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Abstract
SnRK [SNF1 (sucrose non-fermenting-1)-related protein kinase] 2.6 [open stomata 1 (OST1)] is
well characterized at molecular and physiological levels to control stomata closure in response to
water-deficit stress. OST1 is a member of a family of 10 protein kinases from Arabidopsis thaliana
(SnRK2) that integrates abscisic acid (ABA)-dependent and ABA-independent signals to
coordinate the cell response to osmotic stress. A subgroup of protein phosphatases type 2C binds
OST1 and keeps the kinase dephosphorylated and inactive. Activation of OST1 relies on the
ABA-dependent inhibition of the protein phosphatases type 2C and the subsequent selfphosphorylation of the kinase. The OST1 ABA-independent activation depends on a short
sequence motif that is conserved among all the members of the SnRK2 family. However, little is
known about the molecular mechanism underlying this regulation. The crystallographic structure
of OST1 shows that ABA-independent regulation motif stabilizes the conformation of the kinase
catalytically essential α C helix, and it provides the basis of the ABA-independent regulation
mechanism for the SnRK2 family of protein kinases.
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Introduction
The identification of the mechanism underlying the plant cell response to osmotic stress is
central to produce improved crops able to survive under stress conditions. Protein kinases in
the SnRK [SNF1 (sucrose non-fermenting-1)-related protein kinase] 2 family are activated
by osmotic stress.1 They are involved in the regulation of signaling pathways that lead to the
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activation of protective processes such as the stimulation of stomata closure or the
accumulation of osmolytes to maintain cell turgor and cell membrane integrity. This
response triggers the production of second messengers, the regulation of ion channels and
some changes in gene expression.2–4 The identification and characterization of all molecular
species involved in such processes are crucial to understand and, ultimately, to control the
cellular response to stress.
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One important response to osmotic stress is the accumulation of the phytohormone abscisic
acid (ABA), which plays critical roles in plant adaptation to stress, as well as other essential
physiology-related processes such as growth and development.5–9 Some of the SnRK2
family members are also activated by the increase in the ABA intracellular concentration;
hence, this protein family has been proposed as key component that merges the ABAdependent and ABA-independent pathways for osmotic stress responses. Biochemical,
cellular and structural studies have shown that the ABA signaling pathway relies on three
protein classes: the pyrabactin resistance (PYR)/RCAR (regulatory component of ABA
receptor) family of ABA receptors, a group of type 2C protein phosphatases (PP2Cs) and a
subgroup of SnRK2s (SnRK2.2, SnRK2.3 and SnRK2.6 in Arabidopsis thaliana).10–12 In
this model, protein–protein interactions, among the members of a signal–receptor complex,
control the phosphorylation state of SnRK2 and are fundamental for the regulation of the
system. SnRK2 is constitutively active in its phosphorylated state.13 However, under nonstress conditions, SnRK2 kinases are kept inactive by the PP2Cs through physical
interaction and dephosphorylation.14,15 According to this model, during stress, the PYR
receptor binds ABA. This complex interacts with PP2C proteins, abolishing phosphatase
activity and allowing autophosphorylation and activation of the kinase. Subsequently,
SnRK2 kinase phosphorylates the target proteins, triggering the cellular response. Hence, a
balance between the activities of negative (PP2C) and positive (SnRK2) regulators finetunes the cell’s response in an ABA-dependent manner.
Structural studies have shown that ABA sensing involves a molecular rearrangement of the
PYR receptor that creates a site for interaction with the PP2C protein and, thereby, blocks
the PP2C active site.16,17 Biochemical studies show that the other known component of the
signaling pathway, SnRK2, has a molecular architecture that includes the catalytic domain
plus a C-terminal regulatory domain. The regulatory domain can be divided functionally into
domains I and II (DI and DII). DI is highly conserved among the members of the SnRK2
family; it is essential for kinase activity and is responsible for ABA-independent activation
in response to osmotic stress.18–20 On the other hand, DII classifies the family into two
groups of kinases according to their ability to be activated in an ABA-dependent manner.
DII includes the minimum interaction region for recognition of the PP2C phosphatases.
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Open stomata 1 (OST1; also called SnRK2E or SnRK2.6) is well characterized as a key
component to control the stomatal response to ABA in A. thaliana.21,20 OST1 works
together with SnRK2.2 and SnRK2.3 to form a major hub in the ABA signaling network.
OST1 physically interacts with PP2C family members HAB1, ABI1, ABI2 and PP2CA.14,15
It has been shown that these PP2Cs inactivate OST1 by dephosphorylation of Ser175 residue
at the activation loop of the kinase. However, it is known that a truncated version of OST1,
lacking the PP2C binding domain DII, can be also activated under low humidity stress.19
This suggests the existence of an additional regulatory mechanism other than the ABAdependent inactivation of the PP2C. Active OST1 targets the slow anion channel-associated
115 and the potassium channel in A. thaliana KAT1.22 It also phosphorylates the
transcription factors involved in transcriptional responses associated with ABA, such as
ABF2/AREB1.13
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Despite all the known information about SnRK2 kinases, little is known about the molecular
basis of the ABA-independent regulation at present. To understand this issue and the
molecular architecture of the SnRK2, we have determined the X-ray crystallographic
structure of the OST1 kinase. The model includes the catalytic domain and the ABAindependent regulatory domain DI. The latter forms an α-helix that binds to a hydrophobic
patch of the catalytic domain and stabilizes the catalytically essential α C helix
conformation. The structure provides the molecular basis of the ABA-independent activation
of SnRK2 family of kinases.

