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Regulation of ion transport in plants is essential for cell function.
Abiotic stress unbalances cell ion homeostasis, and plants tend to
readjust it, regulating membrane transporters and channels. The
plant hormone abscisic acid (ABA) and the second messenger Ca?*
are central in such processes, as they are involved in the regulation
of protein kinases and phosphatases that control ion transport activ-
ity in response to environmental stimuli. The identification and char-
acterization of the molecular mechanisms underlying the effect of
ABA and Ca?* signaling pathways on membrane function are cen-
tral and could provide opportunities for crop improvement. The
C2-domain ABA-related (CAR) family of small proteins is involved in
the Ca?*-dependent recruitment of the pyrabactin resistance 1/PYR1-
like (PYR/PYL) ABA receptors to the membrane. However, to fully
understand CAR function, it is necessary to define a molecular mech-
anism that integrates Ca>* sensing, membrane interaction, and the
recognition of the PYR/PYL interacting partners. We present struc-
tural and biochemical data showing that CARs are peripheral mem-
brane proteins that functionally cluster on the membrane and
generate strong positive membrane curvature in a Ca®*-dependent
manner. These features represent a mechanism for the generation,
stabilization, and/or specific recognition of membrane discontinu-
ities. Such structures may act as signaling platforms involved in
the recruitment of PYR/PYL receptors and other signaling compo-
nents involved in cell responses to stress.
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M any of the plant-adaptive responses to environmental
stresses occur at the cell membrane. In particular, those
related to the regulation of plant ion transporters as stress un-
balance cell ion homeostasis (1, 2). The phytohormone abcisic
acid (ABA) and the second messenger Ca”" have central roles in
regulating plant stress tolerance through the control of the ac-
tivity of various families of protein kinases and phosphatases that
regulate the activation of different ion channels or transporters
(3-7). Given the presence of the channel substrates at the cell
membranes and the transient nature of their activation, the
functioning of these systems relies on the regulated localization
of different molecular entities in the vicinity of the channels via
protein—protein (8, 9) and/or protein-membrane interactions
10, 11).
( The )pyrabactin resistance 1/PYRI1-like (PYR/PYL)/regulatory
components of ABA receptors (RCAR) receptors perceive
intracellular ABA levels and, as a result, form ternary complexes with
clade A protein phosphatases type 2C (PP2C), thereby inactivating
them (12-15). This prevents the PP2C-mediated dephosphorylation
of ABA-activated sucrose nonfermenting 1-related protein kinases
(SnRKs) subfamily 2 (SnRK2s), which results in the activation of an
SnRK2-dependent phosphorylation cascade affecting a high number
of targets in the plant cell (16, 17). As a result, ABA-activated
SnRK2s are key players in regulating transcriptional responses to
ABA and processes at the plasma membrane such as the activation of
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the R- and S-type anion channels and the subsequent efflux of K™ and
water that modulate, in turn, stomata aperture and plant transpiration
(4, 18-20). Particularly, SnRK2.6/OST1 plays a crucial role in regu-
lating the R-type QUACI and the S-type SLACI anion channels (20,
21). Thus, membrane-delimited events play a critical role in
ABA signaling. Some members of the Calcineurin-B like (CBL)
family of plant Ca** sensors are often localized at the plasma
membrane (11, 22), where they mediate the Ca®*-dependent in-
teraction and activation of the CBL-interacting protein kinases
(CIPKs) (10) and the Ca**-independent interaction of some ion
channels such as AKT1 (23). CIPKs together with certain PP2Cs
tune the phosphorylation state and the activity of the Na*/H*
SOS1 antiporter under salt stress (24-27) or the K* transporter
AKTT1 under low K* stress (8, 28). Interestingly, the OST1-regu-
lated anion channel SLACI is also phosphorylated by certain
CIPKs and Ca**-dependent protein kinases (CPKs) (6, 29, 30).
Conversely, the clade A PP2C ABII acts as a negative regulator
not only for OST1 but also for the calcium-dependent CPK21/
CPK23 and CIPK23 kinases (6, 29). Thus, the above examples
illustrate a merging point between Ca®" and ABA signaling at
the cell membrane for the response to dehydration stress.
The family of C2-domain ABA-related (CAR) proteins in
Arabidopsis thaliana consists of single C2 domains that mediate
the Ca**-dependent docking of PYR/PYL ABA receptors to the
membrane. This process is relevant for ABA signaling, because
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car triple mutants display reduced sensitivity to ABA in vivo (31).
Thus, CARs represent a signaling node that connects the ABA
and Ca™ signaling pathways to the membrane. The crystal
structure of CAR4 (31) showed that CAR proteins display the
canonical fold of C2 domains, consisting of a compact f-sand-
wich composed of two four-stranded f-sheets, plus an insertion
of 43 amino acids that connects both p-sheets and folds as an
a-helix followed by a p-hairpin. This motif represents a unique
CAR-family signature that is absent in other known families of
C2 domains but conserved in crop CAR orthologs (31). Bio-
chemical data showed that this region is involved in the interaction
and recruitment of the ABA receptors to the membrane (31). The
analysis of the structure of CAR4 revealed that Ca®*-dependent
membrane binding and PYR/PYL receptor binding could take
place simultaneously as these interactions occur at opposite sides
of the CAR molecule. However, available biochemical data on the
CAR and PYR/PYL interaction showed no definite stoichiometry
(31), suggesting a more complex mechanism of action for CAR
proteins that merely act as molecular carriers of the PYR/PYL
receptors to the membrane.

