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Increases in CO, concentration in plant leaves due to respiration in
the dark and the continuing atmospheric [CO,] rise cause closing of
stomatal pores, thus affecting plant-water relations globally.
However, the underlying CO,/bicarbonate (CO,/HCO3™) sensing
mechanisms remain unknown. [CO;] elevation in leaves triggers
stomatal closure by anion efflux mediated via the SLAC1 anion
channel localized in the plasma membrane of guard cells. Previous
reconstitution analysis has suggested that intracellular bicarbon-
ate ions might directly up-regulate SLAC1 channel activity. How-
ever, whether such a CO,/HCO;™ regulation of SLAC1 is relevant
for CO, control of stomatal movements in planta remains un-
known. Here, we computationally probe for candidate bicarbonate-
interacting sites within the SLAC1 anion channel via long-timescale
Gaussian accelerated molecular dynamics (GaMD) simulations. Muta-
tions of two putative bicarbonate-interacting residues, R256 and
R321, impaired the enhancement of the SLAC1 anion channel activity
by CO,/HCO;~ in Xenopus oocytes. Mutations of the neighboring
charged amino acid K255 and residue R432 and the predicted gate
residue F450 did not affect HCO3™ regulation of SLAC1. Notably, gas-
exchange experiments with slac1-transformed plants expressing mu-
tated SLAC1 proteins revealed that the SLAC1 residue R256 is required
for CO, regulation of stomatal movements in planta, but not for
abscisic acid (ABA)-induced stomatal closing. Patch clamp analyses
of guard cells show that activation of S-type anion channels by
CO,/HCO;~, but not by ABA, was impaired, indicating the relevance
of R256 for CO, signal transduction. Together, these analyses suggest
that the SLAC1 anion channel is one of the physiologically relevant
CO,/HCO3™ sensors in guard cells.
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On the surface of leaves of land plants, pairs of specialized
epidermal cells, the guard cells, form stomatal pores. These
pores regulate gas exchange between the intercellular spaces of
leaves and the atmosphere to optimally balance CO, uptake for
photosynthesis and water loss. Stomatal apertures are regulated
by several environmental factors, including light, drought, CO,
concentration, relative humidity, and pathogens (1-5). In dark-
ness, respiration in leaves causes an increase in the CO, con-
centration in the intercellular spaces inside leaves (6), and this
increase causes closing of stomatal pores (7). Furthermore, the
continuing rise in the CO, concentration in the atmosphere
causes reduced stomatal apertures globally, increases plant leaf
temperatures, and is predicted to affect yields (1, 8, 9). However,
compared with the relatively well-studied abscisic acid (ABA)-
mediated stomatal closure mechanisms (3), the mechanisms by
which CO, controls stomatal movements remain to a large de-
gree unclear and fragmented.

www.pnas.org/cgi/doi/10.1073/pnas.1807624115

Stomatal closure is triggered by the release of anions from
plant guard cells via S-type anion channels (10, 11), encoded by
the SLACI (SLOW ANION CHANNEL-ASSOCIATED 1) gene
(12, 13). The OST1 (OPEN STOMATA 1) protein kinase is re-
quired for CO,-induced stomatal closing (14). In contrast, the HT'1
(HIGH LEAF TEMPERATURE 1) protein kinase negatively
regulates high CO,-induced stomatal closing (15). SLACI is acti-
vated in Xenopus oocytes by a group of protein kinases, including
OST1, Ca**-dependent protein kinases, and the GHR1 (GUARD
CELL HYDROGEN PEROXIDE-RESISTANT 1) membrane
protein (16-21). Furthermore, the mitogen-activated protein kinase
MPK12 and RHC1 (RESISTANT TO HIGH CO,), a MATE-type
anion transporter, have been reported to regulate stomatal closure
in response to high CO, (21-23). Recently, two protein kinases,
CBC1 and CBC2 (CONVERGENCE OF BLUE LIGHT AND
CO,), were shown to be phosphorylated by both HT1 and the blue
light receptor photl (24). chbclcbc2 double-mutant plants displayed
an interruption of stomatal opening in response to blue light and
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low CO,, revealing a convergent site of blue light and CO, signaling
in guard cells (24).

