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Supplementary Materials

Equations and Parameters of the Two-Dimensional Photosynthetic
Model

1. Description of photosynthetic CO: assimilation and photorespiration

The simplified photosynthetic model of Farquhar, von Caemmerer and Berry (FvCB-model) [1-2]
which included only the Rubisco-limited CO: assimilation rate and electron transport-limited CO:
assimilation rate was used in the work. The assimﬂaﬁ:icdrj(Ahv) r\/,\gas described by Equation (S1):
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where W. (Equation (S2)) and Wj (Equation (53)) were carboxylation rates at the Rubisco-limited CO:
assimilation and electron transport-limited CO: assimilation conditions, respectively, [COz]s= was
concentration of CO: in the stroma of chloroplasts, I" was the photosynthetic CO2 compensation point in
the absence of mitochondrial respiration.
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where Vmax was the maximum rate of carboxylation of Rubisco, [Oz] was concentration of Oz in the stroma
of chloroplasts, Kc and Ko were the Michaelis constants for carboxylation and oxygenation, respectively, ]
was the potential of whole chain electron transport (Equation (54)):
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where I (Equation (55)) was the useful light absorbed by the photosystem II, Jmax was the maximum electron
transport rate, and 6 was an empirical curvature factor [1].
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where PAR was the photosynthetic active radiation, abs was the light absorptance (abs), and f was the
factor of correction for spectral quality of the light.
The photorespiration rate (Vphr) was described by Equation (56):
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In accordance with von Caemmerer et al. [1], it was assumed that rate of the dark respiration (Ru)
was constant.

2. Description of stomata and transmembrane CO: fluxes

Equations (57), (S8), and (S9) based on the Fick's law [3] were used for description of CO: transport
through the stomata (js), plasma membrane (jem), and chloroplast envelopes (jcni), respectively:

js = 8s°([COz)out — [Coz]ap) (S7),
jPM = gPM([COZ]ap - [Coz]cyt) (58),
jem = gChl([COZ]cyt — [CO4]str) (59),

where [COzJou, [CO2]ap, and [CO:z]t were concentrations of CO: in the air, apoplast and cytoplasm,
respectively, g<°, gem, and gcn were CO2 conductance for the stomata, plasma membrane, and chloroplast
envelopes, respectively.

It was assumed that gs was constant in model elements with both mesophyll cell and stomata or
zero in model elements without stomata. It was also assumed that the CO2 conductance per area unit was
equal for the plasma membrane and chloroplast envelopes [4-5]; thus, grm and gcn were derived from the
CO: conductance through mesophyll (gm):
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where ;P—M was ratio of the total area of the plasma membranes to the total area of the envelopes of
Chl

chloroplasts.

3. Description of lateral fluxes of COz2 and HCOs

Equations (512) and (513) based on our previous work [6] were used for description of CO:
(jeotm) and HCOs (jucos¥!m) volume fluxes, respectively, between apoplasts of two neighboring cells
(their parameters were marked by indices n, k and |, m):
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where [HCOs]ap was concentration of HCOs in the apoplast, Dcoz and Dreos were coefficients of diffusion
of CO2 and HCOs in water, and a was linear size of cell in the model (it was assumed that these cells were



cubes), ;/erl was ratio of the apoplastic volume to the total cell volume. In border elements, CO2 and HCOs

fluxes directed outside of the simulated leaf were assumed equaling to zero.

4. Description of changes in COz and HCOs concentrations

Equations (514), (S15), and (S16) were used for calculation of summary changes in CO2 and HCOs
concentrations in the apoplast (Cap), cytoplasm (Ceyt), and chloroplast stroma (Cstr), respectively:
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where %, f/Laf, and ifleaf were ratios of leaf areas to volumes of the apoplast, cytoplasm, and stroma,
ap cyt str

respectively, 1810 dm? mol! was volume of 1 mol of H20.

In accordance with our previous work [7], we used portion of CO2 in the summary concentration
of COz2 and HCOs (Pcoz) for calculation of separate concentrations of CO2 and HCOs. Pco2 was calculated
on basis of Equation (517):
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where pK was the negative logarithm of the equilibrium constant in the reaction of transition between CO:
and HCOs. CO:z concentrations were calculated as multiplication of Pco2 and the summary concentration
of CO2 and HCOs; HCOs concentrations were calculated as multiplication of (1-Pcoz ) and the summary
concentration of COz2 and HCOs-.