An additional function for some C2 domains consists of the
ability to generate and sense membrane curvature by the con-
certed insertion of a protein segment from adjacent proteins into
one leaflet of the membrane bilayer. In this situation, the C2
domain acts as a molecular wedge that produces membrane
bending (32). This has been shown for the C2 domains of syn-
aptotagmin that produce a strong positive curvature to orches-
trate the formation of the SNARE complex and promote the
fusion of the membrane (33). This process is relevant, as the
regulated endocytosis of plasma membrane proteins and their
subsequent recycling controls housekeeping cellular functions
and different aspects of cellular homeostasis and response to
environment (34). Indeed, it has been found that ABA triggers
similar processes to control selectively the population of the
Arabidopsis KAT1 K* channel at the plasma membrane (35).
Additionally, ABA receptors have been shown to be a substrate
of the membrane-bound ubiquitin ligase RSL1 and to be tar-
geted to degradation (36). Whether this ubiquitylation triggers
membrane endocytosis and recycling remains to be investigated,
but it has been suggested that CAR proteins might be involved in
this process. Membrane curvature has also been shown to be
essential for the generation of membrane raft-like liquid ordered
phases and, in turn, for the localization of lipid-anchored proteins
(37). Interestingly, CAR proteins, among other ABA signaling
components, might be localized on membrane nanodomains (38).
However, it is still unclear how these ABA nanodomains are gen-
erated and maintained. Thus, exploring the ability of CARs to form
oligomers at the cell membrane and their effect on membrane
structure may provide molecular insights on different membrane-
delimited signaling events.

To investigate the molecular mechanism underlying the
function of CAR proteins, we performed structural and bio-
chemical studies and analyzed both Ca®* and membrane-binding
properties of CAR proteins. Our data show that CARs are pe-
ripheral membrane proteins that penetrate into the bilayer in
a Ca*"-dependent manner and originate membrane curvature.
Moreover, the crystallographic analysis of CAR1 and CAR4
provides a structural framework that integrates the membrane-
related functions with PYR/PYL receptor binding. This model
suggests that clusters of CAR proteins can act as a membrane
assembly point for ABA receptors and other proteins partici-
pating in the regulation of ion homeostasis or those involved in
the regulated degradation of the receptors.

Results and Discussion

The Structure of CAR Proteins Defines Two Lipid Binding Sites. De-
spite the available biochemical and structural information, there
are aspects of the mechanism of action of CAR proteins that are
not understood. Little is known about the membrane binding
properties of these proteins, especially those features related to
the molecular mechanism underlying their lipid specificity. This
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relies on the structure and amino acid composition of the ca-
nonical Ca®*-dependent and the polybasic lipid binding sites (39—
41). The binding of C2 domains through the latter determines the
orientation of the domain with respect to the membrane. Thus,
whether this lipid binding site is functional or not for CAR pro-
teins is important, as it may determine their membrane localiza-
tion and the topology of the binding for correct functioning (42).
To gain molecular insight into these aspects, we determined the
X-ray structures of (i) CAR1 in complex with one Ca** ion; (ii)
CAR4 in complex with two Ca®* ions and the phospholipid
1,2-dihexanoyl-sn-glycery-3-phospho-L-serine (PSF); (iii) CAR4 in
complex with two Ca* ions, a Zn®" ion, and two molecules of
phosphorylcholine gPOC); and (iv) CAR4 in complex with two
Ca®* ions and a Zn** ion (Fig. 1, Fig. S1, Table S1, and Materials
and Methods). The overall structures of CAR1 and CAR4 are very
similar [sequence identity, 68%; Ca backbone root-mean-square
deviation (rmsd), 0.77 A}, with differences confined to the side
chains of the residues implicated in Ca®* binding and in the loops
connecting ol and pB, which are not conserved among the CAR
family (Fig. S2). The POC and PSF molecules are bound to CAR4
at the concave side of the domain, defining a Ca**-independent
lipid binding site. The structures of the different CAR4 complexes
are nearly identical (rmsd ranging from 0.14 to 0.30 A).

The Ca’*-dependent lipid binding site. The structural basis of the
Ca?*-dependent interaction of the C2 domains with membranes
lies in the change of the electrostatic potential of the site upon
Ca”* binding. This change promotes the direct interaction of the
phosphate moiety of lipids with the Ca®* ion (43). The Ca**
binding sites (Ca I and Ca II) of CAR4 and CARLI are placed in
a cavity formed by three loops (L1, L2, and L3) at one side of the
p-sandwich. The side chains of five conserved aspartate residues
and two main chain carbonyl oxygen atoms at loops L1 and L3
are responsible for Ca** binding (Fig. 1B). Three water mole-
cules at site [ and one at site II complete the coordination of the
two observed CAR4 Ca** binding sites. Conversely, the CAR1
crystal structure shows that only site II binds Ca®*. Interestingly,
Ca**-containing buffers were not used during the purification
and crystallization of CAR1. This suggests that Ca>* site II
displays a high affinity for Ca®* and it is permanently occupied
even at a low physiological Ca** concentration, whereas site I
shows lower affinity for Ca®*. This observation suggests that
Ca** site I in CAR proteins could be involved in the reported
Ca**-dependent phospholipid binding activity.

The polybasic lipid binding site. Structural and biochemical studies
on the C2 domains of PKC-a (39), synaptotagmin 1 (44), and
rabphilin (40) demonstrated that a group of cationic and aro-
matic amino acids at the concave side of the C2 f-sandwich are
responsible for the specific recognition of the polar head of an-
ionic phospholipids such as phosphatidylinositol polyphosphate
(40, 41, 44). The specificity of these sites determines the membrane
localization and the functionality of the C2 domain. For instance,
the C2B domain of synaptotagmin 1 bridges different membranes
through the specific interaction of the polybasic region with
phosphatidylinositol and the Ca**-dependent interaction with
phosphatidylserine (44). In addition, the occupancy of these sites
determines the orientation of the C2 domain with respect to the
membrane (42, 45) and membrane curvature (40).

