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Abstract

Cells contain a thiol redox regulatory network to coordinate metabolic and developmental
activities with exogenous and endogenous cues. This network controls the redox state and
activity of many target proteins. Electrons are fed into the network from metabolism and
reach the target proteins via redox transmitters such as thioredoxin (TRX) and NADPH-
dependent thioredoxin reductases (NTR). Electrons are drained from the network by reac-
tive oxygen species (ROS) through thiol peroxidases, e.g., peroxiredoxins (PRX). Mathe-
matical modeling promises access to quantitative understanding of the network function and
was implemented by using published kinetic parameters combined with fitting to known bio-
chemical data. Two networks were assembled, namely the ferredoxin (FDX), FDX-depen-
dent TRX reductase (FTR), TRX, fructose-1,6-bisphosphatase (FBPase) pathway with 2-
cysteine PRX/ROS as oxidant, and separately the FDX, FDX-dependent NADP reductase
(FNR), NADPH, NTRC-pathway for 2-CysPRX reduction. Combining both modules allowed
drawing several important conclusions of network performance. The resting H,O, concen-
tration was estimated to be about 30 nM in the chloroplast stroma. The electron flow to
metabolism exceeds that into thiol regulation of FBPase more than 7000-fold under physio-
logical conditions. The electron flow from NTRC to 2-CysPRX is about 5.32-times more effi-
cient than that from TRX-f1 to 2-CysPRX. Under severe stress (30 uM H,0,) the ratio of
electron flow to the thiol network relative to metabolism sinks to 1:251 whereas the ratio of €
flow from NTRC to 2-CysPRX and TRX-f1 to 2-CysPRX rises up to 1:67. Thus, the simula-
tion provides clues on experimentally inaccessible parameters and describes the functional
state of the chloroplast thiol regulatory network.

Author summary

The state of the thiol redox regulatory network is a fundamental feature of all cells and
determines metabolic and developmental processes. However, only some parameters are
quantifiable in experiments. This paper establishes simplified mathematical models which
enable simulation of electron flows through the regulatory system. This in turn allows for
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estimating rates and states of components of the network and to tentatively address previ-
ously unknown parameters such as the resting hydrogen peroxide levels or the expendi-
ture of reductive power for regulation relative to metabolism. The establishment of such
models for simulating the performance and dynamics of the redox regulatory network is
of significance not only for photosynthesis but also, e.g., in bacterial and animal cells
exposed to environmental stress or pathological disorders.

Introduction

Reduction-oxidation reactions drive life. In aerobic metabolism, electrons from reduced com-
pounds pass on to oxygen to produce water and ATP. Photosynthesis exploits light energy and
reverses this oxidation process by water splitting, liberation of O, and reduction of CO,, NO5’
and SO4" to carbohydrates, amines and sulthydryl compounds. A decisive role is played by
ferredoxin (FDX) which functions as hub of electron distribution accepting electrons from
photosystem I and donating them in particular to FDX-dependent NADP reductase (FNR),
FDX-dependent nitrite reductase (NIR), FDX-dependent sulfite reductase (SIR), FDX-depen-
dent glutamate oxoglutarate aminotransferase (GOGAT), FDX-dependent thioredoxin reduc-
tase (FTR) and to O, in the Mehler reaction [1]. Considering the elemental composition of a
typical plant body, C:N:S need to reduced and incorporated at a ratio of roughly 40:8:1. Fine-
tuned regulation of electron flows and metabolism is needed to realize the proper ratio and to
avoid futile cycles.

The adjustment of metabolic fluxes in the chloroplast to a major extent is controlled by elec-
tron flow into the thiol redox regulatory network. Polypeptides switch from an oxidized form
with intra- or intermolecular disulfide bridges to a reduced thiol state. TRX and the chloroplast
NADPH-dependent TRX reductase C (NTRC) act as electron transmitters in the reduction
process. NTRC combines a NADPH-dependent TRX reductase domain with a TRX domain
[2]. The TRX complement of Arabidopsis plastids comprises 20 TRX and TRX-like proteins
with representatives of the f-, m-, x-, y-, z-group of TRX, TRX-like proteins which include
chloroplast drought-induced stress protein of 32 kDa (CDSP32), Lilium1-4 (ACHT1-4) and
TRX-like [3].

TRX-f1 and TRX-f2 function in activation of Calvin-Benson-Bassham cycle (CBB) enzymes
and y-subunit of F-ATP synthase [4]. TRX-m1, -m2, -m3 and-m4 are suggested to regulate
targets which control the NADPH/NADP ratio [5] which is linked to their ability to efficiently
activate the NADPH-dependent malate dehydrogenase [6]. TRX-x, NTRC and TRX-lilium1
(ACHT4a) were identified as reductants of the 2-cysteine peroxiredoxin (2CysPRX) [7-9], and
TRX-yl and-y2 as reductant of PRX-Q [10]. These exemplary studies describe specificity and
redundancy for the interaction between TRX-forms and target proteins, as, e.g., comparatively
investigated by Collin et al. [7].

