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ABSTRACT Defective nitrate signaling in plants causes disorder in nitrogen metabolism, and it negatively affects nitrate trans-
port systems, which toggle between high- and low-affinity modes in variable soil nitrate conditions. Recent discovery of a plasma
membrane nitrate transceptor protein NRT1.1—a transporter cum sensor—provides a clue on this toggling mechanism. How-
ever, the general mechanistic description still remains poorly understood. Here, we illustrate adaptive responses and regulation
of NRT1.1-mediated nitrate signaling in a wide range of extracellular nitrate concentrations. The results show that the homodi-
meric structure of NRT1.1 and its dimeric switch play an important role in eliciting specific cytosolic calcium waves sensed by the
calcineurin-B-like calcium sensor CBL9, which activates the kinase CIPK23, in low nitrate concentration that is, however,
impeded in high nitrate concentration. Nitrate binding at the high-affinity unit initiates NRT1.1 dimer decoupling and priming
of the Thr101 site for phosphorylation by CIPK23. This phosphorylation stabilizes the NRT1.1 monomeric state, acting as a
high-affinity nitrate transceptor. However, nitrate binding in both monomers, retaining the unmodified NRT1.1 state through
dimerization, attenuates CIPK23 activity and thereby maintains the low-affinity mode of nitrate signaling and transport. This
phosphorylation-led modulation of NRT1.1 activity shows bistable behavior controlled by an incoherent feedforward loop, which
integrates nitrate-induced positive and negative regulatory effects on CIPK23. These results, therefore, advance our molecular
understanding of adaptation in fluctuating nutrient availability and are a way forward for improving plant nitrogen use efficiency.

SIGNIFICANCE NRT1.1, an important plasma protein residing in plant root cells, plays dual roles as nitrate sensor and
transporter. This NRT1.1-mediated nitrate signaling provides a key to improving plants’ nitrogen use efficiency while
reducing nitrogen fertilization. To facilitate this effort, we use structural and biochemical modeling to reveal bistable control
of NRT1.1-mediated nitrate signaling by its upstream components in response to a wide range of variation of extracellular
nitrate concentrations.

INTRODUCTION transporter NRT1.1 (6). Besides nitrate transportation,
NRTI.1, a plasma membrane protein, modulates these re-
sponses by triggering independent signaling pathways irre-
spective of its transport function in Arabidopsis thaliana
(7). A short-term, nitrate-induced transcriptional response
of nitrogen assimilatory and transporter genes, known as
primary nitrate response (PNR), is negatively regulated by
the phosphorylation of NRT1.1 at threonine 101 residue
(8,9). This PNR has, however, remained unaffected by
P492L substitution, which suppresses NRT1.1 transport ac-
tivity. It indicates that a nonphosphorylated form of NRT1.1

Nitrate signaling is essential for a variety of critical re-
sponses of plant cells, including the repression of key nitrate
transporter NRT2.1 expression, stimulation of ANR1-regu-
lated lateral root, inhibition of L-glutamate-induced root ar-
chitecture modulation, and stimulation of seed germination
(1-5). These large palettes of nitrate-induced responses are
seen to be regulated adaptively depending on extracellular
concentrations of nitrate and evidently depend on the nitrate
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showed different NRT1.1-dependent signaling responses
(7). Although T101 phosphorylation is responsible for
switching between low- and high-affinity modes of nitrate
transportation, it has also remained important for maintain-
ing biphasic PNR in low (<1 mM) and high (>1 mM) ni-
trate concentrations (10). Furthermore, the same
phosphorylation at the T101 site directs the action of
NRT1.1 toward the activation of specific signaling re-
sponses for lateral root development and feedback regula-
tion by high nitrogen (1,11). Thus, the dynamic processes
of phosphorylation/dephosphorylation of NRTI1.1 at the
T101 site, which depend on soil nitrate availability, play sig-
nificant roles in nitrate signaling and modulate several phys-
iological and developmental responses of plant cell. In this
work, we have shown how the homodimeric structure of
NRT1.1 and the nitrate-induced dynamic interactions with
the immediate downstream effectors affect and regulate
the NRT1.1 phosphorylation.

The nitrate transporter NRT1.1 is a 590-amino-acid ho-
modimer, consisting of two monomers in an asymmetric
unit. Each monomer contains 12 transmembrane (TM)-span-
ning a-helices, with amino (TM1-TM6)- and carboxyl
(TM7-TM12)-terminal bundles (Fig. 1 D). These two bun-
dles are linked by the lateral helix, consisting of 84 amino
acids spanning horizontally in the outward direction from
the transporter domain (12). A recent study reports large
local conformational differences between the two mono-
mers, which is further associated with differential nitrate-
binding affinity (13). One of the monomers has almost five
times higher affinity than the other, suggesting their differen-
tial roles for biphasic regulation of NRT1.1 (13). The phos-
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FIGURE 1 Collective motion of NRT1.1 mole-
cule shows large differences in the high-affinity
state. (A) The monomeric nitrate-bound high-affinity
unit shows antiphase dynamics relative to its nitrate-
unbound monomer A. Several antiphase tipping
residues, indicated by arrows, are responsible for
maintaining this antiphase asynchronous collective
motion. (B) and (C) show in-phase, synchronous mo-
tions for NRT1.1 dimer and the monomer B, with
and without nitrate binding. (D) NRT1.1 monomer
containing 12 transmembrane (TM)-spanning a-he-
lices with amino-(TM1-TM6) and carboxy-terminal
(TM7-TM12) bundles. (E) Nitrate-bound high-affin-
ity monomer A shows a large-amplitude motion of
the loop (orange color) connecting the C-terminal
portion of helix H4 to the N-terminal of helix H5
and playing an important role for releasing the ni-
trate in the cytosol. (F) Without nitrate binding,
such motions of the dynamic loop are absent (blue

color). To see this figure in color, go online.
o2

phorylation site, Thr101, is located at the bottom of TM3 on
the cytosolic side and is surrounded by hydrophobic residues
from TM2 and TM4. In the apo state, the Thr101 residue is
in a deep hydrophobic pocket demarcated by the hydropho-
bic residues Leu 96, Leu 100, and Ile 104 from the dimer
interface. Upon nitrate binding in the high-affinity monomer,
Thr101 is shifted to the interface and primed for phosphory-
lation. In contrast, such conformational changes and priming
have not been observed in the low-affinity monomer (13). A
recent study suggests a potential structural significance for
this phosphorylation (12). Although the unphosphorylated
NRT1.1 forms a structurally coupled dimer and functions
as a low-affinity transporter, the phosphorylation of the
Thr101 site of NRT1.1 triggers dimer decoupling and allows
adopting a high-affinity transport mode (14). However, an
alternative hypothesis suggests that phosphorylation in-
creases structural flexibility and changes in packing in the
N-terminal bundles, resulting in increased nitrate transport
(12). In this study, using extensive mathematical methods
and computational techniques, we have reconciled these
two hypotheses and illustrated the role of dimerization in
NRT1.1 mediated nitrate signaling.

