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Abstract

Homeostasis in living cells refers to the steady state of internal, physical, and chemical conditions. It is sustained by self-reg-
ulation of the dynamic cellular system. To gain insight into the homeostatic mechanisms that maintain cytosolic nutrient
concentrations in plant cells within a homeostatic range, we performed computational cell biology experiments. We math-
ematically modeled membrane transporter systems and simulated their dynamics. Detailed analyses of ‘what-if scenarios
demonstrated that a single transporter type for a nutrient, irrespective of whether it is a channel or a cotransporter, is not
sufficient to calibrate a desired cytosolic concentration. A cell cannot flexibly react to different external conditions. Rather,
at least two different transporter types for the same nutrient, which are energized differently, are required. The gain of
flexibility in adjusting a cytosolic concentration was accompanied by the establishment of energy-consuming cycles at
the membrane, suggesting that these putatively “futile” cycles are not as futile as they appear. Accounting for the complex
interplay of transporter networks at the cellular level may help design strategies for increasing nutrient use efficiency of
crop plants.

Introduction . o
expression and subcellular localization of plant membrane

transporters increases daily, detailed mechanistic insights
into the functional interplay between these transporter pro-
teins are still largely missing. This gap in knowledge might

For plants as for animals, control of (ion) homeostasis is
crucial to establish defined conditions within cells and cellu-
lar compartments that allow various biochemical processes

to take place in a controlled manner. Homeostatic processes
are therefore fundamental for plant life development and re-
silience to even hostile environments. A critical role in (ion)
homeostasis is played by membrane transport proteins. As
estimated for Arabidopsis (Arabidopsis thaliana), around
18% of the predicted proteins of a plant genome may con-
tain two or more transmembrane domains, and approxi-
mately over half of those may perform transporter functions
(Ward, 2001; Schwacke et al, 2003; Tang et al, 2020).
Although our knowledge on the function, the tissue-specific

be a severe obstacle in developing strategies and approaches
involving transporter proteins to improve nutrient use effi-
ciency and tolerance to environmental stresses, as well as to
boost general crop fitness and productivity.

The analysis of membrane transporter networks is not a
trivial task, and is almost impossible to accomplish with
exclusively  wet-laboratory  approaches.  Nevertheless,
transporter types can be mathematically described, allowing
deep insights into the dynamics of transporter networks via
computational analyses (Dreyer and Michard, 2020).
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Computational modeling already helped to better under-
stand guard cell movement (Hills et al, 2012; Blatt et al,
2014), the role of K" gradients in energizing phloem
(re)loading processes (Gajdanowicz et al, 2011; Dreyer et al,,
2017), the nutrient exchange in mycorrhizal symbioses
(Schott et al, 2016; Dreyer et al, 2019; Nizam et al., 2019),
the mechanism and potential consequences of vacuolar ex-
citability (Jaslan et al, 2019; Dindas et al,, 2021), and touch-
sensitive signaling in trigger hairs of the Venus flytrap (losip
et al, 2020).

The present study was inspired by the efforts to optimize
K" use efficiency in crop plants (Zorb et al, 2014). A large
variety of K* transporters that are employed by plants for
the task of K uptake and redistribution has been identified.
In addition, our knowledge on the signaling cascades that
regulate the activity of these transporters is growing daily
(for reviews, see, e.g. Dreyer and Uozumi, 2011; Sharma et
al, 2013; Ahmad and Maathuis, 2014; Anschiitz et al, 2014;
Chérel et al, 2014; Nieves-Cordones et al., 2014; Shabala and
Pottosin, 2014; Véry et al, 2014; Luan et al, 2017; Sze and
Chanroj, 2018; Chérel and Gaillard, 2019; Ragel et al., 2019).
Nevertheless, it is still not clear which constraints set limits
to a cell to control the cytosolic K™ concentration by
adjusting transporter activities in response to external condi-
tions. To address this knowledge gap, in this study computa-
tional cell biology experiments have been designed that
provide comprehensible insight into a cell’s ability to control
cytosolic [K*] under given external conditions. The topic is
approached in thought experiments (‘what-if scenarios) to
illustrate the straightforward conclusions from basic thermo-
dynamics of membrane transport and mathematical consid-
erations. This approach allowed understanding of general
fundamental principles of homeostasis that permit a living
compartment (a cell or an organelle) to set defined internal
conditions. Although the motivating starting point was K"
nutrition, the results could be generalized to other nutrients.
The conclusions presented here provide fundamental
insights into the interplay between different transporters
and expose essential features needed to control homeostasis.
These insights might provide important theoretical knowl-
edge for future attempts to optimize nutrient use efficiency
in crop plants.

Results

The goal of this study was to answer the question, how
much can a plant cell adjust the steady state of internal
concentrations and the membrane voltage by changing
membrane transporter activities. This is not a trivial problem
and can easily reach a complexity that goes beyond our
imagination. To gain insights nevertheless, a step-wise syn-
thetic computational cell biology approach was chosen.
Starting from the analysis of the simplest systems, the com-
plexity was successively increased in order to learn how this
affects the flexibility of the systems. In a first set of thought
experiments, a cell that is surrounded only by the plasma
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membrane was considered. That is, at that stage the effects
introduced by organelles like the vacuole were eliminated.
This type of complexity was added in a subsequent step.
The conceptional approach is presented first for the case
of the most abundant cation in plants, K", followed by
countercharge-providing anions, and finally for sugar as an
example of an uncharged nutrient and of metabolic pro-
cesses. In all the models, the proton concentrations were
kept constant because they are predominantly determined
by metabolic processes and, particularly in the steady state,
not by transporter processes (Sanders and Slayman, 1982;
Wegner and Shabala, 2020; Wegner et al.,, 2021).

The control of [K’ ]cy: implies the control of Ex

An important note at the beginning, membrane transport
processes are ruled by the transmembrane (electro)chemical
gradient of the nutrient in question. This gradient does not
depend solely on the cytosolic concentration (e.g. [K*]Cyt),
but on the logarithm of the ratio of the concentrations on
both sides of the membrane (Ex :R—FT.In([[’;]ﬂ;"), in the
case of potassium with gas constant R, absolute temperature
T, and Faraday constant F). This has fundamental mechanis-
tic consequences for a cell’s ability to control cytosolic con-
centrations. By adjusting the activities of the membrane
transporters, a cell cannot control [K+]cyt directly, but pri-
marily only Ex. By flexibly adapting Ex according to the ex-
ternal conditions, [K*]cyt can in turn be controlled and
maintained constant. In other words, in order to respond to
a wider range of external conditions when holding [KJF]Cyt
constant, a cell must be able to adjust Ex over a wider range.
The same holds true for other ions and metabolites.