Upon transition from dark to light or upon an increase in photosynthetic active radiation
(PAR) reductive activation of CBB enzymes via redox sensitive thiols stimulates consumption
of NADPH and ATP and coordinates energy provision in the photosynthetic electron trans-
port (PET) chain and energy consumption in metabolic pathways [3,4]. However it is less
understood how once activated enzymes are down-regulated by oxidation. Oxygen and reac-
tive oxygen species (ROS) function as final electron acceptors. ROS generated in the PET react
with thiol peroxidases (TPX) with high affinity [11]. Redox transmitters regenerate oxidized
TPX. In case of 2CysPRX, NTRC most efficiently reduces the oxidized form. Other redox
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transmitters such as TRX-f1, Trx-m1 or Trx-like proteins like CDSP32 also reduce 2CysPRX
at lower rates [7].

The main pathway of TRX reduction targets proteins via FDX and FTR and prevails in
strong light. In addition NTRC provides electrons to 2CysPRX which compensates for the oxi-
dation of 2CysPRX by PET-produced hydrogen peroxide (H,O,) [2]. The drainage of elec-
trons from other TRXs to oxidized 2CysPRX may be insignificant under these conditions.
This situation changes in darkness were the rate through the PET-driven FDX/TRX-pathway
mostly ceases, or at lowered photosynthetic active radiation where intermediate flux condi-
tions are established. This balance between oxidation and reduction is suggested to determine
the rate of, e.g., the CBB [12].

Thiol-redox regulation in the chloroplast addresses multiple metabolic processes and path-
ways and there exist examples of oxidative activation of protein functions. Thus TRXs reduc-
tively inhibit the oxidative pentose phosphate cycle by inactivating the committed enzyme
glucose-6-phosphate dehydrogenase [13].

While the experimental evidence supports the functionality of this regulatory model, quan-
titative understanding of the interacting electron fluxes within the network cannot be obtained
exclusively from experiments but requires mathematical simulation of the involved major
pathways. For this reason this study aimed to first simulate individual electron pathways and
then to combine them for predicting crucial parameters of the network inaccessible to experi-
mental determination. Using this approach, it was possible to estimate relative electron fluxes
directed into carbon reduction and thiol dependent regulation, and to estimate the rate of
H,0, production in the chloroplast.

Results

FDX functions as hub for electron distribution at the donor site of photosystem I. The first
mathematical model aimed to simulate electron distribution from TRX-f1 to FBPase and
2CysPRX in dependence on the H,0, concentration (Fig 1A) and was built on the model pre-
sented by Vaseghi et al. [12] which was expanded by including H,O, and reversibility of the
reactions in Eqs 1 and 2. The question asked concerned the efficiency of oxidized 2CysPRX to
compete with reduction of TRX-f1 by FDX-dependent TRX reductase (FTR). The H,0,
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Fig 1. Simulated redox state of FTR-network components in dependence on H,O, concentration. (A) Schematic
representation of the FTR-network. Electrons are drained from FD through FTR and TRX-f1 to either FBPase or
2CysPRX which in turn is oxidized by H,O,. Each component switches between the reduced and oxidized state. The
concentrations were calculated for 1 mg Chl (S1 Table). FDX was clamped to 50% reduced state. Starting values of FTR
and TRX-f1 were set to 80% reduced and 20% oxidized. 2CysPRX start values for reduced and oxidized form were 35%
and 65% [12]. (B-E) Redox states of the network components FTR, TRX-f1, 2CysPRX and FBPase at varying H,O,
concentrations as obtained after 3h of simulation in the presence of H,O, ranging between 0 and 10 uM.

https://doi.org/10.1371/journal.pcbi.1007102.g001
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Fig 2. Time-dependent simulation of redox potential changes of FTR-network components. The redox potentials of FTR, TRX-f1, FBPase, 2CysPRX were

simulated at varying H,O, concentrations. Redox potentials were calculated at each time step using the Nernst equation for (A) FTR, (B) 2CysPRX, (C) TRX-fl and
(D) FBPase. The simulation was run for 15 min for each H,0, concentration adjusted to 0 nM (blue), 1 nM (red), 10 nM (magenta), 100 nM (black), 1 uM (green)
and 10 uM (cyan).

https://doi.org/10.1371/journal.pcbi.1007102.9002

concentration was adjusted to values between 0 and 10 pM and the steady state redox states of
FTR, TRX-f1, FBPase and 2CysPRX were modelled by kinetic simulation (Fig 1B-1E). The
FTR was highly reduced under all conditions and there was almost no increase in oxidation if
the H,O, rose from 1 nM to 100 nM. Further elevation of H,O, had no further effect since the
2CysPRX turned maximally oxidized at 100 nM and higher H,O, concentrations. In the same
range, the oxidized form of TRX-f1 reached 44%, while the FBPase was oxidized by 58%.

