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Abscisic acid (ABA) is an essential hormone that controls plant
growth, development, and responses to abiotic stresses. Central
for ABA signaling is the ABA-mediated autoactivation of three
monomeric Snf1-related kinases (SnRK2.2, -2.3, and -2.6). In the
absence of ABA, SnRK2s are kept in an inactive state by forming
physical complexes with type 2C protein phosphatases (PP2Cs).
Upon relief of this inhibition, SnRK2 kinases can autoactivate
through unknown mechanisms. Here, we report the crystal struc-
tures of full-length Arabidopsis thaliana SnRK2.3 and SnRK2.6 at
1.9- and 2.3-A resolution, respectively. The structures, in combina-
tion with biochemical studies, reveal a two-step mechanism of
intramolecular kinase activation that resembles the intermolecular
activation of cyclin-dependent kinases. First, release of inhibition
by PP2C allows the SnRK2s to become partially active because of
an intramolecular stabilization of the catalytic domain by a con-
served helix in the kinase regulatory domain. This stabilization
enables SNRK2s to gain full activity by activation loop autophos-
phorylation. Autophosphorylation is more efficient in SnRK2.6,
which has higher stability than SnRK2.3 and has well-structured
activation loop phosphate acceptor sites that are positioned next
to the catalytic site. Together, these data provide a structural
framework that links ABA-mediated release of PP2C inhibition to
activation of SnRK2 kinases.

bscisic acid (ABA) is a key hormone that plants use to reg-
ulate many important physiological processes, including seed
germination and bud dormancy. ABA is also the central regulator
to protect plants against abiotic stresses such as drought, cold, and
salinity, which are the principal causes for crop losses worldwide
(1). At the center of the ABA signaling network are the three
Snfl-related kinases, SnRK2.2, -2.3, and -2.6 (2, 3), the kinase
domains of which have high sequence homology to mammalian
AMP-activated kinase (AMPK) and its yeast homolog Snfl (S7
Appendix, Fig. S14). SnRK2.6/OST1 (open stomata 1) is critically
important for the ABA-induced closure of stomata in response to
drought. SnRK2.2 and SnRK2.3, which are functionally re-
dundant and share almost identical sequences, are predominantly
responsible to transduce the ABA response to the inhibition of
seed germination and seedling growth. snrk2.2/2.3/2.6 triple
mutants are severely compromised in all known ABA responses,
implying their collectively essential role in ABA signaling (4). In
addition to the conserved kinase domain, SnRK2 kinases contain
a C-terminal regulatory region that encompasses two conserved
motifs: () the SnRK2 box, which is required for kinase activity by
an unknown mechanism; and (i) the highly acidic ABA box,
which is important to mediate SnRK2 interactions with type 2C
protein phosphatases (PP2Cs) (SI Appendix, Fig. S14) (5, 6).
The ABA signal is transmitted through a conserved core
pathway that culminates in activation of SnRK2 kinases through
inhibition of PP2Cs by ABA-bound receptors (SI Appendix, Fig.
S1B) (7, 8). In the absence of ABA, the SnRK2 kinases are
inactivated by clade A PP2Cs, including Homology to ABI1/ABI2
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(HABI) (3, 9-11), which physically interact with SnRK2 kinases
and dephosphorylate a critical serine residue in the kinase acti-
vation loop (5, 6, 12). The presence of the ABA signal is perceived
by the PYR/PYL/RCAR family of START domain receptors (10,
11). Upon ABA binding, these receptors undergo a conforma-
tional change that allows them to bind to the catalytic site of
PP2Cs and inhibit their enzymatic activity (9, 13-16). In turn,
ABA-induced inhibition of PP2Cs leads to autoactivation of
SnRK?2 kinases by activation loop autophosphorylation, which
allows the SnRK2s to relay the ABA signal into several distinct
pathways, leading to transcriptional activation, ion channel regu-
lation, and generation of second messengers (SI Appendix, Fig.
S1B) (7, 8). Recent structural studies have unraveled detailed
molecular mechanisms of agonism and antagonism of ABA
receptors, as well as receptor-mediated inhibition of PP2Cs (9, 13—
19), but the mechanisms of SnRK2 autoactivation remain unclear.

