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Abstract

G-proteins are molecular on—off switches that are involved in transmitting a variety of extracellular signals to their intracel-
lular targets. In animal and yeast systems, the switch property is encoded through nucleotides: a GDP-bound state is the
“off-state” and the GTP-bound state is the “on-state”. The G-protein cycle consists of the switch turning on through nucle-
otide exchange facilitated by a G-protein coupled receptor and the switch turning off through hydrolysis of GTP back to
GDP, facilitated by a protein designated REGULATOR OF G SIGNALING 1 (RGS). In plants, G-protein signaling dramatically
differs from that in animals and yeast. Despite stringent conservation of the nucleotide binding and catalytic structures
over the 1.6 billion years that separate the evolution of plants and animals, genetic and biochemical data indicate that nu-
cleotide exchange is less critical for this switch to operate in plants. Also, the loss of the single RGS protein in Arabidopsis
(Arabidopsis thaliana) confers unexpectedly weaker phenotypes consistent with a diminished role for the G cycle, at least
under static conditions. However, under dynamic conditions, genetic ablation of RGS in Arabidopsis results in a strong
phenotype. We explore explanations to this conundrum by formulating a mathematical model that takes into account the
accruing evidence for the indispensable role of phosphorylation in G-protein signaling in plants and that the G-protein cy-
cle is needed to process dynamic signal inputs. We speculate that the plant G-protein cycle and its attendant components
evolved to process dynamic signals through signaling modulation rather than through on-off, switch-like regulation of sig-
naling. This so-called change detection may impart greater fitness for plants due to their sessility in a dynamic light, tem-
perature, and pest environment.

Introduction sensitivity, and susceptibility to molecular noise are a

Extracellular and intracellular signals operate on switches  switch’s properties that emerge from the way its compo-
that turn on and off cellular processes that ultimately affect  nents interact. Many extracellular signals are perceived in
behavior. The properties of a switch are encoded in its archi- ~ animals by 7-transmembrane (7-TM) receptors on the
tecture (Ghusinga et al, 2027a). For example, speed,  plasma membrane, known as a G-protein coupled receptors

Received July 16, 2021. Accepted October 17, 2021. Advance access publication November 16, 2021
© American Society of Plant Biologists 2021. All rights reserved. For permissions, please email: journals.permissions@oup.com

220z Aenuga4 go uo Jasn abpuquwe) Jo Ausianiun Aq #826219/208/2/88 L/210ne/sAydid/woo dno-olwapese//:sdiy woly papeojumoq


https://orcid.org/0000-0002-3456-8951
https://orcid.org/0000-0002-2365-6462
https://academic.oup.com/plphys/pages/general-instructions

808 | PLANT PHYSIOLOGY 2022: 188; 807-815

(GPCRs) having a catalytic guanine exchange factor (GEF)
property. GPCRs may be viewed as 7-TM GEFs. Associated
with a GPCR at the cytoplasmic side is a heterotrimeric
complex (simply G complex here) comprising a guanine-
nucleotide binding subunit Go: that has GTPase activity and
its obligate Gy dimer. This heterotrimer is stable when the
form of the bound nucleotide is GDP representing the
“switch off” state and unstable when it is GTP, representing
the “switch on” state (Sprang, 2016). Binding of the agonist
to the GPCR promotes a conformation change that propa-
gates to the associated G complex catalyzing the release of
the bound GDP on the G subunit thus promoting binding
of GTP. The GTP-bound Gu subunit dissociates at least in
part from the GPy dimer, enabling each of these to interact
with other partners to effect cellular behavior (hereafter, G
signaling). The switch turns off upon hydrolysis of the bound
GTP to GDP by an intrinsic rate of catalysis. This intrinsic hy-
drolysis is accelerated by as much as three orders of magni-
tude by a regulator of G signaling (RGS) protein having
GTPase activating protein (GAP) activity (Ross and Wilkie,
2000; Hollinger and Hepler, 2002). The switching from off to
on to off will be simply referred here as the G cycle.