In guard cells, carbonic anhydrases accelerate the catalysis of
CO; molecules to bicarbonate and protons. Disruption of two
carbonic anhydrase genes, fJCAI and fCA4, causes an impair-
ment in the stomatal CO, response in Arabidopsis (25). Similarly,
disruption of the rice carbonic anhydrase gene OspCAI and the
maize ZmCAI and ZmCA2 genes impair CO, control of sto-
matal movements (26, 27). These carbonic anhydrases function
as catalytic enzymes rather than as conventional CO, receptors/
sensors (25). While several components in the CO, signaling
pathway have been identified, the mechanisms by which plants
sense the CO, signal to regulate stomatal movements remain
enigmatic. Studies have suggested that intracellular HCO;5™ ions
activate S-type anion channels in the guard cell plasma mem-
brane (14, 22, 24, 25, 28). Direct injection of bicarbonate enables
an enhancement of SLAC1l-mediated currents in Xenopus
oocytes independent of the coexpressed protein kinase (29), further
suggesting that intracellular bicarbonate may directly up-regulate
SLACI channel activity. However, the mechanism by which CO/
bicarbonate (CO,/HCO;~) enhances SLACI anion channel activity
and the sites of SLACI that may perceive CO, signals are unknown.
Moreover, any relevance of the intracellular CO,/HCO;™~ enhance-
ment of SLACI activity in oocytes for CO, control of stomatal
movements in planta remains completely unknown.

Gaussian accelerated molecular dynamics (GaMD) provides
both unconstrained enhanced sampling and accurate energetic
reweighting for free energy calculations of large proteins (30).
GaMD, a variation of the aMD method (31), applies a harmonic
boost potential to smooth the biomolecular potential energy
surface and reduce energy barriers in proteins. GaMD acceler-
ates the modeling of protein conformational transitions and li-
gand binding by orders of magnitude (30). Thus, GaMD enables
the characterization of complex biomolecular conformational
changes in large proteins quantitatively (32). GaMD is particu-
larly advantageous for studying “free” small-molecule interaction
processes with large proteins (30) and serves as a promising tool
for biomolecular conformation sampling of small-molecule in-
teractions, prediction of drug-receptor interactions, and computer-
aided drug design and discovery (33, 34). GaMD simulations have
not yet been applied to plant proteins.

In this study, we applied GaMD to computationally seek pu-
tative bicarbonate-interacting sites in the SLAC1 channel. By
using several independent experimental assays, the most proba-
ble candidate intracellular bicarbonate-interacting sites in
SLACI1 were investigated in vitro and in planta. Residue R256
was uncovered to be required for CO, regulation of SLAC1
activity and CO, control of stomatal movements, but not for
ABA responses in guard cells. Together, the present findings sup-
port the model that SLACI is one of the bicarbonate sensors in
guard cells, functioning in CO, control of stomatal movements.

Results

GaMD Simulations of Bicarbonate lon Interactions with SLAC1. Pre-
vious studies showed that cytoplasmic CO,/HCO;™ up-regulates
SLACI activity in Xenopus oocytes (29). To further investigate
possible mechanisms underlying CO,/HCO;™ regulation of SLAC1
channel activity, we conducted GaMD simulations of bicarbonate
binding to the SLACI anion channel. The simulations allowed us to
determine energetically preferred binding sites of bicarbonate ions
in the SLACI protein. Based on the template structure of the
SLAC1 homolog TehA, which shares 19% sequence identity with
the SLACI1 transmembrane region (35), the structure of SLAC1
was modeled using three independent modeling algorithms
(ModBase, iTasser, and RaptorX) (36-38). These algorithms
generated overall-similar channel structures of SLACI. By using
the MatchMaker function provided in UCSF Chimera v1.12
(https://www.cgl.ucsf.edu/chimera/), the ModBase algorithm
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produced a better fit compared with iTasser and RaptorX. The
predicted structure generated by ModBase is shown in Fig. 14.
Next, the CHARMM-Graphic User Interface (GUI) (www.
charmm-gui.org) (39) was applied to embed SLACI in a palmitoyl-
oleoyl phosphatidylcholine (POPC) lipid bilayer. Water and ions
were added to generate the final membrane-protein system for
dynamic simulations (Fig. 1B).

Previous findings showed that intracellular HCO3™, but not
extracellular HCO;™, activates SLAC1 anion channels (14, 22,
24, 29). This guided us to focus on sites exposed to the cytosolic
solution phase. For the simulations, initial energy minimization
and thermalization of the SLAC1 system followed the same
protocol as used in previous studies of membrane proteins (32,
40). GaMD simulations were then performed using the dual-
boost scheme with the threshold energy E set to Vinax (S Ap-
pendix, Supplemental Methods). The simulations included 2-ns
conventional MD, 50-ns equilibration after adding the boost po-
tential, and then three independent 100-ns production runs with
randomized initial atomic velocities. Analysis of GaMD simula-
tions suggested that residues K255, R256, and R321 of SLAC1
had high probabilities of interactions with bicarbonate ions in the
following order: R321 > R256 > K255 (Fig. 1C). Even though
residue R432 was predicted not to represent a bicarbonate-
interacting site (Fig. 1C), we included R432 as a control residue,
as R432 is a fully conserved positively charged residue in the
SLACI1/SLAH family in Arabidopsis and it is predicted to face the
intracellular space (Fig. 1 4 and D). SLACI residues K255, R256,
R321, and R432, as well as the proposed gate residue inside the
SLAC1 channel pore, F450 (35), were selected for further muta-
genesis and experimental analyses (Fig. 1 C and D).