Results

SnRK2 Kinases Have Basal, Phosphorylation-Independent Activity
That Is Greatly Increased by Activation Loop Phosphorylation. To
characterize biochemical functions of SnRK2 kinases, we puri-
fied full-length SnRK2.2, -2.3, and -2.6 as recombinant proteins
and determined their phosphorylation status by mass spectrom-
etry. In agreement with a previous study on recombinant
SnRK2.6 (5), we found clear evidence for phosphorylation of
Ser7, Ser29, Serl75, and Thr176 (SI Appendix, Fig. S24). Mu-
tational studies have indicated that phosphorylation of Ser175 in
the SnRK2.6 activation loop (5, 6, 12), but not of Ser7, Ser29, or
Thr176 (5), is required for full activity of recombinant SnRK2.6.
In SnRK2.2 and -2.3, the residues corresponding to Ser29 were
phosphorylated as well, whereas phosphorylation of the residues
corresponding to the critical Ser175 in SnRK2.2 (Ser177) and
SnRK2.3 (Ser176) was below the limit of detection in the ab-
sence of ATP incubation (SI Appendix, Figs. S24 and S3) and
low in the presence of ATP incubation (SI Appendix, Fig. S2B).
Consistent with these data, the level of SnRK2.6 autophos-
phorylation upon incubation with ATP is higher by a factor of
~5-10 than that of SnRK2.2 and 2.3 as determined by [**P]-
YATP labeled proteins in SDS gels even though the activation
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Fig. 1. Biochemical analysis of SNnRK2 kinases. (A) Time course of SnRK2 auto- and transphosphorylation. Recombinant SnRK2.2, -2.3, and -2.6 were incubated
with a fragment of the transcription factor ABF2 (GST-ABF2[73-120]) and with [32P]—yATP for the indicated length of time. Reactions were terminated by
boiling in SDS sample buffer, separated by SDS/PAGE, and subjected to autoradiography. Numbers below autoradiogram: densitometry of autophosphor-
ylation (top) and GST-ABF2(73-120) (bottom) phosphorylation bands. M, marker. (B) SnRK2 phosphorylation mutants retain basal kinase activity. To ac-
commodate for the high activity of WT SnRK2.6, 0.4 uM WT SnRK2s and 2 pM, each, of SnRK2.2 S177A, 2.3 S176A, and 2.6 S175A mutated (mt) kinases were
incubated with GST-ABF2(73-120) and [3?P]-yATP for 30 min. *Reactions were separated by SDS/PAGE and subjected to autoradiography. Numbers below
autoradiogram: densitometry of autophosphorylation (top) and GST-ABF2(73-120) (bottom) phosphorylation bands normalized for the amount of SnRK2. (C)
Kinetic analyses of autophosphorylated SnRK2.6 (pSnRK2.6) and SnRK2.6 phosphorylation mutant (5175A). pSnRK2.6 was preincubated for 1 h with 1 mM

ATP before dilution and incubation with ABF2 substrate.

loops are identical between SnRK2.3 and 2.6 (Fig. 14, top band).
We conclude that all three ABA-signaling SnRK2s can auto-
phosphorylate the central serine residue in the activation loop
but that the efficiency of activation loop autophosphorylation
varies greatly between SnRK2.6 and SnRK2.2/2.3.

Both SnRK2.2 and -2.3 can phosphorylate a fragment from
the transcription factor ABA response element-binding factor
(ABF)2 (2, 3), which is a natural substrate of SnRK2 kinases (20,
21), with an activity that is reduced by a factor of 5-10 relative to
SnRK2.6 (compare the 10 min data of SnRK2.2 and 2.3 with the
1 min data of SnRK2.6 in Fig. 14), suggesting that autophos-
phorylation is important for kinase activity. To corroborate this
finding, we purified recombinant mutants of the three SnRK2
kinases in which the critical serine residue in the activation loop
is replaced by alanine. As shown in Fig. 1B, the level of auto-
phosphorylation of SnRK2.2/2.3 and SnRK2.6 is decreased by
factors of 3—4 and ~40, respectively, after normalization for the
amount of proteins (Fig. 1B, bottom). The activity to phos-
phorylate ABF2 by the mutated kinases is also correspondingly
decreased, particularly for SnRK2.6 S175A, which retains only
~2% of WT kinase activity. We also analyzed the kinetic effects
of activation loop phosphorylation by determining K;,, and k.,
for both autophosphorylated SnRK2.6 (pSnRK2.6) and
SnRK2.6 S175A. As shown in Fig. 1C, autophosphorylation in-
creased the catalytic activity of SnRK2.6 by a factor of >10 (kc./
K., = 11.3), further supporting the critical role of this serine
residue for autophosphorylation and kinase activation. In con-
trast to the nonphosphorylatable activation-loop serine mutants,
SnRK2s are completely inactive in the presence of high con-
centrations of the PP2C HABI1 (SI Appendix, Fig. S2C and Ref.
22). Taken together, all three kinases have a similarly high level
of phosphorylation-independent basal activity. In contrast, the
level of autophosphorylation differs between the kinases and
correlates with full kinase activity.