Much of the G protein research outside of animal cells
and yeast has been performed using the genetic model
Arabidopsis (Arabidopsis thaliana; Urano and Jones, 2014).
Despite a similar list of components comprising the switch,
the chemical flux is reversed in plant cells and probably in
protists too (Urano et al, 2013a). Plant cells do not require
a 7-TM GEF (such as the GPCR in animals) to catalyze gua-
nine nucleotide exchange because this occurs spontaneously
and rapidly in vitro (Jones et al, 2011b) and is presumed to
occur in vivo (Johnston et al., 2007). Instead, the GDP-bound
off state is maintained, at least in part, by a 7-TM RGS pro-
tein (Chen et al, 2003). Genetic ablation of this 7-TM RGS
does not abolish perception of any of the stimuli; therefore,
the 7-TM RGS is not a receptor per se, rather a modulator
of the flux as described above for the animal cell G cycle.
The discrimination between different stimuli is likely done
by kinases (Urano et al, 2012b; Fu et al, 2014 Tunc-
Ozdemir et al, 2016). These phosphorylate both the 7TM-
RGS (Tunc-Ozdemir et al, 2016; Hackenberg et al, 2017
Tunc-Ozdemir and Jones, 2017) and the Go subunit (Li
et al, 2018; Jia et al, 2019). Phosphorylated 7TM-RGS leads
to de-repression of the Go subunit allowing the Go: subunit
to self-activate by exchanging GDP for GTP. It has been
shown genetically that this GTP-bound Ga subunit is an
output like in animal cells (Chen et al, 2003). Diploid plant
genomes encode just one Go subunit that is canonical in
structure to the many Go subunit types found in animal
cells (Jones et al,, 2011a).

RGS proteins operate upon the G cycle. Therefore, by de-
duction, organisms that have RGS proteins must use a G cy-
cle. The prototype for the 7-TM RGS protein is the A.
thaliana REGULATOR OF G SIGNALING 1 (AtRGS1; Chen
et al, 2003). Except for some grasses (Hackenberg et al,
2017), homologs of AtRGS1 are found throughout the plant
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kingdom and even in the basal group of algae that gave rise
to land plants. Moreover, nonplant genomes such as protists
and fungal genomes encode 7-TM RGS proteins, some with
multiple paralogs; for instance, the protist Trichomonas vagi-
nalis has at least four 7-TM RGS proteins despite lacking the
GBy dimer (Urano et al, 2013b) and the fungal pathogen
Magnaportha oryza has eight (Zhang et al, 2011). This indi-
cates that 7-TM RGS proteins are ancient and essential. If
essential, then why do null mutations in AtRGS1 confer
weak phenotypes under laboratory conditions (Urano et al,,
2016b)? However, under a more natural condition when the
light flux is high and/or dynamic, the phenotype of rgs1 null
mutants is the stark inability to optimize photosynthesis effi-
ciency (Liao et al, 2017). This suggests that the reason 7-TM
RGS proteins are so highly conserved is that they provide fit-
ness under naturally dynamic conditions and those few grass
species that lack 7-TM proteins either do not experience
these specific conditions in nature or have evolved another
means to provide this fitness. It should be noted that cereals
lacking the 7-TM RGS protein grow in open light and not un-
der a forest canopy where light is dynamic due to shadows.

The Ga subunits of plant, animal, and protists have had
the time to structurally diverge over 1.6 billion years of po-
tential evolution, but they did not (Jones et al,, 2011a). This
structural conservation is shown in Figure 1A as an overlay
of two Go subunit crystals structures, one from a plant
(green) and one from an animal (magenta). The root mean
square deviation (RMSD) between the two entire structures
is only 1.3 A, less than the length of a carbon—carbon bond,
while the structure that interacts with the guanine nucleo-
tide (Figure 1B) has an RMSD that is nearly zero, meaning
they are essentially identical in the active site. This indicates
that nucleotide binding and hydrolysis, i.e. the structure im-
portant for the G cycle itself, has had major constraints on
its structure evolution. It is therefore clear that nucleotide
binding and hydrolysis must be as critical for the plant G cy-
cle as it is for the animal G cycle.

