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Abstract

A catalyst that must store m oxidizing equivalents before a product forms loses progress whenever
a stored equivalent decays, and IV equivalent catalytic sites that share a stream of holes at random
each see only a fraction of it. For a site that needs m hits and loses each stored step at rate (i,
the product flux is J = r/ z;n:gl(m — 7)(u/r)? when holes arrive at rate r, and N unbiased
sites at memory rate {1 have exactly the flux of one addressed site at rate Ny: symmetry costs
a factor N in memory lifetime. The penalty is a weighted mean of N7 that rises monotonically
as the memory number M = \/pu, holes per memory lifetime, falls, from 1 in strong light to
N™1 in weak light, a limit shared by three loss mechanisms. For N = 2 and m = 4 itis 8
in weak light and 2.60 at one hole per memory lifetime, and symmetry costs less than 10% only
above 8.66 holes per lifetime. Recovering 90% of the one-site flux at one hole per lifetime needs
a routing bias of 0.95, or state-dependent routing that favors the more advanced site by about 2
log-odds per stored equivalent. Routing that favors the less advanced site, as a redox-potential
argument would suggest, falls below random routing and changes the weak-light exponent from
m to 2m— 1. Damage concentrated in the most oxidized state is exactly N times larger per product
for N symmetric sites at every light level. In Photosystem II the model gives the heterodimer a
flux advantage only if the ancestral memory number was below about 9, and it names what a two-
sided photosystem must be measured for: the routing probability as a function of the two sites’
states, which a flash-interval series separates, with yield ratios of 0.32, 0.79, 0.97 and 0.01 against
one site at a flash interval of 0.83 memory lifetimes.

1. Four oxidations and two possible sites

Photosystem II (PSII) oxidizes water by accumulating four oxidizing equivalents at a Mn,CaOs
cluster. The four photochemically formed equivalents cooperate within one reaction centre, S, and
S, are stable in the dark and S, and S5 are not (Kok et al. 1970), and the steps between them are part
of an eight-step cycle of alternating electron and proton removal (Dau and Haumann 2007). Each
light-driven step has a miss probability that depends on the S state, from 0% to 23% depending
on the transition and the temperature (Han et al. 2012, 2022). Recombination reactions that drain
stored oxidizing equivalents are a general property of reaction centres and have been proposed
to protect against oxygen chemistry at the price of efficiency (Rutherford et al. 2012; Vass 2011).
Repair of PSII replaces damaged subunits selectively, predominantly D1 (Nixon et al. 2010).

The core of PSII is a heterodimer of D1 and D2, and the cluster sits on the D1 and CP43 side (Umena
et al. 2011; Suga et al. 2015). On the D2 side four phenylalanines fill the cavity where the cluster
sits in D1, two of them at positions homologous to the D1 ligands D170 and E189, and metal was
probably coordinated on both sides of the early symmetric complex (Cardona et al. 2015). An-
cestral sequence reconstruction supports water oxidation before the duplications that produced
the core antenna subunits (Oliver et al. 2021), a review places its origin long before the diversi-
fication of cyanobacteria (Oliver et al. 2023), and the origin of the cluster has been described as
the transformation of an ancestral reaction centre (Cardona 2016). Duplication of a homomeric
complex generally yields a heteromeric complex of paralogs (Pereira-Leal et al. 2007). Rutherford
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and Faller proposed that a highly oxidizing homodimeric ancestor would have been inefficient in
photochemistry and charge storage and wasteful through oxidative damage, and that these prob-
lems selected the lopsided heterodimer in which the highly oxidized species are limited to one side
(Rutherford and Faller 2003). Calculations assign about 80% of the cation of the chlorophyll pair
to the D1 side, a bias produced by the same D1/D2 residue pairs that differ at the metal ligand
positions (Saito et al. 2011), and in Mn-depleted PSII TyrD can donate to the oxidized pair when
TyrZ is absent, which needs partial localization of the cation on the D2 side (Faller et al. 2001); its
slow oxidation in intact PSII reflects proton movement near the tyrosine (Saito et al. 2013).

The charge-storage half of that proposal is qualitative. Two catalytic sites that receive the holes
at random each advance at half the rate, and a site that stalls loses its stored equivalents. We ask
how large the cost is, how it depends on the number of equivalents and on the light, and which
routing rules remove it. We call the assignment of each successive hole to one site addressing, as
one writes to an address; the word is a mnemonic. The sources listed in sources.md contain no
expression for the flux of N symmetric accumulators as a function of the memory number. The
sums below are elementary and the closed form may be known in other fields.