The NRT1.1 protein acts as a toggle switch through the
phosphorylation/dephosphorylation of Thr101. At low nitrate
concentration, nitrate-bound NRT1.1 triggers specific cal-
cium waves through the action of an unknown phospholipase
C, and blocking these waves severely affects several nitrate-
induced responses (15-17). These calcium waves have
also been reported to occur in response to abiotic
stress and in the regulation of ion homeostasis (18,19). Ni-
trate binding to NRT1.1 activates the downstream effector
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CBL9-interacting kinase, CIPK23, at low nitrate concentra-
tion. The calcium-dependent interaction of CBL9 with the
self-inhibitory NAF motif relieves the self-inhibition and ac-
tivates the kinase CIPK23 (20). This nitrate-induced calcium-
dependent regulation of the activity of the system ensures
colocalization of the CIPK23.CBLY interacting pairs toward
the NRT1.1 at the plasma membrane (21). Here, we build a
molecular model of the CIPK23.NRT1.1 complex, and, using
this complex, we characterized this dynamic interaction. To
demonstrate the biphasic change of NRT1.1 depending on
extracellular nitrate concentrations, we constructed a mathe-
matical model that includes these interacting components of
nitrate signaling. The model is formed based on a three-node
network topology in which two nodes (NRT1.1 and CIPK23)
are activated by nitrate binding. These two nodes then act on
the third node (NRT1.1 phosphorylated state) with opposite
effects, in which one activates and the other inhibits the phos-
phorylation depending on the nitrate concentration. This
network topology, known as incoherent feedforward control
structure, leads to a transient response shaping the adaptive
regulation of NRT1.1. A similar adaptive control through
an incoherent feedforward network was observed in the so-
cial amoeba chemotaxis signaling pathway (22).

MATERIALS AND METHODS
Construction of lipid bilayer for NRT1.1

To perform normal mode analysis (NMA) in a membrane environment, the
membrane-bound dimeric NRT1.1 in both apo- and nitrate-bound forms
were obtained from the OPM database (23). OPM uses the PPM 2.0 server
to calculate orientation of proteins in membranes (23). OPM is a curated
web resource that provides spatial positions of membrane-bound peptides
and proteins of known three-dimensional structure in the lipid bilayer.
The PPM 2.0 server uses a generic version of the 1,2-dioleoyl-sn-glyc-
ero-3-phosphocholine bilayer and combines an all-atom representation of
a solute, an anisotropic solvent representation of the lipid bilayer, and a uni-
versal solvation model (23).

NMA for NRT1.1

To assess a broad range of potential large conformational changes in
NRT1.1, the DynOmics ENM Server was used to perform NMA of the
membrane-bound NRT1.1 (24). NMA is a tool for exploring functional mo-
tions of proteins. It uses two elastic network models (ENMs) — the
Gaussian network model (GNM) and the anisotropic network model—to
evaluate the dynamics of structurally resolved systems from individual mol-
ecules to large complexes and assemblies in the context of their physiolog-
ical environment.

In the GNM, network nodes are the C-« atoms and the elastic springs rep-
resented the interactions. We used the GNM with an interaction cutoff dis-
tance of 7.3 A and spring constant scaling factor cutoff of 1 A for the
calculation of the elastic network model. The fluctuation between any
two residues i and j is given by

i

AF~ AF;,

where Fj; is the distance between residues i, j at any given instant of time
and F,-jo denotes distance at their equilibrium positions.
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For an N-node (residues) network, the GNM potential in terms of 4X;,
A4Y;, and 4Z; components of AF; can be written as

N
Von = % > [(AXi — AX))*+ (4Y, — av))’
ij
+ (42 - az)’]|,

where v is the uniform force constant for all springs and I'; is the i
element of the Kirchhoff matrix of inter-residue interactions defined by

-1 Jif i#jand Fij < r,
Iy = 0 Jif i#) and Fij > 1.

J > Ty =]

Ji#i

Expressing the X, Y, Z components of the fluctuation vectors 4F; as three
N-dimensional vectors 4X, 4Y, and 4Z, the total potential reduces to the
following simplified form:

Vony = %[AFT-F-AF].

The correlations between the fluctuation of residues i, j are finally found
as a statistical mechanical average, and then it reduces to the following
equation:

3kgT

(4Fi - AFj) =

(),

In the GNM, the determinant of the Kirchhoff matrix is zero, and I' i
therefore calculated from the eigenvalue decomposition I' = ABA”, where
A is the orthogonal matrix whose k™ column vector ay is the k™ eigenvector
of I' and B is the diagonal matrix of eigenvalues Ay. The first eigenvalue is
identically zero so that each of the remaining N — 1 eigenvalues define the
frequency of the N — 1 modes.

We calculated the first 20 slowest modes of NRT1.1. The eigenvectors of
these modes represent the global motions, and the constrained residues help
in identifying critical regions such as hinge-bending regions, thereby giving
an idea of domain motions around these regions. We plotted the first slowest
mode of NRT1.1 in different conditions, which showed a significant differ-
ence in motions.

Nitrate-bound monomer A is docked with the
nitrate-unbound monomer B

To analyze the consequences of high-affinity nitrate binding on monomer
B, nitrate-bound monomer A was docked to nitrate-unbound monomer B
using the PRISM web server (25). Given two protein structures, PRISM
predicts the complex by checking interface matching between the structures
and also accounts for flexible structural similarity and evolutionary inter-
face conservation. The predictions are scored according to binding energies
using the CHARMM?22 force field.

Modeling the ATP.CIPK23 complex

250 poses of ATP docked to CIPK23 were generated and divided into 37
clusters using SwissDock (26). Out of 250 poses, five modes bound ATP
at the already-known position (Table S2). The ATP.CIPK23 complex was
formed out of the pose having the lowest 4G-value.



Modeling the NRT1.1.CIPK23 complex

X-ray crystallographic data of NRT1.1 (Protein Data Bank (PDB): 5A2N and
5A20) (12) and CIPK23 (PDB: 4CZT) (20) were obtained from the PDB re-
pository. The overall structure of kinase CIPK23 is the same as cAMP-depen-
dent protein kinase (PDB: 1ATP), which usually serves as a prototype for the
entire kinome (27). Superimposition of the two structures shows 1.5 ARMSD
in the activation loop region. ATP docking to CIPK23 at the known position
was guided by the kinase 1 ATP using SwissDock. Interaction of ATP-bound
active CIPK23 with NRT1.1 was modeled using HADDOCK version 2.2
(28). The two structures were docked rigidly, and their interfaces were refined
with both the backbone and side-chain flexibility. At the rigid-body stage,
10,000 models were generated, and the 400 best scoring models, ranked by
the HADDOCK scoring function, were further refined in the semiflexible
and solvated protocols. The final 400 models were clustered based on the
fraction of common contacts with the threshold of 0.75, and each cluster
was scored on the average score of its best four models (29). The desolvation
energy term was turned off for this final scoring step. The docking calcula-
tions were driven by using the biochemical data of Ho et al. (10).