Fig 2 depicts the time-dependent changes in redox potential of the sub-network compo-
nents FTR, TRX-f1, FBPase and 2CysPRX. In the absence of H,O, or at 1 nM, the starting con-
dition shifted to a slightly more reduced state. On the contrary, the FBPase redox potential was
poorly affected by increasing the H,O, concentration from 1 to 10 uM and even 100 nM
already strongly oxidized the TRX-f1 and FBPase proteins. Thus, this simple network simula-
tion together with the reported ex vivo redox states of the components allowed us to predict
that stromal H,O, levels likely range somewhere between 1 and 100 nM.
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Fig 3. Simulated steady state concentration of FNR-network components at various H,O, concentrations. (A)
Schematic representation of FNR-network simulated in the second model. Here, electrons passed from FDX through
FNR, NADP", NTRC to 2CysPRX and finally H,O,. Each component was able to adopt a reduced or oxidized state.
FNR is represented in three states in the model; reduced (red), semi reduced (semired) and oxidized (ox). The
physiological concentrations were calculated for 1 mg Chl (S2 Table). FDX was clamped to 50% reduction. Initial
values of FNR ¢4 and FNRepirea Were set to 40%. All other oxidized forms were initially set to 20% apart from
2CysPRX at the starting point with 65% in the oxidized form [12]. The NADPH/NADP" couple was full reduced at

t = 0. To mimic metabolic NADPH oxidation an additional reaction constant (v7) was added. (B-E) The redox state of
the network components (B) NTRC, (C) 2CysPRX, (D) NADPH, NADP* and (E) FNR,,, was simulated for 3h at
constant H,O, concentrations varying from 0 uM to 100 uM.

https://doi.org/10.1371/journal.pcbi.1007102.9003

The second model was constructed to simulate the FNR branch of the network (Fig 3).
Generated NADPH provided electrons to metabolism (v11) or to NTRC for reducing
2CysPRX. H,0, was adjusted to concentrations between 0 and 100 uM. Fig 3B-3E depicts the
relative redox forms computed for simulated time period of 3 h which essentially represents
the final steady state. The most sensitive component of the network was 2CysPRX. At about 10
nM H,0,, the 2CysPRX was half reduced and half oxidized. NTRC and NADPH responded
significantly, here considered as increase in oxidation by at least 10%, when H,O, reached a
concentration of 1 uM.

The simulation of the FNR-network presented in Fig 4 focused on the time-dependent
changes in redox potentials. The increase of the clamped H,0, concentration from 10
(magenta) to 100 nM (black) switched the trend from increased reduction, equivalent to more
negative redox potentials, to more oxidation which is equivalent to less negative redox
potentials.

In the next step, the FTR and FNR networks were combined (Fig 5A). The H,0, concentra-
tion was clamped to values between 0 and 100 pM as before and the redox states of the compo-
nents derived in the approximated steady state after 3h of simulation (Fig 5B-5I). The H,O,
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Fig 4. Time-dependent simulation of the redox potentials of the FNR-network components. The redox potentials
were simulated for the FNR-network components FdX, FNR, NADPH, NTRC and 2CysPRX in dependence of the
clamped H,O, concentration. Redox potentials were calculated at each time step using Nernst equation for (A) NTRC,
(B) 2CysPRX and (C) NADPH/NADP" couple. The simulation was run for 10 minutes at constant H,O,
concentration of 0 uM (blue), 1 nM (red), 10 nM (magenta), 100 nM (black), 1 uM (green) and 10 uM (cyan).

https://doi.org/10.1371/journal.pcbi.1007102.9004
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Fig 5. Simulation in the combined model of the redox states of the chloroplast FTR/FNR-network components in
the presence of varying H,O, concentrations. (A) Schematic representation of the combined FTR/FNR-network
model. Electrons from FDX could flow either through the FNR branch to NADP* and NTRC or were transported
through the FTR branch to TRX-f1 and FBPase. Thus electrons were transferred to 2CysPRX and H,O, by NTRC and
TRX-f1. Each component adopted either a reduced or oxidized state. FNR is represented in three states in the model,
the reduced (red), semi reduced (semired) and oxidized (ox) form. The physiological concentrations are calculated for
1 mg chlorophyll (S3 Table). FDX was clamped to 50% reduced state. Estimated start values of FNR.q and FNRgemired
were each set to 40%. The oxidized form was initially set to 20%. Initial values of NTRC, FTR and TRX-f1 were 80%
reduced and 20% oxidized. The initial 2CysPRX values were set to 35% reduced and 65% oxidized form [12]. The
NADPH/NADP" couple started from a fully reduced state at t = 0. To mimic metabolic NADPH oxidation, the
reaction constant v11 was added. (B-E) The redox states of the network components (B) FTR,y, (C) TRX-f1, (D)
FBPase, (E) 2CysPRX, (F,G) FNR, (H) NADPH, NADP" and (I) NTRC were simulated for 3h at constant H,0,
concentrations ranging from 0 uM to 100 uM.

https://doi.org/10.1371/journal.pcbi.1007102.9005

concentration dependencies of the redox states at first glance were rather similar between the
individual and the combined models; however there were some striking differences with likely
physiological significance. The TRX-f1 was still more reduced at 100 nM H,O, in the com-
bined than in the FTR model. Accordingly, the FBPase remained more reduced in the com-
bined model still being 42% reduced at 100 nM H,O, while it was close to 60% oxidized at 10
nM in the FTR model (cf. Figs 1 and 5).