The results are as follows. The flux of one site has a closed form, and /N unbiased sites at memory
rate ;1 reproduce one addressed site at rate [V for every loss mechanism with a single rate scale.
The penalty of symmetry is a weighted mean of N7, bounded by N1, monotone in the memory
number, and equal to N1 in weak light for stepwise, independent and collective loss alike. A
fixed routing bias and positive state-dependent routing both remove most of the penalty at mod-
erate bias; negative state-dependent routing is worse than none. Damage in the top state is NV
times larger per product at every light level. A flash-train experiment on a two-sided photosystem
separates these routing rules, and its identity of two sites with one attenuated site is parameter
free.

2. The model

Holes arrive at a reaction centre as a Poisson stream of rate A and are routed to one of N catalytic
sites, to site ¢ with probability p,, which may depend on the states of the sites. A site holds s €
{0, ...,m — 1} stored equivalents. A hole at a site in state s < m — 1 raises s by 1. A hole at a site
in state m — 1 yields one product and resets the site to 0. Stored steps are lost at a rate set by one
parameter £. In the main model loss is stepwise: s — s — 1 atrate y for every s > 1. Independent
loss (s — s — 1 at rate spu) and collective loss (s — 0 at rate 1) serve as checks. The memory
lifetime is 7 = 1/p and the memory number is M = A/ = A7, the number of holes that arrive
per memory lifetime. The product flux J is the long-run rate of product events, and mJ < \.

Water oxidation has m = 4, one-electron chemistry such as the oxidation of Mn?t has m = 1,
and chemistry at the peroxide level has m = 2. The stored quantity counts oxidizing equivalents;
the protons that accumulate with them in the eight-step cycle (Dau and Haumann 2007) are not
tracked. With routing independent of the states, thinning of the Poisson stream gives each site an
independent Poisson stream of rate Ap,; (Cox and Isham 1980).
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Every flux reported below is the stationary flux of the Markov chain on the m® states of the sites,
computed with the subtraction-free GTH algorithm (Grassmann et al. 1985), which stays accurate
at the tiny occupation probabilities of weak light. Five cases were also simulated by uniformization,
an exact stochastic simulation in the sense of Gillespie (Gillespie 1977).

3. Exact results

3.1 One site

Proposition 1. A site that receives holes at rate r and loses stored steps stepwise at rate p has
product flux

r

S m— ) (/)

']1 (T, M) =

Proof. The site returns to state 0 after every product, so product times form a renewal process
and J; is the reciprocal of the mean time 7" from state 0 to the next product (Norris 1997). Let d,
be the mean time to go from state s to state s + 1, where state m stands for the product. From
state 0 the next event is a hole at rate , so d, = 1/r. From s > 1 the site waits for a time with
mean 1/(r + p), advances with probability r/(r + 1), and otherwise falls to s — 1 and must
climb back, sod, = 1/(r + pu) + u(d,_y +d,)/(r + ), which givesd, = 1/r + (u/r) d,_; and
dy=r"1 ijo(u/r)j. Summing over s from 0 to m — 1 gives T' = r 1 z;nzgl(m — ) (p/r). 0

In strong light (r > p) the sum approaches m and J; — r/m, every hole being used. In weak
light the term j = m — 1 dominates and J; — ™ /u™ .

3.2 Symmetric sites

Proposition 2. With state-independent routing p, = 1/N the flux of N sites at memory rate
equals the flux of one site that receives all the holes at memory rate Np: Jy (A, 1) = J; (A, Np).

Proof. Thinning gives N independent sites, each with hole rate A/ N, so Jy (A, u) = NJ; (A/N, p).
By Proposition 1, J;(r, ) = pe(r/p) with ¢(a) = a/ zj(m — j)a?. Then NJ;(A\/N,u) =
NpoA/Np) = Jy(A,Np). O

The proof uses only that the flux of one site is i times a function of r/, which holds for any loss

mechanism whose rates all scale with 1; the identity therefore holds for independent and collective
loss as well. Symmetry costs a factor N in memory lifetime at every light level.