Activation Loop Autophosphorylation Is Likely to Occur Both Inter-
and Intramolecularly. Activation loop autophosphorylation is
a widespread mechanism for kinase activation and can occur
either intermolecularly (in trans) or intramolecularly (in cis) (23).
To determine the mode of SnRK2 autophosphorylation, we
generated six different catalytically inactive SnRK2.6 mutants.
These mutants are unable to cis- (and trans-) autophosphorylate
(SI Appendix, Fig. S4), yet their WT activation loops are expec-
ted to still be capable of being frans-phosphorylated. We

21260 | www.pnas.org/cgi/doi/10.1073/pnas.1118651109

expressed and purified WT and SnRK2.6 mutants with two dif-
ferent tags to allow us to distinguish the two proteins by size.
When both proteins were mixed and incubated with [**P]-yATP,
both WT and mutant SnRK2.6 proteins were phosphorylated (S
Appendix, Fig. S4B). This clearly demonstrates that SnRK2s can
autophosphorylate in trans. Because the activation loops are
identical between WT and mutant SnRK2s, we expected at least
some mutant SnRK2s to become frans-phosphorylated with
similar efficiency as WT SnRK2.6. However, the six mutant
proteins with single amino acid replacements of key residues in
the Mg?*-binding loop (D160R, F161A, and G162A), the ATP-
binding loop (G33R), or the catalytic loop (D140A and K142A)
were all to the same degree (by a factor of 1.6-2.2) less efficiently
phosphorylated than the WT proteins, suggesting that auto-
phosphorylation may occur both in trans and in cis (SI Appendix,
Fig. S4B). As has been demonstrated for p21-activated protein
kinase (PAK)2 kinase (24), autophosphorylation may be initi-
ated in cis and then propagated in trans.

Crystal Structures of SnRK2.3 and SnRK2.6 Reveal Canonical Kinase
Folds. To determine the mechanism of autophosphorylation and
high basal activity of SnRK2 kinases, we solved the crystal
structures of SnRK2.3 by molecular replacement with the kinase
domain of human AMPK a2 (25) (2H6D) as an initial model and
the structure of SnRK2.6 using the SnRK2.3 structure as model.
In addition, we analyzed their dynamic properties by hydrogen/
deuterium exchange (HDX), followed by mass spectrometry,
which has become a powerful technique to determine stability
and flexibility of proteins and protein—protein interactions (26).
WT SnRK2.6 did not crystallize under any condition tested,
whereas SnRK2.3 yielded crystals under a single condition that
diffracted poorly even after extensive optimization. Introduction
of localized surface entropy-reduction mutations (27, 28) al-
lowed us to crystallize and solve the structure of SnRK2.6 D59A/
E60A at a resolution of 2.3 A and of SnRK2.3 D57A/K58A at 1.9
A (statistics of structure refinement shown in SI Appendix, Table
S2). The above crystallization mutations lie at the crystal packing
interface and do not affect SnRK2 kinase activity or its binding
and inhibition by HAB1 (SI Appendix, Fig. S5). In the crystal
structures, the nonphosphorylated SnRK2.3 and -2.6 adopted
canonical bilobal kinase folds very similar to those of AMPK and
the yeast AMPK homolog Snf1 (25, 29, 30). A standout feature is
the well-ordered SnRK2 box, which forms a single a-helix and is
packed parallel against the aC-helix in the N-terminal lobe (Fig.
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Fig. 2. SnRK2.3 and 2.6 structures. Structure overview of SnRK2.3 and 2.6 monomer A (for monomer B see S/ Appendix, Fig. S6). (A) The SnRK2 boxes are
highlighted in cyan, and the activation loop segment is highlighted in blue. Parts that are not resolved in the structures are the C-terminal 44 residues
harboring the ABA box and the segments indicated by dotted lines. (B) Overlay of the SnRK2.3 (red) and 2.6 (green) structures, indicating that SnRK2.3 and
SnRK2.6 adopt closed and open conformations, respectively. (C) Overlays of SnRK2.3 (red) with the active Snf1 kinase domain (light blue) (PDB code 3DAE)
and of SnRK2.6 (green) with the kinase domain of Snf1 in the inactive, open conformation (brown) (PDB code 2FH9). The SnRK2 boxes were omitted from the

overlay for clarity.