The electron density maps and the anomalous difference maps
corresponding to the CAR4 complexes revealed the presence of
molecules of POC, PSF, and one Zn?" ion at the exposed cavity
formed by the B strands p3, 2, 5, and p6 (Fig. 14 and Fig. S1).
The analysis of these structures showed that Lys-50 and Lys-52
residues at 33 are involved in the stabilization of the phosphate groups
of POC and PSF, whereas the positively charged trimethylamine
moiety of POC and the primary amine form of PSF are inter-
acting with the hydroxyl group of Tyr84 at p5, the aromatic ring
of Tyr-41 at $2, and the Asp-92 side chain at the outer side of
loop L3 (Fig. 2). This lipid binding site has been structurally
characterized for the PKC-a in complex with the negatively
charged phosphatidyl inositol biphosphate [P1(4,5)P,] (4, 5). The
architecture of the pocket is remarkably conserved despite the
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Fig. 1. The crystal structures of CAR4 and CAR1. (A) A ribbon representation of CAR4 in complex with Ca%* and PSF. (B) The ribbon representation of the Ca%*-
dependent lipid binding sites of CAR4 (Left) and CAR1 (Right). The key structural features of the CAR fold are labeled and highlighted in different colors. The Ca®*

atoms are shown as gray spheres. Other nonprotein atoms and key residues at the Ca%* binding sites are displayed in a ball-and-stick representation.

different polarity of POC, PSF, and PI(4,5)P,. In all of the sit-
uations, the phosphoryl group of the polar lipid head is per-
pendicular to the strands forming the p-sheet and the polar head
close to loop L3. Lys residues at p3 and the aromatic residues are
conserved in the three structures. However, an additional Lys
residue from the p-sheet and one Asn residue at L3 are stabi-
lizing the negative charges of the PI(4,5)P, in the C2 domain of
PKC-a. In contrast, these residues correspond to Val-43 and
Asp-92, respectively, in CAR4, thus precluding P1(4,5)P, binding
at this site. Interestingly, those residues are conserved among the
members of the CAR family (31), thus suggesting that these lipid
binding properties are a general feature of the family.

The crystals of CAR4 grown in the presence of Zn** co-
ordinate this ion with Asp-92 and His-86 at loop L3 of one of the
molecules of CAR4 in the asymmetric unit and with the car-
boxylate side chain of the symmetry-related Asp-114 (Fig. S3).

J 8 y

The coordination sphere of this ion was completed alternatively
with water molecules or, if POC is present in the crystallization
conditions, with its phosphate group. In this situation, the posi-
tive charge of the POC trimethylamine is stabilized by the cation
n interaction with the Tyr-41 side chain and with the Thr-52 main
chain carboxylate from loop L2. Val52 and the hydrophophic
moiety of the Lys-52 side chain further stabilize the POC moiety
at this site. Interestingly, this pattern of interactions closely re-
sembles those found for POC in the complexes with the pneumo-
coccal phosphoryl choline esterase (46) or the C-reactive protein
(47) where Zn** or Ca®* ions, respectively, stabilize the phosphate
moiety and an aromatic ring, together with a donor oxygen, inter-
acts with the trimethyl amine group. In addition, a similar magne-
sium binding site has already been reported for the C2 from PKC-¢
(48). Interestingly, this C2 domain has the ability to interact with
membranes through this site in a Ca**-independent manner.
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Fig. 2. The polybasic lipid binding site of CAR4. (A) Structure of CAR4 in complex with POC and (B) with PSF. (C) Structure of the C2 domain of PKC-a in
complex with PI(4,5)P, is shown for comparison. The C2 domains are represented as green ribbons. Residues involved in ligand binding are represented as
sticks. (D) Schematic representation of the polybasic lipid binding site highlighting the similarities and differences between CAR4 and PKC-a. Key CAR4 amino
acids are labeled in black, and the corresponding amino acids in PKC-a are indicated in blue.
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Altogether, the crystallographic data reveal that both the
Ca®"-dependent and the polybasic lipid binding sites of CAR
proteins are functional. However, the polybasic site does not display
the characteristic PIP, binding signature found in other C2 do-
mains (41), which gives it the ability to recognize PIP,-enriched
membranes. These features support a membrane binding model
in which the unspecific binding of CAR proteins to the mem-
brane via the polybasic site would reinforce the Ca®*-dependent
binding. This would facilitate and restrict a closer contact of
CAR proteins to the membrane.

CAR Proteins Are Calcium Sensors with a Basal Phospholipid Binding
Activity. To quantify the Ca®* binding properties of CAR proteins and
to test if they display two different classes of Ca?* binding sites—one
to detect physiological uM variations of Ca®* concentration and
the other with a structural role—we used isothermal titration
calorimetry (ITC). Our data show that the binding isotherm fits to
the one-set-of-sites model in which CAR4 binds only one Ca** ion
(n = 1.17) with a dissociation constant (K4) of 10.0 pM (AH = -3.4
kcalemol ™) (Fig. 3). Identical results were obtained either including
or not including Ca®* during protein purification. These results in-
dicate that only one of the two Ca** sites was depleted by exhaustive
dialysis against a Ca®*-free buffer. Indeed, extensive dialysis of the
CAR4 protein against the Ca** chelating agent EGTA induces
precipitation of the protein. These thermodynamic data on CAR4
correlate well with the observed CAR structures and support the
hypothesis that site I represents the lower affinity Ca®* binding site
that would be occupied depending on the physiological Ca** con-
centration whereas site II plays a structural function. These obser-
vations are consistent with those reported for other C2 domains (49,
50) and with those described for other plant Ca®* sensors (51).
However, in guard cells, ABA induces an increase in the Ca** cy-
tosolic concentration from 0.07 to 1 uM (5-7). Taking into account
that the observed CAR4:Ca Ky for site I is 10 pM, this might
indicate that CAR4 is not a good Ca®* sensor at physiological con-
centrations. However, in the presence of biological membranes, an
enhancement of the Ca®" affinity is expected, as Ca®" bridges the
protein with the membrane phospholipids. Therefore, the overall
CAR4:Ca** K4 would be a combination of the Ca®* affinity for the
protein and the CAR4:Ca®" affinity for the membrane. Moreover,
the latter would depend on the lipid composition. This has been
observed for the C2 domain of synaptotagmin 1 (50) and dysferlin
(49), for which their Ca®* affinity is markedly increased by the
presence of synthetic liposomes. Indeed, the calculated CAR4 and
CARI1 K, for Ca®" in the presence of liposomes are 7.4 pM and
1.4 pM, respectively (31), below the observed Ky measured in
solution without lipids. Therefore, the ITC value for Ca** binding
should be taken as an upper limit of the Ca** affinity in the in vivo
membrane environment.