Corollary 1. The penalty ITy = J; (A, p)/J (A, ) is
m—1 . i
Zj:() (m _]>(N/M)j . e

= N (m — )M
w.NJ7 ’LU] — —,
S — ) (1/ M) 2 > (m — k)MF

(M) =
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a weighted mean of IV J, Tt satisfies 1 < II NN m=1 dJecreases monotonically as M rises, tends
toN"lasM — 0and to1as M — oc.

Proof. The expression follows from Propositions 1 and 2. The weights are positive and sum to 1,
which gives the bounds. With y = 1/M the ratio v, ; /w; = y(m — j—1)/(m — j) increases
with y, so the distribution of j is stochastically increasing in y; N7 increases with j, so the mean
increases with y. The limits follow from the concentration of the weightson j = m —1lasy — o0
andonj=0asy — 0.0

For m = 2 the penalty is (2+ N/M)/(2+1/M). For N = 2and m = 4 itis26/10 at M = 1.

3.3 The weak-light law and the trapping probability

Proposition 3. Suppose every state s > 1 is left downward at a rate /, > 0. Then J,(r) =
cr™(14+0(r)) withc = H::ll ¢;1, and the penalty of N unbiased sites tendsto N as M — 0.

Proof. Balance the flow across the cut between states {0, ...,s — 1} and {s, ..., m — 1}: upward
flow rm,_; equals downward flow £, plus smaller terms, namely the downward flow from states
above s, of order °T1, and the return flow rm,,_1 of order 7", which is smaller than r° for s <
m — 1. Hence 7, = (r/l)m, (1 + O(r)), 7,y = 7™ [ 711+ O(r)) and J; = rm,, 5.
Then NJ,;(A/N)/J;(A\) = N*=™. O

The constant c is ™™ for stepwise and collective loss and p*~" /(m — 1)! for independent loss.
Weak light makes the flux a power law of the hole rate with exponent m, and the symmetric penalty
is a prefactor of the same law.

Corollary 2. If a hole becomes a stored equivalent with probability p and is otherwise lost, thinning
drives the sites at rate p\. The flux and the penalty depend on p\/p only. In weak light halving p
divides the flux by 2.

The first Mn?T oxidation during photoassembly of the cluster is slow and endergonic, and proton
transfer to D1-H332 supplies the driving force (Watanabe and Noguchi 2026); the dark rearrange-
ment that follows the first flash involves protein conformational changes and relocation of Mn3*
(Kato et al. 2025). A trapping probability p < 1 is therefore a physical quantity, and an improve-
ment of p and an improvement of 7 are interchangeable in the penalty. Apo-PSII forms extended
Mn(IILIV) oxide particles with 50 to 100 Mn per photosystem (Chernev et al. 2020), and photoac-
tivation is reviewed in Bao and Burnap (2016); those processes set the sites and are outside the
model.

4. Routing, damage and the number of stored equivalents

4.1 Checks

The closed form of Proposition 1 agrees with the stationary flux of the full chain for random pa-
rameter sets with m from 1 to 5, the identity of Proposition 2 and the thinning identity agree with
the chain for N = 2 and N = 3, and the identity also holds for independent and collective loss, all
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to machine precision. The weighted-mean form agrees with the direct ratio of fluxes for m from 2
to 5 and N from 2 to 4, and the penalty is monotone and within its bounds on a grid of M from
1073 to 103. Simulations by uniformization agree with the exact flux of the chain in all five cases
tested, with a largest deviation of 1.45 standard errors (Figure 1).

In weak light the slope of log J against log M is 4.00 for m = 4 under stepwise and independent
loss and 3.99 under collective loss, and the penalty approaches 7.99, 7.99 and 7.98 against N1 =
8 at M = 0.001 (Figure 2d).

a. holes, routing and finite memory (m = 4 equivalents) b. two sites at memory T equal one site at 1/2

a hole raises a site by one step; each step Is lost at rate u (red); 101 4 = onesite, u=1

the fourth hit on a site makes one product and resets it two unbiased sites, i =1
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Figure 1: The model and the rescaling identity. (a) Holes reach a reaction centre at rate A and are
routed with probabilities p;, to sites that hold up to m — 1 stored equivalents; each step is lost at
rate p and the m-th hit gives a product. (b) Product flux against hole rate for one site at u = 1, two
unbiased sites at 4t = 1 (computed from the full chain) and one site at ;1 = 2; the last two coincide.