2A). Not visible in the SnRK2.3 structure were the N-terminal 10
aa, the activation loop, a 4-aa segment between the oF- and oG-
helices, the linkers to both sides of the SnRK2 box, and the
entire ABA box. SnRK2.6 appears to be more stable and con-
tains more structural elements, including parts of the activation
loop and the linker between the kinase domain and the SnRK2
box (Fig. 24 and SI Appendix, Fig. S6). In perfect agreement with
the HDX data, the structured and unstructured regions in the
crystal structures match well with the conformational flexibility
map of SnRK2.6 kinase generated by HDX analysis (SI Appen-
dix, Fig. S7).

Catalytic Centers of SnRK2.3 and -2.6 Show Characteristics of Active
and Inactive Kinases. At the junction of the larger C-terminal lobe
and the smaller N-terminal lobe resides the catalytic cleft, which
contains the binding sites for substrate and ATP. The two lobes
are connected by a flexible hinge that allows kinase domains to
adopt two alternative ensembles of conformations: open con-
formations that are indicative for inactive kinases and closed

A SnRK2.3

conformations that are adopted by active kinases (29, 31, 32).
Many kinases, including AMPK, require activation loop phos-
phorylation for the conformational switch from inactive to active
conformation. The kinase domain of SnRK2.6 adopted an open
conformation that resembles that of unphosphorylated, inactive
Snfl (30). In contrast, SnRK2.3 adopted a closed conformation
very similar to that found in phosphorylated, active Snfl (29) (Fig.
2 B and C) and showed other hallmarks of active or partially
active kinases (see below). Crystal structures of kinase domains
typically provide snapshots within the ensemble of the different
conformations that may be adopted in physiological settings (32).
Because both SnRK2.3 and -2.6 share a similar level of basal
activity, it is reasonable to assume that both kinases can adopt
partially active conformations in their nonphosphorylated state.

Although cleft opening and closing can also be affected by
crystal packing, other important features of active kinase struc-
tures include the presence of a helix aC-orchestrated network of
interactions that stabilize the binding of ATP and Mg>* in the
catalytic cleft, as well as the conformation of a phosphate-

B SnRK2.6

Fig. 3. Close view of the intramolecular interaction network in the SnRK2.3 and SnRK2.6 (monomer A) active sites. (A) SNRK2.3 adopts a partially active
conformation. To illustrate active kinase features in the absence of any ATP-bound SnRK2 structure, we schematically indicated the highly conserved po-
sition of ATP with its a-, f-, and y-phosphates (P, P, Py), of the Mg?*-ions (gray spheres), and the phosphate-acceptor serine based on Kornev et al. (31). The
Mg?*-binding DFG motif is stabilized by a hydrophobic interaction between aC and the DFG phenylalanine. ATP is positioned by three structural elements: (i)
the ATP-binding loop (G-loop); (ii) the Mg?*-ions complexed by the DFG aspartate; and (jii) by the a- and p-phosphate-binding K51, which, in turn, requires
orientation by forming a salt bridge with aC E66. Note that the catalytic loop and the Mg?*-binding loop adopt conserved, active positions, whereas aC E66
and K51 are at a suitable distance and on the correct side to form a salt bridge but rotated away from each other. (B) SnRK2.6 adopts an inactive confor-
mation in which the K50-orienting E65, the Mg?*-binding D160, and the catalytic D140 face away from the active center.
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Fig. 4. The intramolecular interaction between the SnRK2 box and SnRK2.3
aC-helices mimics the intermolecular CDK2 oC stabilization by cyclin o5. (A)
Overlay of SnRK2.3 (green) with CDK2 (blue)/cyclin A (brown). Details of the
CDK2 aC-a5 (B) and SnRK2.3 aC-SnRK2 box (C) interactions. Both B and C
show the same perspective from whole molecule structure alignments.