To further characterize the role of the two different Ca’* sites,
we tested whether CAR4 was able to bind negatively charged
synthetic liposomes formed by 75% phosphatidyl choline and
25% phosphatidyl serine in the presence or absence of free Ca**
(Fig. 44) as previously reported for CAR1 (31). However, be-
cause our structural studies revealed that Ca®* site II plays a
structural role in CAR proteins, we performed the lipid cosedi-
mentation assays without previously treating phospholipid vesi-
cles with EGTA to avoid chelation of the Ca®* present in the
structural site. Our results show that CAR4 binds liposomes in
the absence of exogenous Ca**. This activity remains unaltered
up to around 1 pM Ca”" and increases at higher concentrations
(Fig. 44). This indicates that the basal liposome binding below
1 pM Ca** might depend on structural Ca*" binding site II.
However, it may also be possible that the polybasic lipid binding
site would account for the basal membrane binding activity. To
analyze this possibility, we generated a Lys50Ala Lys52Ala
double mutant protein (CAR4-KAKA). These residues are di-
rectly involved in lipid binding at the polybasic binding site of
CAR4 (Fig. 2), and equivalent mutations in the C2 domain of
PKC-a abolish lipid binding to this site (40). Our results show a
small reduction in the ability of this mutant to bind liposomes in
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Fig. 3. Calorimetric titration of CAR4 with Ca®*. (Upper) Representative
thermogram obtained by the addition of 2 mM Ca?* (1 x 1-uL, 10 x 5-pL, and
10 x 10-pL injections) to a solution of 64.4 yM CAR4 at 25 °C. (Lower) De-
pendence of the heat released per mol of Ca®* injected as a function of the
Ca?*:CAR4 molar ratio. The solid line corresponds to the best fit of the ex-
perimental data based on a one-set-of-sites model.

the absence of free Ca®* (Fig. 4B) that does not account for the
observed basal activity—thus indicating that polybasic binding
does not determine the basal membrane-binding properties of
CARA4. To corroborate if the Ca>* binding site accounts for this
activity, we prepared the Asp85Ala Asp87Ala double mutant
protein (CAR4-DADA), which is unable to stabilize lipids in the
Ca**-dependent lipid binding site (31). Our results show that
CAR4-DADA does not retain the basal phosEholipid binding
(Fig. 4B). This shows that the canonical Ca**-mediated lipid
binding sites are mainly responsible for this activity and suggests that
the structural Ca®* binding site II is involved in the basal in-
teraction with the liposomes. To further test this hypothesis, we
incubated the CAR4-bound pelleted liposomes with EGTA and
corroborated that CAR4 binding was reversed (Fig. 4C). All
together, our data suggest that CAR proteins display site II-
mediated basal membrane binding activity. In addition, the in-
crease in the lipid binding activity of CAR4 observed above 1 pM
Ca** would probably denote saturation of site I.

To explore if CAR proteins display a basal interaction with
cell membranes, we examined the subcellular localization of the
nonnuclear fraction of CAR4 protein by a fractionation tech-
nique (31) and analyzed the soluble cytosolic and the pelleted
insoluble microsomal fractions in the absence or presence of
exogenous Ca". Our analysis shows that at least 80% of CAR4
is localized in the microsomal fraction, thus supporting that CAR
membrane localization is Ca®*-independent of the addition of
exogenous Ca®* (Fig. 4D). These experiments also show that
20% of CAR4 protein remains in the soluble cytosolic fraction.
This is a general feature of other CAR proteins, the percentage
of soluble fraction being variable from 8% to 20%. Hence, we
cannot discard an uncharacterized cytosolic function of CAR
proteins. However, it is worth noting that in vivo cell localization
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studies showed that both CAR proteins and CAR PYR/PYL
complexes are localized at the cell membrane (31).

CAR Proteins Generate Membrane Curvature in a Ca’*-Dependent
Manner. Previous studies showed that CAR proteins contain a
protein—protein interaction module defined by the a1pApB CAR
signature, which is responsible for the membrane docking of PYR/
PYL receptors to membranes (31). To analyze whether this in-
teraction occurs in the absence of phospholipid membranes, we
preformed in vitro binding assays in solution using the recombi-
nant proteins. The analysis of the size and shape of protein
samples by size exclusion chromatography indicates that there is
no or very weak interaction upon mixing CAR4 and those PYR/
PYL receptors reported to be recruited to membranes by CAR4
(31) (Fig. 54). This supports that the CAR PYR/PYL interaction
occurs at the cell membrane and suggests the notion that CAR
binding to the plasma membrane stimulates the recruitment of the
PYR/PYL receptors. This would imply that CAR proteins either
undergo a structural rearrangement at the cell membrane and/or a
change in their oligomerization state to promote PYR/PYL
binding. Interestingly, the C2 domain B of synaptotagmin forms
functional oligomers at the cell membrane to regulate membrane
fusion. These ohgomers are disrupted by physiological concen-
trations of Ca** to promote membrane fusion (52).