Mathematical model

dn _ g )"

i RN VAN
dt ! kl —+ (Xl)h]
dx, X X2

— =ay— X —by——
dt 2 ki1 + x 2klz + X

dx
7; = Clan_;(xl,xz) — b3x3

x; = [NRT1.1], x, = [NRT1.1.CIPK23|, x; = [NRT1.1P]
NI = [NO5 /25, where [NO5], the nitrate concentration gradient, ranges
from 0.1 to 25 mM.

1 ke
X = y = ™) -
ky + (x2)™

Gx, = (X+1)Y

System stability analysis and biphase
quantification using Lyapunov exponent

Because the system is nonlinear, we used a numerical method to calculate the
steady-state solutions of the above system. The stability of the steady-state
solutions is determined by the eigenvalues of the Jacobian matrix, J, evalu-
ated at the steady states. The system was solved at 100 linearly spaced values
of NI ranging from 0.1 to 25 so as to get 100 eigenvalues (also called local
Lyapunov exponents). The absolute values of these Lyapunov exponents
plotted against the increasing nitrate gradient indicated two distinct phases
of NRT1.1P apart from the transient range. Determinant (J)ss > 0 and Trace
(N)ss < 0 for all steady states confirmed the stability of the system.

RESULTS AND DISCUSSION

Nitrate-induced priming of the phosphorylation
site T101 depends on intermonomer dynamics

The homodimer, NRT1.1, consists of two monomers in
an asymmetric unit. It has dual-affinity modes of nitrate

Feedforward Control of NRT1.1 Signaling

transport that switch depending on extracellular nitrate con-
centrations. Nitrate-binding affinity significantly differs be-
tween the monomers, which further affects intermonomer
interactions (13). While looking into the interface contacts
between the monomers, we observed that the polar interface
residues B.Thr111 and A.Thrl111 establish H-bonds with
A.Val229 (2.65 A), B.Val229 (2.96 A), and B.Ser233
(3.31 A), respectively, in the absence of nitrate binding.
Also, the hydrophobic residue B.Leu96 at the interface
forms an H-bond with A.Arg21 (2.98 A) (Fi 2. S1). Although
both monomers retain 4.5% of the total surface area as inter-
face solvent-accessible area, they lose all the direct H-bond
contacts between the interface residues after nitrate binding.
However, they still remain intact because of strong hydro-
phobic interactions. Additionally, the composition of polar
and charged residues at the interface remains almost unal-
tered, which implies the role of nitrate-driven specific allo-
stery involving the dimer interface residues. A recent study
reported that nitrate binding triggers more changes in chem-
ical interactions in monomer A, leading to redistribution of
rigid clusters of atoms and formation of a largest rigid clus-
ter with residues 30-94, an interlinking nitrate-binding
pocket, and the phosphorylation site T101. In contrast,
this rigidity-based allostery is relatively weak in monomer
B, which negatively affects the priming of B.T101 for po-
tential phosphorylation in low nitrate concentration (13).

Phosphorylation site Thr101, located on the cytosolic side
of the bottom of helix H3, is surrounded by residues from
helices H2 and H4. In the apo state, Thr101 is in the deep
hydrophobic pocket demarcated by the hydrophobic resi-
dues Leu 96, Leu 100, and Ile 104 from the dimer interface
side (Fig. S1). Upon nitrate binding in the high-affinity
monomer A, Thrl01 is shifted to the interface and primed
for phosphorylation at low nitrate concentration. In contrast,
such conformational changes and priming have not been
observed in the low-affinity monomer. A recent study sug-
gests a potential structural significance of this phosphoryla-
tion (12). Although the unmodified NRT1.1 forms a
structurally coupled dimer and functions as a low-affinity
transporter, phosphorylation of Thr101 triggers dimer de-
coupling, and the protein adopts a high-affinity transport
mode (14).

To probe the connections between dimer coupling/decou-
pling and the relative intermonomer dynamics, NMA has
been performed with ENMs that integrate the GNM and
the anisotropic network model. This allows us to assess
the magnitude and direction of atomic fluctuations and to
predict the potential collective motions of the biomolecule.
The lowest-frequency normal modes that provide a high
degree of collectivity distinguish between the monomeric
and dimeric motion of nitrate-bound and unbound
NRT1.1. Interestingly, the collective motions of the dimeric
NRT1.1 show in-phase synchronous dynamics irrespective
of the nitrate binding (Fig. 1, B and C). This corroborates
the experimental results of Sun et al. (14), who reported
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A A.NRT1.1.NO3 A.NRT1.1.NO3

B.NRT1.1.NO3

structurally coupled NRT1.1 dimer as an “in-phase” homo-
dimeric transporter. In contrast to the dimeric NRT1.1, the
monomeric high-affinity unit shows antiphase asynchronous
dynamics relative to its nitrate-unbound monomer A (Fig. |
A). Several antiphase tipping residues (Ala 68, Leu 362) are
responsible for maintaining this antiphase asynchronous
collective motion. TM portions of helices H1, H7, H2,
HS8, H4, H10, H5, and H11, forming the nitrate transport
tunnels in the inward-facing open configuration, have
mostly remained invariant by maintaining their pairwise an-
gles in both apo and nitrate-bound states. However, NMA
shows substantial changes in the volumes of nitrate transport
tunnels between the positive and negative motions. In
particular, high-affinity nitrate-bound monomer A shows
significant changes in the tunnel volume (~2-fold), with
the largest AGanster = —71.6 kcal/mol among all the mono-
mers in both nitrate-bound and unbound states (Tables S1
and S2). This difference is positively correlated with the
large-amplitude motion of the loop (residues 172—182) con-
necting the C-terminal portion of helix H4 to the N-terminal
of helix HS. Together, these indicate the important role of
the dynamic loop for releasing the nitrate in the cytosol in
the high-affinity nitrate-binding state (Fig. I, E and F).