However, there are observations that are inconsistent with
the conclusion that plant G cycling is important for G sig-
naling. The first came early in the history of plant G protein
research: Adjobo-Hermans and coworkers (2006) were un-
able to detect nucleotide-dependent structural differences in
the heterotrimeric complex. They used high-resolution, for-
ster resonance energy transfer in combination with floures-
cence lifetime imaging microscopy to measure the distance
(resolution <10 A, Gadella, 1999) between subunits of the
complex with nanosecond resolution; none was detected.
This observation was inconsistent with the animal G cycle
paradigm, but, unfortunately, little attention was paid to
this paradox. Just a year before, lwasaki’s group showed that
many of the phenotypes of the loss-of-function mutation in
the rice G subunit gene such as dwarfness were rescued to
wild-type by a Go: subunit that is locked in the GTP-bound
state (Oki et al, 2005). This indicates that cycling between
GDP and GTP is not critical for function, at least not for the
developmental traits that were scored. Another observation
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Figure 1 Plant and animal G subunits have not changed in structure over the 1.6 billion years of potential evolution and show particular conserva-
tion in the structure that is important for G cycling. A, Overlay of crystal structure of the plant G subunit (AtGPA1, PDB = 2XTZ; Jones et al.,
2011a) and animal (rat Gi1, PDB = 3FFB; Kapoor et al,, 2009). Structure 2xTZ is shown in green and structure 3FFB is shown in magenta. The nu-
cleotide binding and hydrolysis pocket is in the center. The overall RMSD is 1.3 A. B, The nucleotide pocket indicated in (A) is shown in detail

with a slight tilting for better view.

challenging a role for G cycling in plants was the discovery
by the Assmann group of a set of plant Go: subunit homo-
logs called extra-large G-proteins (XLGs; Lee and Assmann,
1999; Ding et al, 2008; Heo et al, 2012) that lacked the
known critical structure (determined in animals) for guanine
nucleotide binding and hydrolysis (Temple and Jones, 2007;
Chakravorty et al, 2015). For some time, XLGs were dis-
missed from consideration because, other than homology,
there was no strong evidence that XLGs operated in plant G
signaling. However, that changed when it was showed that
combining genetic ablation of all the XLGs together with
the single canonical G subunit recapitulated the loss of the
Gy dimer (Urano et al, 2016a), a mutation that seems to
completely eliminate G signaling in plants (Ullah et al,
2003). These strange XLG proteins were thought to work
somewhere in plant G signaling only after discovery of their
physical interactions with the GBy dimer and with its cog-
nate RGS protein in a nucleotide-independent manner (Lou
et al, 2020) did it become clear that this noncanonical Gu
subunit that lacks nucleotide binding and hydrolysis, none-
theless plays a role in the plant G cycle (Liang et al, 2017).
Another observation was that altering the G cycle by genetic
ablation of the RGS1 gene had little effect on plant G signal-
ing (Chen et al,, 2003, 2006; Urano et al,, 2016b), that is until
the response to dynamic signal was measured (discussed be-
low). The most recent observation challenging a role for the
G cycle in plant G signaling is the observation that a point
mutation in a plant G subunit that eliminates GTP binding
nonetheless is able to rescue the Go subunit null mutant
(Maruta et al, 2019). After all, if an empty G subunit acts al-
most as well as the wild-type Ga subunit, then it seems rea-
sonable to challenge a role for G cycling in plant G
signaling. Can a new model reconcile this paradox?

As mentioned above, genetic loss of the RGS protein,
clearly shown to control the active state of the G complex
in vitro, has many morphological phenotypes weaker than
expected for a master regulator of the G cycle. However,

there is one phenotype of the rgs1 null mutant that is rather
profound. Under dynamic and/or high light irradiation, rgs1
mutants lack the ability to adjust photosynthetic efficiency,
whereas these mutants behave like the wild-type when the
light is constant (Liao et al, 2017)). Something like this
time-dependent signal presentation was seen before with
plant G protein mutants. Roots respond to touch by secret-
ing ATP (Weerasinghe et al, 2009), a signal that regulates
calcium-based responses. When a second touch is applied to
the wild-type root, there is no ATP secretion for another
540 s; however, G protein mutants respond to this second
mechano-stimulation right away. This raises the possibility
that plant G cycling plays a role in time-dependent signaling.
If that is the case, then what is the mechanism for activation
of plant G signaling and how are signals discriminated?