To investigate these possibilities, we first exammed the forma-
tion of oligomeric structures of CAR4 and the Ca’*-insensitive
mutant CAR4-DADA using glutaraldehyde as a chemical cross-
linker agent followed by SDS/PAGE (53). Our results show that
both proteins form dimers and higher order ohgomers revealing that
CAR4 sclf-associates and that this process is Ca® -mdependent
Additionally, we carried out analytical ultracentrifugation experi-
ments in native conditions that further corroborate this observation
(Fig. 64). To examine whether these oligomeric structures are
formed on the membrane, we used negative stain transmission
electron microscopy (EM). This technique allows the direct
identification of membrane-bound protein. This approach has
been used to determine the molecular function of different
proteins. EM was used to determine the scaffolding function of
focal adhesion kinase by the visualization of protein clusters
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Image Guache version 4.0 software.

upon liposome binding (54) and to determine how the synagto-
tagmin C2 domain insertion into membranes induces curvature
and promotes membrane fusion (33). Thus, we 1ncubated hpo-
somes with CAR4 in the absence or presence of free Ca®* and
analyzed these preparations using EM (Fig. 6B). Our results
show that CAR4 produces roughness on the surface of the li-
posomes in the absence of free Ca?*. This can be explained as a
consequence of the peripheral blndmg of CAR4 molecules to
the membrane and further supports that CAR4 displays basal
membrane binding activity. However, the addition of free Ca”*

to CAR4 liposome preparations produces strong tubulation of
the membranes similar to the bilayer bending induced by the C2
domains of synagtotagmins (33). Remarkably, the average di-
ameter of CAR4-induced tubules is around 17 nm, the size
identical to that observed for the synagtotagmins. This indicates
that CAR proteins and synagtotagmins share the capacity to
induce and stabilize highly curved membrane. At the molecular
level, it has been proposed that this phenomenon is a conse-
quence of the coordinated shallow insertion of C2 domain
clusters into one leaflet of the lipid bilayer, at the region occu-
pied by the rigid lipid glycerol backbones. In this situation, the
protein acts as a wedge that produces a local bending of the
membrane, generating positive curvatures (32). Interestingly,
EM experiments show that increasing the CAR4-to-liposome
ratio that yields tubulation induces liposome disruption and the
formation of CAR4 large-molecular-weight aggregates (Fig. 6B).
Therefore, the joint analysis of the biochemical and the EM data
suggest that CAR proteins self-associate and form clusters on the
membrane. In addition, an increase in the Ca** concentration
leads to membrane insertion of these oligomeric structures,
producing membrane curvature. This necessarily implies that
membrane insertion of CAR4 oligomers would be preferential in
highly curved membranes with respect to flat membranes. In-
deed, it has been suggested that CAR4 is found in membrane
nanodomains (31), where the enrichment of bulkier lipid polar
heads generates membrane curvature (38). Supporting these
notions, we have been able to identify the complex between PYR1
and CARI on punctate and highly curved structures on the plant
plasma membrane (Fig. S4). In other systems, this property
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Fig. 5. PYR/PYL ABA receptors do not interact with CAR4 in solution. Size
exclusion chromatography profiles of CAR4, dimeric PYL1, monomeric PYLS6,
and their equimolecular mixtures as described in Materials and Methods.

contributes to the recruitment of peripherally bound proteins
such as the lipidated proteins to nanodomains (37).

The Oligomerization of CAR Proteins at the Cell Membrane Affects
ABA Signaling. To investigate whether the formation of CAR
oligomers at the cell membrane affects ABA signaling, we rea-
soned that proteins with oligomerization-dependent activity can
be a target for dominant-negative mutations (55). That means
that the presence in the oligomeric protein assembly of a non-
functional mutant subunit, which is able to interact with wild-
type subunits, can abrogate the function of the entire multimer.
Thus, if CAR function depends on the estabhshment of oligo-
meric assembles, CAR mutants unable to bind Ca®* might interfere
with wild-type function and i impair the formation or activity of the
multimer. Therefore, we generated a mutant CAR1 version, CAR1
Asp22Ala Asp27Ala (CAR1-DADA), which contains a double
Asp-to-Ala mutation in loop L1. As observed for CAR4-DADA,
when assayed biochemically, CAR1-DADA showed a lack of
Ca’*-dependent binding to phospholipid vesicles (31). We gener-
ated Arabidopsis transgenic lines expressing CAR1-DADA, and its
expression in plant cells was verified by immunoblot analysis (Fig.
7A, Right). Next, we analyzed ABA sensitivity of CAR1-DADA
overexpressing (OE) lines with respect to ABA-mediated inhibition
of seedling establishment and early seedling growth (Fig. 7.4 and
B). Interestingly and in contrast to CAR1 OE lines (31), over-
expression of CAR1-DADA led to reduced ABA sensitivity in those
assays compared with wild type (Fig. 7B). Therefore, these results
suggest that CAR1-DADA behaves as a dominant-negative muta-
tion, which is able to antagonize the activity of the wild-type CAR1
protein or perhaps other CAR proteins from the 10-member family
(31). As a control of reduced sensitivity to ABA, we used the HAB1
OE line, which displays enhanced expression of a negative regulator
of ABA signaling (56). As expected, the HAB1 OE line shows
higher ABA insensitivity than the CAR1-DADA line, as HABL is
a PP2C acting as a global negative regulator of ABA signaling,
whereas impairment of CAR function will affect mostly the fraction
of ABA receptors acting at the membrane. Moreover, car triple
mutants show a clear ABA insensitivity, albeit not so strong as triple
pyripyl mutants (31). Conversely, transgenic lines that overexpress
wild-type CAR1 (CAR1 OE) or lack the HAB1/ABI1 PP2Cs
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(habl-1abil-2 double mutant) showed enhanced ABA-mediated
inhibition of seedling establishment and shoot growth (31). Thus,
both loss-of-function and gain-of-function approaches have
supported the positive role of CAR proteins in ABA signaling.
Moreover, our data support the dependence of this role on the
formation of functional CAR protein clusters.

At the molecular level, the dominant-negative effect of CAR1-
DADA expression suggests the formation of CAR1:CAR1-DADA
heterooligomers that prevent the CAR1 membrane association
and the subsequent PYR/PYL interaction and, consequently, im-
pair ABA signaling. To test this model, we used bimolecular
fluorescence complementation (BiFC) assays to analyze whether
CAR1 and CAR1-DADA compete for the PYR/PYL receptors
in plant cells. Thus, using Agrobacterium-mediated transfection
of tobacco plants, we coexpressed CAR1-YFPN and YFPC-PYR1
in the absence or the presence of increasing amounts of CARI1-
DADA-YFPN (Fig. 7C). As previously reported (31), the fluo-
rescence signal indicates that the CAR1-PYR1 interaction is solely
observed at the plasma membrane or, less predominantly, in the
nucleus, however as the amount of CAR1-DADA increases, the
signal at the plasma membrane decreases, indicating that CAR1-
DADA impedes proper CAR1 membrane localization and PYR1
binding. This result suggests that Ca*z-dependent oligomerization
of CAR proteins in the plasma membrane is necessary for
PYR/PYL docking (Fig. 8).