The most striking difference was seen for 2CysPRX which was half oxidized at 3 nM H,0,
in the FTR model, but at slightly above 10 nM in the combined model. These important alter-
ations in redox state after introducing the FNR branch witness the importance of the NTRC
pathway in reducing 2CysPRX in line with published experimental results [9, 14]. The time-
dependent changes in redox states of the network components (Fig 6) confirmed the critical
range of the H,O, concentration needed for stable redox states as also measurable ex vivo.
Thus at 10 nM H,0, in the combined model, there was a trend towards higher reduction,
while clamping the H,0, concentration to 100 nM reversed the trend toward higher oxidation
of the network components.

The combined FTR/FNR-model allowed for estimating relative rates of electron drainage at
competing branching points of the network and provided answers to the critical questions
raised above. The first question addressed the estimation of the resting H,0, concentration in
the stroma in vivo. Several experimental studies have shown that the oxidized fraction of
2CysPRX exceeds that of the reduced fraction, e.g., [12] determined the ratio of oxidized to
reduced forms to 65%:35%. Thus we asked our model at which clamped H,O, concentration
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Fig 6. Time-dependent simulation of redox potentials of FTR/FNR-network components. The redox potentials of
FTR/FNR-network components were simulated and included FDX, FNR, NADPH, NTRC, FTR, TRX-f1, FBPase and
2CysPRX. Redox potentials were calculated at each time step using the Nernst equation for (A) FTR, (B) 2CysPRX, (C)
Trx-f, (D) FBPase, (E) NTRC and (F) NADPH/NADP" couple. The simulation was run for 10 min at constant H,0,
concentrations of 0 uM (blue), 1 nM (red), 10 nM (magenta), 100 nM (black), 1 uM (green) and 10 uM (cyan).

https://doi.org/10.1371/journal.pcbi.1007102.9g006

this particular ratio is realized (S3 Table). The ratio of 65%:35% was established at 30 nM
H,0,.

The second question concerned the ratio of electron flows from NADPH into metabolism
(v11) and NTRC reduction (v9) assuming that only 2CysPRX acts as electron sink (Fig 7). For
answering this question it was assumed that the H,0, concentration in the resting state is
close to 30 nM and then the simulated rate constants v9 and v11 and their ratios were com-
puted (S4 Table). In this scenario, the electron flow into metabolism exceeded that into
NTRC-dependent regeneration of 2CysPRX by a factor of 7410. The rate of regulatory electron
flow reached only 0.14%o of metabolic reduction. This value increased with increasing H,O, in
the simulation but did not exceed 5%o even in the presence of 100 uM H,O,.

The third question dealt with the relative contribution of NTRC (v10) and TRX-f1 (v4) to
reducing 2CysPRX (Fig 7). Atlow H,O, concentrations v10 exceeded v4 by 2 to 3-fold; at 30
nM H,0, the ratio of v10/v4 was 4.3. Apparently, the flux contribution of NTRC increased
with increasing H,O,.

The final simulation explored the thermodynamic equilibrium between the NADPH system
and the 2CysPRX mediated by NTRC. The ratio of NADPH/NADP" was varied between full
reduction and full oxidation and the 2CysPRX,.4/2CysPRX,,, computed assuming full equilib-
rium catalyzed by NTRC (Fig 8A). At a ratio of NADPH/NADP™ = 1 only a small fraction of
2CysPRX was in the oxidized form (Fig 8A and 8B). Only at rather oxidized NADP system of
97.6% adjusted the 2CysPRX system at the ratio of 35% reduced and 65% oxidized as reported
in photosynthesizing leaves [12]. The computing result was confirmed experimentally with
recombinant proteins of NTRC and 2CysPRX equilibrated with varying NADPH/NADP"-
ratios, labeled with 5 mM N-ethylmaleimide polyethylene glycol (mPEG,,,)) at pH 8 and sepa-
rated on reducing sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE).
The peroxidatic and resolving thiol of the reduced form bound two molecules of mPEG;;,,;
causing a shift of 10 kDa, while the disulfide bonded oxidized form could not be labeled and
separated as a band at 20 kDa. In the presence of oxidized NADP™, only the oxidized form of
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Fig 7. Steady state velocity ratios within the FTR/FNR network. Steady state velocities of the FTR/FNR-network (Fig 5A) were
obtained after simulating the electron fluxes in the presence of various H,O, concentrations. The physiological concentrations of
network components were calculated for 1 mg chlorophyll. The H,0O, values were clamped in the simulation as given on the x-axis.
(A) The ratio of the electron flux velocities from NADPH to metabolism (v11) relative to those from NADPH to thiol network (v9)
were derived after 15 min. (B) Ratio of electron transfer rates from either TRX-f1 (v4) or NTRC (v10) to 2CysPRX as a function of
clamped H,0, concentrations.