To evaluate the effects of nitrate binding in the high-affin-
ity monomer A on the low-affinity monomer B, nitrate-
bound monomer A is docked to nitrate-unbound monomer
B (Fig. 2 A). In all the predicted poses, monomer B is reor-
iented with the reorganization of all the TM helices that
buffer nitrate transport activity through the monomer B
(Fig. S2). In particular, the lowest-energy pose (i.e.,
—64.7 kcal/mol) shows rotational conformation of the
monomer B relative to the monomer A. The interface helix
H3 of monomers A and B, on which the phosphorylation site
Thr101 is located, makes an angle of ~29.6° in the nitrate-
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FIGURE 2 In low nitrate concentration, nitrate-
induced intermonomer rotational dynamics cause
dimer decoupling and attenuation of nitrate transport
through the monomer B. (A) Both the monomers are
nitrate-bound and show an inward-open nitrate trans-
port tunnel. In this case, the interface helices A.H3
and B.H3, in which the phosphorylation site T101
is located at the bottom, made the angle 29.6° with
the same orientation. (B) In contrast, whereas nitrate
is bound only on monomer A, there is large rota-
tional dynamics of monomer B, in which the inter-
face helices A.H3 and B.H3 show the opposite
orientation with an angle of 154.6°. To see this figure
in color, go online.

bound dimeric structure (Fig. 2 A). However, these helices
form an angle of ~154.6° with an almost opposite orienta-
tion of the H3 helix of nitrate-unbound monomer B in the
docked dimeric structure (Fig. 2 B). The docked dimer
also shows significant loss of the interface area,
~262.6 Az, between the monomers. These results, therefore,
show that nitrate binding disrupts the in-phase, synchronous
motions only in high-affinity monomer A, which results in
loss of interface area and primes dimer decoupling. The
resultant conformational dynamics also reorients the helices
blocking nitrate transport activity through monomer B.

Dynamic loop stabilization is attained through CIPK23 binding

The dynamics of nitrate-bound monomer A shows high-
amplitude domain motions in the dynamic loop (residues
172-182) that buffers the nitrate transport (Fig. 1 E
(orange); Fig. 3 A). Moreover, the volume of the nitrate tun-
nel largely varies between the positive and negative motions
in the nitrate-bound monomeric state, relative to modest
variation in the nitrate-bound dimeric and apo states
(Fig. 3, C and D; Fig. S3). This variation is unfavorable
for stable transportation and release of nitrate in the cytosol.
It is observed that the interactions of NRT1.1 with the active
kinase CIPK23 increases the variational entropy by ~2-fold.
Moreover, the collective atomic motions of NRT1.1 and
hence of the dynamic loop (Fig. 3 A) are stabilized, resulting
in stable high-affinity transport of nitrate through monomer
A (Fig. 3 B).

CIPK23 interacts only with the high-affinity
nitrate-bound monomer

The biochemical data provide valuable experimental con-
straints for modeling. We used HADDOCK 2.2 (28) to build
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molecular models of CIPK23.NRT1.1 complex by imposing
the structural constraints from the available biochemical
data of Ho et al. (10). The kinase domain of CIPK23 inter-
acted with the nitrate-bound monomer A of NRTI1.1 and
formed a stable complex (Fig. 4 B). Interestingly, Py of
ATP-bound CIPK23 interacted with the P-site Thr101, apart
from other polar interactions between CIPK23 and NRT1.1
that increase the stability of the complex and are necessary
for efficient phosphorylation (Fig. 4 A). The distance be-
tween Py of ATP and the hydroxyl oxygen of the P-site
Thr101 is significantly low (2.0 A). Nitrate-unbound mono-
mers A and B and nitrate-bound monomer B did not form
such a complex with CIPK23, and Py of ATP did not
even come within the 5 A neighborhood of P-site Thr101
in either of these complexes (Fig. 4 C; Fig. S4). While look-
ing into the NRT1.1.CIPK23 complexes, we also found that
in the nitrate-bound monomer A.CIPK23 complex, the
interface area is ~100 A” greater and the AG-value is
~2-fold less than in the CIPK23 complex with nitrate-un-
bound monomers A and B and nitrate-bound monomer B
(Table 1). These observations indicate that CIPK23 can spe-
cifically interact with and phosphorylate only the high-affin-
ity monomer A of NRT1.1.

The P-site Thr101, harbored on the H3 helix, lies in a
deep pocket surrounded by hydrophobic residues ILE91,
PHE9S5, LEU96, LEU100, and ILE104. Although ILE91 be-
longs to the H2 helix, LEU100 and ILE104 belong to the H3
helix, and PHE9S and LEU96 form the connecting loop be-
tween the H2 and H3 helices. A recent study showed that ni-
trate binding induces conformational changes that prime the
Thr101 site for phosphorylation (13). Though all the neigh-

s (~2-fold) and has stabilizing effects on the collec-
tive motions. (A) Eigenvectors represent a relatively
stable state of the A.NRT1.1.CIPK23 complex and
the loss of loop dynamics that allow maintaining sta-
ble nitrate transport. (B) Formation of relatively sta-
ble large nitrate transport tunnel in the presence of
CIPK23, with a large volume of 12,660 A% (C)
and (D) show a large change in the volume of nitrate
transport tunnel in the absence of CIPK23 interac-
tions with monomer A. To see this figure in color,

A.NRT1.1.NO3
(-ve motion)

0 B go online.

)
ANRT1.1
(-ve motion)

boring residues seem to occupy strategic positions mounting
over P-site Thr101, side chains of ILE91 and ILE104 are
still positioned such that they form a gate hindering the
accessibility of ATP to T101. Interestingly, our analyses of
the complex formation reveal that in monomer A of
NRT1.1, the ILE104 side chain rotates away from the cavity
upon complex formation with CIPK23, resulting in
increased distance between gate residues by 3 A. This opens
the hydrophobic cavity, thereby allowing kinase to deliver
Pry of ATP to the hydroxyl oxygen of the P-site Thr101. Sur-
prisingly, no such conformational positioning in the side
chains of the gate residues in nitrate-unbound monomers
A and B and nitrate-bound monomer B upon complex for-
mation is reported, and hence, the opening to the T101
site remains closed (Fig. S4). These analyses suggest that
the joint effect of high-affinity nitrate binding and CIPK23
interaction results in significant conformational changes
around the P-site Thr101 pocket that enhance its full open-
ing toward the surface, resulting in phosphorylation. The
detailed comparison between the monomers before and after
complex formation is shown in the table (Table 1).

Activation of calcium-dependent signals
regulates the bistable states of NRT1.1

At low nitrate concentration (<1 mM), nitrate ions bind
only in the high-affinity monomer A, leading to high-ampli-
tude domain motions and subsequent decoupling of the
dimer NRT1.1. Nitrate treatments of NRTI1.1 also affect
the downstream nitrate signaling components by activating
phospholipase C, which increases cytoplasmic Ca*"

Biophysical Journal 118, 898-908, February 25, 2020 903



Rashid et al.