It is possible that this mechanism for activation and the
discrimination of signals in plant G signaling is accomplished
by receptor kinases (Tunc-Ozdemir et al, 2016, 2017; Tunc-
Ozdemir and Jones, 2017; Chakravorty and Assmann, 2018;
Liang et al, 2018). Plant genomes have had an expansive
amplification of receptor-like kinases (RLKs), analogous to
the amplification of GPCRs in animals and while animal G
signaling does involve kinases, those kinases modulate signal
transduction and are not presently known to be involved in
signal perception and G activation. RLKs phosphorylate
AtRGS1 and A. thaliana G PROTEIN ALPHA SUBUNIT 1
(AtGPA1) to alter their function in a way anticipated to af-
fect switching, raising the possibility that RLKs are the dis-
criminators in this switch. Thus, what appears to be
unfolding currently is that a signal-dependent phosphoryla-
tion—dephosphorylation cycle is the mechanism underlying
the plant G signaling on/off switch.

We are left with several questions: Does phosphorylation
underlie the switch mechanism? What is the role of nucleo-
tide binding? What is the role of AtRGS1? We explore these
questions by formulating a mathematical model that is con-
sistent with the evidence thus far. Our model provides a
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simple resolution of the paradox about nucleotide binding
as well as the role of AtRGS1 by proposing that the phos-
phorylation status governs the switch activity. The steady-
state behavior of the model for a constant signal strength
can be explained as follows. The switch now takes four
states, two of which are phosphorylated and the other two
are not. In the absence of any signal, the switch will primar-
ily live in the GDP-bound off state in wild-type and GTP-
bound off state in the rgs7 mutant, both of which do not
have any strong phenotypes under laboratory conditions.
When a signal arrives, phosphorylation of AtGPA1 through
RLK occurs, turning the switch on. Because AtRGS1 is also
phosphorylated, decoupling its GAP activity from the Go
subunit, the amount of the signal in either of the phosphor-
ylated state would be governed by the amount of AtRGS
protein left on the plasma membrane. In case of the rgs1
mutant, the switch will primarily live in the GTP bound on
state. Except for some weak signal strengths (for constant
signals), it would be difficult to distinguish the wild-type
and rgs1 mutant if the phosphorylated GTP bound state is
the only signaling competent state.

Results

Revising the model of G-signaling

A simple model comprising spontaneous nucleotide exchange
and de-repression of the switch through the hydrolysis rate is
the core of G-signaling paradigm in plants (Urano et al,
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2012a; Liang et al, 2018; Ghusinga et al,, 2021a). In this model,
there is no G-protein switch without nucleotide exchange.
Furthermore, it predicts that the rgs7 null mutant would be
constitutively “on” because the basal rate of hydrolysis is
much smaller than the rate of nucleotide exchange (Johnston
et al, 2007; Jones et al, 2011a, 2012; Urano et al, 20123
Bradford et al, 2013). However, the recent evidence discussed
above suggests that neither of these predictions hold, necessi-
tating the revision of this model. We propose a revised model
in Figure 2 with the following essential elements:

® The switch consists of four states, determined by the phosphorylation
status and the bound nucleotide (GDP or GTP). The signaling response
to a stimulus is driven by the state that is phosphorylated and is bound
to GTP; the remaining three states of the switch are not signaling
competent.

® A stimulus is recognized by its cognate RLK, resulting in the RLK becom-
ing active.

® The active RLK phosphorylates RGS. The phosphorylated RGS loses the
ability to accelerate the hydrolysis of the GTP-bound switch to the
GDP-bound one.

® The active RLK also phosphorylates both GDP-bound and GTP-bound
forms of the switch.