acceptor-binding aspartate in the catalytic loop (31, 33, 34). In
the closed conformation of SnRK2.3, the catalytic loop and the
Mg?*-binding loop adopted the highly conserved conformations
found in active kinases (Fig. 34). The ATP-binding K51 and the
K51-stabilizing residue E66 have their side chains rotated away
from each other, yet sterically unconstrained rotations around
two C—C single bonds are sufficient to correctly align these res-
idues upon ATP/Mg** binding (Fig. 34), suggesting a partially
active state, which presents a structural rationale for the basal
activity of SnRK2s. In contrast, in the open conformational snap-
shot of SnRK2.6, E65 is positioned too far away from the ATP-
binding K50 for a productive interaction and the Mg**-binding
loop is misfolded with the Mg?*-binding D160 facing away from
the ATP-binding site (Fig. 3B and SI Appendix, Fig. S6B). Taken
together, our crystal structures illustrate that unphosphorylated
SnRK2s can adopt conformational characteristics of both in-
active and active kinases in agreement with the basal activities
that we observed in our functional assays (Fig. 1). Full activation
of SnRK2.3 and -2.6, similar to other Ser/Thr kinases (34), would
require the closed conformation of the aC-helix and phosphor-
ylation of the activation loop to permit full alignment of catalytic
residues in the active conformation.

SnRK2 Box Stabilizes the Regulatory aC-Helix. How do SnRK2s
achieve formation of partially active conformations in the ab-
sence of activation loop phosphorylation? Cleft closing and the
alignment of catalytic residues is often determined by the posi-
tion of the aC-helix, which, in many kinases, is modulated by the
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binding of regulatory proteins to the kinase domain (e.g., 34, 35,
36-41). The SnRK2 box is positioned roughly parallel to the aC-
helix and makes extensive contacts with this helix to stabilize its
conformation (SI Appendix, Fig. S8). This suggests that the
SnRK?2 box—aC interaction is important for kinase activity, which
we tested by introducing mutations into key interaction residues.
Single-point mutations that change interacting residues in the
SnRK?2 box (SnRK2.3 1313A, I309R, Q304A; SnRK2.6 I312A,
I308R) or the aC-helix (SnRK2.3 R71A, 168R, 167R; SnRK2.6
I66R) nearly abolished kinase activity, supporting an essential
role of the SnRK2 box in oC positioning (SI Appendix, Fig. S8,
panels on the right). SnRK2.6 is noticeably less sensitive to
several SnRK2 box mutations than SnRK2.3, consistent with its
higher level of activation loop autophosphorylation, which is
known to help stabilize the active kinase conformation (34).

Outside of the AMPK family, the SnRK2 kinase domain shows
greatest homology with cyclin-dependent kinase (Cdk)2. Apo
Cdk2 is completely inactive and becomes partially active upon
cyclin binding, which rearranges the Cdk2 aC-helix to move to-
ward the catalytic cleft (33, 35). This conformational change
correctly aligns key residues for ATP- and Mg**-binding and
enables activation loop phosphorylation to complete reorgani-
zation of the catalytic cleft to gain full activity (33, 35). As shown in
Fig. 4, the intramolecular SnRK2 box—aC interaction structurally
mimics the intermolecular stabilization of the Cdk2 aC helix by
the cyclin a5-helix. As in the case of Cdk2/cyclin A (33, 35), the
SnRK2 box—aC interaction is required for basal activity, because
mutations designed to disrupt this interaction inactivate the ki-
nase (Fig. 4). Therefore, the essential function of the SnRK2 box
(5) appears to be the stabilization of aC, which is required for
correct folding of the catalytic center and kinase activation, in
a way that functionally resembles cyclins.