Case 1: Only K™ channels

A first ‘what-if scenario considered a case in which the pro-
ton H-ATPase acted together with K™ channels. In such a
system, the H"-ATPase pumped H' out of the cell, while
the open potassium channel allowed the influx of K*
that electrically compensated for the H' efflux (Figure 1, A
and B). The accumulation of K* in the cell led to a negative
shift of E, which also negatively shifted the voltage at which
the H efflux compensated the K* influx. A stable steady
state could only be reached in this system if Ip(V) = 0 and
Ex = V. This means that the membrane voltage adjusted to
the steady-state voltage of the H'-ATPase, and also that £y
was fixed to this value. There was neither a net K™ flux via
the channel nor a net H flux via the pump under this con-
dition. To get an idea about which K™ gradients could be
established with such a system, a pH gradient of pH, =
7.0/pH,po = 6.0 and a steady-state voltage of Vo pump =
—200 mV were considered. For an external K™ concentra-
tion of [K*]apo = 100 puM, the internal concentration would
have equilibrated at [K*].,. = 300 mM, and for [K],po = 1
mM the steady state was at [K“L]C),t = 3 M. These cation
concentrations would need to be charge-balanced by anions,



2248 I PLANT PHYSIOLOGY 2021: 187; 2246-2261

A case1 Cytosol B

current

Apoplast

C case2 Cytosol

\ &
= 2
B =
K (H) 3
Apoplast Vinembrane
E case3 Cytosol F —
@ ® -
e/ o 2 +
Awp \ rr :§_. H;ﬁ.‘ux
= pump |==lKHaof== f7
A\ B
- — H* influx - =
(\@I(}i+/'l (+ K* efflux & H* influx) a

Apoplast

Figure 1 E and V as adjusted by single K* transporters and the H*
pump. A and B, Case 1, only K* channels. The H* efflux (blue line) is
electrically compensated by a K influx (green line). The K™ influx shifts
Ex (green dot) and consequently also V,,.embrane (red dot) to more nega-
tive voltages. The only stable steady state of the system is Ex = Vo pump
(grey dot). C and D, Case 2, only K*/H™ symporters. The H' efflux (blue
line) is electrically compensated by the K™/H* influx (ochre line). The
K* influx shifts Ex (green dot), Exs (black dot) and consequently also
Vpmembrane (red dot) to more negative voltages. The only stable steady
state of the system is 0.5-(Ex + Ey) = Vopump (grey dot), that is, Ex =
2-Viopump — En- Eand F, Case 3, only K*/HT antiporters. In case of elec-
trogenic K¥/2H™ antiporters, the pump-mediated H efflux (blue line)
is electrically compensated by the H-mediated charge surplus of the
antiport (ochre line). The K™ efflux shifts Ex (green dot) to more positive
voltages and V,,emprane (red dot) to more negative voltages. In general,
the steady state of this system is (n—1)""-(n-Eyy — Ex) = Vopump (grey
dot), that is, Ex = n-Ey; = (n—1)-Vo pump-

for instance malate®”, originating from metabolic processes
that also provide the protons pumped out of the cell. The
consequences of anion transport and metabolic processes
are considered further below. The steady state of case 1 was
determined exclusively by the voltage at which the pump
current was zero (parameter Vopump in EQ. 1). This parame-
ter depends on the energetic status of the cell and the
transmembrane pH gradient. If, besides for the pump and
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K™ channel, there were other transporters in the membrane
that were not involved in K* transport, they would con-
sume part of the energy provided by the H-ATPase. As will
be shown later in this article, such a situation can be simu-
lated in the considered steady-state model simply by adjust-
ing the parameter Vo ,um, With Vo, = —125 mV, the
results were qualitatively identical as with Vg, = —200
mV. However, Ex would now be —125 mV in the steady
state and the K gradients [K],p0 = 100 pM/[K"]ee =
148 mM and [K 1,00 = 1 mMM/[K"]: = 148 mM. Thus,
the cell can control Ex and [KJF]Cyt indirectly via the energy
not dissipated elsewhere, and therefore available for K"
transport. However, a direct control of V or E¢ by varying
the K™ channel activity was not possible.

Case 2: Only K/H symporters

A second ‘what-if’ scenario considered a case in which the
proton H"-ATPase acted together with K™/H" symporters.
Here, the pumped H" was electrically compensated by a
combined K*/H" influx (Figure 1, C and D). The net K in-
flux shifted Ex to more negative voltages and thus also the
zero-current voltage of the symporter, Ex/y.. This shifted the
membrane voltage at which the positive and negative elec-
trical fluxes compensated each other to more negative val-
ues. Similar to case 1, the system had only one possible
steady state determined by the equilibrium voltage of the
HT-ATPase: In(V) = 0, which implied V = Vg m,» and Ex =
2-V pump—En. Under this condition, the K*/H™ flux via the
symporter was zero. With pH.,. = 7.0, pHypo = 6.0, and
Vopump = —200 mV, the internal concentration would have
equilibrated in this system at [K+],:yt = 9% 10° mM for
[K*],:lpo = 10 M, and at [K+],:yt = 9 x 10" mM for [K+]apo
= 1 mM. Of course, these values are purely theoretical and
are intended to illustrate how far the modeled scenario is
from a physiological situation. The exorbitant gradients de-
clined to still huge [K+]ap0 =10 uM/[K*]Cyt = 2,200 mM
and [K+]apo =1 mM/[K+]cyt = 2.2 X 10° mM, when setting
Vopump = —125 mV in order to simulate energy consump-
tion by other transport processes (see case 1). Here, a con-
trol of V or Ex by varying the K*/H" symporter activity was
not possible. Thus, a system of a pump and K*/H' sym-
porter is even more susceptible to K* overaccumulation
than a “pump & channel” system (case 1).

Case 3: Only K" /H™ antiporters

A third ‘what-if scenario considered a case in which the
proton H'-ATPase acted together with K™/H" antiporters
that exchanged one K* for nH". An electroneutral K*/H"
antiport was represented by n =1, and an electrogenic anti-
port by n>1. The system with an electroneutral K*/H"
antiporter released K until the K* gradient equaled the
H* gradient (Ex = Ey). This release was energized by the
proton gradient. The steady-state membrane voltage was
Vopump at which level no net ion flux occurred. In case of
an electrogenic K*/H" antiporter, the released K™ ion was
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electrically compensated by one inflowing H*, while the
other protons transported by the antiporter were electrically
compensated by protons pumped out of the cell by the
H*-ATPase. The net proton fluxes were compensated by
biochemical/metabolic processes (Sanders and Slayman,
1982, Wegner and Shabala, 2020; Wegner et al, 2021),
whereas the release of K* shifted Ex positively along the
voltage axis (Figure 1, E and F). A steady state was achieved
only if Ip(V) = 0, which implied V = V{,ump and Epiq =
Vopump- Thus, in steady state, Ex = n-Ey—(n—1)-Vopump-
With this value, the K*/H" flux via the antiporter was zero
at Vopump Considering the hypothetical case n=2, the in-
ternal concentration would have equilibrated for pH, =
70, pHypo = 6.0, and Vg, = —200 mV at [KJF]cyt =
34%x10°% mM for [K“L]E,lpo = 10 puM, and at [K+]cyt
= 34%x10"° mM for [K+]apo = 1 mM. In an example of
energy consumption by other transport processes (simulated
by Vopump = —125 mV), the gradients would be [K“L]apo =
10 PM/[K ]eye = 67 %1077 mM and [K]po = 1 mM/
[KJF]Cyt = 6.7 % 107> mM. As in the cases before, a control
of V or Ex by varying the K™/H" antiporter activity was not
possible.

A first interim conclusion

The considerations presented in cases 1-3 allowed already a
very fundamental conclusion: an isolated, static cell could
not flexibly adjust E, with a single K* transporter type. The
steady state was always determined by the type of transport
process, the transmembrane pH gradient, and the H™-
ATPase-dependent energy available for the K* transport
process (represented by Vo pump in the model). The steady
state varied between extremely low and extremely high
unphysiological values, indicating that these simple K*
transport modules are not (or are only conditionally) suit-
able for a well-regulated K* homeostasis at the plasma
membrane. In the following, we examined how a mixture of
different K" transporters could increase the cellular
flexibility.