https://doi.org/10.1371/journal.pcbi.1007102.g007

2CysPRX was observed. The oxidized form decreased with increasing NADPH/NADP”-ratio.
Importantly at a physiological NADPH/NADP"-ratio of 1, a significant amount of 2CysPRX,
was visible, albeit much less than 65% as reported [12].

Discussion

Redox and reactive oxygen species-dependent signaling is a general property of cells. For its
understanding it is of fundamental importance to define the network connections, quantify
electron fluxes and determine the driving forces [15]. Due to the network character, redox sig-
naling can hardly be fully addressed experimentally. Thus work with mutants devoid of single
and multiple network elements have provided important clues on their potential roles and
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Fig 8. Redox equilibrium between NADPH and 2CysPRX catalyzed by NTRC as computed in silico and measured experimentally in the reconstituted system.
(left figure) The equilibrium between varying NADPH/NADP"-ratios and 2CysPRX was computed using a mathematical model consisting of differential equations

(A.14, A.18, A.19). The concentration of components exhibits the values form the enzyme assay. (right figure) Enzymatic assays containing 10 uM NTRC, 5 uM
2CysPRX and 100 pM total (NADPH / NADP") in TRIS-buffer, pH 8, were incubated for 5 min. After labeling the free thiols with mPEG-maleimide which causes an
increase in molecular mass by 5 kDa per introduced label, thus 10 kDa for two thiols, samples were separated by SDS-PAGE and visualized by Coomassie-silver
staining. The positions in the gel of the oxidized (no label) and reduced forms (two labels) of 2CysPRX are indicated.

https://doi.org/10.1371/journal.pcbi.1007102.9008

functions, but also bear the problem of cumulating and equivocal effects [16,17]. For this rea-
son, this study realized a computational approach for simulating two separate sub-networks
and a combined network of the chloroplast as a meaningful approach complementary to the
empiric avenue. In the following we will discuss the main conclusions drawn from our simula-
tions and also address the potential shortcomings.

The contribution of NTRC to 2-CysPRX reduction exceeds that of the
TRX-f-pathway

The FDX-FTR-branch was used to simulate the distribution of electrons between activation of
an exemplary target protein, the chloroplast FBPase, and reduction of 2CysPRX. The FBPase is
only one of several targets of TRX-f1 [16]. Arabidopsis thaliana lacking TRX-f1 lacks an obvi-
ous phenotype. However, the double mutant ntrc/trx-fI is compromised in multiple parame-
ters such as growth, photosynthetic carbon assimilation and activation of FBPase. This is in
line with our simulation results using the individual and combined models since either branch
was able to reduce 2-CysPRX. The increased NADPH/NADP-ratio in the double mutant indi-
cates an inhibition of CBB activity [16]. But even the double mutant trx-f1/trx-f2 showed a sig-
nificant reduction of the FBPase and RubisCO activase protein, indicating alternative
pathways for the reduction of photosynthesis-related target enzymes. It is noteworthy that this
simplified network allowed for simulating the data from the corresponding enzyme test sur-
prisingly well [12]. The kinetic data of the network consisting of TRX-f1, FBPase and 2CysPRX
either reconstituted from recombinant proteins in a test tube or computed in silico matched
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with a regression coefficient of R* = 0.998. This ‘perfect’ match confirms the reliability of these
particular reaction constants.

The model cannot reflect the complexity of the chloroplast TRX system which consists of
20 TRX and TRX-like proteins (Trx-m (4) +Trx-x (1) + Trx-y (2) +Trx-f (2) + Trx-z (1) + Trx-
Like2 (2) + Trx-Lilium (5) + CDSP32 (1) + HCF164 (1) + NTRC (1)) and the NTRC [3,18].
The implementation of additional TRXs in the model would require quantitative data on their
stromal concentration and affinity toward targets of interest. However this information is
unavailable for most chloroplast TRXs. It is an interesting perspective that such interactions
may be predicted based in electrostatic and geometric properties of the complementary inter-
faces of redox transmitter and redox target in the future [19].