Results and Discussion
Overall structure of OST1
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The crystal structures of two catalytically inactive OST1 mutants were solved by single
anomalous diffraction (SAD) phasing: D160A at 2.5 Å resolution, which prevents Mg2+
binding, and the double mutant D160A/S175D at 2.8 Å resolution, which mimics a
phosphorylated protein (Fig. 1a) (see Table 1 and Materials and Methods). Both structures
are nearly identical [Cα backbone root-mean-square deviation (RMSD) of 0.3 Å]; hence,
unless otherwise stated, all the results presented herein will refer to the OST1 D160A
mutant. In both cases, the crystallographic analysis revealed two OST1 molecules in the
asymmetric unit. However, analytical ultracentrifugation experiments, as well as gelfiltration chromatography, suggest that OST1 is monomeric at 25 μM concentration; hence,
it seems that the crystal packing interactions between independent molecules are not
physiologically relevant (Supplementary Fig. 1).
The crystallographic model comprises residues from 12 to 319; thus, it includes the catalytic
domain plus a single α-helix that constitutes the ABA-independent regulatory DI
(Supplementary Fig. 2). We have not been able to see any of those amino acids that
comprise the ABA-dependent regulatory DII. Mass spectrometry analysis of protein sample
obtained from the crystals shows two species of 33,586 Da and 37,529 Da. The larger one is
consistent with the molecular weight of a fragment slightly longer than the crystallographic
model. This means that DII residues are cleaved since we overexpressed the intact kinase.

NIH-PA Author Manuscript

Overall, the structure of catalytic OST1 displays the canonical Ser/Thr protein kinase fold,
similar to other SNF1 kinase domains [Protein Data Bank (PDB) IDs: 3DAE and 3FAM,
with RMSD less than 2 Å; Dali server].23 In summary, the protein folds into two separate
subdomains. The N-terminal domain consists of a five-stranded β-sheet plus an α-helix
called helix α C. The C-terminal domain is larger and mainly helical. All the residues
involved in catalysis, the ATP and metal binding sites and the substrate binding pocket are
placed in between these domains.
The OST1 D160A and D160A/S175D display an open inactive conformation
SNF1 kinase activation implies a conformational rearrangement of the relative position of
the N-lobe with respect to the C-lobe, which yields a transition from an “open” inactive state
to a “closed” active state (Supplementary Fig. 3).24,25 This movement is maximal at helix α
C and implies the productive interaction of the conserved lysine in the N-lobe, a glutamic
residue at α C helix and the catalytic aspartic residue from the DFG motif (K50, E65 and
D160 in OST1). In addition, the activation requires the stabilization of ATP by a conserved
loop connecting the first two β-strands at the N-lobe (G-loop) and the phosphorylation of
some residues at the activation loop, which adopts an extended conformation compatible
with substrate binding.