Case 4: Electroneutral and electrogenic K" /H
antiporters

In a fourth ‘what-if scenario, the proton H'-ATPase was
combined with both electroneutral and electrogenic K/H™
antiporters at the same time. The system established a
steady state in which the H"-ATPase pumped protons out
of the cell and the electrogenic K*/H" antiporter allowed
the influx of two or more protons for the efflux of a K* ion,
while the electroneutral K*/H" antiporter released a proton
in exchange for the uptake of a K* ion (Figure 2A). Thus,
apparently futile K and H' cycles dissipated valuable en-
ergy provided by ATP-hydrolysis at the pump. However, the
cell could now adjust Ex and the membrane voltage by fine-
tuning activity of the transporters (Figure 2, B and C).

A comprehensive analysis of the steady-state condition
revealed that, compared to cases 1-3, which were character-
ized by exactly one steady state for Ex and V irrespective of
the transporter activities (Figure 3A), case 4 enabled a larger
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spectrum of possible Ex—V couples (Figure 3B). Nevertheless,
in this system Ex was always more positive than E. (Figure
3B), which would still result in very low cytosolic K™ con-
centrations under otherwise physiological conditions.

Case 5: K™ channels and K"/H™ symporters

A fifth ‘what-if’ scenario considered a case in which the pro-
ton H'-ATPase acted together with K channels and
K"/H" symporters. In this system, a steady state was estab-
lished in which the H"-ATPase pumped a proton out of the
cell, the K*/H" symporter allowed the combined influx of a
proton and a K" ion, while the channel released a K™ ion
(Figure 2D). Here, the combination of different K* trans-
porter types established H" and K cycles that were ener-
gized by the H'-ATPase. This drawback, however, was
compensated by the flexibility to adjust V and Ex by modify-
ing transporter activity (Figure 2, E and F). Nevertheless, this
flexibility still had its limits. The system considered in case
5 could only achieve a steady state in which Ex < V (Figure
3C). Under this condition, an open potassium
channel, regardless of its gating properties, released K*
from the cell. If in the extreme case the probability of the
K™ channel being open was zero, that is, p,(V) = 0, case 5
converted into case 2, in which V = V;,,,,, and Ex =

2V0’pump_EH.

Case 6: K channels and K"/H" antiporters

A sixth ‘what-if scenario considered a case in which the pro-
ton H'-ATPase acted together with K channels and
K*/H" antiporters. An electroneutral K*/nH™ antiport was
represented by n =1, and an electrogenic antiport by n > 1.
The system established a steady state in which the H'-
ATPase pumped n protons out of the cell, while the K™/H™
antiporter exchanged n inflowing protons for an outflowing
K" ion, which was reabsorbed by the potassium channel
(Figure 2G). Ex and V could be flexibly fine-tuned by adjust-
ing the transporter/channel activities (Figure 2, H and 1).
Greater antiporter activity increased both E¢ and V, while
greater channel activity increased V and decreased Eg.
However, Ex was always positive of V in steady state (Figure
3, D-F). With increasing channel activity, the gap between V
and E got smaller, while it got larger with increasing K™/H"
antiporter activity. If the K*/H" antiporter was electroneu-
tral (case 6a) Ex was never more positive than E; (Figure
3D). If it was electrogenic (case 6b), the upper limit of Ex
was n-E;-V (Figure 3E), which is physiologically irrelevant at
the plasma membrane. In the physiological range, the main
difference between both options was that the maintenance
of the H and K™ cycles costed more energy with electro-
genic antiporters. The combined presence of electrogenic
and electroneutral antiporters (case 6¢) did not produce evi-
dent new features (Figure 3F) compared to case 6b.

Case 7: K" /H" symporters and K" /H" antiporters

A seventh ‘what-if’ scenario considered a case in which the
proton H'-ATPase acted together with K*/H" symporters
and electroneutral or electrogenic K*/H™ antiporters. An
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Figure 2 £, and V as adjusted by pairs of K" transporters and the H" pump. A-C, Case 4. When electroneutral and electrogenic K*/H" antiport-
ers act together with the H'-pump, three cycles establish in steady state: (i, green cycle) the electrogenic K™/H™ antiporter releases K™, which is
reabsorbed by the electroneutral antiporter; (ii and iii, blue cycles) a proton is released by the electroneutral antiporter (ii), which is reabsorbed by
the electrogenic antiporter together with the H' released by the pump (iii). By modifying the transporter activities, the steady state of E (B) and
V (C) can be freely adjusted within a certain range. For comparison, the respective steady states for the systems with only one K* transporter-
type are indicated: only electrogenic K*'/H™ antiporters (gkuq0 = 0; case 3, n > 1, cyan lines) and only electroneutral K*/H™ antiporters (gk, = 0;
case 3, n=1, magenta lines). D-F, Case 5. When K* channels and K*/H" symporters act together with the H"-pump, two cycles establish in
steady state: (i, green cycle) the KT channel releases K™, which is reabsorbed by the symporter together with the H™ released by the pump (i,
blue cycle). By modifying the transporter activities, the steady state of Ex (E) and V (F) can be freely adjusted within a certain range. For compari-
son, the respective steady states for the systems with only one K™ transporter-type are indicated: only K*/H™ symporters (gxc = 0; case 2, cyan
lines) and just K™ channels (g = 0; case 1, magenta lines). G-I, Case 6a. When K™ channels and K™/H™ antiporters act together with the H'-
pump, two cycles establish in steady state: (i, green cycle) the K channel absorbs K*, which is released by the antiporter; (ii, blue cycle) the H"
released by the pump is absorbed by the antiporter. By modifying the transporter activities, the steady state of Ex (H) and V (l) can be freely ad-
justed within a certain range. For comparison, the respective steady states for the systems with only one K transporter-type are indicated: only
electroneutral K¥/H™ antiporters (gcc = 0; case 3, n =1, cyan lines) and only K* channels (gx;/s0 = 0; case 1, magenta lines). J-L, Case 7a. When
K/H" symporters and K*/H™ antiporters act together with the H-pump, three cycles establish in steady state: (i, green cycle) the symporter
absorbs K™, which is released by the antiporter; (ii, inner blue cycle) a proton released by the pump is absorbed by the symporter, (iii, outer blue
cycle) while another released proton is absorbed by the antiporter. By modifying the transporter activities, the steady state Ex (K) and V (L) can
be freely adjusted within a certain range. For comparison, the respective steady states for the systems with only one K* transporter-type are indi-
cated: only electroneutral K™/H™ antiporters (g = 0; case 3, n =1, cyan lines) and only K*/H™ symporters (gx;q0 = 0; case 2, magenta lines).
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(D-F) Ex > V.

electroneutral K™/nH™ antiport was represented by n=1,
and an electrogenic antiport by n>1. The system estab-
lished a steady state, in which the H'-ATPase pumped
(n+1) protons out of the cell, while the K™/H™ antiporter
exchanged n inflowing protons for one outflowing K ion,
which was reabsorbed together with a proton by the K/
H* symporter (Figure 2J). The behavior of the system in re-
sponse to changes of the transporter activities was very sim-
ilar to case 6. Ex and V could be flexibly fine-tuned by
adjusting the transporter activities (Figure 2, K and L).
Greater antiporter activity increased both Egx and V, while
greater symporter activity increased V and decreased Ey.
Compared to cases 5 and 6, however, the system of case 7
gained another level of flexibility. While in case 5 Ex was al-
ways more negative than the membrane voltage V (Figure

3C), and in case 6 Ex was always more positive than V
(Figure 3, D-F), in case 7 E¢ could be adjusted in both
ranges (Figure 3, G-I).