The FNR branch provides electrons from PET to NADPH which is mainly consumed in
the CBB. NADPH also reduces NTRC. The simulation gave a 5.46-fold higher contribution of
the NTRC pathway to 2-CysPRX reduction than the TRX-f pathway. The reconstitution of
NADPH/NTRC/2CysPRX system showed the reversibility and equilibrium in this pathway. A
highly oxidized NADP system oxidizes 2CysPRX via NTRC. The data of Fig 8 show that even
in the presence of 75% oxidized NADP-system, only a small fraction of 2-Cys PRX turns oxi-
dized. This result was in line with the theoretical computation of the redox equilibrium.
Reverse flow from 2CysPRX for NADP" reduction will only occur if the NADP-system is oxi-
dized to an overwhelming fraction which rarely occurs. Such a far-going oxidation of the
NADPH/NADP"-ratio was reported for spinach leaves when lowering the steady state light
intensity from 250 umol photonsm>s™ to 25 umol photonsm™s™* [20]. Thus the backflow
may be a feedback mechanism upon sudden lowering or extinguishing the photosynthetic
active radiation. After such a light step down, the CBB still consumes NADPH and strongly
oxidizes the NADP-system, which oxidizes the 2CysPRX by backflow. This mechanism will
accelerate the TRX oxidation by 2CysPRX acting as TRX oxidase [12] and thereby downregu-
lates the CBB activity to readjust the NADPH/NADP*-ratio to reach an energetic equilibrium.

The resting H,O, concentration of the chloroplast is in the lower
nanomolar range

Simulating the effect of H,O, using the model combined from the FTR and FNR networks
allowed for estimating velocities of empirically inaccessible reactions and amounts of resting
H,0, concentrations. Biochemical H,O, determination in extracts or histochemical staining
only provide rough estimates and possibly indications for alterations, but these quantifications
give unrealistically high ROS amounts. Recent developments with H,O,-sensitive in vivo
probes such as Hyper enable kinetic monitoring of H,O, amounts in compartments of living
cells. HyPer?2 is a derivative of YFP fused to the H,0, binding domain of the bacterial H,O,-
sensitive transcription factor OxyR [21]. Using this sensor, Exposito-Rodriguez et al. [22]
proved that chloroplast-sourced H,O, likely are transported to the nucleus. The study exclu-
sively was based on excitation ratios but H,O, concentrations could not be estimated.

The steady state concentration of stromal H,0, was approximated to about 30 nM in this
study. The rational was to compare the electron distribution and computed redox states of net-
work components in the presence of different H,0O, concentrations with reported data on the
redox state of 2CysPRX ex vivo [9,12]. The high reaction rate of 2CysPRX with peroxide sub-
strates [23] allows for rapid oxidation of the peroxidatic thiol and conversion to the disulfide
form [24]. The limiting factor in the catalytic cycle is the regeneration [14,25]. The limited
regeneration speed decreases the turnover number to values far below 1 s'. Consequently, any
increase in H,O, will shift the 2CysPRX redox state to more oxidation. The value of 30 nM
could be an underestimation if other TRX isoforms or other electron donors significantly
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contribute to the reduction of disulfide-bonded 2CysPRX. The most interesting candidate is
TRX-x which proved to be the most efficient regenerator of 2CysPRX among the tested TRXs
[7], but had little effect on the redox state of 2CysPRX measured ex vivo [9]. This may not be
surprising since the fraction of TRX-x only amounts to 8% of that of TRX-f1 and 5% of that of
NTRC in the stroma according to the AT_CHLORO mass-spectrometric protein database
[26,27].

Electron flow for regulation amounts to a small fraction of metabolic
reduction

Electrons from light-driven PET are distributed among different metabolic consumers such as
carbon, nitrogen and sulfur assimilation which are serviced at a ratio of about 40:8:1. In addi-
tion part of the electrons are used for regulatory purposes, namely for producing both the
reductants NADPH, glutathione and TRX as redox input elements into the thiol redox regula-
tory network [28] and the oxidant H,O, [29]. The relative expenditure of reductive energy for
redox regulation of the CBB cycle has been an open but unsolved issue for long, essentially
since the discovery of TRXs. The mathematical simulation focusing on FBPase assumed that
both the reductive and the oxidative driving forces are generated from PET. In this case and at
a resting H,O, concentration of 30 nM, metabolic electron drainage exceeds the NTRC-
dependent regeneration of 2CysPRX by a factor of 7234-fold (S4 Table).

Considering the 5.46-fold lower electron flux from TRX-f1 to 2CysPRX than from NTRC at
30 nM H,0, (54 Table) the metabolic flux exceeds the reduction rate of 2CysPRX 6114-fold.
An equivalent amount of electrons must be used to produce H,O,, increasing the reductive
expenditure for FBPase redox regulation to 1/3057™ of metabolic flux. Considering the other
redox regulated targets such as RubiCO activase, seduheptulose-1,7-bisphosphatase, glyceral-
dehyde-3-phosphate dehydrogenase, ribulo-5-phosphate kinase and malate dehydrogenase
and assuming that regulation of these targets consumes, e.g., 30-fold more electrons than regu-
lation of FBPase, then about 1% of the PET rate would be drained for redox regulation.