We further assume that the signaling occurs at a much
faster rate than the turnover of the components in the sig-
naling pathway. Thus, the total amount of each of the com-
ponents in the model is constant.
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Figure 2 Proposed model of G-protein signaling in plants. A RLK is activated upon presentation of its cognate stimulus. The active RLK phosphor-
ylates the RGS, which consequently abolishes its ability to accelerate the hydrolysis of the GTPase cycle. Moreover, the active RLK also phosphory-

lates the Go, resulting in four states of the switch.
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B Response to sinusoid input
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Figure 3 Mathematical model can recapitulate experimental observations that the rgs1 mutant shows mild phenotype for constant inputs and
shows strong phenotype for dynamic inputs. A, In response to a step input with constant amplitude, the signaling responses of both wild-type
and rgs1 mutant increase over time to their respective steady states. The response of rgsT mutant is higher than the wild-type, consistent with a
role of negative regulator for RGS in G signaling. B, Model behavior for parameters that minimize the difference between the wild-type response
and the rgs1 mutant’s response under a constant stimulus and maximize those differences under a sinusoidal input. For both (A) and (B), the best

fit parameter set obtained through the evolutionary algorithm is used.

How does this model reconcile the paradox of plant G-sig-
naling? That nucleotide exchange may not be important in
plant G-signaling arises from the observation that
AtGPA1%??, a mutant deficient in GTP hydrolysis, comple-
ments some gpal phenotypes (Maruta et al, 2019). In our
proposed model, the lack of GTP hydrolysis implies that the
four states of the switch effectively reduce to two states:
unphosphorylated GTP bound state and phosphorylated
GTP bound state. Among these two states, if the off state is
the unphosphorylated GTP-bound state and the on state is
the phosphorylated GTP-bound state, then the model is
consistent with the AtGPA1%?" data. Furthermore, the
mild phenotypes shown by the rgs7 null mutant under the
laboratory environment are also in agreement with the as-
sumption that the only signaling competent state of the
switch is the one with both phosphorylation and GTP.
Similar to the AtGPAT¥?" data, the lack of AtRGS1 implies
that the switch primarily operates through the GTP bound
state. What remains to be resolved is the role of RGS1 and
whether the model presented herein is consistent with the
observation that although the rgs1 mutant has mild pheno-
types, the mutant does show a strong phenotype when sub-
jected to pulsating input (Liao et al, 2017). We investigate
this by analyzing the mathematical description of the model,
a set of ordinary differential equations (ODEs) parameterized
by the rate constants depicted in Figure 2. The ODEs for
the wild-type and the rgs7 mutant are given by Equations 2
and 3, respectively, in the “Materials and methods” section.
Using these equations, we explore whether our model can
generate signaling responses such that both wild-type and
rgsT mutant respond as similarly as possible for a step

stimulus with constant amplitude and as differently as possi-
ble for a sinusoidal stimulus.

We translate the above objective to mathematical terms
by searching for the values of rate constants that minimize
the following cost function:

T
1
* * 2
T J (aGTPA,Wt - OtGTP,rgs) dt
max
0

constant
;
1 2
- —J (azTP.wt - “zrp,rgs) dt (1)

Tinax
sinusoid

where o, and Ogrp . are the signaling outputs (fraction
of Ga that is phosphorylated and bound to GTP) for wild-
type and rgsT mutant, respectively. The term T, is the
time that is large enough for all the transient responses to
approximately reach their steady states, assuming that the
stimulus arrives at time t = 0. The first part of the cost func-
tion captures the time-average of the difference (squared)
between the response of a wild-type system and the rgs1
mutant for a constant stimulus. The second part of the cost
function captures the time-average of the difference
(squared) for a sinusoidal stimulus. The negative sign of the
second part signifies the maximization of the difference
(squared) for the sinusoid input. It is also worth noting that
for a given set of parameters, the choice of T, has very lit-
tle effect on the value of the cost function as the system
approaches the steady state. To search the parameter space,
we put physiological constraints to inform relationships be-
tween some of the rate constants and for the remaining
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parameters we searched the parameter space spanning sev-
eral orders of magnitude in each parameter using an evolu-
tionary algorithm (“Materials and methods” section).