Case 8: K™ channels, K" /H" symporters and K" /H"
antiporters

In an eighth ‘what-if scenario, all different K* transporter
types were combined. This system showed the total com-
posite complexity of all other systems previously considered,
but did not go beyond. Ex and V could be flexibly adjusted
within the same limits as in case 7 by fine-tuning the trans-
porter activities (Figure 4). This flexibility was again at the
cost of energy-consuming K™ and H" cycles. For systems
with electrogenic K*'/H" antiporters, the energy costs were
higher than for systems with electroneutral antiporters.
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Figure 4 Flexibility of a system with different types of K™ transporters.
A, Energized by the H"-ATPase, the K homeostat (consisting of K™
channels, K*/H* symporters and K*/H™ antiporters, items enclosed
by grey dashed line) exhibits four cycles that aggregate in two
patterns. A proton that is released by the pump is reabsorbed by the
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symporter. Colored cycles represent flow of the respective colored
ion. B and C, By adjusting the transporter activity, a large range of
Ex-V steady states can be achieved (grey areas). B, With electroneutral
antiporters, the range is limited to Ex < E;. C, With electrogenic
antiporters, these limits are further extended to more positive values
[Ex < n-Ey—(n—1)-V]. The dashed lines indicate where Ex = V.

Case 9: Anion channels

After the inventory of the effects of K* transporters, the
consequences of charge-balancing anions were considered,
first alone and later in combination with the K* transport-
ers. The ninth ‘what-if scenario considered a case in which
the proton H"-ATPase acted together with anion channels.
In such a system, the positive proton pump current was
compensated by an efflux of anions (Supplemental
Figure S1, A and B). The release of A~ led to a negative shift
of E,, which also negatively shifted the voltage at which the
H* efflux compensated the A~ efflux. A stable steady state
could be reached in this system only if [o(V) = 0 and E4 =
V. This means that the membrane voltage adjusted to the
steady-state voltage of the H™-ATPase, and also that E, was
fixed to this value, causing there to be neither a net A~ flux
via the channel nor a net H flux via the pump. Under the
conditions presented above (pH.: = 7.0, pH,,o = 6.0;
Vopump = —200 mV), a steady-state condition would be
[A lapo = 1 mMM/[A™ ]y = 3.4 X 10~ mM. If other trans-
port processes consumed part of the energy provided by
the pump (simulated by setting Vopump = —125 mV), the
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steady state would be [A7],, = 1T mM/[AT], =
6.7 x 10> mM, thus still unphysiologically low. As in the
cases 1-3 of single K* transporters, the steady-state values
in case 9 could not be influenced by changing the anion
channel activity.

Case 10: H"/A™ symporters

A 10th ‘what-if scenario considered a case in which the pro-
ton H'-ATPase acted together with H'/A~ symporters.
Here, the pumped H" was electrically compensated by a
combined 2H"/1A™ influx (Supplemental Figure S1, C and
D). While the net proton fluxes were balanced by meta-
bolic/biochemical processes (Sanders and Slayman, 1982;
Wegner and Shabala, 2020; Wegner et al, 2021), the uptake
of anions shifted E, positively along the voltage axis and de-
creased the zero-current voltage of the symporter, E;j/a. As a
consequence, the membrane voltage at which the positive
and negative electrical fluxes compensated each other also
shifted to more negative values. The system had only one
possible steady state at V = V{,um, which implied £, =
2-Ey—Vo,pump- Under this condition, the net HT/A™ flux via
the symporter was zero. Considering again the exemplary
conditions used above (pH.. = 70, pH,,, = 6.0, and
Vopump = —200 mV) this system would have equilibrated
at [A ] = 3% 10° mM for [A~ lapo = 1 mM. When set-
ting Vopump = —125 mV to simulate energy consumption
by other transport processes, the gradient would still be
[A ]y = 15X 10 mM for [A"l.po = 1 mM. Here, a con-
trol of V or E, by varying the H" /A~ symporter activity was
not possible. Thus, symporters alone would generate very
high [A" ]y (very positive E,), while anion channels alone
would cause very low [A™],, (very negative E,).

Case 11: A~ channels and H"/A~ symporters

Next, the combination of anion channels and 2H"/A~ sym-
porters was tested in the 11th ‘what-if scenario (Figure 5).
As in the cases of the combinations of potassium transport-
ers, the presence of different anion transporters in the net-
work now allowed the cell to flexibly adjust E5 and V within
certain ranges by changing the transporter activities. This
gain in flexibility was again at the cost of anion and H"
cycles. An anion that was released from the cell was
reabsorbed together with two protons via the symporter. To
energize this cycle, the two protons were pumped out of
the cell by the H"-ATPase.

Cases 12-16: One homeostat in combination with a
single transporter

To understand how the combination of K™ and A~ trans-
porters effected the homeostatic control of the respective
other ion, the two anion transporters (“A-homeostat”) were
combined with the pump and with one of each of the three
K™ transporter types (case 12: K™ channel, case 13: K*/H"
symporter, case 14: K*/H™ antiporter). The “K-homeostat”
(K" channel, K"/H" symporter and 1K*/1H™ antiporter)
was combined with the pump and either the anion chan-
nel (case 15) or the H/A symporter (case 16; Supplemental
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Figure 5 Flexibility of a system with different types of A™ transporters
(case 11). A, Energized by the HT-ATPase, the A homeostat (items
enclosed by the grey dashed line), consisting of anion channels and
electrogenic H"/anion symporters, exhibits three cycles. Two protons
that are released by the pump are reabsorbed by the symporter to-
gether with an anion, which in turn is released by the channel.
Colored cycles represent flow of the respective colored ion. B, By
adjusting the transporter activity, a large range of Ex—V steady states
can be achieved (grey areas). The dashed line indicates where E4 = V.
C and D, By modifying the transporter activities, the steady state of E
(C) and V (D) can be freely adjusted within a certain range. For com-
parison, the respective steady states for the systems with only one A~
transporter-type are indicated: only A~ channels (g4 = 0; case 9, ma-
genta lines) and only 2H"/1A™ symporters (gac = 0; case 10, cyan
lines).

Figure S2). In all these cases, the respective homeostat de-
termined V, the steady-state membrane voltage and the
concentration gradient of the particular substance (E¢ for
K-homeostat, E, for A-homeostat). Varying the activity of
the single transporters neither influenced Ex nor
En (Supplemental Figure S2). The Ex and E, values,
respectively, were fixed in steady state to the prevailing
membrane voltage as shown in cases 1-3, 9, and 10. In
cases 12-16, the cycles of the respective homeostat
consumed part of the electrochemical energy provided by
the H'-ATPase, which manifested in the difference be-
tween V and Vg ,ump. As noted above, in some examples
for cases 1, 2, 3, 9, and 10, the same effect was simulated
by modifying Vo,um, to clamp a different membrane
voltage.