C Py-ATP & T101 Interactions

FIGURE 4 CIPK23 interacts only with the high-
affinity nitrate-bound monomer. (A) The hydropho-
bic pocket within which the phosphorylation site
T101 is located inside is closed by the local confor-
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L on (B) Active CIPK23 closely interacts with the inward-
161 open part of the NRT1.1monomer A in the presence
of nitrate. (C) Opening of the hydrophobic pocket
and subsequent priming of T101 for phosphorylation
by the active CIPK23. To see this figure in color, go

3 ’ online.
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concentration (15). The calcineurin-B-like calcium sensor
CBL9 senses these specific changes in [Ca”]Cyt and binds
to the self-inhibitory motif NAF of the kinase CIPK23,
which eventually relieves the self-inhibition and activates
the kinase CIPK23. At high nitrate concentration, nitrate
ions bind to both the monomers of the dimer NRTI1.1,
causing synchronous in-phase domain motions that couple
the dimer and negatively affect the specific calcium waves
that activate CBL9. As a result, it indirectly inhibits
CIPK23 by maintaining the activity of the self-inhibitory
motif NAF. These two phases of NRT1.1 are noted at the
extreme of nitrate continuum along which extracellular ni-
trate varies between the low and high concentrations,
ranging from ~0.1-25 mM. At the lower extreme,
NRT1.1 and CBL9.CIPK23 will have close interactions
and produce the highest levels of phosphorylated NRT1.1.
In contrast, at the high extreme of the nitrate concentrations,
CIPK23 will be completely inactive, and the phosphorylated
NRT1.1 concentration will be zero. In between these ex-
tremes, dynamic interactions between these positive and
negative calcium-dependent signals, Sx and Sy, determine
the level of phosphorylated NRT1.1.

To illustrate these dynamic interactions, we find an inco-
herent feedforward loop (iFFL), which is a specific biochem-
ical control circuit with three-node network topology (30).
Upon receiving the two input signals Sx and Sy—associated
with the low and high soil nitrate concentrations, respec-
tively—the disparate responses of NRT1.1 have distinct reg-

ulatory effects on the dynamics of phosphorylation: one that
negatively regulates the activity of CBL9.CIPK23 complex
(X), and the other one that positively regulates its activity
for phosphorylating T101 site (Fig. 5 A). These two dynamic
regulatory effects are integrated by a Boolean gate function
that modulates the phosphorylated state of NRT1.1. The gate
function is designed based on the toggling character of the
phosphorylation switch as reported by Ho et al. (10). We
have then constructed a mathematical model for illustrating
the abovementioned dynamic regulation and for the estab-
lishment of biphasic stable states along the increasing
gradient of nitrate concentrations (Fig. 5 B). This model con-
sists of an incoherent feedforward regulatory circuit in which
the nitrate-activated NRT1.1 (X;) modulates its phosphory-
lated state (X3) either directly, by nitrate binding at the
high-affinity site and activating the CBL9.CIPK23 complex
(X3), or indirectly, by binding at both the sites (high- and
low-affinity sites) and inactivating X,. These two direct
and indirect effects have opposite signs and are integrated
by a gate function GX3. Changes of their concentrations
are described by the ordinary differential equations as stated
in Fig. 5. The first equation describes the immediate
response of NRT1.1 to nitrate availabilities by the Hill func-
tion with the Hill coefficient /; and dissociation constant k.
In the second equation, the phosphorylation and dephosphor-
ylation are quantified as Michaelis-Menten kinetics with the
Michaelis constant k;; for phosphorylation and k;, for the
dephosphorylation (31,32). The phosphorylation rate is

TABLE 1 Relative Effects of Nitrate Binding and CIPK23 Interactions with NRT1.1
Monomer A Monomer B
NRT1.1.NO3 dist. (191, 1104) = 7.4 A 1104 (¢, ¥) = (—75.6, —45.7) dist. (191, 1104) = 8.0 A 1104 (¢, ¥) = (=71.2, —53.9)

NRT1.1.NO3.CIPK23  dist. (IL91, 1104) = 10.3 A
interface area = 556.9 A”
dist. (I91, 1104) = 7.1 A
dist. 191, 1104) = 8.5 A

interface area = 450.9 A”

NRT1.1
NRT1.1.CIPK23

1104 (¢, ¥) = (—59.3, —56.7)
AG = —8.2 kcal/mol
1104 (¢, y) = (—88.2, —46.1)
1104 (phi, psi) = (—67.7, —54.3)
4G = —4.9 kcal/mol

dist. (191, 1104) = 8.1 A
interface area = 439.0 A>
dist. (191, 1104) = 7.8 A
dist. (191, 1104) = 8.3 A
interface area = 441.5 A>

1104 (¢, ¥) = (—70.2, —56.4)
4G = —3.3 kcal/mol
1104 (¢, ¥) = (—67.4, —44.7)
1104 (¢, ¥) = (—63.8, —53.8)
4G = —3.6 kcal/mol
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cium-dependent negative (X) and positive (Y) effects
on NRT1.1P. (C) The model predicts bistability. At
low nitrate concentration, it establishes the high-af-
finity state, and at the high nitrate concentration, it
establishes the low-affinity state. (D) At low nitrate
concentration, the NRT1.1P attains its saturation
level exponentially, whereas at the high nitrate con-
centration, the NRTI1.1P displays a unimodal
response with the peak and then continuously slides
down to a lower stable state. () The model predicts
the continuous sliding from the high-concentration

phosphorylated state to the lowest level along the
increasing gradient of nitrate concentrations. (F)

The calculated Lyapunov exponent at the steady
states along the increasing nitrate gradient from 0.1
to 25 mM: it is indicating the biphasic changes of
NRT1.1P with increasing soil nitrate concentrations.
This allows us to predict the low, the high, and the
transient ranges of soil nitrate concentrations that
were categorized with respect to the chosen param-
eter values. To see this figure in color, go online.
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repressed by the negative regulatory function, X = 1/(k; +
(x;)"). The third equation describes the joint effects of
negative and positive regulatory functions, X and Y =
(x2)" /(ky +(x2)™) on the phosphorylated state xs, which
are integrated by a gate function Gy, = (X + 1)Y.The model
parameterization (Table S3) has been carried out to establish
a biphasic state along the nitrate gradient. The fixed param-
eter values keep model dynamics in the positive quadrant
throughout and eventually allow for attending a feasible
steady state with a given nitrate concentration in the range
0.1-25 mM. Sensitivities of model parameters are tested
by increasing/decreasing their numerical values up to
twofold from the fixed levels. It has been found that the pa-
rameters a;, as, bz, ki, k2, ko, and h, are nonsensitive
because their changes have no effects on the biphasic stable
states. In contrast, the changes of a,, by, k11, and h; have dis-
torted the biphasic pattern and thus remain sensitive model
parameters.