In vitro kinase assay of a recombinant protein (Fig. 1b) shows that OST1 D160A has no
detectable kinase activity. According to this, the comparison of the OST1 D160A structure
J Mol Biol. Author manuscript; available in PMC 2013 March 11.
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with those structures of an active and a self-inhibited SnRK24 shows that OST1 displays an
inactive conformation (Fig. 1c). First, the F161 side chain from the DFG motif26 lies below
helix α C and stabilizes the N-lobe into an open inactive kinase state. Second, the OST1 Gloop displays an unproductive ATP binding conformation, and third, the unphosphorylated
OST1 activation loop lies between catalytic residues, thus preventing catalysis.
Interestingly, the same open conformation is observed for the pseudophosphorylated OST1
D160A/S175D double mutant. This is in agreement with biochemical data showing that this
mutant does not display catalytic activity and does not complement the srk2e stomatal
phenotype.18 Ng et al. showed that p21-activated kinases require direct interactions between
a basic residue at the N-terminus of the α C and the phosphate moiety of the phosphoserine
residue to promote a network of interactions that bring together N-lobe and C-lobe and
stabilize the proper positioning of the helix α C to bind cofactors and substrate.27 A
topologically equivalent residue is also present in all the SnRK2s. This suggests a similar
activation mechanism for p21-activated kinases and SnRK2s (Supplementary Fig. 4).
The regulation of OST1
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The characterization of the molecular basis underlying the SnRK2 regulation is important
since these kinases are activated in response to osmotic stress. Available data have shown
that the cell response can be divided between ABA-dependent and ABA-independent
pathways. Accordingly, the molecular organization of the C-terminal regulatory domain of
SnRK2s is divided functionally into ABA-independent DI and ABA-dependent DII.
The ABA-dependent regulation of OST1 is well understood at both cellular and molecular
levels. In a non-stressed situation, OST1 is kept inactive by the direct interaction of PP2C
with the DII N-terminal residues (321–331) and by the dephosphorylation of Ser175 at the
activation loop.14 In an osmotic stress situation, an increase in the ABA intracellular
concentration yields to the inactivation of the PP2C phosphatase through its interaction with
the PYR/ RCAR ABA receptor.14,13,28 The steric hindrance between the PP2C–PYR
complex and OST1 necessarily implies the release of the complex from the kinase active
site. In this situation, OST1 becomes active by autophosphorylation. Although we were not
able to obtain structural information about DII, our structural work provides some additional
information to this model. OST1 structure defines the framework for an efficient interaction
with PP2Cs since the C-terminal end of the DI domain and, consequently, the N-terminal
residues of DII point toward the OST1 activation loop at the active site (Supplementary Fig.
5).