€. Water i

bicarbonate

N
K255 R 251
S R3%1 —Cytoplasm

Fig. 1. Computationally predicted SLAC1 protein structure and its potential
bicarbonate binding sites. (A) Predicted structure of SLAC1 transmembrane
domains. The structure was predicted as described using modeling algo-
rithms and coordinates of the TehA template structure (35) and is pseudo-
colored based on sequence conservation among Arabidopsis SLAC/SLAH
homologs and TehA. Blue and red respectively correspond to 17% and 100%
conservation with AtSLAC1/SLAH homologous and TehA. (B) The simulation
system is shown. The SLACT structure was embedded in a POPC lipid mem-
brane using the CHARMM-GUI Membrane Builder. Bicarbonate was added
to the model afterward (see Materials and Methods). The final simulation
system of SLAC1 had dimensions of 83 x 83 x 105 A3, with a total of ~65,000
atoms. (C) Key residues (red) and probability of bicarbonate interaction map
(orange). F450 is the proposed gate residue of SLAC1; K255, R256, and R321
are residues predicted to interact with bicarbonate during GaMD simula-
tions; and R432 is the conserved control residue for which bicarbonate is
predicted not to bind in simulations. (D) The SLAC1 protein is predicted to
form 10 transmembrane a-helices with the N and C termini located in the
cytoplasm. Filled red circles indicate the location of amino acids shown in A
and C; the open red circle indicates the proposed channel gate residue.
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Substitution of R256 or R321 by Alanine Impairs Bicarbonate Enhancement
of SLAC1 Channel Activity in Xenopus Oocytes. To analyze the role of
these four residues (K255, R256, R321, and R432), we first
substituted them with alanine by site-directed mutagenesis and
monitored whether these mutations affect SLAC1 channel
functionality. We coexpressed the SLAC1 mutant channels with
the OST1 protein kinase in Xenopus oocytes and, subsequently,
analyzed the functionality of SLACI1 isoforms by performing
two-electrode voltage clamp analyses as previously described (16,
17, 29). Although K255 and R256 are partially conserved and
R321 is fully conserved in the Arabidopsis SLAC1/SLAH gene
family, individual substitution of K255, R256, or R321 by alanine
had no impact on the average magnitude of SLACI1-mediated
currents, which were similar to wild-type (WT) SLAC1 (Fig. 2; 3
oocyte batches, 9 to 14 oocytes per condition in each batch; SI
Appendix, Fig. S1). However, alanine replacement of R432,
which is a fully conserved positively charged residue in the
SLACI1/SLAH gene family in Arabidopsis (Fig. 14), caused only
background-like currents in Xenopus oocytes (SI Appendix, Fig.
S1), suggesting that R432 is a key residue for maintaining SLAC1
channel function.

Residue F450 was reported to act as a gate residue inside the
SLACI1 pore (35). Consistent with this previous report, coexpression

of OST1 with a SLAC1-F450A mutant caused a more linear cur-
rent-voltage relationship compared with WT SLACI in the same
batch of Xenopus oocytes (SI Appendix, Fig. S2). However, ex-
pression of SLAC1-F450A alone without a protein kinase in Xen-
opus oocytes generated very small background currents similar to
WT SLACI without a coexpressed kinase (SI Appendix, Fig. S2; 3
independent oocyte batches).

SLACI1 currents have been shown to be enhanced by cyto-
plasmic bicarbonate anions (HCO3™) in Xenopus oocytes, and
sodium bicarbonate (NaHCO;) injection into control H,O-
injected oocytes has been shown not to affect background cur-
rent activities of oocytes (29). To further investigate whether the
above functional SLAC1 mutations (K255A, R256A, R321A,
and F450A) have an effect on HCO;™ activation of SLACI, we
injected NaHCO; into oocytes individually expressing these
SLAC1 isoforms with OST1. Two-electrode voltage clamp
analyses revealed that SLAC1-R256A and SLACI-R321A im-
paired bicarbonate enhancement of SLAC1-mediated currents in
Xenopus oocytes (Figs. 2 and 3). Furthermore, expression of the
SLACI double-mutant isoform SLAC1-R256A-R321A in Xen-
opus oocytes showed impairment of bicarbonate activation
of SLACI currents (SI Appendix, Fig. S3; 3 oocyte batches).
Enhancement of WT SLACI currents by bicarbonate was
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Fig. 2.