Although the SnRK?2 box lacks sequence homology with cyclin
a5, it shows clear homology with the a2-helix of the three-helical
autoinhibitory domain (AID) of AMPK and the closely related
ubiquitin-associated (UBA) domain of AMPK-related kinases
(36) (SI Appendix, Fig. S1). Despite their sequence similarity,
these domains differ in both their binding modes and regulatory
functions. As shown in SI Appendix, Fig. S9, the AMPK AID
packs against the backside of the catalytic cleft to keep the cleft
in a wide open, inactive conformation (29). In contrast, the
MARK UBA domain binds to the N-terminal lobe and was
speculated to stabilize both inactive and active conformations

C

AMP-PNP (Pim1)
AMP-PNP (Pim1) ATP-bind.
loop

catalytic D+K

Pim1/SnRK2.3

Fig. 5. SnRK2.6 is more stable than SnRK2.3 and has its phosphate-acceptor residues positioned at the catalytic site. (A) Melting curves of SnRK2.2, 2.3 and
2.6 with calculated Ty values. As reference, the melting curve of lysozyme is shown as well. (B) Overlay of the catalytic centers of SnRK2.6 (green) and Pim-1
(red), bound to a substrate peptide and the nonhydrolyzable ATP analog AMP-PNP (PDB code 2BZK). Shown as stick models are the phosphate-acceptor
residues S175 and T176 (SnRK2.6 monomer B) and S7 (Pim-1 substrate peptide), AMP-PNP, and the catalytic aspartate and arginine residues from both kinases.
Note that the Pim-1 ATP-binding loop is not completely resolved. (C) Overlay of SnRK2.3 (blue) and Pim-1, using the same orientation and crop as in (B).
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(36), which would resemble the aC stabilization by the SnRK2
box seen in the SnRK2.3 and -2.6 structures.

SnRK2.6 Activation Loop Phosphate-Acceptor Residues Are in Close
Proximity to the Catalytic Center. In the SnRK2.6 structure, part
of the activation loop, including the autophosphorylated resi-
dues S175 and T176, were visible (SI Appendix, Fig. S64). In
contrast, they were not visible in the SnRK2.3 structure.
Thermoshift assays also revealed that SnRK2.6 is a much more
stable protein than SnRK2.2 and 2.3 (Fig. 54). Together, these
results suggest that the activation loop of SnRK2.6 is more
stable than that of SnRK2.3 and -2.2, a possible explanation for
the much higher level of autophosphorylation in SnRK2.6 (Fig.
1). To gain further insight into the mechanism of autophos-
phorylation, we overlaid the SnRK2.6 catalytic cleft with the
structure of Pim-1, which, like the SnRK2s, is a member of the
calmodulin-dependent protein kinase-related (CAMK) kinase
family. The Pim-1 structure is in active conformation with
a bound substrate peptide and the ATP analog AMP-PNP (42).
As shown in Fig. 5B, SnRK2.6 S175 and T176 assume positions
very close to that of the phosphorylated serine (S7) in the Pim-1
substrate peptide. Whereas the position of AMP-PNP clashes
with the position of the flexible SnRK2.6 ATP-binding loop in
the open conformation (Fig. 5B), there are no clashes in the
closed conformation seen in the SnRK2.3 structure (Fig. 5C).
Equilibrium between these conformations is, therefore, likely
to rearrange this loop to allow ATP-binding and activation loop
autophosphorylation of SnRK2.6. The correct positions of
SnRK2.6 S175 and T176 toward the catalytic center thus pro-
vide a basis for the efficient autophosphorylation of SnRK2.6,
which would then lead to its full activation, as we observed in
solution (Fig. 1).

Discussion

Autoactivation of the SnRK2 kinases, triggered by receptor-me-
diated inhibition of PP2C, is at the center of the ABA signaling
network. The structures and biochemical studies presented here
help to establish a mechanism for autoactivation of SnRK2
kinases and to complete a structural framework for understanding
how ABA signaling is transmitted from hormone perception by
the PYR/PYL receptors to inhibition of PP2Cs and to autoacti-
vation of the downstream effectors: SnRK2 kinases.

After completion of this work, Yunta et al. reported the crystal
structures of two catalytically inactive mutants (D160A and
D160A/S175A) of SnRK2.6 (43). Despite the mutations and dif-
ferent space groups, these structures were, as expected, in similar
open, inactive conformations as the SnRK2.6 structure reported
here (SI Appendix, Fig. S6B; relative to molecule A in the asym-
metric unit, the root mean square deviation for molecule B is 0.817
A, for the two molecule of the D160A mutant 0.87 and 0.76 A, and
for the two molecules of the D160A/S175A mutant 0.86 and
0.79 A). In contrast, both SnRK2.3 and -2.6 used in our crystalli-
zation studies are fully active kinases, and our structures illustrate
that the kinases can adopt either close or open conformations.