NIH-PA Author Manuscript

On the other hand, the molecular basis of the ABA-independent regulation of OST1 is not
clear. Biochemical and cellular studies have shown that OST1 needs to be activated to
trigger cell response to osmotic stress.1,18,19 This implies the stabilization of a “closed”
active conformation and the subsequent phosphorylation of the activation loop despite its
interaction with PP2C. The regulation of many kinases relies on the stabilization of either
the active or the inactive conformation depending on cell requirements. This is achieved by
intermolecular interactions involving other molecules or the oligomerization of the kinase or
by intramolecular interactions involving the regulatory domains of the kinase. The analysis
of the OST1 structure supports that the ABA-independent regulatory mechanism depends on
the interaction of the regulatory DI and the catalytic domain. The structure shows that DI
forms a single α-helix that is packed against the N-lobe (Figs. 1a and 2a). It fills a
hydrophobic pocket formed between the α C helix and the central β-sheet. It is largely
stabilized by hydrophobic interactions between DI and the kinase domain since more than
70% of the buried surface area is formed by nonpolar atoms (494 Å2 out of 694 Å2).29 A
sequence analysis of the SnRK2 family reveals that the residues involved in the stabilization
of the DI domain at the N-lobe (I305, I308, M309, I311, I312 and A315) are highly
J Mol Biol. Author manuscript; available in PMC 2013 March 11.
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conserved (Fig. 2b). This is consistent with a common role of DI on the ABA-independent
regulation for all the SnRK2 family members. The activation by the intramolecular
interaction of an N-terminal or a C-terminal α-helix to a hydrophobic patch in the N-lobe is
a common feature of several kinases.30 These include PKA (protein kinase A)31 and other
AGC (cAMP dependent, cGMP dependent, protein kinase C) protein kinases32 and ERK2
(extracellular signal-regulated kinase 2).33 In these protein families, the regulation
mechanism consists of the binding of a segment of the protein, located immediately after the
C-terminal end of the kinase domain, to a structurally equivalent OST1 hydrophobic pocket
(Fig. 2c). The structural basis of this regulation involves the stabilization of the helix α C to
facilitate its optimal alignment and to promote catalysis. In support to this notion, it has been
shown that the binding of the regulatory segment to the catalytic domain produces an overall
thermal stabilization of the kinase of around 8–10 °C.34,35 To test if OST1 shares similar
regulatory mechanism, we monitored the thermal stability of the pseudophosphorylated
inactive but ATP-bound OST1 S175D and the dead OST1 D160A and OST1 D160A/S175D
by circular dichroism spectroscopy (Materials and Methods; Fig. 3). Although the
measurements in far UV on mutant proteins revealed no significant differences in the
secondary structure composition, our results show an increase of around 6 °C in thermal
stability for the dead mutants with respect to the ATP-bound OST1 S175D. Hence, we
suggest that the ABA-independent regulation mechanism could be associated with a
conformational change and/or the release of DI at the hydrophobic pocket that renders to the
stabilization of the protein. The mechanism is also supported by the fact that a recombinant
truncated OST1 protein lacking domain DI has no detectable in vivo or in vitro kinase
activity, although it is correctly folded.18,19 The joined analysis of the available biochemical
and structural data suggests that filling the hydrophobic pocket by DI is necessary to activate
the kinase but is not sufficient since, as it is the case of OST1 D160A, phosphorylation of
the kinase is essential to achieve the active conformation.
For some of the ACG kinases, this regulation mechanism is triggered by the phosphorylation
of a conserved Ser or Thr on the regulatory segment.32 In this sense, we tested if the
phosphorylation at DI domain provides a regulation mechanism for OST1. The comparison
of the DI domain amino acid sequence of A. thaliana SnRK2s shows that the OST1 Ser304
is conserved among all the family members (Fig. 2b). To evaluate if the phosphorylation of
this residue had any effect on the OST1 activity, we performed kinase activity assays for the
S304D and S304A mutants. In both cases, the recombinant mutated protein obtained was
active (Supplementary Fig. 6a). Therefore, we conclude that the phosphorylation of OST1
Ser304 is not involved in the kinase regulation mechanism.
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Even though SnRK2 and SnRK3 families of kinases do not function in the same pathway, it