Another unknown parameter in the system is the nature of oxidation in addition to PET-
derived H,O,. Two sources for oxidation should be taken into account. H,0, is produced out-
side of the chloroplast, in the peroxisomes, in mitochondria and at the plasmamembrane by
NADPH oxidases [30]. Antioxidant systems decompose these ROS and thus it is unlikely that
external H,O, penetrates the chloroplast and contributes to oxidation of redox target proteins.
Another possible oxidant is elemental oxygen as suggested early after the discovery of thiore-
doxins. It would be important to obtain the kinetic data of O,-mediated oxidation of TRX and
other protein thiols in future work in order to incorporate such data in the mathematical
model. Alternative oxidation reactions will increase the expenditure of electron for regulation.

The H,0,-dependency of the stromal redox state

The discussion up to this point concerned the steady redox state in the light. It is generally
accepted that the rate of H,0, generation increases in the chloroplast if exposed to excess exci-
tation energy, in particular if coinciding with nutrient deficiency or low temperature. The
combined model allows for analyzing the effect of changing H,O, concentration. Increasing
H,0, will increase the oxidation state of the 2-CysPRX with immediate effects on the FTR/
TRX system (Fig 5). It may be hypothesized that the concomitant downregulation of CBB and
thus metabolic energy consumption frees energy for driving defense processes. In addition,
the more oxidizing condition may activate the oxidative pentose phosphate cycle via glucose-
6-phosphate dehydrogenase to provide additional reductive power for defense. Thus, the here
presented model should be expanded to include both reductive activation and reductive
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inhibition in order to understand the controlled readjustment of normal redox state. Naturally,
one wishes to see experimental validations of the predictions: We are not aware of any experi-
mental access to the three main estimates, the resting H,O, concentration, the relative contribu-
tion of the TRX-f and NTRC pathway and the relative rates of electron fluxes into metabolism
versus thiol regulation. The first two predictions appear highly reliable due to the immediate
reaction of H,0, with 2-CysPRX and the measured redox state of 2-CysPRX ex vivo on the one
hand site, and the reported biochemical parameters on the other hand. The latter result is in
good accordance with data from mutants and in vitro reconstitution experiments with recombi-
nant proteins [9,14]. The third value concerning the electron flux into regulation gives a first
estimate and will have to be substantiated by refinement of the mathematical model.

Materials and methods
Equilibrium between NADP-system and 2CysPRX catalyzed by NTRC

Hisx6-tagged recombinant NTRC and 2CysPRX were produced in E. coli and purified by Ni-
nitrilotriacetic acid-based affinity chromatography as described [12]. 10 uM recombinant
NTRC was incubated with 5 uM of 2CysPRXA and 100 yM NADPH/NADP" in 50 mM Tris-
HCI pH 8 in a final volume of 50 pl for 5 min. Then 50 pl of TCA 20% (w/v) was added to the
mixture and maintained on ice for 40 min. The assay mix was spun for 15 min at 13,000 rpm.
The pellet was washed with TCA (2%, 100 pl). After 15 min centrifugation at 13 000 rpm, the
pellet was resuspended with 15 pl of 50 mM Tris-HCI pH 7.9 containing mPEGmal with 1%
SDS. After 90 min at room temperature, SDS-PAGE loading buffer with f8-mercaptoethanol
was added. 20 pl of the mixture were separated by SDS-PAGE (12% w/v) and protein bands
visualized with Coomassie-silver staining.

Concentrations of network components

Concentrations of chloroplast proteins were taken from literature and calculated for 1 mg Chl
referred to 66 pl stroma [31] and 10 mg stromal protein. The calculated concentration values
were summed for isoforms. In all models each H,O, and FDX concentration were set constant.
The start values of variables were partitioned into 80% of reduced and 20% of oxidized form
except for FNR, 2CysPRX and NADPH/NADP™ couple (S5 Table).

Model formulation

Three chloroplast network models were developed to analyze electron transfer rates as well as
oxidized and reduced states of network components with various H,O, concentrations. The
first model describes the FTR-based electron transfer to 2CysPRX (Fig 1A). It is built on the
previously published model of Vaseghi et al. [12] and describes the electron drainage in the
presence of different H,O, concentrations. The second model reveals the FNR-based electron
transfer (Fig 3A) and the third model combines both models (Fig 5A).

A) FTR network model. In order to analyse the electron distribution from TRX-f1 to
FBPase or 2CysPRX in dependence on H,0, concentration, the first simplified model of the
FTR network consisted of FDX, FTR, TRX-f1, FBPase, 2CysPRX and H,O, (Fig 1A). FDX and
H,O, were constant parameters. FDX was fixed to 50% reduction and the H,O, concentration
varied from 0.3 nM to 10 uM. The four variables were FTR, TRX-f1, FBPase and 2CysPRX.
Each variable could adopt the oxidized and reduced state. Electrons were transferred from FDX
(v1) via FTR to TRX-f1 (v2). TRX-f1 distributed the electrons to FBPase (v3) and 2CysPRX
(v4). H,0, oxidized 2CysPRX (v5). The rate equations were implemented using mass action
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law (S1A1 Text). The reactions were formulated as reversible second order rates (except v5).