The model predicts two different response patterns: at
low nitrate concentration, the concentration of the phos-

Nitrate (mM) [Normalized]

phorylated state NRT1.1P (mM) increases exponentially
over the time and eventually reaches a plateau (i.e.,
0.6 mM) with saturation characteristics (Fig. 5 D). In
contrast, at high nitrate concentrations, NRT1.1P displays
unimodal characteristics with a peak before skidding to a
lower steady state (i.e., 0.001 mM), which is almost 600
times lower than the saturated state at low nitrate concentra-
tion. As the nitrate concentration gradually reduces from its
highest level of 25 mM, NRT1.1P quickly reaches its lower
peak value and then decreases to its lowest stable state in a
shorter period of time. Time-dependent changes in the ratio
of dimeric NRTI.1/monomeric NRTI1.1-P show two
distinct trends. Although the ratio increases steadily after
a short time period at high nitrate concentration, the ratio
quickly decreases at the lowest level at low nitrate levels
(Fig. S5).

Both the low- and high-nitrate-associated NRT1.1P states
are observed to be stable, as the changes of nitrate concen-
trations within the ranges of 0.1-1 and 3.0-25 mM do
not affect the steady-state concentration much (standard
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FIGURE 6 Graphical representation of NRT1.1-mediated bistable con-
trol of nitrate signaling: at low nitrate concentration, high-affinity monomer
A is bound by nitrate, which induces asynchronous motions that initiate
dimer decoupling and then eventually establishes a stable monomeric state
through the interactions with CBL9-activated kinase CIPK23. At high ni-
trate concentrations, both the monomers are bound by nitrate, which main-
tains synchronous motions with stable dimer coupling by indirectly
inhibiting the kinase CIPK23 activity. To see this figure in color, go online.

deviation of 0.004 for the low nitrate range; standard devia-
tion of 0.03 for the high nitrate range), and the eigenvalues
of the corresponding Jacobian matrix are shown to be nega-
tive (Fig. 5 C). There is an intermediate range of nitrate con-
centrations that corresponds to transient NRT1.1P states. In
silico experiments showed that with randomly chosen ni-
trate concentrations from the uniform distribution between
1.0 and 3.0 mM (transient nitrate level), the model predicts
a trajectory connecting the one NRT1.1-P steady state with
the NRT1.1 unphosphorylated state, indicating continuous
sliding from the high-concentration phosphorylated state
to a lowest level along the increasing gradient of nitrate con-
centrations (Fig. 5 E).

To quantify and establish the bistable states of NRT1.1
(i.e., phosphorylated and unphosphorylated states) in paral-
lel to the experimental results of Ho et al. (10), we have suit-
ably chosen the parameters and calculated the associated
Lyapunov exponent to establish a stable biphase (Fig. 5
F). We have used the standard method, in which the
maximal eigenvalues of the Jacobian matrix at each steady
state for specific nitrate inputs have been calculated. It al-
lows us to predict the low, high, and transient ranges of
soil nitrate concentrations that are categorized with respect
to the chosen parameter values.

CONCLUSIONS

Nitrate-induced dynamic interactions between NRTI.1
and the kinase CIPK23 are examined depending on the

906 Biophysical Journal 118, 898-908, February 25, 2020

extracellular nitrate concentrations. This study shows
that nitrate-dependent modulation of this interaction es-
tablishes NRT1.1 bistable states that are positively corre-
lated to the biphasic nature of the PNR. The results show
that the homodimeric structure of NRT1.1 plays an impor-
tant role in eliciting specific cytosolic calcium waves
sensed by the calcineurin-B-like calcium sensor CBL9,
which activates the kinase CIPK23, in low nitrate concen-
tration that is impeded in high nitrate concentration. The
dimeric structure of NRT1.1 is well-maintained by nitrate
binding to both the monomers that have differential
nitrate-binding affinity, with concurrent inhibition of
CIPK23 activity. However, at low nitrate concentration,
nitrate binds only at the high-affinity monomer, inducing
significant changes in collective atomic motions that are
transferred allosterically to the low-affinity monomer. It
causes the loss of interface interactions and reorientation
of the low-affinity unit through conformational reorienta-
tion of nitrate-channeling helices, eventually resulting
in dimer decoupling and inhibition of nitrate binding
at the low-affinity unit. Furthermore, nitrate binding at
the high-affinity monomer initiates dimer decoupling
and primes the TI101 site for the phosphorylation by
CIPK?23. It stably maintains the monomeric phosphory-
lated state of NRT1.1, thereby regulating high-affinity ni-
trate transport and signaling.

We see a coherence between the seemingly different hy-
potheses: 1) “NRT1.1 monophasic high-affinity switching
due to dimer-decoupling” reported by Sun et al. (14) and
2) “the increase in transport rate due to packing/repacking
in the N-bundle” reported by Parker et al. (12). In support of
the dimer decoupling hypothesis, the analyses show that
high-affinity nitrate binding results in loss of crucial con-
tacts at the interface between the monomers, apart from
losing a significant percentage of interface area. This is
further supported by the antiphase asynchronous dynamics
of the two monomers, in contrast to the dimeric NRT1.1
showing in-phase synchronous motions. In line with the
concept of structural flexibility of the N-bundle and the
enhancement of the transport rate, we show that the flexi-
bility of the transport tunnel increases with enhanced tunnel
volume by almost onefold. Furthermore, it is noted that the
high-affinity nitrate binding causes a large-amplitude mo-
tion of an identified loop between the N and C bundle
that could disrupt the transport. But, these loop motions
are stabilized by the CIPK23-led phosphorylation of
NRTI1.1 T101 residue, which allows stable high-affinity
transport.

The dynamical responses of NRT1.1 to uniform changes
in nitrate concentrations show bistability. Whereas stable
phosphorylated states are maintained at low nitrate
concentration (0.1-1 mM), the dephosphorylated states
prevail in a large range (3.0-25 mM) of nitrate variation
(Fig. 6). The transition between these states is not abrupt,
but it changes continuously along the gradient of nitrate



concentrations. This bistability is achieved through the dy-
namic interactions between two calcium-dependent signals
elicited by the dimerization switch: one that activates the
kinase CIPK23 and the other that impedes the CIPK23 ac-
tivity by its self-inhibitory allosteric mechanism. An inco-
herent feedforward network involving these dynamic
interactions accurately describes this bistability. This anal-
ysis reveals that the nitrate transceptor NRT1.1 is tran-
siently regulated by an iFFL that combines both the
dynamic effects on CIPK23. The results, therefore, suggest
that adaptive responses of nitrate signaling are modulated
by the upstream components of the nitrate signaling inte-
grated into an iFFL.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.10.018.
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Fig.S1. H-bond interactions at the interface. (A) The polar interface residues B.Thr111 and A.Thrl11 establish
H-bonds with A.Val229 (2.65 A), B.Val229 (2.96 A) and B.Ser233 (3.31A), respectively in absence of nitrate
binding. In addition, the hydrophobic residue on the interface B.Leu96 holds H-bond with A.Arg21 (2.98 A).
(B) T101 residue is in the deep hydrophobic pocket demarcated by the hydrophobic residues Leu 96, Leu 100,
and Ile104 from the dimer interface.