is worth noting that there are some structural similarities between them. As OST1, the
SnRK3 SOS (salt overly sensitive) 2 is regulated by a single helical segment (FISL) located
C-terminal to the kinase domain, which is followed by a PP2C-interacting domain.36–42 It is
also known that the activation of SOS2 and PP2C binding cannot occur simultaneously and
implies the release of the FISL from the kinase domain.43 This is triggered by the direct
integrations of the FISL motif with the calcium binding protein SOS3.36,43 Although it has
been shown that SOS3-like proteins do not interact with SnRK2s,13 it is tempting to
speculate that FISL and DI share the same hydrophobic pocket on their kinase domains and,
consequently, that they also share a similar regulation mechanism (Fig. 4). The identification
of the molecular components responsible of the ABA-independent SnRK2 regulation
remains to be investigated and will be central to produce a complete picture of the osmotic
stress signaling pathway.
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SnRK2.6 gene cloning and site-directed mutagenesis
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The OST1 gene from A. thaliana, encoding OST1 full length, was cloned into a pGEX4T1
(GE Healthcare) expression plasmid, and OST1 D160A mutant was produced as previously
described.44 Other mutants (OST1 S175D, OST1 D160A/S175D double mutant, OST1
S304D and OST1 S304A) were produced using standard site-directed mutagenesis
techniques.45 Primers used in the mutagenesis were as follows: S175D Forward 5′ GCA
ACC AAA AGA CAC TGT TGG AAC TCC 3′, OST1 S175D Reverse 5′ CCA ACA GTG
TCT TTT GGT TGC GAA TG 3′, S304D Forward 5′ CG GGC CAA GAC ATA GAA
GAA ATT ATG CAG ATC ATT GC 3′, S304D Reverse 5′ CAT TTC TTC TAT GTC
TTG GCC CGG TTG ATC C3′, S304A Forward 5′ CG GGC CAA GCC ATA GAA GAA
ATT ATG CAG ATC ATT GC 3′ and S304A Reverse 5′ CAT TTC TTC TAT GGC TTG
GCC CGG TTG ATC C3′.
Protein preparation, crystallization and data collection
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OST1 D160A and OST1 D160A/S175D were obtained from cultures of Escherichia coli
Rosetta (DE3) pLys and purified to homogeneity as described previously.44 To summarize,
we purified the overexpressed glutathione S-transferase (GST)-tagged proteins using
glutathione Sepharose beads (GE Healthcare) according to manufacturer’s instructions and
cleaved them from GST using 7.5 units of thrombin protease (Novagen) per milligram of
GST-tagged protein. A final polishing step was performed using a Superdex 200 16/60
(Amersham Biosciences Limited, UK). OST1 D160A and OST1 D160A/S175D were
concentrated to a final concentration of 12 mg ml−1 in 50 mM Tris–HCl (pH 7.5) and 50
mM NaCl. The final sample purity was examined by SDS-PAGE and mass spectrometry.
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Prior to crystallization, the protein samples were incubated with DTT, MgCl2 and adenylyl
imidodiphosphate to reach the final additive concentration of 1 mM, 2 mM and 2 mM,
respectively. Crystallization experiments were carried out using the hanging-drop vapordiffusion method at 291 K by mixing drops of 2 μl protein solution with 1 μl precipitant
solution. OST1 D160A crystals were grown using 0.1 M Hepes (pH 6.5), 12% polyethylene
glycol 10,000 and 12% ethylene glycol as precipitant. OST1 D160A/ S175D crystals were
grown from a similar crystallization solution buffered at pH 7.0 and containing 14%
polyethylene glycol 10,000. Crystals were mounted in fiber loops, transferred to the
cryoprotectant solution and flash-frozen at 100 K in a nitrogen gas stream. The
cryoprotectant solution resulted from the increase in the ethylene glycol concentration from
12% to 18% on the crystal mother liquor. Some OST1 D160A/S175D crystals were
subjected to a 5- to 10-s flash soak in cryoprotectant solution containing 100 mM gold (I)
potassium cyanide [KAu(CN)2]. Afterwards, the crystals were washed back in the
cryoprotectant solution without the heavy atom for 5 s.
Native OST1 D160A and SAD OST1 D160A/S175D X-ray diffraction data were collected
in a CCD detector using the European Synchrotron Radiation Facility (Grenoble, France)
radiation source at 0.93-Å and 1.04-Å wavelengths at the ID14.1 and ID23.1 beamlines,
respectively. Diffraction data were processed with XDS46 and scaled with SCALA from the
CCP4 package (Collaborative Computational Project, Number 4, 1994). A summary of the
data collection statistics is given in Table 1.
Structure determination
The X-ray structure of OST1 D160A was solved by molecular replacement with the
program MolRep47 using the coordinates from the protein kinase domain of the yeast AMPactivated protein kinase SNF1(PDB ID: 3HYH).48 The model shows a sequence identity of