The extensive structural and biochemical data presented here
illustrate a two-step activation mechanism of SnRK2 kinases.
The first step is the ABA-mediated conversion of SnRK2 kinase
from a PP2C-inhibited state to a partially active state, which is
then further converted into a fully active state by activation loop
phosphorylation. In both SnRK2.3 and -2.6 structures, the con-
served SnRK2 box adopts a helical structure that forms extensive
interactions with aC, which we showed is important for kinase
activity. This intramolecular stabilization of aC is both struc-
turally and functionally analogous to the intermolecular «C in-

1. Tuteja N (2007) Abscisic Acid and abiotic stress signaling. Plant Signal Behav 2:135-138.
2. Fujii H, et al. (2009) In vitro reconstitution of an abscisic acid signalling pathway.
Nature 462:660-664.
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teraction seen in cyclin-dependent kinases, which are related to
the AMPK family of kinases. However, another variation of aC
displacement occurs in the tyrosine kinase Src, where an intra-
molecular interaction stabilizes an inactive aC conformation and
disruption of that interaction allows aC to adopt a position very
similar to that of SnRK2.3 and cyclin-bound Cdk2 (41). Full
activation of the kinases requires phosphorylation of the acti-
vation loop, which SnRK2.6 can efficiently achieve on its own.
We suggest that this is attributable to the higher stability of
SnRK2.6 and the well-structured S175 and T176 residues from
the activation loop, which are in close proximity to the active
site. Autophosphorylation of recombinant SnRK2.2 and -2.3,
which are less stable, is ~5-10 times less efficient than for
SnRK2.6, suggesting that these kinases may also be phosphory-
lated by as yet unknown upstream kinases, as has been suggested
for several members of the SnRK2 family (6, 44). The mechanism
of SnRK2 kinase activation by the SnRK2 box and phosphory-
lation of the activation loop resemble that of AMP-activated ki-
nase and cyclin-dependent kinase, thus further unifying the
conserved mechanism of kinase activation despite their diverse
cellular functions.

Materials and Methods

Protein Preparation. WT and mutant SnRK2s were expressed in Escherichia
coli BL21 (DE3) as H6Sumo fusion proteins and purified following the same
general method as described previously for the purification of PYL1 (13). For
more details, see S/ Appendix, SI Materials and Methods.

Crystallization. SnRK2.3 D57A/K58A crystals were grown at room temperature
in hanging drops containing 1 pL of the purified protein at a concentration of
15.9 mg mL~" and 1 pL of well solution containing 0.2 M ammonium sulfate,
0.1 M sodium cacodylate trihydrate (pH 6.5), 25% PEG 8000, and 0.01M Hex-
amine cobalt (lll) chloride. Crystals of ~50-90 pm in length appeared within
2-3 d. Crystals were serially transferred to well buffer with increasing glycerol
concentration [10% (vol/vol) final] before flash-freezing in liquid nitrogen.

SnRK2.6 D59A/E60A crystals were grown at room temperature in sitting
drops containing 0.2 pL of the purified protein at a concentration of 6.75 mg
mL™" and 0.2 pL of well solution containing 5% Tacsimate (Hampton Re-
search) (pH 7.0) and 27% PEG 3350. Crystals appeared within 1-2 d and grew
to a dimension of ~50 um in length over a period of 10 d. Crystals were
soaked in well solution with a final concentration of 40% PEG 3350 before
flash-freezing in liquid nitrogen.

Data Collection and Structure Determination. All diffraction datasets were
collected at 100 K using an X-ray beam at 0.97872 A wavelength with
Rayomics300 or Rayomics225 (Rayonix, Inc) CCD detectors at the ID-D and ID-
F beam lines of sector 21 [Life Sciences Collaborative Access Team (LS-CAT)]
at the Advanced Photon Source at Argonne National Laboratory. The ob-
served reflections were reduced, merged, and scaled with DENZO and
SCALEPACK in the HKL2000 package (45). The structure of SnRK2.3 was
solved by molecular replacement using the kinase domain of human AMPK
a2 (PDB code 2H6D, with loop regions deleted) as a search model. The
SnRK2.6 structure was solved by molecular replacement using SnRK2.3 as
a search model. Molecular replacement was performed by using the Col-
laborative Computational Project 4 (CCP4) program Phaser (46). Programs O
and Coot were used to manually fit the protein models (47, 48). Model re-
finement was performed with CNS and the CCP4 program Refmac5 (49, 50).
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