The violin plots for the top 50 parameter sets that mini-
mize the cost function in Equation (1) are shown in
Supplemental Figure S1 and the corresponding average sig-
naling responses of the models for wild-type and rgs1 mu-
tant are shown in Figure 3. Notably, the signaling responses
for the constant input monotonically increase to their re-
spective steady states (Figure 3A). The response for the rgs1
mutant is more than that of the wild-type, congruent with
a higher reactive oxygen species production in the rgs1 mu-
tant (Liang et al,, 2018; Ghusinga et al, 2021b) and increased
growth (Chen et al, 2003). It is possible for this difference to
result in a mild phenotype provided whereby the fractional
signaling response affecting the phenotype is lower than the
response of the wild-type system. As encoded in the cost
function in Equation (1), a more dramatic difference be-
tween the responses of wild-type and rgs7 mutant is seen
for a sinusoid input (Figure 3B). Here, the wild-type system
generates a response that resembles the sinusoid input
whereas the rgs1 mutant is unable to follow the dynamics
of the input. Our results thus demonstrate that the model
in Figure 2 can recapitulate the observation that wild-type
and rgsT mutant phenotypes are similar under constant en-
vironment but different under dynamic environment. To
understand the reasons behind this behavior of the model,
we examine the top 50 parameter sets in Supplemental
Figure S1. We find that:

® The phosphorylation rate of RGS (ky) is a couple of orders of magni-
tude higher than the phosphorylation rates of agpp and ogre
(kas = kgf). Likewise, the dephosphorylation rate of RGS (k) is approx-
imately an order of magnitude higher than the dephosphorylation rates
of o&pp and oy (ke = kg ). This means that as the frequency of the
stimulus increases, the phosphorylation states of Go lose their ability to
track the stimulus before that of the nucleotide states.

® The GAP activity of RGS for oy (ks,) is much higher than that for
oGrp (k3y = 100ks, pasal )- Therefore, the change in the dynamics of RGS
affect aigpp before its unphosphorylated counterpart.

These observations suggest that the switch follows an
AND logic. That is, to be active, the Ga. must be GTP bound
and phosphorylated. In the absence of RGS, Ga is always in
the GTP-bound state. When exposed to a constant stimulus,
Go. becomes phosphorylated and activated, and therefore
behaves similar to the wild-type. However, when the stimu-
lus is time dependent, the rgsT mutant is not able to track
signals with sufficiently high frequencies, because of the slow
kinetics of phosphorylation and dephosphorylation relative
to the RGS-mediated hydrolysis rate. These observations are
indeed consistent with the dynamics of aZy, for wild-type
and the rgs1 mutant, obtained by simulating the model for
the best parameter set from the evolutionary algorithm, as
shown in Supplemental Figure S2.

Ghusinga et al.

Discussion

Our goal was to present a mathematical model that recon-
ciles evidence that conflicts with the previous understanding
of the plant G signaling. We acknowledge that the model is
theoretical although it fits and describes the entire body of
observations on plant G signaling to date. This model brings
to bear several points:

® G cycling in plants does not regulate the on—off state; rather, a signal-
dependent phosphorylation-dephosphorylation cycle regulates these
states. As such, in the absence of phosphorylation induced by a signal,
one expects that there is no conformational difference between the
GDP state and the GTP-bound state of the heterotrimeric complex and
this is what was observed (Adjobo-Hermans et al,, 2006).
® The phosphorylated GTP-bound state of AtGPA1 is the active molecule
in G signaling. The observation that a mutation that locks AtGPA1 into
the GTP-bound conformation rescues the gpal null mutant indicates
that the GTP-bound subunit is in the active state and that, despite its
in vitro property of spontaneous nucleotide exchange, is not at equilib-
rium in vivo.
G cycling is required to properly detect dynamic signals such as light
(Liao et al, 2017) and possibly mechanostimulation (Weerasinghe et al,
2009) and perception of pathogen-associated molecular pattern mole-
cules such as flg22 from bacteria (Liang et al., 2016; Watkins et al, 2021).