4.2 The size of the penalty

At one hole per memory lifetime (A = p = 1, m = 4) a single site yields 0.100 products per unit
time and two unbiased sites yield 0.0385, a ratio of 2.60; the closed forms are 1/10 and 1/26. Table
1 gives the penalty of two sites for m from 1 to 4. At m = 1 a hole yields a product at once and
symmetry costs nothing. At m = 4 the penalty is 7.18 at M = 0.1, 2.60 at M = 1 and 1.08 at
M = 10.

Table 1: Penalty 11, of two unbiased sites against the number
m of stored equivalents and the memory number M.

m M=01 M=1 M=10

1 1.00 1.00 1.00
2 1.83 1.33 1.05
3 3.60 1.83 1.07
4 7.18 2.60 1.08
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Table 2 gives the memory number above which the penalty is at most 1.1. For N = 2and m = 4 it
is 8.66: symmetry costs less than 10% only when more than 8.66 holes arrive per memory lifetime.
The geometric midpoint of the range of the penalty, IT = 23/2, is reached at M = 0.90.

Table 2: Memory number M above which the penalty of N
unbiased sites is at most 1.1.

N m=2 m=3 m=4

2 4.50 7.32 8.66
3 950 1448  16.83
4 1450 21.63 2498
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Figure 2: Penalty of symmetry. (a) Penalty of two unbiased sites against the memory number M
for m from 1 to 5; dotted lines mark 2"~ L. (b) The same for N from 2 to 8 at m = 4; dotted
lines mark V3. (c) Weights of the weighted mean IT = Zj w;N7 for N = 2 and m = 4 at three

memory numbers. (d) Penalty under stepwise, independent and collective loss (N = 2, m = 4),
which share the weak-light limit.
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4.3 Fixed asymmetry

Let site 1 receive a fraction p of the holes. By thinning, J(p) = J;(pA, 1) + J1((1 —p)A, p). At
M = 0.1 a routing probability of 0.98 recovers 90% of the flux of one addressed site, at M = 0.3 it
takes 0.97, at M = 1 it takes 0.95 and at M = 3 it takes 0.93; at M/ = 10 unbiased routing already
gives 92% of the one-site flux (Figure 3a). The calculated 80:20 distribution of the cation over the
chlorophyll pair (Saito et al. 2011) would, if it set the routing between two active sites, recover 0.43,
0.48, 0.63, 0.80 and 0.93 of the one-site flux at M = 0.1, 0.3, 1, 3 and 10. That distribution is the
charge over the pair, and the routing between catalytic sites is a different quantity; the numbers
show how much of the penalty a bias of that size would remove.

4.4 State-dependent routing

Let the next hole go to site i with probability proportional to exp(7s;), so that ¥ > 0 favors the
more advanced site and v < 0 the less advanced one. For two sites and m = 4 the chain has 16
states. As y — oo the leader receives every hole, the second site is never occupied, and the flux
equals that of one site. At M = 1 the flux relative to one site is 0.787 at v = 1, 0.931 at v = 2
and 0.976 at ¥ = 3, against 0.38 for unbiased routing. A value of v = 2.5 recovers 90% of the one-
site flux at every M from 0.1 to 3 (Figure 3b). A log-odds of 2.5 per stored equivalent is a modest
cooperativity, and where it would come from, in a photosystem with one reaction centre and two
donor sites, is an open physical question.

Negative feedback is far worse than random routing. At M = 1 the relative fluxis 0.12 aty = —1
and 0.07 at v = —3; at M = 0.1 it is 0.0029 and 0.0001, against 0.14 for unbiased routing. For
v — —o0 the sites advance in step and a product needs 2m — 1 holes within the memory, which
gives a weak-light slope of 7.00 against 4.00 (Figure 3c). A site that has stored more positive charge
is harder to oxidize further if electrostatics alone decides, and that argument gives 7 < 0. The
proton release that accompanies the S-state transitions (Dau and Haumann 2007) weakens it, and
no measurement of the sign has been reported in the sources we examined.

4.5 Damage

Let the hazard of oxidative damage be d while a site is in its most oxidized state s = m — 1 and
zero otherwise.

Proposition 4. With stepwise or independent loss, a site that receives holes at rate 7 spends a mean
time 1/7 in its top state per product, so damage per product is d/r. For N unbiased sites = A/ N
and damage per product is Nd/)\, N times that of one site, at every M.