J Mol Biol. Author manuscript; available in PMC 2013 March 11.

Yunta et al.

Page 7

NIH-PA Author Manuscript

42% with respect to OST1 (BLAST),49 and it yields a conclusive solution that includes two
molecules in the asymmetric unit. However, the calculated electron density map was noisy
and strongly biased. We carried out SAD experiments with crystals soaked in heavy-atom
derivatives [KAu(CN)2] to avoid the model bias. The OST1 D160A/S175D structure was
solved by SAD using the anomalous information corresponding to the gold atoms. The
structure was solved using the MRSAD methods as implemented in Auto-Rickshaw, the
European Molecular Biology Laboratory Hamburg automated crystal structure
determination platform.50 Refinement of the gold substructure and phasing were performed
using SHELX.51 Subsequent solvent flattening was performed with DM,52 yielding an
electron density map good enough to automatically trace an initial model (Buccaneer)53 that
was first refined using PHENIX.54 Several cycles of restrained refinement with
REFMAC555 and PHENIX54 and iterative model building with Coot56 were carried out.
The water structure was also modeled. The refined structure of OST1 D160A/S175D was
used to phase and refine the OST1 D160A structure using similar protocols. Calculations
were performed using CCP4 programs.57 The comparison of the OST1 structure with
respect to the model used for the molecular replacement procedure explains why this method
did not produce the expected results. The structural alignment between them renders to only
206 Cα backbone residues with an RMSD of 1.9 Å. This is due to the different relative
orientation of N-terminal lobes with respect to the C-terminal lobes of the kinases.
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The stereochemistry of the models was verified with PROCHECK.58 Ribbon figures were
produced using PyMOL.59 The accessible surface area calculations were calculated with the
program NACCESS from the LIGPLOT package.29 The refinement statistics are
summarized in Table 1.
Protein preparation for physicochemical characterization in solution (analytical
ultracentrifugation, circular dichroism and mass spectrometry) and for in vitro kinase
phosphorylation assays
OST1 D160A, OST1 S175D, OST1 D160A/S175D, OST1 S304A, OST1 D160A/S304A,
OST1 S304D and OST1 D160A/S304D were obtained from cultures of E. coli Rosetta
(DE3) pLys and purified to homogeneity as described above. The OST1 mutants used to the
phosphorylation in vitro assay were not cleaved from GST; they were used as GST protein
fusion.
Analytical ultracentrifugation: Sedimentation equilibrium
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The experiments were performed in a Beckman Optima XL-A ultracentrifuge using a Ti50
rotor and six-channel centerpieces of Epon charcoal (optical pathlength=12 mm). Samples
of OST1 were equilibrated against 50 mM Tris–HCl (pH 7.5) and 50 mM NaCl buffer and
were centrifuged at 10,000 rpm, 12,000 rpm and 17,000 rpm. Conservation of mass in the
cell was checked in all the experiments. After the equilibrium scans, a high centrifugation
run (45,000 rpm) was performed to estimate the corresponding baseline offsets. Weightaverage buoyant molecular weights were determined by fitting a single species model to the
experimental data using the Hetero-Analysis program.60 The absolute molecular weight of
OST1 was determined using the partial specific volume (0.7258 ml g−1), calculated for the
amino acid composition, and the solvent density (1.0035 mg ml−1) was determined using the
SEDNTERP program.
Circular dichroism spectra
Circular dichroism spectra were recorded in a JASCO J-810 spectropolarimeter. Far-UV
spectra were recorded in a 0.1-cm-pathlength quartz cell at a protein concentration of 0.3 mg
ml−1 (7.3×10−6 M). The observed ellipticities were converted to mean residue ellipticities
[θ] using an average molecular mass per residue of 113.3 Da. Thermal denaturation was
J Mol Biol. Author manuscript; available in PMC 2013 March 11.
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monitored at a wavelength of 220 nm by increasing the temperature from 20 °C to 95 °C at
30 °C h−1 and allowing the temperature to equilibrate for 1 min before recording the spectra.
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Far-UV spectra and the thermal denaturation profiles were recorded for OST1 S175D, OST1
D160A and OST1 D160A/S175D.
Mass spectrometry
OST1 mutants were analyzed by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry on an Ultraflex III mass spectrometer (Bruker Daltonics, Germany).
In vitro kinase phosphorylation assays
Phosphorylation in vitro assay was performed for different OST1 mutants as GST protein
fusion (GST_OST1) by incubation for 30 min at 30 °C of 100 ng GST_OST1, purified as
described above, and 200 ng histone (Sigma H4524) in 30 μl of 20 mM Tris (pH 7.5), 5 mM
MgCl2, 1 mM DTT and 10 mM β-glycerophosphate with 5 μCi of [γ-33P]ATP (3000 Ci
mmol−1). Reaction was stopped by adding 10 μl Laemmli 4× and heating at 95 °C for 3 min.
Proteins were separated by SDS-PAGE using a 10% (w/v) acrylamide gel. Radioactivity
was detected on the dry gels using Biomax Light-1 (Kodak) films.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank Dr. Laura Lagartera for the analytical ultracentrifugation data analysis, Dr. F. J. Quintero for the access to
his laboratory and advice in the kinase activity measurements and Dr. John Klingler for critical reading of the
manuscript. A.A. thanks the European Synchrotron Radiation Facility for the access to the synchrotron radiation
source. This work was funded by the grant BFU2008-00368/BMC, BFU2001-25384 and “Factoría de
Cristalización” Consolider-Ingenio 2010 of the Spanish “Plan Nacional” (Ministerio de Ciencia e Innovación) to
A.A.