The view that this mathematical model affords solves the
plant G cycle paradox introduced above with perhaps the
exception of the observation that AtGPA1**, an AtGPA1
mutant lacking GTP binding (empty state), rescues the gpa1l
null mutant to wild-type phenotypes (Maruta et al,, 2019).
However, the plant model proposes a solution wherein the
empty state adopts a conformation that is similar to or ex-
actly like the GTP-bound conformation. This is the case for
an animal G subunit where the empty state was chemically
stabilized and as such was revealed that it mimicked the
GTP-bound state (Andhirka et al, 2017); so, this proposal is
not without precedence. It should be noted that in both an-
imal cells where the rate-limiting step is nucleotide exchange
and in plant cells where the rate-limiting step is hydrolysis,
this empty state is transient and likely inconsequential to
the switch property. However, in the point mutant de-
scribed by Maruta et al. (2019) where GTP binding was
undetectable above background, the empty state therefore
is not transient, rather it is stabilized. From a geneticist
point of view, this is the equivalent of introducing a neo-
morphic trait through a gain-of-function mutation. In this
case, the new trait is a biochemical property compared to a
new phenotype like an ectopic limb.

Although the model presented herein is consistent with
the evidence thus far, its rigorous validation requires further
experiments. One set of such experiments would be to in-
vestigate the phenotypes of different mutants of AtGPA1
that are deficient in phosphorylation. We would expect that
the G-protein switch in a phosphorylation-deficient mutant
of AtGPA1 would be unable to operate and therefore
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unable to complement the gpal null mutant static signal
phenotypes. The mutant AtGPA1 would have the wild-type
phenotype for nucleotide binding and hydrolysis. Another
set of experiments to challenge the model would be to in-
vestigate the responses to dynamic inputs for the
AtGPAT???" mutant, which according to the model should
be similar to the rgs7 null mutant. Ultimately, a high-
resolution peek into the responses to dynamic stimuli, in-
stead of simply looking at physiological phenotypes, would
be the true litmus test of our model. We also note that to
avoid overparameterization of the mathematical model, we
chose to exclude the GBy dimer and any role that the XLG
Ga subunits would have through competition with AtGPA1
interactions with its RGS protein and GPy dimer partners.
While this is unnecessary for the present purpose to recon-
cile the paradoxes, it is, nonetheless, paramount to include
in future studies to complete the picture of plant G signal-
ing. Finally, it would also be worthwhile to investigate
system-level properties of the switch architecture proposed
herein, much like the analyses performed in (Ghusinga et al,,
2021a).

Materials and methods

Ordinary differential equations governing the
dynamics of the proposed model

We write the ODEs that govern the dynamics of the model
schematic depicted in Figure 2, assuming mass-action kinet-
ics. Let RLK, RGS, and o respectively denote the levels of
RLK, RGS, and Ga. We denote the active or phosphorylated
forms with a superscript (e.g. RGS* is the phosphorylated
RGS) and use subscript (GDP or GTP) to represent the nu-
cleotide status of Gu (eg. oy, is the phosphorylated and
GDP-bound form of Guo). Finally, we absorb the total
amounts of each of these components in the rate constants,
such that the ODEs represent the amount of the compo-
nents divided by their respective total amount. With these,
the ODEs for the wild-type model are:

dRLK*

s kyS(¢)(1 — RLK*) — kq,RLK* (2a)
dRGS*

i koRLK* (1 — RGS*) — ky,RGS* (2b)
do . .

thTP = ksy (1 — otgrp — Agpp — Ogp)

- (k3r,basa| + ks (1 — RGS*»CXGTP
— kefRLK 0lgrp + KerOlérp (2¢)

do
% = kgRLK" (1 — OlTp — Olgpp — OLZTP) — kaogpp — Ksfigpp

+ (kSr,basaI + kSr(1 - RGS*))asz (Zd)
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dog
GTP kaRLK*ClGTp — kér(lg-”, + kaCZEDP

- (kSnbasaI + kSr(1 - RGS*))OLETP (26)

In these equations, S(t) is the stimulus (possibly time-
varying) that is turned on at t = 0. The initial conditions
are assumed to be the pre-stimulus steady states.

For the rgs1 mutant, setting the total amount of RGS to
zero yields the following ODEs:

dRLK*

i kyS(t)(1 — RLK*) — kyq RLK* (3a)
doigrp
d k3f(1 — OGP — Olgpp — uéTP)
— kay pasal OGP — kefRLK™ 0trp + KerOp (3b)
do
ZGbP k4fRLK* (1 — Olgtp — OLEDP — OLZTP)
- k4r°(é[)p - kao%Dp + kSr,basaI O(ETP (3C)
dot .
d(;TP = kGfRLK*aGTP - kGVuéTP + kaaEDp - kSr‘basaI o‘é'rp (3d)

Same as the ODEs for the wild-type, we set the initial con-
ditions to be pre-stimulus steady states.