5. Description of transmembrane H* and K* fluxes and membrane potential

Description of transmembrane H* and K* fluxes was based on our previous model [8-9]; however,
this model was simplified. Only, H-ATPase, inwardly and outwardly rectifying K* channels, and K*/H*-
antiporter were described.

Proton flux through H*-ATPase (jp) was described by Equation (S18) (in accordance with the “two-
state model” [8, 10]):
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constants for transitions between states of the H*-ATPase, Aate (Equation (519)) and As. (Equation (520))
were coefficients describing activation of H*-ATPase by the cytoplasmic ATP concentration ([ATP]) and

1—exp(—u)’

intensity of blue light (BL), respectively, u = % was the normalized membrane potential, [H*]ap and [H*]cyt
were proton concentrations in the apoplast and cytoplasm, respectively, Garr was the energy of ATP
hydrolysis, ki and k2 were are velocity constants of transitions between states of the H*-ATPase at u=0 and
[H*]ap = [H*Jour = 1 M, Em was membrane potential across the plasma membrane, F, R, and T were standard
thermodynamic values.
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where Katr was the constant of the 50% activation of H*-ATPase by [ATP], Kot was the proportional
coefficient between concentrations of ATP in the leaf and cytoplasm, Asw was activity of H*-ATPase
without the blue light, Ks. was the constant of the 50% activation of H*-ATPase by BL.

K+ fluxes through inwardly (Jirxkc) and outwardly (Jorkc) rectifying K+ channels were described on
basis of the Goldman-Hodgkin-Katz equation [8-9, 11]:
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where Prxe (Equation (523)) and Porke (Equation (524)) were probabilities of open states of inwardly and
outwardly rectifying K* channels, respectively, where Pmax®XC and PmaxORKC were maximum permeabilities
of inwardly and outwardly rectifying K* channels, respectively, [K*]ot and [K*]ap were concentrations of K*
in the cytoplasm and apoplast.
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where crxe and corke were constants which represented a portion of the membrane potential acting on the
gating mechanisms and their charge in inwardly and outwardly rectifying K+ channels, respectively, umrkc
and uorkc were the normalized potential barriers for the transition of the channel from the closed state to
the open one in inwardly and outwardly rectifying K* channels, respectively.

H* and K* fluxes through K*/H*-antiporter (Jan) were described in accordance with our previous
works [8-9]:

]Ant = kAnt([K+]cyt[H+]ap - [K+]ap [H+]cyt) (525)1

where kant was parameter which was proportional to rate of transports of ions through the antiporter.
Em was described as stationary value in accordance with our previous works [6, 9]:
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where Ex and Er were reverse potentials for K+ channels (Equation (527)) and H*-ATPase (Equation (528)),
respectively, gk and gr were electrical conductance for K* channels (Equation (S29)) and H*-ATPase
(Equation (530)), respectively:
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6. Description of lateral H* and K* fluxes

Equations (531) and (S32) based on our previous work [6] were used for description of K* (jxk/m)
and H* (junkm) volume fluxes, respectively, between apoplasts of two neighboring cells (their parameters
were marked by indices n, k and 1, m):
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where Dk and Dn were coefficients of diffusion of K* and H* in water. In border elements, ion fluxes directed
outside of the simulated leaf were assumed equaling to zero.

7. Description of changes in K+ and H+ concentrations

Equations (S33), (534), (S35), and (536) were used for calculation of summary changes in total K
concentrations in the apoplast ([K]ap) and concentration of K* in the cytoplasm ([K*]et) and changes in total
H concentrations in the apoplast ([H]ap) and cytoplasm ([H]cyt), respectively.
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The model included description of buffer capacity of the apoplast for K* and H* and buffer capacity
of the cytoplasm for H* [8-9]. Equation (S37) described buffer capacity of the cytoplasm:
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where Bot was total concentration of proton buffer (free and bonded) in the cytoplasm, Kuwt was the
dissociation constant between the cytoplasmic buffer and H*.
Equations (S38) and (S39) described buffer capacity of the apoplast [9]:
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where Bapt was total concentration of proton buffer (free and bonded) in the apoplast, Ku2r and Kk were
the dissociation constants between the apoplastic buffer and H* and between the apoplastic buffer and K*.
Concentration of H* in stroma ([H*]s«) was assumed as constant.