Normal Mode Analysis (NMA) of NRT1.1

PPM server (Lomize et al., 2012) was used to construct lipid bilayer around NRT1.1. This server
calculates rotational and translational positions of transmembrane and peripheral proteins in
membranes using their 3D structure (i.e., PDB coordinate file) as input. To assess the broad range of
potential large conformational changes in NRT1.1, DynOmics ENM Server (Hongchun et al., 2017)
was used to perform normal mode analysis (NMA) of the membrane bound NRT1.1. NMA is a tool
for exploring functional motions of proteins. It uses two elastic network models (ENMs) — the
Gaussian Network Model (GNM) and the Anisotropic Network Model (ANM) to evaluate the
dynamics of structurally resolved systems, from individual molecules to large complexes and
assemblies, in the context of their physiological environment.

In the GNM model, network nodes are the C-alpha atoms and the elastic springs represented the
interactions. We used GNM with interaction cut-off distance of 7.3 A and spring constant scaling
factor cut-off of 1 A for the calculation of the elastic network model. Fluctuation between any two
residues i and j is given by

AF;=Fy- Fj° = AF; - AF;

where Fj; is the distance between residues i, j at any given instant of time and F, ,jo denotes distance at
their equilibrium positions.

For an N-node (residues) network, the GNM potential in terms of A4X;, AY;, and 4Z; components of AF;
can be written as,

Vow =2 [8; [ (AX; — 4X)? + (AY; — AY)? + (4Z; — 4Z))?]]



where y is the uniform force constant for all springs and [3; is the ij"™ element of the Kirchhoff matrix
of inter residue interactions defined by

-1 ,ifi #jand Fij < r,
=] 0 Jifi #jand Fij >
=il ifi=]

Expressing the X, Y, Z components of the fluctuation vectors AF; as three N-dimensional vectors AX,
AY, and AZ, the total potential reduces to the following simplified form:

Vowu =2 [AF".T'. AF].

The correlations between the fluctuation of residues 7, j are finally found as a statistical mechanical
average and then it reduces to the following equation:

3kpT ,_
(T

(AFi. AFj)=

In the GNM, the determinant of the Kirchhoff matrix is zero, and ' "* is therefore calculated from the
eigen value decomposition I' = ABAT, where A is the orthogonal matrix whose kth column vector ak
is the kth eigen vector of I and B is the diagonal matrix of eigen values Ax. The first eigenvalue is

identically zero so that each of the remaining N-1 eigenvalues defines the frequency of the N-1
modes.

We calculated the first twenty slowest modes of NRT1.1. The eigen vectors of these modes represent
the global motions and the constrained residues help in identifying critical regions such as hinge-
bending regions, thereby giving idea of domain motions around these regions. We plotted the first
slowed mode of NRT1.1 in different conditions which showed significant difference in motions.

Table S1: Angle between nitrate transport tunnel forming helices

With nitrate binding (pdb id: Sa2o) Without nitrate binding (pdb id: Sa2n)
With cafit function | +ve motion -ve motion With cafit function | +ve motion -ve motion
H1-H7: 59.42° [SASA]= [SASA]= H1-H7: 59.22° [SASA]= [SASA]=
Monomer A | H2-HS: 45.4300 8648.6 A’ 5674.1 A2 H2-H8: 45.20° 8342.0 A? 7740.3 A?
H4-H10: 44.970 [MSA]= [MSA]= H4-H10: 45.59° [MSAJ= [MSA]=
H5-H11: 25.77 11581.2 A2 62541 A2 H5-H11:25.91° 11145.9 A? 10103.3 A?
Vol=12660 A® . Vol=9366 A> | Vol=13870 A?
Vol=6640 A*
‘With cafit function +ve motion -ve motion With cafit function +ve motion -ve motion
. 0 . 0
Monomer B HI1-H7: 58.940 [SASA]= [SASA]= HI1-H7: 59.670 [SASA]= [SASA]=
H2-HS: 46.18 . 6831.7 A2 05447 A2 H2-H8: 45.46 . 81613 A2 8539 8 A2
T 8665.8 A 12508.5 A? e 10533 A2 10932.5 A2
Vol=9366 A> | Vol=13870 A® Vol=11410 A3 | Vol=11410 A®




Table S2: Potential active sites in the collective motions

Differences

Monomer A

With nitrate binding (pdb id: 5a20)

Without nitrate binding (pdb id: Sa2n)

AGyranster = -71.6 kcal/mol

Potential active sites based on dynamic feature:
TRP353, LEU504, PHE82, GLY79, ALA357, ILE350,
THR360, GLY52, LEU484, THR481, VAL389, ILE248

Pick: Glu 269 (eigen vect. 0.1326)
Dip: Arg 21, Pro 22 (eigen vect. -0.1411)

AGyranster = -76.8 kcal/mol

Potential active sites based on dynamic feature:
TRP353, ALA508, SER505, ALA357, ILE350, TYR480,
LEU502, THR360, LEU484, LEU86, VALS53, VAL389

Pick: Arg 21, Pro 22 (eigen vect. 0.1721)
Dip: Leu 268 (eigen vect. -0.1244)

Monomer B

AGyranster =-77.6 kcal/mol

Potential active sites based on dynamic feature:
LEU504, ALAS508, TRP353, PHES2, ILE350, GLY501,
ALA357, LEU484, THR481, THR360, GLY52, MET495

Pick: Thr 326 (eigen vect. 0.07383)
Dip: Arg 21, Pro 22 (eigen vect. -0.1759)

AGyranster = -83.0 kcal/mol

Potential active sites based on dynamic feature:
LEUS04, PHES2, LEU78, ILE350, GLY501, ALA357,
THR354, LEU484, MET498, THR360, VAL53, MET495

Pick: Thr 326 (eigen vect. 0.1279)
Dip: Arg 21 (eigen vect. -0.1403)

(A

—

(B)

A.NRT1.1.NO3 ; B.NRT1.1

inward open

AG =- 49 kcal/mol

A.NRT1.1.NO3

inward open

B.NRT1.1

-t

AG =- 35.5 kcal/mol

Fig.S2. Docking of nitrate bound monomer A with the nitrate-unbound monomer B: (A) and (B) represent
the lowest energy poses according to their AG values. In both poses, nitrate unbound monomer B (B.NRT1.1)
docks to the nitrate bound monomer A (A.NRT1.1.NO3) with significant rotation.