Impact of R256 mutation on bicarbonate enhancement of SLAC1-mediated currents. (A) Representative whole-cell CI~ current recordings in oocytes
coexpressing SLAC1yc or SLAC1-R256Ayc with OST1yn. Currents were recorded in response to 3-s voltage pulses ranging from +40 mV to —160 mV in —20 mV

steps, with a holding potential at 0 mV followed by —120 mV after voltage pulses. (B) Mean current-voltage curves of oocytes coexpressing the indicated
proteins with or without NaHCOs injection. (C) Average currents of the indicated SLAC1 isoforms with and without injection of 11.5 mM bicarbonate (14, 22,
29) at —160 mV. The bath solution contained 10 mM MES/Tris (pH = 7.4), 1 mM MgCl,, 1 mM CaCl,, 2 mM HCl, 24 mM Nacl, and 70 mM sodium gluconate.

Three independent batches of oocytes showed similar results (n = 9 to 14 oocytes from each oocyte batch per condition). Error bars denote mean + SEM.

Means with letters (a, b, and c) are grouped based on one-way ANOVA and Tukey'’s test, P < 0.05.
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consistently observed in positive-control experiments in all
batches of oocytes (e.g., Figs. 2 and 3 and SI Appendix, Fig.
S3). Bicarbonate enhancement of SLAC1-mediated currents
remained intact in oocytes expressing SLAC1-K255A and
SLACI1-F450A (SI Appendix, Fig. S4; 3 oocyte batches). Our
results indicate that the SLACI residues R256 and R321 are
required for intracellular bicarbonate enhancement of
SLAC1-mediated currents in Xenopus oocytes.

Mutation of R256 Affects Stomatal Movement Response to CO, in
Planta. Plants rapidly close or open stomata in response to CO,
concentration shifts, and SLACI is a key mediator of stomatal
movements (12, 13). To investigate whether mutation of R256A
or R321A on SLACI affects the stomatal CO, response in vivo,
we generated transgenic plants by transforming two slac! mutant
alleles, slacl-1 and slacl-3, with a construct harboring the ge-
nomic SLACI sequence fused to its native promoter. SLAC1
protein was fused at the SLAC1 C terminus to the fluorescent
protein mVENUS (41) to monitor the expression of SLACI protein
in guard cells of transgenic plants (Fig. 44). Gas-exchange analyses
of intact leaves of transgenic slacI-1 plants showed that the
expression of SLAC1-R256A was not able to fully restore CO,-
regulated stomatal movements (Fig. 4 B and C). Two indepen-
dent lines, slacI-1/SLAClpro::R256A#5: mVENUS and slacI-1/
SLAC1pro:R256A#7::mVENUS, displayed slower CO, re-
sponses compared with control plants expressing the WT SLAC1
in the slac1-1 background (Fig. 4 B and C). Analysis of fits of one-
phase exponential functions to the data showed that the response
kinetics of stomatal closing to CO, elevation were significantly

slower in the SLACI-R256A#5 (v = 12.88 + 1.53 min) and
SLAC1-R256A#7 (t = 12.20 + 1.92 min) lines compared with the
SLACI1-WT line (t = 4.48 + 0.42 min) (R256A#5 vs. SLAC1-WT,
P < 0.05; R256A#7 vs. SLACI-WT, P < 0.05; one-way ANOVA
and Tukey’s test). We also examined the intensity of mVENUS
fluorescence in guard cells of these transgenic lines. SLAC1-WT
and SLACI1-R256A lines had similar average mVENUS fluores-
cence intensities (SI Appendix, Fig. S5), suggesting that the CO,
response impairment in SLAC1-R256A transgenic lines was not
due to varied protein expression levels of the SLACI protein.
Similar stomatal closing responses to CO, elevation were observed
in two independent slac1-3 transgenic lines, confirming that the
SLAC1-R256A mutation reduces the stomatal CO, response in
planta (Fig. 4 D and E).

In contrast to SLAC1-R256A-expressing lines, transgenic
lines expressing SLAC1-R321A (Fig. 54) showed similar sto-
matal CO, responses as SLAC1-WT-expressing plants, sug-
gesting that in its biological protein environment, this site does
not affect the physiological CO, response. Furthermore, trans-
genic lines expressing SLAC1-K255A in the slacl-1 background
showed similar stomatal CO, responses as WT plants (Fig. 5B).
Transgenic plants expressing the nonfunctional SLAC1-R432A
isoform in the slacI-1 background displayed an interrupted sto-
matal response to high CO, but, interestingly, also displayed an
intact response to low CO,, implicating low CO, regulation of
proton pumps and other channels/transporters (Fig. 5C).