The Molecular Mechanism of the CAR PYR/PYL Recognition. In plants,
ABA and Ca®*-mediated signaling pathways at the cell mem-
brane play a central role in regulating the adaptive response to
environmental stress (3, 4). The discovery and characterization
of the CAR family of small C2 proteins have provided a link
between these pathways and the cell membrane, as they are in-
volved in the Ca**-dependent membrane locahzatlon of PYR/
PYL ABA receptors. Previous structural and biochemical data
showed that CAR proteins are small C2 proteins that addition-
ally contain a characteristic a-helix f-hairpin insertion involved
in the PYR/PYL 1nteract10n (31). This information suggested
that the physiological Ca** fluctuations produced by different
abiotic stresses would trigger the localization of CAR-PYR/PYL
complexes at the cell membrane. However, signal transduction
events at the cell membrane often rely on the formation of lo-
calized supramolecular complexes. These arrangements increase
the signal specificity by the colocalization of substrates and
products in response to a particular chemical signal. Scaffold
proteins and membrane nanodomains are signaling platforms
that mediate the formation of these complexes through the
formation of specific protein-lipid and protein—protein interac-
tions (57). The data presented here show that CAR proteins do
not function as mere PYR/PYL carriers to the membrane. They
rather provide the basis for a more complex model in which
CAR proteins may be targeting PYR/PYL receptors to signaling
platforms at the cell membrane for the control of the ABA-
mediated stress response.

Our structural and biochemical data show that CAR oligomers
are targeted to the membrane to develop their function. The
topology of this binding is restricted by structural Ca®* binding
site IT and through the polybasic binding site, which also con-
tributes to CAR stabilization on the membrane. An increase in
the Ca®" concentration leads to the occupation of Ca** binding
site I, and this in turn strengthens the CAR membrane in-
teraction (Figs. 4 and 8). It has been reported for different C2
domains that this process involves the shallow insertion of the
hydrophobic tip of loop L3, Met88, and Phe89 in CAR4 (Fig. 1).
This is coupled with a change in the relative position of the
protein with respect to the membrane due to the geometrical
restraints imposed by the occupation of the different lipid
binding sites (33, 42, 45). This suggests that the stress-induced
specific Ca** signal triggers the coordinated rearrangement
of CAR molecules within these oligomeric structures that
cooperatively favor PYR/PYL docking (Fig. 8). This model
explains that several CAR molecules are required to bind one
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PYR/PYL receptor (31). Such a process has biological relevance
for ABA signaling, as introduction of a dominant-negative CAR1-
DADA mutant in plant cells that can form oligomers in solution
but is unable to bind the membrane in a Ca**-dependent manner
prevents the localization of PYR1 on the membrane (Flgs 7 and 8).

We have shown that CAR protelns are Ca’" sensors that
operate in the uM range of the Ca®" concentration (Fig. 3). A
correlated increase of the ABA and Ca®* cytosolic concentra-
tions is associated with stomata closure during dehydration stress
(5, 7). At the molecular level, this relies on the ABA-dependent
activation of SnRK2.6/0OST1 and the Ca**-dependent activation
of CIPK23 and CPK6/CPK21/CPK23 kinases, which phosphor-
ylate and induce the opening of the anion channel SLACI (6, 20,
29, 30). It has been shown that PP2C ABI1, which is inhibited by
the ABA-dependent interaction with the PYR/PYL receptors,
reverses this process. Full actlvatlon of SLACI1 likely requires an
increase of the cytosolic Ca®* concentration from the sub-uM at
resting state to the pM range during stress, as for instance half-
maximal kinase activity for CIPK23/CBL1 or CBL9 is 1.5 pM (6).
Taken together, these data suggest that the targeting of PYR/PYL
ABA receptors to the membrane occurs at the local pM Ca®*
concentration. In contrast, at resting Ca®* concentrations, PYR/
PYL receptors will not be delivered to the membrane, and con-
sequently, ABI1 phosphatase would remain active, modulating
SLACI anion transport. This information stresses the influence of
Ca** signaling on different ABA-related pathways, such as those
associated with stomata closure.

In this work, we show that CAR4 can bend membranes (Fig. 6)
and provide in vivo data showing that CAR PYR/PYL complexes
are localized in curved structures in the plasma membrane (Fig.
S4). The ability to recognize membrane curvature is important in
targeting proteins to specific membrane subdomains or nano-
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Sedimentation coefficient

Fig. 6. (A) CAR4 forms oligomeric structures in so-
lution. (Right) Chemical cross-linking assays for self-
association of CAR4 and CAR4-DADA. A Coomassie
blue-stained SDS/PAGE showing the cross-linked
species by 0.05% glutaraldehyde at different times
in minutes. Cross-linked species as well as the
monomer migrate aberrantly and are highlighted
with arrows. (Left) Analytical ultracentrifugation
analysis for CAR4 in native conditions and sedi-
mentation coefficient c(s) distribution. The Inset
corresponds to a zoomed area of the distribution.
The position and the area under each peak reveal the
molecular weight and the relative abundance of
the CAR4 oligomers. (B) CAR4 binds to the periphery
of liposomes and generates membrane tubules in a
Ca’*-dependent manner. Negative-stain transmission
electron micrographs of 12.5 pM liposomes (Upper
Left) incubated with 8 uM CAR4 (Upper Right),
0.08 uM CAR4 plus 1 mM Ca** (Lower Left), and 8 pM
CAR4 plus 1 mM Ca®* (Lower Right). Peripherally
membrane-bound CAR4 produces roughness on
the surface of the liposomes and is indicated with
black arrows, liposome tubules with white arrows,
and protein aggregates as black asterisks. (Scale
bar, 200 nm.)