8. Description of changes in ATP concentration

Stationary concentration of ATP ([ATP]), which was calculated per unit of the leaf volume, was
described by Equation (40):
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ATP:z and [ATP]dark were total concentration of ATP and ADP and concentration of ATP under dark

conditions (without photosynthetic processes), a was portion of the CO: assimilation rate which was used

where § =

for the ATP synthesis, and keons was effective velocity constant of all processes of the ATP consumption
(this parameter was calculated on basis of only Rd under dark conditions).

9. Parameterization of the model

Table S1 shows main parameters of the model which were used in the work. Initial values of
concentrations of H* and K* (and their total concentrations) in the apoplast and cytoplasm and
concentrations of COz2 in the apoplast, cytoplasm, and stroma of chloroplasts, which were variables of our
model, are also shown in this table. It should be noted that initial concentrations of HCOs and initial
summary concentrations of CO2 and HCOs were calculated on basis of initial concentrations of CO2 and
equation (517).

Table S1. Parameters used in the two-dimensional photosynthetic model

Parameters Values Units Sources for calculation of
values

Photosynthetic CO: assimilation and photorespiration

Kc 260 ppm [1]
Ko 179000 ppm [1]
Vimax 80 pmol m2 s [1]
I 38.6 ppm [1]
[O:] 200000 ppm [1]
Jmax 160 pmol m2 s [1]
abs 0.85 [1]
f 0.15 [1]
0 0.7 [1]

Ra 1 pmol m2 s [1]




Stomata and transmembrane CO: fluxes

[COz]out 360 ppm Assumed
gs? (model elements 0.576 (basic) mol m2 s The basic gs° was calculated as
with both mesophyll or gs'9, where gs=0.064 mol m
cell and stomata) 0.207 s (the current experiment).
(decreased) The decreased gs° was
calculated as 0.576-9/25
gs? (model elements 0 mol m2 s Assumed
without stomata)
gm 0.1 mol m2 s [12]
Sem 0.495 [4-5]
Schi
Lateral CO2 and HCOs fluxes
a 103 dm [6]
Dco2 1.83-107 dm? s [5]
DHcos 0.95-107 dm? s [5]
Vap 0.1 [11]
Vcell
Changes in CO: and HCOs- concentrations
Steaf 5500 dm [11, 13]
Vap
Sieaf 13750 dm- [3,11, 13]
cht
Steaf 6790 dm [3, 11, 13]
Vs_tr
pK 6.35 [7]

Description of transmembrane H* and K* fluxes and membrane potential

H*-ATPase
k1 0.045 s1 [9]
k2 2.5810°% s1 [9]
T 296 K [8]
F 96500 C mol"! [8]
R 8.31 J mol1 K [8]
Garp -50000 J [8]
Kare 18610 M [14]
Koyt 5.676 [3]
Asro 0.566 [14]
KsL 6.55 pmol m?s [14]
Inwardly and outwardly rectifying K+ channels
PmaxRKC 2.9107 dm s [9]
PrmaxORKC 2.9107 dm s [9]
UWIRKC -7.4 [8]
UORKC -2.53 [8]
CIRKC 1.1 [8]
CORKC 1.13

(8]




K+/H*-antiporter

Kant 0.015 M- g1 8]

Description of lateral H* and K* fluxes

Du 7.8-107 dm? s [6]

D« 1.96-107 dm? st [6]

Description of changes in K+ and H* concentrations

Veyt 0.04 [3]
Vcell

Beyt 0.2 M [8]
Knort 106 M [8]

Bap 0.083 M [8]
Kn2p 106 M [8]
Kxap 10+ M [8]
[Hstx 3.1610°% M [15]

Description of changes in ATP concentration

a 0.2 Assumed
ATPy 0.132103 M [16]
[ATP]dark 0.065103 M [16]
Kecons 0.3846 st Assumed
Seaf 5000 m?2 m-3 [13]
Vleaf

Initial values of main variables

[CO2]ap 360 ppm Assumed
[CO2]eyt 360 ppm Assumed
[CO2]ste 360 ppm Assumed
[(Klap / [K*]ap 8.2102/3.510% M [8]
[K* eyt 1.410 M [17]
[Hlap / [H* ]4p 2103/ 10° M [8]
[H]eye / [HY ]y 15102/ M [8]
710
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