Case 17: K-homeostat and A-homeostat

When instead of single transporters, both homeostats were
combined (case 17; Supplemental Figure S3) the system
gained the full flexible range of controlling Ex and Ep.
Variations in the activity of a K transporter affected not
only the steady state of E, but also the membrane voltage V
and, via V, the steady state of E4. In the same way, variations
in the activity of an anion transporter directly affected both
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E4 and V and, via V, also Ex. Nevertheless, the orientation of
Ex toward V was exclusively determined by the K transporters
while the orientation of E, toward V was only fixed by the
anion transporters. In other words, only the corresponding
homeostat was able to set whether (1) V—Ex > 0, (2) V—Ex
= 0, or (3) V—Ex < 0. Variations in the other homeostat
could not cause a switch between these three possibilities.

Cases 18-20: K-homeostat and sugar transporters
After having systematically analyzed transporter networks
for cations and for anions alone and in combination, the
transport of an electrically neutral nutrient was elaborated
next. For this purpose, the H*-ATPase and the K-homeostat
(comprising K* channels, K*/H" symporters and electro-
neutral K*/H" antiporters) were combined in a 18th ‘what-
if scenario with proton-coupled sugar transporters (H/C), in
a 19th scenario with sugar uniporters (SWEETs) and in an
20th with both sugar transporter types (Figure 6). For sim-
plicity, the A-homeostat was not included. As previously
shown, its presence would influence the transport of K*
and sugar only by consuming part of the cellular energy,
which would manifest in a different steady-state value of V.
Such an effect could also be simulated by other processes,
such as adjusting Voump or allowing the K-homeostat to
consume more energy.

To illustrate the effects of the sugar transporters, the dif-
ferent parameters of the K-homeostat were set to achieve
a steady state of V =~ —175 mV and Ex = —117 mV in the
absence of any sugar transporter, and were kept constant
in all scenarios 18-20. Different parameters would not
have qualitatively changed the results. In the presence of
proton-coupled sugar transporters alone (case 18), V and
Ex did not change, irrespective of the activity of the H/C
transporter (Figure 6, A-D, case 18, magenta). Also, the
sugar concentration gradient was independent of whether
H/C was moderately or highly active. The steady-state
value was always [C].,; ~ 1.1 X 104~[C]apo, and was deter-
mined by the pH gradient and the membrane voltage
[In([Clapo/[Cleye)=F/(RT)-(V-E;)]. When the proton-cou-
pled sugar transporter was replaced by a sugar uniporter
(case 19), this steady-state gradient collapsed to [C].,, =
[Clapo- In this case, neither the sugar gradient, nor E, nor
V were affected by changing the uniporter activity (Figure
6, A-D; case 19, cyan). If, however, both transporter types
were simultaneously in the membrane, the system became
sensitive toward changes in the transporter activities. The
presence of both transporter types established an appar-
ently futile C-cycle that consumed cellular energy. As a
consequence, V increased with increasing sugar cycling,
and this changed the driving-force for ions, affecting Ex as
well (Figure 6, A-D; case 20). Thus, adjusting the sugar
gradient by fine-tuning the activity of the sugar transport-
ers also affected K homeostasis via the energy status of
the cell. Interestingly, the same thought experiments with
only one active K transporter at a time reproduced cases
1 (Exk = V), 2 (Exk = 2V - Ey), and 3 (Ex = Eu). In these
cases, the steady-state voltage V was less negative the
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Figure 6 Combination of K and sugar transport. The K-homeostat (Figure 4) was combined with sugar transport via uniporters (SWEET) and/or
proton-coupled symporters. A, In addition to the cycles of the K-homeostat, the presence of both sugar transporter types established proton/
sugar cycles, in which a sugar molecule is released by SWEET and reabsorbed by the symporter together with a proton that is released by the
pump. Colored cycles represent the flow of the respective colored ion/metabolite. In addition, the metabolization of sugar was also simulated
(Ac). B-D, When both sugar transporters are present (case 20), the membrane voltage (B) and the transmembrane sugar gradient (D) can be ad-
justed by fine-tuning the transporter activities. The altered energetic status of the cell indicated by the steady-state voltage V (B) also affected Ex
(C). When only one sugar transporter type is present (case 18: only H/C; case 19: only SWEET) the activity of the transporter does not affect V, Ex
or the sugar gradient in steady state (magenta and cyan lines). E, Case 21. Effect of metabolic sugar production (Ac > 0) or sugar consumption
(Ac < 0) on the steady-state membrane voltage V. An effect was only observable in the presence of electrogenic H/C transporters. If only
electroneutral SWEETs were present, sugar metabolism did not affect V (cyan line). The white line indicates Ac=0 and follows the white

trajectory in (B).

more energy the sugar cycle consumed. Therefore, to ad-
just K* and sugar gradients independently of each other,
two different transporter types for each substrate were
needed in the membrane, resulting, consequently, in cycles
for K™ and sugar.

Case 21: Metabolism can affect the energetics of
membrane transport

In the same system as before, the influence of metabolic
processes on the homeostatic conditions was tested. For
this purpose, the production (Ac>0) or consumption
(Ac<0) of cytosolic sugars was simulated (Figure G6A).
Without any sugar transporter in the membrane, the K-
homeostat was not affected at all by metabolic changes of
the sugar concentration. Similarly, when only electroneutral
sugar uniporters were present, sugar production or con-
sumption affected only the transmembrane sugar gradient

but had no effect on the steady-state membrane voltage V
(Figure 6E, cyan) or Ex. However, in the presence of electro-
genic proton-coupled sugar transporters, sugar metabolism
affected the membrane voltage (Figure 6E) and, via this, Ex.
Compared to the conditions without metabolism, sugar pro-
duction increased the transmembrane sugar gradient, which
resulted in additional efflux via sugar uniporters and sugar—
proton symporters. Although the electroneutral transport
via uniporters did not affect the membrane voltage, the
electrogenic transport via proton-coupled transporters pro-
voked a more negative V. Conversely, sugar consumption
led to an additional sugar gradient into the cell, which
resulted in additional sugar influx. When mediated by pro-
ton-coupled symporters, this influx provoked a less negative
V (Figure 6E). Thus, if metabolic processes are coupled to
electrogenic transport processes, they can interfere with gen-
eral homeostatic control.
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Generalization for more nutrients

In further iterative steps, the transporter system could be
brought successively closer to a real physiological situation.
K™ transporters and sugar transporters could be combined
into a new “K/C homeostat”, which would then be com-
bined with transporters for another nutrient or ion. The
conclusions drawn before for sugar transport would then be
valid for the new substrate. The different homeostat mod-
ules were largely independent of each other but coupled via
the energetic status of the cell. A special case that needs to
be investigated in a separate study, however, would be flux
coupling in one transporter, which may occur with Na™ and
K™ in HKT channels (Riedelsberger et al, 2019, 2021).