Proof. Each visit to the top state lasts for a time with mean 1/(r 4 ¢) and ends in a product with
probability 7/(r 4 £), where £ is the loss rate from that state. A product therefore follows (r+¢)/r
visits on average, and the time spent in the top state per product is 1/r. O

For a hazard that rises as e® the damage per product is 7.25 times larger for two sites than for one
at M = 0.05 and 2.01 times larger at M = 50 (Figure 4a). Per hole, that is for the same light, the
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Figure 3: Routing rules for two sites (m = 4). (a) Flux relative to one site against the fixed rout-
ing probability p at five memory numbers. (b) Relative flux against the state-dependent routing
parameter y; dotted line at 0.9. (c) Product flux against memory number for one site, unbiased
routing, ¥ = +3 and 7 = —3; the weak-light slopes are 4 and 7. (d) Relative flux of six routing
rules at M = 1.
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damage rate of two sites is below that of one at weak light and approaches twice that of one in
strong light: for a top-state hazard the ratio is 0.26 at M = 0.05 and 1.97 at M = 50 (Figure 4b).
Per product, the damage penalty did not fall below NV for either hazard, so the damage argument
for asymmetry holds at every light level if damage is concentrated in the top state, while the flux
argument disappears above about M = 9. A selection curve with a minimum in between is not
a result of this model. Whether the combined cost is U-shaped depends on the relative cost of
damage and of lost product, which the model does not fix.

a. per product b. per hole (same light)
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Figure 4: Damage. (a) Damage per product of two unbiased sites relative to one site, for a hazard
in the top state only and a hazard proportional to e®, against the memory number. (b) Damage
rate per hole for the same two hazards; dotted lines at 1 and 2.

4.6 The number of stored equivalents

The weak-light penalty is N !, which grows exponentially with m: 1,2, 4 and 8 for N = 2 and
m from 1 to 4. At one hole per memory lifetime it grows from 1.00 at m = 1 to 1.33, 1.83 and
2.60. A symmetric reaction centre that serves one-electron chemistry pays nothing, and the cost
rises as the chemistry moves toward four-electron water oxidation. If memory then improved,
the flux advantage of asymmetry would fall (it vanishes above M = 9 for N = 2 and m =
4) without removing the architecture; an improvement of memory by a factor N compensates
symmetry (Proposition 2). Both statements concern the model. Whether the sequence record can
date the rise of m relative to the improvement of memory is a separate question.

5. A flash experiment on a two-sided photosystem

A flash train delivers one hole per flash at intervals At, routed by the same rules, with stored
steps lost between flashes. Let Y be the stationary mean number of products per flash. At short
intervals one site yields 0.244 products per flash, close to 1/m. For N unbiased sites the yield is N
times that of one site whose flashes are attenuated to hit with probability 1/N, because each site
sees a thinned train and expectations add; the identity holds to numerical precision on the grid
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of intervals tested. It is an experimental prediction without a free parameter: measure one site at
attenuated flash energy and predict the two-sided yield.

At long intervals the yield of two unbiased sites approaches, numerically, 2~ (™1 of the yield of
one, 0.125 at m = 4. Ata flash interval of 0.83 memory lifetimes (At = 0.83) the yield of one site
is 0.093 per flash, and the yields of two sites relative to it are 0.32 for unbiased routing, 0.79 for a
fixed bias of 0.9, 0.97 for v = +3 and 0.01 for v = —3 (Figure 5). The four routing hypotheses are
separated by a single interval. If flash outcomes were independent trials, a 10% relative standard
error of the yield would take 976 flashes for one site, 3,298 for two unbiased sites, 1,265 for a bias of
0.9, 1,005 for v = 43 and 88,869 for 7 = —3. Correlation between successive flashes raises these
numbers. A direct simulation of flash trains agrees with the matrix solution.

a. yield per flash b. what two-sided photosystems must show

1.0

0.8 1

0.6 1 — two sites, unbiased

two sites, fixed bias 0.9
two sites, gamma = +3
= two sites, gamma = -3

0.4 4

yield relative to one site

= one site 0.2

T T T T T
107! 10° 10t 107! 10°
flash interval, u At flash interval, p At

stationary product yield per flash

two sites, unbiased
= two sites, fixed bias 0.9

two sites, gamma = +3
two sites, gamma = -3

Figure 5: Flash trains. (a) Stationary product yield per flash against the flash interval pAt for one
site and for two sites under four routing rules. (b) Yield of two sites relative to one site; dotted
lines at 1 and at 273.