Steady-state stomatal conductance values were lower when
functional SLACI isoforms were independently expressed in slac?
mutant alleles (Figs. 4 and 5). Because transgenic lines expressing

A H,0 OST1,,+SLAC1,, OST1,,+R321A,
ﬂ‘ -
EL _
T OST1,, +SLAC1, +HCQ, OST1,,+R321A, +HCO,
0.5s e ep s e
B
md

V(mvV)

-150 -100 -50

O H,0(N=5)
O 08T1, +SLAC1, (N=11)
-+ OST1, +SLAC1, +HCO, (N=11)
47 OST1, +R321A (N=9)

0ST1, +R321A,+HCO, (N=9)

Fig. 3. Impact of R321 mutation on bicarbonate enhancement of SLAC1. (A) Representative whole-cell CI~ current recordings in oocytes coexpressing
SLAC1yc or SLAC1-R321Ayc with OST1yn. Currents were recorded in response to 3-s voltage pulses ranging from +40 mV to —160 mV in —20 mV steps, with a
holding potential of 0 mV and return to —120 mV after voltage pulses. The bath solution contained 10 mM MES/Tris (pH = 7.4), 1 mM MgCl,, 1 mM CaCl,,
2 mM HCl, 24 mM Nacl, and 70 mM sodium gluconate. (B) Mean current-voltage curves of oocytes coexpressing the indicated proteins and the indicated
HCO5™ injection. (C) Average currents of the indicated SLAC1 isoforms with and without injection of bicarbonate at —160 mV. Error bars denote mean + SEM.
Means with different letters are grouped based on one-way ANOVA and Tukey'’s test, P < 0.05. Three independent batches of oocytes showed similar results

(n =5 to 11 oocytes from each oocyte batch per condition).
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Expression of SLAC1-R256A in slacT mutant alleles impairs CO,-regulated stomatal conductance. (A) slac1-1 guard cells are shown expressing the

indicated SLAC1-mVENUS fusion isoforms. All images were taken under the same confocal microscopy intensity parameters. (Scale bar: 10 um.) (B and D)
Stomatal conductance of WT and slac? plants transformed with SLAC1pro:SLAC1 and SLAC1pro:SLAC1-R256A in the slac7-1 background (B) and the slac7-3
background (D) in response to ambient CO, changes. For B: WT, n = 5; SLAC1pro::SLAC1::mVENUS, n = 5; SLAC1pro::R256A#5::mVENUS, n = 8; SLAC1pro::
R256A#7::mVENUS, n = 9; and slac1-1, n = 3. For D: WT, n = 3; SLAC1pro::SLAC1::mVENUS, n = 5; SLAC1pro::R256A#10::mVENUS, n = 3; and SLAC1pro::
R256A#11::mVENUS, n = 3). Note that in B, SLAC1pro::R256A#7:mVENUS data points are not clearly visible, as they overlap with data from SLAC1pro:
R256A#5::mVENUS. (C and E) Normalized data shown in B and D, respectively. Data were normalized relative to average stomatal conductance during 30 min

of 360-ppm CO, exposure before CO, elevation. Error bars denote mean + SEM.

SLAC1-R256A had a lower steady-state stomatal conductance
(Fig. 4 B and D), we investigated the stomatal index and density of
transgenic and WT plants. No significant difference was observed
(SI Appendix, Fig. S6; stomatal index: R256A#5 vs. SLAC1-WT,
P = 0.91; R256A#7 vs. SLAC1-WT, P = 0.87; stomatal density:
R256A#5 vs. SLACI-WT, P = 0.10; R256A#7 vs. SLAC1-WT,
P = 0.33; one-way ANOVA and Tukey’s test), suggesting that
expression of SLAC1-R256A did not affect stomatal development.

ABA induces stomatal closure. To investigate whether ex-
pression of SLAC1-R256A has an effect on ABA-induced sto-
matal closing in planta, we carried out gas-exchange experiments
with ABA application to the transpiration stream via the petiole
of leaves. Two independent transgenic lines expressing SLACI1-
R256A in the slacI-1 background—slacl-1/SLAClpro::R256A#5::
mVENUS and slaci-1/SLAClpro::R256A#7:mVENUS—showed
similar ABA-induced stomatal closing kinetics and magnitudes
compared with leaves expressing SLAC1-WT in slacl-1 (Fig. 6),
indicating that the SLACI1-R256A mutation affects the stomatal
CO, response, but not the ABA response in planta.