Cases 22: Symplastic diffusion

All the scenarios so far considered a static isolated cell. The
reality in a plant, however, is more complex. For instance,
cells are connected to neighbors via plasmodesmata, en-
abling intercellular diffusion. This process could be covered
in the model by a mathematical description similar to case
21. A loss of nutrients by diffusion to a neighboring cell was
equivalent to a transport process out of the cell, while a dif-
fusive gain of nutrients was equivalent to a transport pro-
cess into the cell. For exemplary illustration, the transporter
network of case 12 (Supplemental Figure S2A) was consid-
ered again in a 22nd ‘what-if scenario extended with these
diffusion processes (Supplemental Figure S4). Without diffu-
sion, Ex was identical to the steady-state membrane voltage,
irrespective of the activity of the K™ channel. Likewise, Ex
was constant in all these conditions. Diffusion out of the
cell did not markedly influence V, caused a moderate de-
cline of E4, but strongly affected Ex provoking Ex > V. The
latter effect was more pronounced the lower the K chan-
nel activity was; thus, the less loss by diffusion could be
compensated by uptake. Diffusion into the cell had the op-
posite effects. Diffusion could therefore be considered as an
additional transport process with which a cell gained flexibil-
ity to adjust Ex, even with a single membrane transporter
type for K*, in this case, a K* channel. In a normal physio-
logical condition, however, gxc is on the order of magnitude
of 107" mV ™", suggesting that the influence of diffusion on
homeostatic conditions is not strong. Additionally, if the dif-
fusion process stops because plasmodesmata close or be-
cause a symplastic concentration gradient is missing, even
a symplastically connected cell is not different from cases
1-21 with all the consequences described above.

Case 23: Volume changes

In principle, volume changes could also affect homeostatic
processes. During stomatal movement, for instance, a guard
cell increases its volume by ~25% and its surface area by
~15% (Meckel et al., 2007; Jezek and Blatt, 2017). Compared
to a static cell as was considered so far, the increased vol-
ume would imply a dilution of the cytosolic nutrient con-
centrations and the increased surface area would imply an
increased electrical capacitance of the membrane, which in
turn would result in a reduction of the magnitude of
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membrane voltage. To estimate the impact of these effects,
they were included in the mathematical description
(Supplementary Equations S1 and S2) and were exemplarily
simulated in a 23rd ‘what-if scenario (Figure S5), which is
based on cases 12 and 22. To estimate the parameter range,
we considered a guard cell that changed rather rapidly in a
linear manner from 4 pl and 20 pF (closed) to 5 pl and 23
pF (open) in 60 min (Hosy et al, 2003). From these values
and with exemplarily chosen values V =~ —100 mV, |,,,,, =
20 pA, and [K+]Cyt = 100 mM, the orders of magnitude of
Y = —VpawdC/dt ~ 4x107° and Ak = —eyf
ImaXoNA-[KJ“]Cyt-dVol/dt ~ —0.15 were calculated. Slower sto-
matal movements would result in even lower values. In
comparison to the membrane transport processes (e.g. a
usual value for i, Supplemental Equation S1, is in the range
of 0.2-0.7), the contribution of the parameter 7 is negligible.
The change of the volume, however, could influence the ho-
meostatic conditions (Figure S5B), similar to case 22.
Nevertheless, each guard cell will sooner or later reach its
maximal or minimal expansion (dVol/dt = 0), and for these
conditions, cases 1-21 also apply to guard cells.

Homeostasis in organelles

Up to now, the problem of homeostasis has been addressed
at a single membrane. The presented results were exemplar-
ily obtained for the plasma membrane. But they can be
adapted in a similar manner to the vacuolar membrane or
any other organelle membrane (Figure 7A). In the cellular
context, however, these membranes are not isolated. Instead
they communicate with each other via the cytosolic (i.e.
their external) concentrations (Vincent et al, 2017
Horaruang et al, 2020). Previous studies have shown that
membrane sandwiches exhibit another level of dynamics
(Gajdanowicz et al, 2011; Schott et al, 2016; Dreyer et al,
2017, 2019). Therefore, nutrient homeostasis was also inves-
tigated with respect to these dynamics. It turned out that
cytosolic concentrations could remain equilibrated in two
different modes. In a long-term stable steady state, the net-
fluxes of each substrate across each membrane separately
were zero (Figure 7A), while on a much shorter time scale,
the shuttling of nutrients from the lumen of an organelle to
the apoplast and/or vice versa was also possible (Figure 7,
B—E). The first mode implied the presence of energy-con-
suming nutrient cycles. The second mode may function
without such cycles. However, it was not stable in the long-
term because the nutrient net-fluxes changed the nutrient
concentrations, particularly in the lumen, which is an
enclosed compartment without additional inlets and outlets.
Furthermore, the nutrient concentrations in the apoplast
could change. However, in that case, diffusion processes may
partially mitigate this effect. Importantly, the changed con-
centrations reduced the driving forces for the fluxes. In the
end, every possible arrangement of the second mode (Figure
7, B—E) resulted in the long-term stable-steady state of the
first mode (Figure 7A). Thus, the processes investigated in
this study are not special cases, but a fundamental basis of
nutrient homeostasis in plant cells.
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Discussion

Transport processes across membranes are ruled by funda-
mental, well-understood laws. This allows researchers to de-
scribe them in mathematic terms (Beilby, 2007; Hills et al,
2012; Beilby and Al Khazaaly, 2016; Dreyer, 2017) and to run
computational cell biology simulations. Such solidly based
thought experiments have an inestimable value in gaining
insights because simulations enable testing of conditions
that are hard to achieve in conventional wet-laboratory
experiments. The present study analyzed the basis of
homeostasis and allowed far-reaching conclusions for our
physiological understanding.

Two different transporter types are needed for
homeostatic control

Comparison of cases 1-3 with 5-8, of cases 9 and 10 with
11, and of cases 18 and 19 with 20 showed that a cell gained
flexibility by combining at least two different transporter
types. Only then could the different Ex and V be adjusted in
certain ranges by fine-tuning the transporter activities. This
insight may explain why plants have different transporter
types for many macronutrients. It is not that these trans-
porters have different “affinities” and act in different concen-
tration ranges (Dreyer and Michard, 2020). Instead, they act
together and simultaneously, and thus can control the trans-
membrane concentration gradient in order to keep the cyto-
solic concentration constant even under varying external

conditions. An important feature in this mechanism is that
the transport through these transporter types is energized dif-
ferently. For instance, one type of transporter operates along
the electrochemical gradient of the nutrient while others use
coupled nutrient and proton gradients as their driving force.
Only the combination of these differently energized transport
processes enables flexible control. In this context, other pro-
cesses like diffusion or metabolism may also be considered as
“transporter-equivalent.” As indicated in scenarios 21, 22, and
23, such a process can replace, under certain conditions, one
of the two necessary transporter types.

“Futile” nutrient cycles in plants are important for
homeostasis

The flexibility to adjust V and Ex via two transporter types
was inevitably linked to the presence of apparently futile nu-
trient cycles. Thus, these “futile” cycles are not as futile as
they seem. Instead, they are important for the dynamic flexi-
bility of the system. Nutrient cycling is a well-observed phe-
nomenon in plants (Britto and Kronzucker, 2006), not only
in normal conditions but, in particular, under salt stress
(Munns et al, 2020; Shabala et al, 2020). Nutrient cycles
were doubtlessly identified with radioactive tracers
(K" and "NH; Britto et al, 2001; Coskun et al, 2010,
2013) and often considered as an avoidable energy dissipa-
tion. This interpretation may suggest eliminating them in
breeding programs. The fundamental insights provided here
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may set a different spotlight on this issue. The elimination
of “futile” cycles by silencing transporters will straightfor-
wardly reduce the ability of the plant to maintain homeo-
static control and will most likely come at the expense of
fitness. The proton pump, together with the metabolically
determined transmembrane pH gradient, provides strong
steady driving forces for transport processes in plant cells.
The examples presented in this study indicate that for a
plant cell, a severe problem is not necessarily the uptake of
a nutrient but its overaccumulation, particularly if it is a
macronutrient. Nutrient cycles are a very elegant way out of
this dilemma. They do not only allow the tight control of
the cytosolic nutrient concentration but may also allow dis-
sipation of excess energy, if needed, without having to shut
down cellular energy production at a greater expense.