Abbreviations used

NIH-PA Author Manuscript

ABA

abscisic acid

PP2C

protein phosphatase type 2C
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SAD

single anomalous diffraction
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Fig. 1.
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The crystal structure of OST1. (a) A ribbon representation of the OST1 D160A structure.
Helix α C is displayed in blue, the G-loop is displayed in orange, the DI domain is displayed
in yellow and the residues of the activation loop (from DFG to APE motives) are displayed
in red. N-term and C-term are labeled. (b) OST1 D160A mutation abolishes recombinant
kinase activity in vitro. The top band corresponds to autophosphorylation, and the bottom
band corresponds to phosphorylation of histone III-S. (c) Structural comparison of the
inactive OST1 and a related active SNF1. Stereo view of the superimposition of the ribbon
diagrams corresponding to the active-site section of the OST1 D160A and the active yeast
SNF1 (PDB ID: 3DAE). OST1 helix α C is displayed in blue, the G-loop is displayed in
orange, the DI domain is displayed in yellow and the residues of the DFG motif are
displayed in red. The active form of yeast SNF1 is displayed in white.
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Fig. 2.

Interactions between DI and the OST1 catalytic kinase domain and related structures. (a) A
section of the OST1 structure showing the residues involved in the relevant interactions
between DI and the kinase domain. A cartoon representation of the kinase N-lobe is
displayed together with a semitransparent surface. Hydrophobic residues of the kinase
domain are highlighted in green. Residues buried in the interaction with the kinase domain
are colored according to their conservation degree among the members of the family [see
(b)]. (b) A comparison of the DI domain amino acids in A. thaliana SnRK2s. The kinases
boxed in yellow or light orange belong to the ABA-dependent or ABA-independent
regulation subgroup, respectively. (c) An equivalent section to the OST1 structure showed in
(a) of the atypical protein kinase C (PDB ID: 1ZRZ) (left) and the ERK2 protein kinase
(PDB ID: 1ERK) (right). Residues buried in the interaction with the kinase domain are
colored orange.
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Fig. 3.

Comparison of the thermal stability profiles monitored by circular dichroism (top) and farUV spectra (bottom) for OST1 S175D, OST1 D160A and OST1 D160A/S175D.
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Fig. 4.
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Comparison of the domain structure of SnRK2s and SnRK3s. Ribbon representations of the
structure of the representative kinase domain plus the regulatory DI (yellow) of SnRK2
(OST1) and the structure of the calcium sensor SOS3 plus the representative regulatory
domain FISL (yellow) and the PP2C binding domain of SnRK3 (SOS2).
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Table 1

Data collection and refinement statistics
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OST1 D160A

OST1 D160A+S175D

P2221

P2221

77.27, 99.19, 107.83

77.57, 99.02, 108.45

Data collection
Space group
Cell dimensions

a, b, c (Å)
α, β, γ (°)

90.0, 90.0, 90.0

90.0, 90.0, 90.0

Resolution (Å)

41.74–2.50 (2.64–2.50)

77.57–2.70 (2.85–2.70)

Rsym, Rpim

0.06 (0.52), 0.03 (0.27)

0.08 (0.8), 0.02 (0.22)

I/σ(I)

13.3 (2.8)

22.6 (4.1)

Completeness (%)

99.7 (99.7)

100.0 (100.0)

4.5 (4.6)

14.2 (14.7)

41.74–2.50 (2.59–2.50)

77.57–2.70 (2.9–2.7)

Redundancy

Refinement
Resolution (Å)
Number of reflections

NIH-PA Author Manuscript

Rwork/Rfree

29,227

20,110

19.7/25.1 (32.6/40.0)

23.8/27.9 (32.1/33.3)

4523

4506

—

1

Number of atoms
Protein
Gold atoms
Water molecules
Average B-factors

59

48

64.7

68.3

0.0105

0.0100

RMSD
Bond lengths (Å)
Bond angles (°)
Ramachandran plot statistics

1.0708

1.1500

96.4% in the core
3.2% in the allowed
0.4% outliers

92.0% in the core
7.5% in the allowed
0.5% outliers

The highest-resolution shell is shown in parenthesis.

Rsym = Σhkl|Ihkl − 〈Ihkl〉|/ΣhklIhkl.
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