CO,/HCO;™-Activated S-Type Anion Channel Currents Are Impaired in
SLAC1-R256A Transgenic Plants. Elevated concentrations of cyto-
plasmic HCO5;~ have been shown to activate S-type anion
channel currents in the plasma membrane of guard cells (14, 22—
25, 28). To investigate whether the above-described impairment
in the stomatal CO, response of SLACI1-R256A-expressing
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transgenic lines is linked to S-type anion current regulation in
guard cells, we isolated guard cell protoplasts from 4- to 6-wk-old
plants of WT and transgenic lines expressing SLAC1-WT and
SLACI1-R256A in the slacI-1 background. Whole-cell patch
clamp experiments were carried out with addition of CsHCO; to
the patch clamp pipette solution that dialyzes the cytosol. These
experiments showed that the HCO3™ activation of S-type anion
channel currents was significantly impaired in guard cells of two
independent transgenic lines expressing SLAC1-R256A (Fig. 7;
at —145 mV: SLAC1-R256A#5 vs. SLACI1-WT, P < 0.001; SLACI-
R256A#7 vs. SLACI-WT, P < 0.001; one-way ANOVA with
Tukey’s test). However, the HCO; -activated S-type anion channel
currents in transgenic lines expressing SLAC1-WT had a similar
magnitude as WT plants (Fig. 7; at —145 mV: SLACI-R256A#35 vs.
SLACI-WT, P = 0.98; SLAC1-R256A#7 vs. SLACI-WT, P = 0.06;
one-way ANOVA with Tukey’s test).

When isolated guard cell protoplasts were exposed to ABA,
ABA activation of S-type anion channel currents in guard cells of
SLACI1-R256A-expressing transgenic lines was comparable with
ABA activation in WT and SLAC1-WT-expressing guard cells
(Fig. 8). These electrophysiological results are consistent with
the above-described stomatal conductance analyses in intact
leaves in response to CO, and ABA (Figs. 4 and 6), further
supporting the model that the SLACI residue R256 is important
for CO,-induced stomatal closing and stomatal CO, signal
transduction in planta, but not for ABA responses.
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Fig. 5. Effect of point mutations R321, K255, and R432 in SLAC1 on CO, response in slacl-transformed lines. Stomatal conductance of WT and slac?
transgenic plants expressing the indicated SLAC1 isoforms in the slac7-1 background in response to ambient CO, changes. (A) SLAC1-R321A (WT, n = 3;
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Discussion

The CO,/HCO;3™ sensors that mediate CO, control of stomatal
movements remain enigmatic. Both guard cells and mesophyll
cells contribute to the stomatal CO, response (42, 43). However,
the CO, sensors that mediate CO, control of stomatal move-
ments remain to be determined in either cell type. Previous
studies have suggested that intracellular bicarbonate acts as a
second messenger in guard cells in mediating CO, signal trans-
duction (14, 22, 29). The CO, or bicarbonate sensing mecha-
nisms in guard cells remain unknown. In this study, we investigate
the mechanisms mediating CO,/HCO;" signaling for CO, control
of stomatal movements. GaMD simulations predict several can-
didate bicarbonate interaction sites in SLAC1 (Fig. 1). We have
found that residue R256 of SLAC1 is important for CO, control
of stomatal movements. Mutation of the R256 residue in SLAC1
abrogated the HCO;™ up-regulation of SLACI currents in Xenopus
oocytes (Fig. 2) and impaired CO,-induced stomatal closing (Fig. 4)
and S-type anion channel activation by HCO;™ in guard cells (Fig.
7). In contrast, ABA-mediated stomatal closing and ABA activation
of S-type anion channels remained intact in SLACI-R256A-
expressing plants (Figs. 6 and 8).

Similar to SLAC1-R256A, mutation of another residue, R321,
in SLAC1 also impaired the enhancement of SLACI1 currents by
HCO3;™ in Xenopus oocytes (Fig. 3). However, in contrast to
SLAC1-R256A, expression of the SLACI1-R321A isoform did
not affect the rate of CO, control of stomatal movements in planta
(Fig. 5A4), suggesting that in its biological protein environment, the

11134 | www.pnas.org/cgi/doi/10.1073/pnas.1807624115

R321 site does not affect the physiological CO, response. The
difference between SLAC1-R256A and SLAC1-R321A isoforms
expressed in planta emphasizes that, although helpful, the pro-
tein environment in oocytes is simplified and does not necessarily
represent the physiological situation in the complex plant system.
Further efforts and structural analyses of SLACI will be needed
to investigate the different behaviors of R256 and R321 in re-
sponse to CO,.

The location of the SLAC1-R256 residue at the cytosolic-
facing side (Fig. 1D) is consistent with the previous finding that
bicarbonate ions regulate SLACI activity from the intracellular
membrane side, not from the extracellular space (29). The lo-
cation of the R256 residue in the loop between SLACI trans-
membrane domains 2 and 3 (Fig. 1D) is consistent with data
suggesting that the 10-transmembrane spanning region of SLAC1
functions in the CO, response in guard cells (28). The combined
computational modeling of bicarbonate-interaction sites within
SLACI and experimental investigations point to a model in which
HCO;™ ions interact with the SLACI protein in dependence of the
R256 residue to enhance SLAC1-mediated channel activity in the
plasma membrane, thus contributing to CO, signal transduction
during regulation of stomatal movements.