Alternative scenarios

The presented cycling scenario for K* homeostasis is a sim-
ple, rather intuitive conclusion from experimentally deter-
mined properties of membrane transporters. It should be
mentioned, however, that in particular for guard cells, an av-
erage constant cytosolic [K'] has been explained with a
more complex alternative scenario. It was proposed that
guard cells are unlikely to be found in a state in which the
net flux of an osmotically active solute is zero. Instead, it
was suggested that they transit between situations of os-
motic solute uptake and loss, to achieve by time-averaged
approximation a dynamic range of (quasi-)steady states of
solute contents (Chen et al, 2012). These conclusions were
drawn from observations of excised guard cells in epidermal
strips that membrane voltage can spontaneously oscillate in
an action potential (AP)-like behavior with periods from a
few tens of seconds to many minutes (Thiel et al, 1992
Gradmann et al, 1993). These oscillations are between two
quasi-stable states, a depolarized state associated with K™
and ClI™ efflux, and a hyperpolarized state at which ion up-
take is supposed to occur. Intriguingly, these spontaneous
oscillations were not observed in guard cells in intact plants,
although these cells can stay in the hyperpolarized state
over longer time periods (Roelfsema et al, 2001) raising
questions about how guard cells achieve K™ homeostasis
in vivo without oscillations, particularly when they are maxi-
mally swollen. K™ cycling mediated by the K-homeostat
(case 8) may provide an answer to this question.

K™ homeostasis and electrical signaling

Instead of being a mechanism of homeostasis, the observed
membrane potential oscillations in excised guard cells may
be related to other physiological processes like APs, which
are essential parts of electrical signaling in plants (Trebacz et
al, 2006; Choi et al, 2016; Hedrich et al, 2016; Cuin et al,
2018; Gilroy et al, 2018; Farmer et al, 2020). Essential for
APs is that excitable cells remain at a hyperpolarized resting
voltage over a long period (Bohm et al, 2016; losip et al,
2020). Each spontaneous oscillation to release overaccumu-
lated osmotically active ions, as K™ and CI~, would fire an AP
and would strongly distort electrical signaling. In the Venus

PLANT PHYSIOLOGY 2021: 187; 2246-2261 | 2257

flytrap (Dionaea muscipula), for instance, such spontaneous
oscillations would cause false triggering of the trap mecha-
nism (Scherzer et al, 2019). A trigger hair cell in Venus flytrap,
as an example for an excitable cell, has to rest in a steady
state with a reasonable negative membrane voltage until it
gets mechanically stimulated to fire an AP. The resting mem-
brane voltage V is determined by the activity of all ion trans-
porters in the membrane and is in the range of —200 mV <
V < —100 mV (Scherzer et al, 2019; losip et al, 2020).
Considering that K* and anions like CI™ are the main players
in the execution of plant APs (Beilby and Coster, 1979; Beilby
and Walker, 1996; Beilby and Al Khazaaly, 2016, 2017; Cuin et
al, 2018; Kisnieriene et al, 2019), such a condition could be
achieved by a transporter network of case 17 or 12. While
case 17 can flexibly realize all three possibilities (1) V < E,
(2) V= Eg or (3) V > Ei, case 12 is limited to V = Ex. In
specific circumstances, with stable external [K"] conditions,
this could be sufficient. However, the limited flexibility would
certainly be the weak point of such a system.

Conclusion

The comprehensive analysis of the dynamics of transporter
systems suggests that nutrient cycles are important for ho-
meostatic control. The elimination of these cycles by silenc-
ing transporters will likely decrease the fitness of the plant.
To improve nutrient use efficiency in crops, different strate-
gies are needed. One path could be the continuation with
computational cell biology simulations and dry-lab experi-
ments. This might provide further fundamental insight into
the dynamics of the systems and may preserve us from too
many dead-end strategies being tested in the wet-lab and in
field trials. Predictably, we will not be able to create super-
plants that grow with excellent performance under a wide
range of environmental conditions. Instead, it would make
sense to use our growing experimental and theoretical
knowledge of plant nutrient transport processes to design
not only the plant but also the growth conditions so that
the two are a perfect match.

Materials and methods

Mathematical description of transporter activities
H*-ATPase

The voltage-dependent current of the H™-ATPase was de-
scribed with a mechanistic six-state pump model (Dreyer,
2017; Reyer et al,, 2020) that pumps with a 1 H™:1 ATP ratio
(Blatt et al., 1990):

IHATPase(V) = lax iP(V)

1 — e;_TF(V_VOme)

M

= lmax - 1+ erVH13mY) 4 ozE(0.1V+62.5mV)
where, F is the Faraday constant, R is the gas constant, and
T is the absolute temperature. I,,,,, is the maximum current,
which depends on the number of active pumps in the
membrane and the cytosolic and apoplastic proton concen-
trations. Vg ,ump is the voltage at which the pump current is
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zero. It depends on the cytosolic and apoplastic proton con-
centrations and on the cytosolic ATP, ADP, and Pi concen-
trations, that is, on the energy status of the cell (Rienmiiller
et al, 2012). In the examples presented in this study, this
value was set exemplarily to Vg ,ump = —200 mV; different
values would not qualitatively change the results. In some
examples, this parameter was modified to simulate the con-
sumption of energy by other transport processes.

1H":1 K" symporter

Proton (Jxns) and potassium net flux (Jxxns) from the cell
and the current-voltage relationship (Igy) of a 1:1 H'-cou-
pled K*/H" symporter:

G

JukHs = “(2-V—Ey—E) ()
€o
Gins
Ik kHs = :H <(2-V—Ey— ) (3)
0

Ikns = €0+ (Jkkrs + JHkHs) = 2 Gis - (2-V—Ey—E) (4)

where, V is the membrane voltage, e, is the elementary
charge, Ex is the Nernst voltage for potassium, and E is the
Nernst voltage for protons. Gy is the membrane conduc-
tance of this transporter type (pA-mV ).

nH": 1 K" antiporter

Proton (JixHa) and potassium (Jx kq) net efflux and the cur-
rent-voltage relationship (/xy,) of an antiporter that trans-
ports n protons for one K™ ion:

GiHa

JuxHa =N~ ;(H ((n=1)-V—n-Ey+E) (5)
0
C;KHa

JK KHa = — . ~((h=1)-V—n-Ey+E) (6)
0

IkHa = €0 * (Jk.kHa T JHkHa)
=Ga- (n—=1)-((n=1) -V —n-Ey+E) )

with Ggy, being the membrane conductance of this trans-
porter type. Analogously to all other transporters, also for
the electroneutral 1:1 antiporter (n=1), a parameter Gyyzo
with the unit of an electrical conductance (pA-mV ") can
be defined, although this transporter does not conduct elec-
trical current. This trick has technical reasons to unify the
equations. It is evident for n =1 that Ixy,0 = 0 and that the
proportional factor for the fluxes Ggpaoleo has the unit
mV s