[Trxf1,,] * [2CysPrx, )

v, =k, * ([Trxf1,,,] * [2CysPrx, | — ) (1)

KequjleCP

The transition from one electron transfer to two electron transfer takes place at FTR. There-
fore, two FDX are required to reduce FTR.

[FDXox] * [FDXox} * [FTRred]
K

eqrdFTR

vy = ky * ([FDX, ] * [FDX,,,] * [FTR, ] — ) (2)

B) FNR network model. The second model aimed to describe the reduction power in the
FNR branch toward 2CysPRX and represents the electron transfer via FNR and NTRC (Fig
3A). This FNR network model consisted of FDX, FNR, NADPH, NTRC, 2CysPRX and H,0,.
Each component exhibited two states in the model; oxidized and reduced form. Only FNR
(the transition molecule from one to two electron transport) was represented in three forms;
reduced, half reduced and oxidized. Electrons were transferred from FDX (constant reduced
50%) to FNRox (v6) that results in half reduced FNR form.

V(i = k+6 * [FDXred} * [FNRDX] - k*(j * [FDXox] * [FNRsemired] (3)

A further reduction by FDX of FNRsemired (v7) resulted in the fully reduced form of FNR
(FNRred).

V7 = k+7 * [FDXred] * [FNR k*? * [FDXDX] * [FNRred] (4)

semired] -

FNRred transferred electrons to NADP" (v8) to produce NADPH. In order to mimic meta-
bolic NADPH consumption an estimated rate of NADPH decrease was included (v11). In this
network NADPH transferred electrons to NTRCox (v9) that led to reduced NTRC
(NTRCred). The reduction of 2CysPRXox took place by NTRCred (v10). Reduced 2CysPRX
reduced H,0, to 2 H,O (v5). H,O, was included as a constant and varied from 0 nM to
100 uM. (S1B Text)

C) The combined FTR-FNR network model. To analyse the interaction between the
FTR and FNR branch in adjusting the 2CysPRX and FBPase redox states in dependence on
different H,O, concentrations a third model was constructed consisting of the FTR and FNR
networks (Fig 5A). All components except FDX and H,O, were variables and represented in
reduced and oxidized form. Only FNR adopted three different redox states; reduced, oxidized
and half reduced.

The equilibrium constants K., in all reactions were calculated using the standard cell poten-
tials E° of each cell reaction at pH 7 linked to the standard reaction Gibbs energy ARG’ [32]:

K,, = exp(—A,G*/RT) with AG® = —nF - E° (5)

where R is the gas constant, T the thermodynamic temperature, F the Faraday constant and n
the stoichiometric coefficient of the electrons in the half-reactions in which the cell reaction
can be divided. The models were formalized as systems of differential equations (S1C Text).
Steady-state solutions were computed numerically in MATLAB.
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Calculation of redox potentials

Redox potentials were calculated at each time step using the Nernst equation at room tempera-
ture

0.059V [0x]
E= EU
+ z logl() [red] (6)

where E is the redox potential, E° the standard cell potential at pH = 7 (S1D Text), z the stoi-
chiometric coefficient of the electrons in the half-reactions and [ox] and [red] the concentra-
tion of the oxidized and reduced form of the component, respectively.

Fitting of unknown parameter

Three unknown parameters were fitted to data [33]. A fourth model was developed containing
all components of the measurements. The network consisted of NADPH (0.5 mM), FNR
(0.2 uM), FDX (1 pM), FTR (1uM), TRX-f1 (2uM) (S4 Fig).

Because the initial values of the parameters were not available, we have decided for global
optimization algorithm (MATLAB Genetic Algorithm Tool, GA). Since GA requires a lot of
computing capacity, the output parameters were not always accurate. Here we used the output
parameters of the GA-optimization at different local minima as the initial guess. Local algo-
rithms could calculate the parameters more correctly (S1C Text, S5 Fig). For a comparison, we
applied the two MATLAB local algorithms: “fminunc” and “Isqnonlin”. All the final parame-
ters of the paper are results of the global and local optimization. As a measure of the sensitivity
values of the fval function to the each fitted parameter, k+1, k+2 and k-8, we used the rates of
convergence of the fval-value to minima in respect of variations of each of the parameters. See
S1 Text, table C1 and S6 Fig for the minima.

In order to mimic the physiological behavior of the chloroplast an overall rate constant was
estimated and included the rate of metabolic electron drainage from NADPH (v11). Studies of
NADPH/NADP" concentrations in the light reports a ratio of 50% [34]. The network without
the constant leads to 90% of NADPH and 10% NADP_ (S1 Fig). The constant v11 was manual
fitted. The NADPH concentration after inclusion of v11 stays at approximately 50% 0.2 at all
H,0, concentrations (Fig 3A).
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