Parameter sets minimizing the cost function

Our goal is to test whether the proposed model is capable
of qualitatively recapitulating the experimental observations
that the rgs7 mutant shows mild phenotypes in laboratory
conditions, except for when challenged with a dynamic in-
put (Liao et al, 2017). To that end, we defined the cost
function Equation (1) to minimize the difference between
the wild-type and rgs7 mutant for a constant stimulus but
maximize the difference for a sinusoid stimulus. To search
for parameters (rate constants in Figure 2) that minimize
the cost function in Equation (1), we used an evolutionary
algorithm that was implemented using Distributed
Evolutionary Algorithms in Python, a python-based frame-
work to build and execute evolutionary algorithms (Fortin
et al, 2012).

We supplement our parameter search using available ex-
perimental data about the rate constants. In particular, we
set ksr = 10 k3, pasal @and ks, = 100 k3, pasal. The first as-
sumption implies that without RGS, the nucleotide ex-
change rate is 10 times the basal rate of hydrolysis;
therefore, the fraction of dagrp is ~90%. The second assump-
tion means that RGS speeds up the hydrolysis by approxi-
mately 100 times. Consequently, the fraction of oG is
~10%. We note that the GTP binding rate and the basal hy-
drolysis rate were reported to be 14.4 min~' and 0.012 min™"
(Johnston et al, 2007), which corresponds to ~99% Go
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being GTP bound, but we chose to not use these precise
values because the estimations of GTP binding rate for a
plant Ga subunit has a range of ~10-fold in Arabidopsis (A.
thaliana; Johnston et al, 2007; Jones et al, 2011a, 2012;
Urano et al, 2012a; Bradford et al, 2013) and ~40-fold be-
tween Arabidopsis and rice (lwasaki et al, 1997). Likewise,
the GTP hydrolysis rate has a range of about three-fold in
Arabidopsis (Johnston et al, 2007; Jones et al, 2011a, 2012;
Urano et al, 2012a; Bradford et al, 2013). The two-fold dif-
ference between the basal hydrolysis rate and the accelera-
tion in hydrolysis by RGS is within the range reported in the
animal field (Ross and Wilkie, 2000; Hollinger and Hepler,
2002), although for Arabidopsis the same was reported to
be approximately 35 times (Johnston et al,, 2007).

We further restrict our search space by setting k¢ = kys
and kg, = kg, both of which mean that the phosphorylation
and de-phosphorylation rates of Gt do not depend upon the
nucleotide (GDP or GTP). Finally, we also assume that the nu-
cleotide exchange rate and the basal rate of hydrolysis of GTP-
bound states are the same, notwithstanding the phosphoryla-
tion status, ie. ks = k3 and ks, paal = K3y, basal- Although
these assumptions may not be exactly accurate in quantitative
terms, they either capture the known physiological constraints
or restrict our parameter search space considerably. This is ac-
ceptable because we are only investigating whether the pro-
posed model can recapitulate the data. If the model exhibits
the desired behaviors in the restricted search space, it would
also do so if we relaxed these assumptions. For each of the
remaining parameters, we set a range spanning six-orders of
magnitude (107, 10%). Each generation of the evolutionary al-
gorithm had 1,000 initiation parameter sets uniformly sampled
over the search space. These parameter sets then underwent
selection, crossover, and mutation for 100 generations. We
specifically consider the case where the constant and sinusoid
input (stimuli) are, respectively, given by Sconseanc(t) = 1 and
Sinusoid (t) = 1+ sin(27t/10). The top 50 parameter sets that
minimized the cost function in Equation (1) are shown in
Supplemental Figure S1. We chose the sinusoid input such
that, on average, the system sees the same input as the con-
stant input.

Supplemental data

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

Supplemental Figure S1. Top 50 parameter sets that
minimize the cost function in Equation (1).

Supplemental Figure S2. Dynamics of o*gpp for the best
parameter set obtained from the evolutionary algorithm.
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