The quantity that decides between the routing rules is the routing probability as a function of
the states of the two sites, p;(sy,S,). Fixed asymmetry gives a constant, positive feedback an
increasing function of s; — s,, and negative feedback a decreasing one. The model identifies a
measurement; whether a photosystem with two active donor sites can be built, for example by
reversing the substitutions that disable the D2 side, is an experimental question that the paper
does not address.

The finite-memory account of the heterodimer is refuted for a given ancestral reconstruction if the
memory number of its donor-side chemistry exceeds about 9 at the irradiance of its habitat, since
then symmetry costs less than 10% of the flux. It is refuted as a selective explanation for the D2
side if a two-sided construct shows state-dependent routing of 2.5 log-odds per stored equivalent
or more, which recovers 90% of the one-site flux from M = 0.1 to M = 3. Itsurvives, and acquires
an estimate of v, if the measured routing is close to unbiased or negative.
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6. Limits

The model has Poisson hole arrivals, equal sites, state-independent loss rates and routing in a
one-parameter family, and no saturation of the reaction centre: the product flux can reach \/m
however fast the holes arrive, while a real centre has a turnover limit. Loss is modeled as one
rate; in PSII the loss of stored equivalents depends on recombination with reduced acceptors and
on the S state (Rutherford et al. 2012; Han et al. 2012), and the miss parameters of modern PSII
are a mixture of these processes. Proposition 3 covers any loss mechanism in weak light, and the
identity of Proposition 2 any mechanism with a single rate scale, but the numerical results in the
middle range are for the three mechanisms named. The model counts oxidizing equivalents and
ignores the accumulation of protons and the conformational states of the cluster, and the damage
hazard is an assumed function of the state.

The paper does not show that the D1/D2 asymmetry arose for these reasons. It gives the cost of
symmetry as an exact function of the memory number, shows that the cost is a factor /V in memory
lifetime and N1 in weak-light flux, identifies the routing rules that remove it and the one that
makes it worse, and states two measurements that would test whether a two-sided photosystem
needs the asymmetry it has. The memory number of an ancestral donor side is not known, and the
model makes the statement that depends on it explicit: above about 9 holes per memory lifetime
the flux argument has no force.

References

Bao, Han, and Robert L. Burnap. 2016. “Photoactivation: The Light-Driven Assembly of the Water
Oxidation Complex of Photosystem I1.” Frontiers in Plant Science 7. https:/ /doi.org/10.3389/
fpls.2016.00578.

Cardona, Tanai. 2016. “Reconstructing the Origin of Oxygenic Photosynthesis: Do Assembly and
Photoactivation Recapitulate Evolution?” Frontiers in Plant Science 7. https:/ / doi.org/10.3389/
fpls.2016.00257.

Cardona, Tanai, James W. Murray, and A. William Rutherford. 2015. “Origin and Evolution of
Water Oxidation Before the Last Common Ancestor of the Cyanobacteria.” Molecular Biology
and Evolution 32 (5): 1310-28. https:/ /doi.org/10.1093 /molbev / msv024.

Chernev, Petko, Sophie Fischer, Jutta Hoffmann, et al. 2020. “Light-Driven Formation of
Manganese Oxide by Today’s Photosystem II Supports Evolutionarily Ancient Manganese-
Oxidizing Photosynthesis.” Nature Communications 11 (1). https://doi.org/10.1038/s41467-
020-19852-0.

Cox, D.R,, and Valerie Isham. 1980. Point Processes. Chapman and Hall. https:/ /doi.org/10.1201/
9780203743034.

Dau, Holger, and Michael Haumann. 2007. “Eight Steps Preceding O-O Bond Formation in Oxy-
genic Photosynthesis—A Basic Reaction Cycle of the Photosystem II Manganese Complex.”


https://doi.org/10.3389/fpls.2016.00578
https://doi.org/10.3389/fpls.2016.00578
https://doi.org/10.3389/fpls.2016.00257
https://doi.org/10.3389/fpls.2016.00257
https://doi.org/10.1093/molbev/msv024
https://doi.org/10.1038/s41467-020-19852-0
https://doi.org/10.1038/s41467-020-19852-0
https://doi.org/10.1201/9780203743034
https://doi.org/10.1201/9780203743034

Redox Addressing 13

Biochimica Et Biophysica Acta (BBA) - Bioenergetics 1767 (6): 472-83. https:/ /doi.org/10.1016/j.
bbabio.2007.02.022.

