branch A and from ~20 ns to 3.6 µs in branch B. 
	To illustrate the results obtained, a full kinetic model was constructed and simulated in MATLAB (MATLAB: 9.14.0, The MathWorks Inc., Natick, Massachusetts, 2023). The kinetic constants used in the model were based on estimates from (Milanovsky et al., 2017): 
k10A(WT) = 9.1*103 (τ=110 µs)
k10B(WT) = 4.0*105 (τ=2.5 µs)
k10A(menB) = 2.5*103 (τ=400 µs)
k10B(menB) = 5*104 (τ=20 µs)
k12A(WT) = 5*106 (τ=200 ns)
k12B(WT) = 5*107 (τ=20 ns)
Values of k12(menB) were calculated from eq.(2). Reverse ET rates are determined by the equation 
kforward/kreverse = exp(-ΔG/kT)							(3)
For the sake of an illustrative model, the redox-potentials of A1A, A1B, FX and [FA/FB] in WT PSI were taken from (Milanovsky et al., 2017): 
Em(A1A) = -680 mV
Em(A1B) = -850 mV
Em(FX) = -630 mV
Em(FXA/FB) = -500 mV
At τ = 0 in the model (~100 ps after the excitation flash, when the primary and secondary ET steps from P700 to A1 have already occurred), the fraction of electrons at the A1A quinone is δ = 0.7, whereas the remaining (1-δ) = 0.3 electrons are located at A1B. 
The evolution of the kinetic model is shown at Fig. S3. The observed rates of forward ET from A1 to FX were 215 and 21 ns in WT PSI and 42 and 3 µs in menB PS I. 
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Fig. S3 Evolution of PS I according to the kinetic model (see text for details) for wild type (top) and the menB mutant (bottom). Time dependence of the following charge states is presented: (neutral state), P700+A1A–, P700+A1B–, P700+FX–, P700+[FA/FB]–
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