Voltage-gated K* channel
Potassium net efflux (Juxc) and the current—voltage relation-
ship (Ikc) of a voltage-gated potassium channel:

G
Jkxe = e—KOC po(V) - (V — Ex) (8)

Dreyer

Ikc = €0 Jxke = Gic - po(V) - (V — Ex) 9)

with Ggc (pA-mV") being the membrane conductance for
this channel type. The factor po(V) describes the voltage-de-
pendent probability that a channel is open. A suitable math-
ematical description for hyperpolarization-activated K
channels is (Briiggemann et al., 1999) as follows:

V) =—
Po o 1+ 55‘%(\/_\/1/2)

(10)

with § = 1.6 and V;,, = —175 mV. Different values for the
gating charge or the half-maximal activation voltage in the
physiologically reasonably intervals (8 = 05 ... 2; Vy, =
—100 mV ... —200 mV) did not qualitatively change the
results. Actually, the explicit description of the voltage de-
pendence would not be necessary for the steady-state analy-
ses presented in this study (for details see Supplemental
Figure S6). For the other channels and transporters, for
which less information is available than for K channels, the
nonlinearities are implicitly covered by the Gy parameters.

Anion channel

Anion net efflux (Jaac) and the current—voltage relationship
(ls¢) of an anion channel:

G
Janc = ——5 (V= En) (11)
€o
Iac = —€o - Japc = Gac - (V —Ea) (12)

with E, being the Nernst voltage of the anion and Gac
(PA-mV™") the membrane conductance for this channel

type.

2 H™:1 A™ symporter

Proton (Jyna) and anion (Japa) net efflux and the current-
voltage relationship (l4a) of a 2:1 H-coupled H/A™
symporter:

G
S =25 (V= 2By + E) (13)
0
Gha
Japa = o (V-2 Ey+En) (14)
0

Iia =€ (Jupa —Jana) = Gpa - (V —2-Ey+Ex)  (15)

where, Gy, is the membrane conductance of this trans-
porter type (pA-mV ).

Sugar uniporter
Sugar net efflux (Jcsweer) of a sugar uniporter (SWEET type):

Gsweer

Jesweer = — Ec (16)

€o

F [

sugar concentrations [Cl,p, and [C].. Although an electro-
neutral sugar transporter does not have an electrical

with Ec =Rl .|n (&> and the apoplastic and cytolic
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conductance, Gsyeer and Ec were defined analogously to the
other transporters to unify the mathematical description.

Proton-coupled sugar transporter

Proton (Jy;1c) and sugar (Jeyc) net efflux and the current-
voltage relationship (lyc) of a 1.1 H'/C symporter
(Carpaneto et al, 2005):

G
Jiae = —= (V — By — Ec) (17)
€o
G
JeHe = . (V—Ey—Ec) (18)
€o
I = eo * Jupc = Grc - (V — Ey — E¢) (19)

with the membrane conductance of this transporter type,
Grc (PA‘qu)-

Changes in voltage and concentrations and steady-
state conditions

The membrane voltage changes according to the following
equation:

dv 1
Friira [Ip + Ik + Ikrs + lkria + lac + Ina +Iuc — T] (20)
the cytosolic potassium concentration according to the fol-
lowing equation:
d[K+}cyt _
dt Vol - NA

ke + Jk ks + Ik gra + Ik kHao — AK] - (21)

the cytosolic anion concentration according to the following
equation:

d[A_}CYti —1 0 n —AA (22)
dt Vol N, “AMCTAm

and the cytosolic sugar concentration according to the fol-
lowing equation:

d[d],, -1

e Vol Ny~ Uesweer +Jepe — Cp + €] (23)
with the membrane capacitance C, the cellular volume Vol,
and the Avogadro constant N,. The parameters AK, AA, C,,
and C. describe concentration changes due to metabolic
processes (e.g. photosynthesis, C,, and respiration, C,, in the
case of sugar) or diffusion into (AK = AA >0) and out of
(AK = AA <0) the cell, for example, via plasmodesmata. In
special cases, the parameters AK, AA, and AC = C, — C,
may also be considered together with I' = —V-dC/dt (Eq.
20 and Supplemental Equation S1) to simulate concentra-
tion and voltage changes due to changes in the cellular vol-
ume and membrane surface (e.g. guard cell swelling and
shrinking). For more details see Supplementary Equations S1
and S2. The steady state analyzed in this study is defined by
the following conditions:
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d_V _ d[K+]cyt _ d[A_]cyt _ d[c]cyt _ 0 (24)
dt  dt  dt  dt

Proton concentrations

Proton concentrations are predominantly determined by
metabolic processes (Sanders and Slayman, 1982; Wegner
and Shabala, 2020; Wegner et al, 2021). Therefore, E; was
fixed to +57.6 mV for the steady-state analyses in this study.
This value represented a pH gradient of pH.,, = 7.0 and
pH.po = 6.0 and was chosen without any bias. A different
ApH, for example, ApH=2 with E, = +1152 mV, would
qualitatively produce the same results.

Renormalization to eliminate a redundant
parameter

Equations (20-23) were multiplied by the factor 1=1,,,/
Imax lmax Was combined with the prefactors to I,,,,/C and
lmaxd (VOI-N,), while 1/l,,,,, was used to normalize the
parameters to the maximal pump current: ip(V) = Ip(V)/l,ax
(without unit), gx = Gx/lmax (X = KHs, KHa, KHa0, KC, AC,
HA, SWEET, HG; all g with unit mv ), ¢p = Cpeollman Cc
= Ce€ollmaw Ac = ¢p — o Ak = AK-o/lyan Aa = AA-eo/
Imaw and v = T'/l,,.4, (all without unit). This renormalization
eliminated one redundant parameter and yielded the final
equation system for the steady-state conditions
(Supplementary Equation S3).

Numerical determination of steady-state conditions
For each parameter set g, the equation system has a steady-
state solution for the membrane voltage V and the Ex-val-
ues. These were determined first by solving Supplemental
Equation S3 and finally by numerically resolving the resul-
tant implicit equations with self-made scripts.

Model assessment

It should be noted that all conclusions drawn in this study
are independent of the exact description of the fluxes Jy
(Supplemental Figure S6). The screening of the entire rea-
sonable parameter space [0,00) for the gy guaranteed the
coverage of all possible cases that a cell can achieve in the
considered scenarios, and allowed us to assess the limits of
the flexibility of the system under consideration in steady
state, even without prior knowledge of specific transporter
features.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Equations S1 and S2. Mathematical repre-
sentation of concentration and voltage changes in swelling
or shrinking cells.

Supplemental Equation S3. Mathematical representation
of the steady-state conditions of the systems considered in
this study.

Supplemental Figure S1. Cases 9 and 10. Combination of
anion transporters with the H™ pump.
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Supplemental Figure S2. Cases 12-16. Combination of
homeostats with a single transporter for a different ion
species.

Supplemental Figure S3. Case 17. Combination of K- and
A-homeostats.

Supplemental Figure S4. Consequences of diffusion
through plasmodesmata.

Supplemental Figure S5. Consequences of changes in cell
size.

Supplemental Figure S6. Equivalence of nonlinear model-
ing and linear modeling.
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