Faller, Peter, Richard J. Debus, Klaus Brettel, Miwa Sugiura, A. William Rutherford, and Alain
Boussac. 2001. “Rapid Formation of the Stable Tyrosyl Radical in Photosystem II.” Proceedings
of the National Academy of Sciences 98 (25): 14368-73. https:/ /doi.org/10.1073 / pnas.251382598.

Gillespie, Daniel T. 1977. “Exact Stochastic Simulation of Coupled Chemical Reactions.” The Jour-
nal of Physical Chemistry 81 (25): 2340-61. https:/ /doi.org/10.1021/j100540a008.

Grassmann, Winfried K., Michael I. Taksar, and Daniel P. Heyman. 1985. “Regenerative Analysis
and Steady State Distributions for Markov Chains.” Operations Research 33 (5): 1107-16. https:
/ / doi.org/10.1287 / opre.33.5.1107.

Han, Guangye, Petko Chernev, Stenbjorn Styring, Johannes Messinger, and Fikret Mamedov. 2022.
“Molecular Basis for Turnover Inefficiencies (Misses) During Water Oxidation in Photosystem
I1.” Chemical Science 13 (29): 8667-78. https:/ / doi.org/10.1039 / d2sc00854h.

Han, Guangye, Fikret Mamedov, and Stenbjorn Styring. 2012. “Misses During Water Oxidation
in Photosystem II Are S State-Dependent.” Journal of Biological Chemistry 287 (16): 13422-29.
https:/ /doi.org/10.1074/jbc.m112.342543.

Kato, Yuki, Kazuki Ogura, Yoshiki Nakajima, Jian-Ren Shen, and Takumi Noguchi. 2025.
“Time-Resolved Infrared Evidence for Protein Conformational Changes During the Dark-
Rearrangement Process of Photosystem II Photoactivation: A Comparative Study of Solution
and Crystal Samples.” Biochemistry 64 (17): 3781-89. https://doi.org/10.1021/acs.biochem.
5c00426.

Kok, Bessel, Britt Forbush, and Marion McGloin. 1970. “Cooperation of Charges in Photosynthetic
O2 Evolution. I. A Linear Four Step Mechanism.” Photochemistry and Photobiology 11 (6): 457-75.
https:/ /doi.org/10.1111/§.1751-1097.1970.tb06017 .x.

Nixon, Peter J., Franck Michoux, Jianfeng Yu, Marko Boehm, and Josef Komenda. 2010. “Recent
Advances in Understanding the Assembly and Repair of Photosystem I1.” Annals of Botany 106
(1): 1-16. https:/ /doi.org/10.1093 /aob / mcq059.

Norris, J. R. 1997. Markov Chains. Cambridge University Press. https://doi.org/10.1017/
cb09780511810633.

Oliver, Thomas, Tom D. Kim, Joko P. Trinugroho, et al. 2023. “The Evolution and Evolvability
of Photosystem I.” Annual Review of Plant Biology 74 (1): 225-57. https://doi.org/10.1146/
annurev-arplant-070522-062509.

Oliver, Thomas, Patricia Sdnchez-Baracaldo, Anthony W. Larkum, A. William Rutherford, and
Tanai Cardona. 2021. “Time-Resolved Comparative Molecular Evolution of Oxygenic Photo-
synthesis.” Biochimica Et Biophysica Acta (BBA) - Bioenergetics 1862 (6): 148400. https:/ /doi.org/
10.1016/j.bbabio.2021.148400.


https://doi.org/10.1016/j.bbabio.2007.02.022
https://doi.org/10.1016/j.bbabio.2007.02.022
https://doi.org/10.1073/pnas.251382598
https://doi.org/10.1021/j100540a008
https://doi.org/10.1287/opre.33.5.1107
https://doi.org/10.1287/opre.33.5.1107
https://doi.org/10.1039/d2sc00854h
https://doi.org/10.1074/jbc.m112.342543
https://doi.org/10.1021/acs.biochem.5c00426
https://doi.org/10.1021/acs.biochem.5c00426
https://doi.org/10.1111/j.1751-1097.1970.tb06017.x
https://doi.org/10.1093/aob/mcq059
https://doi.org/10.1017/cbo9780511810633
https://doi.org/10.1017/cbo9780511810633
https://doi.org/10.1146/annurev-arplant-070522-062509
https://doi.org/10.1146/annurev-arplant-070522-062509
https://doi.org/10.1016/j.bbabio.2021.148400
https://doi.org/10.1016/j.bbabio.2021.148400

Redox Addressing 14

Pereira-Leal, Jose B, Emmanuel D Levy, Christel Kamp, and Sarah A Teichmann. 2007. “Evolution
of Protein Complexes by Duplication of Homomeric Interactions.” Genome Biology 8 (4). https:
/ /doi.org/10.1186/ gb-2007-8-4-r51.