¢ B.NRT1.1.NO3 “ B.NRTLI.NOZ
{+ive motion) [-lve motion)

B.NRT1.1 4 B/NRT1.
. [+ive motion) [-ive motion)

Fig.S3. Changes in volume of nitrate transport tunnel of monomer B. Volume of nitrate transport channel in
monomer B of NRT1.1 increases in negative motion after nitrate binding (A), but remains unaltered in both the
positive and negative motions in apo-monomer B of NRT1.1 (B).

Nitrate-bound monomer A is docked with the nitrate-unbound monomer B

To analyze the consequences of high-affinity nitrate binding on monomer B, nitrate bound monomer
A was docked to nitrate unbound monomer B using PRISM web server (Baspinar et al., 2014). Given
two protein structures, PRISM predicts the complex by checking interface matching between the
structures and also accounts for flexible structural similarity and evolutionary interface conservation.
The predictions are scored according to binding energies using CHARMM?22 force field.

ATP/CIPK23 complex
250 poses of ATP docked to CIPK23 were generated and divided into 37 clusters using SwissDock.

Out of 250 poses, 5 modes (Table S3) bound ATP at its correct position, which was already known.
The ATP.CIPK23 complex was formed out of the pose having lowest AG value.

Table S3: Lowest energy binding poses of ATP
Modes Total interaction AG value
Energy
1 -23.9 -9.5
2 -18.6 -7.8
3 -14.5 -7.6
4 -15.6 -7.6
5 -16.0 -5.0




CIPK23 interacts only with ALNRT1.1.NO3

[A) B.NRT1.1.NO3.CIPK23

(B) A.NRT1.1.CIPK23 B.NRT1.1.CIPK23

AG =-3.6 kcalimol

Fig.S4. Interactions between NRT1.1 and the active kinase CIPK23. It shows that CIPK23 interact closely
with NRT1.1 inward-open interface portion of NRT1.1 monomer A and then transfer the Py into T101 site. In
contrast, these interactions are weak or absent with the monomer B

Modeling NRT1.1/CIPK23 complex

X-ray crystallographic data of NRT1.1 (pdb ids: SA2N and 5A20) (Parker et al., 2014) and CIPK23
(pdb id: 4CZT) (Chaves-Sanjuan et al., 2014) was obtained from the RCSB repository. The overall
structure of kinase CIPK23 is same as cAMP-dependent protein kinase (pdb id:1ATP) (Zheng et al.,
1993), which usually serves as a prototype for entire kinome. Superimposition of the two structures
shows 1.5 A RMSD in the activation loop region. ATP docking to CIPK23, at the known position,
was guided by kinase 1ATP, using SwissDock (Grosdidier et al., 2011). Interaction of ATP-bound
CIPK23 with NRT1.1 was then modelled using HADDOCK-version 2.2 (van Zundert et al., 2016).
The two structures were docked rigidly, and their interfaces were refined with both the backbone and
side chain flexibility. At the rigid-body stage, 10,000 models were generated and the 400 best scoring
models, ranked by the HADDOCK scoring function, were further refined in the semi-flexible and
solvated protocols. The final 400 models were clustered based on the fraction of common contacts
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with the threshold of 0.75) (Rodrigues et al., 2012) and each cluster scored on the average score of its
best four models. The desolvation energy term was turned off for this final scoring step. The docking
calculations were driven by using the published biochemical data of Ho et al., (2009).

Mathematical Model

Model Equations:

dxi _ (x1)h1

dt - al. I. k1 +(X1)h1

dxz _ az.L.X— . X2

dt k11+x1 k12+x2

dx

d_: = das GX3 (x1, X2) - b3x3

_ 1 _ (™2 _ v

where, X = o ¥ T mro and Gy, = X+1Y

NI=[N03]/25, where nitrate concentration gradient ranges from 0.1 mM to 25 mM.

Table S4: Mathematical model parameters

Parameter Value Parameter Value
a, 0.02 mM sec™?! kqq 0.1 mM
a, 0.1 mM sec™?! kq, 0.1 mM
as 0.1 mM sec™?! k, 0.3 mM
b, 0.1 mM sec™?! hy 0.5
by 0.3 sec™?! h, 2.6
kq 0.5 mM -- --

1200 -

—— —High-Nitrate Response
1000 - s,
7
Vs
e
L s
a 800 P
- Ve
= v
=
= s
§ 600 y
= 7
E e
400 -
-~
R
-
200 - - -
-
- -~ -
0 M L ——— 77 I I I I |
0 1000 2000 3000 4000 5000 6000 7000 8000
Time



45

= — = Low-Nitrate Response

40 tv
L
35 i
1
ot
a Tk
- » 1
£ 254
z |
E N
= 201
E i
= 151
1

|

10

1

[}

5%

!

- ——
0 e ———— L L LY LL L L L] L L LT L] o e L L L LT |
0 1000 2000 3000 4000 5000 6000 7000 8000

Time

Fig.S5. Time-dependent changes in the ratio of dimeric [NRT1.1] and monomeric [NRT1.1-P]. (A) At
high-nitrate concentration, the ratio increases steadily after a short time period, and (B) at low-nitrate
concentration, the ratio quickly decreases at the lowest level.

System stability analysis and bi-phase quantification using Lyapunov exponent:

Since the system is non-linear, we used numerical method to calculate the steady state solutions of the
above system. The stability of the steady state solutions is determined by the eigen values of the
following Jacobian matrix evaluated at the steady states.

NI 1 1
T o\ I7 BENE 0, 0
100(x(1)2+5) x(1)2 x(1)2+%
1

1 — x(l)% _ x(1) 1 (x(z) _ 1) 0
1 1 ) 1 )
3 = [10(rre) () o(xpel) () 10(x@+55) \x@+

1
x(1)2 1
/ B + 10\
11 10 x(1)2+5 )

x(2)%

13
x(2)5 1 1 1 8 _
20(x()2+3) (x5 +3) ((x(1)§+230) x(1)§>' 13X(2)5k s(x@%+3) )(x(Z) (x@7+2))

The system was solved at 100 linearly spaced values of NI ranging from 0.1 to 25 so as to get 100
eigen values (also called local Lyapunov exponents). The absolute values of these Lyapunov
exponents plotted against the increasing nitrate gradient indicated two distinct phases of NRTI1.1P,

apart from the transient range. Determinant(J)s; > 0 and Trace(J)s < O for all steady states confirmed
the stability of the system.
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