Gas-exchange and patch clamp analyses on transgenic plants
expressing SLAC1-R256A showed that CO,-regulated stomatal
movements and HCO; -activated S-type anion channel currents
in the guard cell plasma membrane were partially impaired (Figs.
4 and 7). Furthermore, low CO, caused a largely intact stomatal
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opening response in plants expressing the SLAC1-R432A iso-
form (Fig. 5C). These data suggest that in addition to the HCO;™~
regulation of SLACI1 activity studied here, other CO, signal
transduction mechanisms exist in guard cells. It has been widely
demonstrated that several protein kinases that function up-
stream of SLACI are involved in CO; signal transduction in
guard cells, leading to the model that CO,/HCO;™ may regulate
these protein kinase activities in guard cells (14, 15, 19, 21, 23,
24). The primary CO,/HCO;™ sensors that regulate these protein
kinases remain unknown. A MATE-type transporter, RHCI,
was reported to function as a candidate bicarbonate sensor in
this response (22). Based on previous and the present findings,
we propose the following model for CO, signal transduction in
guard cells: (i) More than one CO, signaling branch and CO,/
HCO;™ sensor is likely to function in CO, regulation of stomatal
movements; (ii) CO,/HCO;™ is perceived by a proposed primary
CO,/HCOj3™ sensor and transduced via protein kinases to acti-
vate SLACI anion channels and other transporters and channels
by phosphorylation; and (iii) intracellular bicarbonate ions di-
rectly up-regulate SLAC1 activity with a requirement for the
R256 residue of SLACI in this pathway. Taken together, our
findings provide evidence that the bicarbonate regulation of
SLACI anion channels plays an important role in CO, control of
stomatal movements in planta and that SLACI1 functions not
only in anion transport but also as a physiologically relevant
secondary HCO;™ sensor in guard cells.

ABA-induced stomatal closing in the transgenic lines expressing
SLAC1-R256A is not distinguishable from the WT SLACI-
expressing lines (Fig. 6). These data suggest that the interaction
between HCO;™ and the SLAC1 protein is physiologically rel-
evant for CO,, but not for ABA, control of stomatal movements.
This hypothesis is supported by a recent study showing that the
10-transmembrane domain region of SLACI is required for
CO;-induced stomatal closing via an ABA-independent pathway
(28). However, we cannot exclude the possibility that CO, also
regulates ABA signal transduction in guard cells. To dissect the
relationship between ABA and CO; signaling pathways in guard
cells, further investigations need to be conducted.
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Fig. 6. Point mutation SLAC1-R256A has no effect on ABA-induced sto-
matal closing in slac? transgenic lines. Stomatal conductance of detached
leaves from 6-wk-old SLAC1pro::SLAC1:mVENUS (n = 3), SLAC1pro:
R256A#5::mVENUS (n = 4), SLAC1pro::R256A#7::mVENUS (n = 4), and
slac1-1(n = 4) plants in response to 2 pM ABA added to the transpiration
stream. Error bars denote mean + SEM.
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Fig. 7. Effect of point mutation SLAC1-R256A on HCO3™ activation of S-type
anion channel currents in guard cells of slac-transformed lines. (A) Repre-
sentative current recordings in whole-cell patch clamp configuration with
guard cell protoplasts from 4- to 6-wk-old WT and transformed slac1 lines.
(B) Current-voltage relationships of WT and the indicated transformed slac?
lines in the absence (control) or presence of added HCOs™ in the cytosol. WT
control guard cells and SLAC1-R256A#7 control cells without addition of
HCO3™ showed only small background currents that overlap with the illus-
trated controls and are not included as data points in B for clarity. Error bars
show SEM. Note that Figs. 7 and 8 share the same control current-voltage
curves, as they were completed within the same datasets.

Some plant membrane transporters, including the nitrate
transporter CHL1 (NRT1.1) and the iron uptake transporter
IRT1, have been shown to function in both transporting and
sensing ionic substrates (44-47). The present study provides
evidence that SLACI functions as one of the bicarbonate sensors
in guard cells in mediating CO, control of stomatal movements.
However, the precise mechanisms by which intracellular bi-
carbonate directly affects the activity of SLACI1 remain to be
determined. To address this question, the atomic resolution
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Fig. 8. Mutation of R256A in SLAC1 has no effect on ABA activation of S-
type anion channel currents in guard cells of slac7-transformed lines. (A)
Representative current recordings in whole-cell configuration with guard
cell protoplasts from 4 to 6 wk-old WT and transformed slac1 lines. (B)
Current-voltage relationships of WT and the indicated slac1 lines in the
absence (control) or presence of 50 uM ABA (+ABA). Note that WT control
guard cells and SLAC1-R256A#7 control cells without addition of ABA
showed only small background currents that overlap with the illustrated
controls and are not included as data points in B for clarity. Error bars show
SEM. Note that Figs. 7 and 8 share the same control current-voltage curves,
as they were completed within the same datasets.
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structure of SLACI in the presence and absence of HCO;3;™
will be needed.