domains (58, 59). These structures provide a curved discontinuity
at the cell membrane that functions as a platform for signaling
proteins, as the presence of a bulkier lipid polar head leads to a
reduction in the lateral energy barrier required for the insertion
of hydrophobic protein segments and/or lipidated proteins (Fig.
8) (37). It is known that the membrane specificity of these pro-
teins relies not only on the unambiguous binding to a particular
lipid polar head but also on the recognition of intrinsically
curved membrane architecture; furthermore, it has been dem-
onstrated that protein membrane recognition will be more effi-
cient if the membrane curvature is similar to that induced by the
protein (33, 58). We have shown that CAR proteins do not
display the characteristic phospho inositol phospholipid binding
signature at the polybasic lipid binding site (41); rather, we
provide crystallographic data and membrane binding assays
showing that CAR proteins display a limited lipid specificity, as
they interact with the widely distributed phosphatidylcholine
and phosphatidylserine lipids. Thus, it may well be that CAR’s
ability to form clusters and to bend membranes could be central
to recognizing and/or stabilizing ABA-signaling nanodomains
and to providing a platform for PYR/PYL receptors for ABA
sensing. Indeed, the functional ABA signaling machinery, in-
cluding PP2C phosphatases and Ca** -dependent kinases, and
the SLAH3 anion channel have been found in membrane nano-
domains (38). In addition, it has been shown that CAR proteins
are isolated from detergent-resistant Arabidopsis membranes
(38), suggesting that they form part of the in vivo functional
membrane domains (60). An additional function of CAR pro-
teins in these domains may be to promote the concentration of
other membrane-associated proteins involved in the regulation
of ion transport and ion compartmentalization, such as the family
of lipidated CBL Ca** sensors (10) or other proteins such as the
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(Upper Right). Photographs are shown of representative seedlings from Col WT and two CAR1-DADA OE lines grown for 12 d on MS medium either lacking or
supplemented with 0.5 uM ABA. Seedlings were rearranged on agar plates, and longitudinal or zenital photographs were taken to measure root length or
the maximum rosette radius. The histograms show the quantification of root length (Lower Left) or the maximum rosette radius (Lower Right). (B) Quan-
tification of ABA-mediated inhibition of seedling establishment of Col WT compared with hab7-1abi1-2 double mutant, CAR1 OE lines, and HAB1 OE and
CAR1P22 P27A OE ines. Approximately 100 seeds of each genotype were sown on MS plates lacking or supplemented with either 0.5 or 1 mM ABA and scored
for the presence of green expanded cotyledons 7 d later. *P < 0.05 (Student’s t test) when comparing data of each genetic background to Col WT plants in the
same assay conditions. (C) The CAR1-DADA mutation abolishes the interaction of CAR1 with PYR1 in the plasma membrane. Confocal images of transiently
transformed tobacco epidermal cells coexpressing the indicated constructs and increasing amounts of CAR1-DADA. The ratio of the relative concentration of
agrobacteria in the different coinfiltrations is indicated by numbers (1x, 2x, or 4x).

membrane-bound ubiquitin ligase RSL1 (36) involved in PYR/
PYL ubiquitylation.

Materials and Methods

Additional methods, including gene cloning, protein expression, and puri-
fication structure solution of CAR4 and CAR1 and CAR:PYR/PYL complex
formation assays, are provided in S/ Materials and Methods.

Chemical Cross-Linking Assays. We incubated 50 pg of CAR4 and CAR4-DADA
with 0.05% glutaraldehyde in a total volume of 10 uL at room temperature
for 10, 20, and 30 min. The reaction was stopped by addition of SDS loading
buffer and loaded and separated on a 12% (wt/vol) SDS/PAGE.

Analytical Ultracentrifugation. Sedimentation velocity experiments were run
using cells with double sector Epon-charcoal centerpieces. Raw sedimentation
velocity profiles for this analysis were acquired using A280 at 148,288 x g,
20 °C, at different times. Differential sedimentation coefficients were cal-
culated by least-squares boundary modeling of the experimental data with
the program Sedfit and corrected to sy, values (61). All measurements
were performed in 50 mM Hepes, pH 7.5, 100 mM NacCl, 1 mM CaCl, buffer
at 20 °C using protein concentrations of ~0.2 mgemL~" in an Optima XL-A
analytical ultracentrifuge (Beckman Coulter) with an AN50-Ti rotor.
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Lipid Cosedimentation Assays. Synthetic liposomes were prepared by mixing
75%:25% (wt:wt ratio) phosphatidylcholine and phosphatidylserine (Sigma
Aldrich). Lipids were desiccated in a nonoxidizing atmosphere and sub-
sequently hydrated in a 50 mM Hepes, pH 7.5, 100 mM NaCl buffer to a final
concentration of 1 mg/mL. The sample was sonicated in a water bath for 5 min.
Afterward, the liposomes were passed 11 times through 0.8-um Nucleopore
polycarbonate filters (Whatman) by syringe extrusion or 21 times through
0.1-um filters for EM experiments.

The CAR4 Ca®*-dependent membrane binding activity was determined by
incubating 7 pM CAR4 in 50 mM Hepes, pH 7.5, 100 mM NaCl with 1.6 mM
liposomes in the presence of increasing concentrations of CaCl,. CAR4 pro-
tein samples were incubated for 30 min with the liposomes. The solution was
then centrifuged at 65,000 rpm in a TLA100 rotor (Beckman) for 15 min.
Supernatant and pellet fractions were separated, and the pellets were
resuspended in equal volumes of reducing loading sample buffer. To de-
termine the percentage of protein bound/unbound to liposomes, we mea-
sured the absorbance at 280 nm with a spectrophotometer Ultrospec
3100pro (Amersham Bioscience) of the soluble fraction after lipid pelleting.
Data analysis was performed based on nonlinear least-squares fitting to
Hill's equation using Microcal Origin 6.0 software.