Rutherford, A. W., and P. Faller. 2003. “Photosystem II: Evolutionary Perspectives.” Philosophical
Transactions of the Royal Society of London. Series B: Biological Sciences 358 (1429): 245-53. https:
/ /doi.org/10.1098/ rstb.2002.1186.

Rutherford, A. William, Artur Osyczka, and Fabrice Rappaport. 2012. “Back-reactions,
Short-circuits, Leaks and Other Energy Wasteful Reactions in Biological Electron Trans-
fer: Redox Tuning to Survive Life in O2.” FEBS Letters 586 (5): 603-16. https://doi.org/10.
1016/j.tebslet.2011.12.039.

Saito, Keisuke, Toyokazu Ishida, Miwa Sugiura, et al. 2011. “Distribution of the Cationic State over
the Chlorophyll Pair of the Photosystem II Reaction Center.” Journal of the American Chemical
Society 133 (36): 14379-88. https:/ /doi.org/10.1021/ja203947k.

Saito, Keisuke, A. William Rutherford, and Hiroshi Ishikita. 2013. “Mechanism of Tyrosine D
Oxidation in Photosystem IL.” Proceedings of the National Academy of Sciences 110 (19): 7690-95.
https:/ /doi.org/10.1073 / pnas.1300817110.

Suga, Michihiro, Fusamichi Akita, Kunio Hirata, et al. 2015. “Native Structure of Photosystem II
at 1.95 A Resolution Viewed by Femtosecond X-Ray Pulses.” Nature 517 (7532): 99-103. https:
/ /doi.org/10.1038 /nature13991.

Umena, Yasufumi, Keisuke Kawakami, Jian-Ren Shen, and Nobuo Kamiya. 2011. “Crystal Struc-
ture of Oxygen-Evolving Photosystem II at a Resolution of 1.9 A.” Nature 473 (7345): 55-60.
https:/ /doi.org/10.1038 /nature09913.

Vass, Imre. 2011. “Role of Charge Recombination Processes in Photodamage and Photoprotection
of the Photosystem II Complex.” Physiologia Plantarum 142 (1): 6-16. https:/ /doi.org/10.1111/
j-1399-3054.2011.01454.x.

Watanabe, Shunya, and Takumi Noguchi. 2026. “Mechanism of Initial Mn2+ Oxidation During
Photoassembly of the Water-Oxidizing Mn4CaO5 Cluster in Photosystem I1.” The Journal of
Physical Chemistry B 130 (13): 3695-704. https:/ /doi.org/10.1021/acs.jpcb.6c00612.


https://doi.org/10.1186/gb-2007-8-4-r51
https://doi.org/10.1186/gb-2007-8-4-r51
https://doi.org/10.1098/rstb.2002.1186
https://doi.org/10.1098/rstb.2002.1186
https://doi.org/10.1016/j.febslet.2011.12.039
https://doi.org/10.1016/j.febslet.2011.12.039
https://doi.org/10.1021/ja203947k
https://doi.org/10.1073/pnas.1300817110
https://doi.org/10.1038/nature13991
https://doi.org/10.1038/nature13991
https://doi.org/10.1038/nature09913
https://doi.org/10.1111/j.1399-3054.2011.01454.x
https://doi.org/10.1111/j.1399-3054.2011.01454.x
https://doi.org/10.1021/acs.jpcb.6c00612

	Abstract
	1. Four oxidations and two possible sites
	2. The model
	3. Exact results
	3.1 One site
	3.2 Symmetric sites
	3.3 The weak-light law and the trapping probability

	4. Routing, damage and the number of stored equivalents
	4.1 Checks
	4.2 The size of the penalty
	4.3 Fixed asymmetry
	4.4 State-dependent routing
	4.5 Damage
	4.6 The number of stored equivalents

	5. A flash experiment on a two-sided photosystem
	6. Limits
	References