CO, control of stomatal movements and gas exchange is of
central importance for plant-water relations and leaf tempera-
tures and is predicted to affect larger-scale plant—atmospheric
interactions (1). In summary, the findings in this study suggest
not only that the SLAC1 anion channel functions in transporting
anions for stomatal movements but also that SLAC1 contrib-
utes to sense the CO,/ HCO;™ signal in the regulation of sto-
matal movements. Results from this study provide important
insight into how plants respond to the diurnal CO, concentra-
tion changes in leaves (6) and the continuing atmospheric rise
in [CO,).

Materials and Methods

Plant Materials and Growth Conditions. Transgenic plants were generated by
Agrobacterium tumefaciens (GV3101 pMP90)-mediated transformation as
previously described (48). All WT (Col-0), slaci-1, slac71-3, and transgenic
plants were grown in a plant growth chamber (Conviron) with 12 h light/
12 h dark with 145 pmol-m=2.s7" light, 21 °C, and ~70% relative humidity in
potting soil. Four- to 6-wk-old plants were used for patch clamp and gas-
exchange experiments.

Site-Directed Mutagenesis and Electrophysiological Analyses. Full-length ge-
nomic DNA and cDNA of SLAC1 were cloned into the plant expression vector
pGreenll and oocyte expression vector pNB1 by USER cloning strategy as
previously described (41, 49). The site-directed mutants were generated by
using the Quikchange Site-Directed Mutagenesis Kit (Agilent Technologies)
with slight modifications as previously described (50). All point mutations
were verified by sequencing. For information on two-electrode voltage
clamp in Xenopus oocytes and patch clamp in guard cell protoplasts, see S/
Appendix, Supplemental Methods.

SLAC1 Model System and GaMD. A model of the SLAC1 channel structure was
generated using the crystal structure of the Haemophilus influenzae TehA
homolog (35) as template and applying three separate modeling algorithms:
ModBase, iTasser, and RaptorX (36-38). The homology model of the trans-
membrane region of the SLAC1 structure (residues E179 to F504) generated by
ModBase was used in the present study. Molecular graphics and analyses were
performed with the UCSF Chimera package (https:/Amwww.cgl.ucsf.edu/chimera/)
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(51). The model was first processed using Protein Preparation Wizard in Mae-
stro (52). This structure was then submitted to the online CHARMM-GUI
Membrane Builder (www.charmm-gui.org/) for addition of POPC lipids and a
0.15 M KCl solution. GaMD simulations were performed on the final system
using the dual-boost scheme (SI Appendix, Supplemental Methods).

Stomatal Conductance Analyses. Leaf stomatal conductance of 5- to 7-wk-old
WT (Col-0), slacT mutant, and SLAC1 isoform-expressing plants was mea-
sured using a portable gas-exchange system (LI-6400 or LI-6400XT; LI-COR)
with a leaf chamber (LI-6400-02B; LI-COR) with a setting of 150 ymol-m=2.s~"
LED light source (10% blue light), 58 to 64% relative humidity, 500 |.1mol-s‘1
airflow, 21 °C leaf temperature, and 360-ppm CO, for stabilization. For CO,
experiments, data recorded started with 30 min at 360 ppm, followed by 800
ppm for 30 min and followed by 100 ppm for the indicated time periods. In
all experiments, the genotypes shown in each figure were grown side by side
under the same growth conditions and analyzed within the same time pe-
riod (10 d). Steady-state stomatal conductance can vary at different times of
the year; therefore, each experimental dataset compared genotypes within
the same set of plants grown in parallel as reported previously (53). Each
figure shows data comparing genotype responses collected within the same
experimental set as described previously to avoid time-of-year variation (53).
Three independent datasets showed similar findings among genotypes.

For ABA treatments, measurements were conducted by using a portable
gas-exchange system (LI-6800; LI-COR) with a leaf chamber (LI-6800-01A; LI-
COR) with a setting of 150 pmol-m~2s~" LED light source (10% blue light);
70% relative humidity; 9,000-rpm fan speed; and 21 °C leaf temperature.
Detached intact leaves were stabilized at 400-ppm CO, with petioles sub-
merged in deionized water. After stabilization, data were recorded initially
for 10 min and then for another 40 min with 2 pM ABA final concentration
added to the solution in which petioles were submerged.

For both CO, and ABA treatments, data were recorded every 30 s by Li-
COR gas-exchange analyzers. Data in Figs. 4 and 6 using Li-COR 6400XT and
Li-COR 6800 analyzers, respectively, were plotted every 30 s. Data in Fig. 5
using a Li-COR 6400 analyzer were filtered by calculating a mean value of six
recorded time points and plotted every 3 min.
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