An identical protocol was used for the phospholipid binding experiments
with CAR4 and the double mutant proteins CAR4-DADA and CAR4-KAKA.
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Fig. 8. A schematic representation of the mechanism for CAR membrane
interaction and PYR/PYL receptor recruitment. (7) Oligomeric CAR protein is
recruited to the membrane. In the absence of a Ca®* signal, the membrane
interaction of CAR proteins is promoted but restricted both by a structural
Ca* binding site (site I) and by the positively charged polybasic binding site.
The dominant-negative CAR-DADA mutant precludes the anchoring of the
oligomer to the membrane. (2) Abiotic stress induces an increase of the
physiological Ca®* concentration to the uM range. This triggers Ca>* binding
to site Il and CAR membrane insertion. CAR molecules would act as molec-
ular wedges into the membrane that have to overcome the lateral mem-
brane energy barrier. (3) The bulkier side chain of lipids at membrane
nanodomains generates membrane curvature. This facilitates CAR mem-
brane insertion, as the membrane lateral pressure is relieved. The accumu-
lation of CAR molecules favors the recruitment of PYR/PYL receptors.
Additionally, this situation would help to recruit lipidated proteins for the
control of ion homeostasis.

These experiments were performed at 2 pM CAR4 in the presence and ab-
sence of 1 mM CaCl, or in the presence of 5 mM EGTA. Aliquots of the
soluble fraction were run on 15% Bis-Tris SDS/PAGE gels. Protein and lipid
concentration and phospholipid membrane composition were optimized to
highlight the differences between CAR4 wild-type and mutant proteins.

EM. Protein samples were prepared in the presence of 12.5-uM vesicles com-
posed of a 75:25 PC:PS ratio incubated with 8 M CAR4, 0.08 uM CAR4 and
1 mM Ca?*, and 8 uM CAR4 and 1 mM Ca*. Samples were negatively stained
on carbon-coated grids with uranyl acetate and imaged using a Tecnai G2 Spirit
electron microscope (FEI) operated at 120 kV and a Slow Scan CCD (Gatan) or
TemCam-F416 4,096 x 4,096-pixel camera (TVIPS GmbH).

Transgenic Plants. To generate 35$:3HA-CAR1P?24P274 OE lines, the
CAR1P22AD27A ¢oding sequence (31) was cloned into pCR8/GW/TOPO entry
vector (Invitrogen) and recombined using Gateway technology into pALLIGATOR2
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vector (62). The resulting construct was transferred to Agrobacterium
tumefaciens C58C1 (pGV2260) (63) by electroporation and used to
transform Columbia wild-type plants by the floral dip method (64). T1
transgenic seeds were selected based on GFP visualization and sowed in
soil to obtain the T2 generation. Homozygous T3 progeny was used for
further studies, and expression of HA-tagged protein was verified by
immunoblot analysis using anti-HA-peroxidase (Roche).

Seedling Establishment, Root Length, and Shoot Growth Assays. After surface
sterilization of the seeds, stratification was conducted in the dark at 4 °C for
3 d. Approximately 100 seeds of each genotype were sowed on MS plates
supplemented with 0.5 or 1 uM ABA. Seedling establishment was scored as
the percentage of seeds that developed green expanded cotyledons and the
first pair of true leaves at 7 d. Root length and maximum rosette radius of
seedlings grown for 12 d on MS medium supplemented with 0.5 pM ABA
were scored to quantify ABA-mediated inhibition of growth.

Biochemical Fractionation, Protein Extraction, and Analysis. Cytosolic and mi-
crosomal fractionation of HA-tagged proteins was performed as described
previously (65). Briefly, 14-d-old seedlings of 355:3HA-CAR4 plants grown in
liquid MS medium were ground in liquid nitrogen and homogenized in an
equal volume (1 g/mL) of extraction buffer (12% sucrose, 100 mM TriseHCI
pH 7.5, 1 mM EDTA, 2 mM DTT, and 1x Complete Protease Inhibitor Mixture
from Roche). The lysate was filtered through two layers of miracloth paper
(Calbiochem) to remove insoluble plant debris, followed by centrifugation at
15,000 x g for 20 min at 4 °C. The nonnuclear soluble protein fraction was
incubated at 4 °C in extraction buffer or buffer supplemented with 25 mM
CaCl, or 25 mM EGTA for 1 h. Then it was centrifuged at 100,000 x g for
45 min to pellet microsomal membranes and to obtain the cytosolic soluble
fraction. HA-tagged protein was detected by immunoblot analysis using
anti-HA-peroxidase (Roche). Antibody was used to a 1:10,000 dilution. De-
tection was performed using the ECL advance Western blotting chem-
iluminiscent detection kit (GE Healthcare). Image capture was done using
the image analyzer LAS3000, and quantification of the protein signal was
done using Image Guache V4.0 software.

Transient Protein Expression in Nicotiana Benthamiana and BiFC Assays. To
investigate the interaction of either CAR1 or CAR1-DADA and PYR1, we used the
PSPYNE-355 and pYFP“43 vectors, respectively, as described in ref. 31. The dif-
ferent constructs were introduced into A. tumefaciens C58C1 (pGV2260) (63) by
electroporation, and transformed cells were selected in LB plates supplemented
with kanamycin (50 mg/L). Then, they were grown in liquid LB medium to late
exponential phase, and cells were harvested by centrifugation and resuspended
in 10 mM morpholinoethanesulphonic (Mes) acid-KOH pH 5.6 containing
10 mM MgCl2 and 150 mM acetosyringone to an OD at 600 nm of 1. These cells
were mixed with an equal volume of Agrobacterium C58C1 (pCH32 35S:p19)
expressing the silencing suppressor p19 of tomato bushy stunt virus so that the
final density of Agrobacterium solution was about 1. Bacteria were incubated
for 3 h at room temperature and then injected into young fully expanded
leaves of 4-wk-old N. benthamiana plants. Leaves were examined 48-72 h after
infiltration using confocal laser scanning microscopy.
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