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Molecular basis for the selective and ABA-independent
inhibition of PP2CA by PYL13
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PYR1/PYL/RCAR family proteins (PYLs) are well-characterized abscisic acid (ABA) receptors. Among the 14
PYL members in Arabidopsis thaliana, PYL13 is ABA irresponsive and its function has remained elusive. Here, we
show that PYL13 selectively inhibits the phosphatase activity of PP2CA independent of ABA. The crystal structure
of PYL13-PP2CA complex, which was determined at 2.4 A resolution, elucidates the molecular basis for the specific
recognition between PP2CA and PYL13. In addition to the canonical interactions between PYLs and PP2Cs, an ex-
tra interface is identified involving an element in the vicinity of a previously uncharacterized CCCH zinc-finger (ZF)
motif in PP2CA. Sequence blast identified another 56 ZF-containing PP2Cs, all of which are from plants. The struc-
ture also reveals the molecular determinants for the ABA irresponsiveness of PYL13. Finally, biochemical analysis
suggests that PYL13 may hetero-oligomerize with PYL10. These two PYLs antagonize each other in their respective
ABA-independent inhibitions of PP2Cs. The biochemical and structural studies provide important insights into the
function of PYL13 in the stress response of plant and set up a foundation for future biotechnological applications of

PYL13.
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Introduction

Abscisic acid (ABA) is an essential phytohormone
that protects plants against biotic and abiotic stress [1-
4]. Genetic and biochemical characterizations identi-
fied an ABA signaling pathway in Arabidopsis thaliana
(A. thaliana) involving the ABA receptor PYR1/PYL/
RCAR family of proteins (hereafter referred to as PYLs
for simplicity), the negative regulator Clade A protein
phosphatases type 2C (PP2Cs), the positive player
Class III SNF1-related protein kinases 2 (SnRK2s),
SnRK2.2/2.3/2.6, and the ABA-responsive element
binding factors (ABFs) (Figure 1A) [5-8]. ABFs are ac-
tivated through phosphorylation by auto-phosphorylated
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SnRK2s. The auto-activation and kinase activity of
SnRK2s are inhibited by PP2Cs through both physi-
cal interactions and dephosphorylation of key residues
[9, 10]. PP2Cs are inhibited by PYLs in the presence of
ABA. PYLs contain a ligand-binding pocket whose en-
trance is surrounded by four conserved loops, CL1-CL4
[11]. Upon ABA binding, PYLs, particularly the CL2
loop, undergo conformational rearrangements that lead to
the formation of PYL-PP2C heterodimer and inhibition
of the phosphatase activities of PP2Cs, thus relieving
PP2C-mediated inhibition of SnRK2s [11, 12].

While the PYL members in A. thaliana play a redun-
dant role in ABA perception [6], they also exhibit distinct
properties in the oligomerization status as well as ABA
sensitivity. PYR1 and PYLs 1-3 are obligatory ABA-de-
pendent inhibitors of PP2Cs, among which PYR1, PYLI
and PYL2 are constitutive dimers, whereas PYL3 may
be at a faster equilibrium between dimer and monomer
[13]. A number of PYLs, exemplified by PYL10, exist in
monomeric form and inhibit the phosphatase activity of
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Figure 1 PYL13 is the only PYL protein that is irresponsive to ABA in A. thaliana. (A) A simplified schematic diagram of PYL-
mediated ABA signaling pathway. “PP2Cs” refers to Clade A PP2Cs and “SnRK2” for SnRK2.6/2.3/2.2. “ABFs” stands for
ABA-responsive element (ABRE)-binding factors. A number of PYLs, exemplified by PYL10, may inhibit PP2Cs in the ab-
sence of ABA. Therefore “ABA” is bracketed. (B) Phylogenetic tree of the 14 PYLs in A. thaliana. The members colored green
are able to inhibit PP2Cs in the absence of ABA. The ones colored blue are strictly ABA-dependent PP2C inhibitors. PYL4
exists as a monomer, but inhibits the tested PP2Cs only in the presence of ABA [6, 13]. (C) Sequence alignment of the 14
PYLs in A. thaliana. The secondary elements are indicated above the sequences. Note that the N-terminal Helix a0 is miss-
ing in PYLs 11-13. The sequence consensus strength is represented by the colored bars between the secondary elements
and sequences. The residues that mediate the interaction between PYL13 and PP2CA are colored magenta. The residues
that are invariant in all the PYLs except PYL13 are shadowed yellow. The residues that are unique to PYL13 and PYL10 are
shadowed cyan. The alignment was done with ClustalW.

PP2Cs, even in the absence of ABA. Nevertheless, they  plete inhibition of PP2Cs can be achieved by these PYLs
are still subject to regulation by ABA, because the com-  at much lower concentrations when ABA is added [13]
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(Figure 1B).

Among the 14 PYLs in A4. thaliana, PYL13 is unique.
It is the only one that is irresponsive to ABA. Sequence
analysis reveals that a conserved Lys residue that is es-
sential for ABA coordination in ABA-responsive PYLs
is replaced by GIn in PYL13 (Figure 1C). Corroborating
this analysis, mutation of the corresponding Lys to Gln
in PYL2 completely abolished its affinity with ABA [11].
Ever since the discovery of PYLs being ABA receptors,
extensive studies have been committed to the mechanistic
elucidation of various PYL members [11, 12, 14-23]; how-
ever, the function of PYL13 has remained elusive. In this
report, we combine structural biology and biochemical
approaches to systematically investigate the function and
mechanism of PYL13.

Results

PYL13 selectively inhibits PP2CA independent of ABA

A serious technical obstacle to the in vitro character-
izations of PYL13 came from the poor solution behavior
of the recombinant protein overexpressed in Escherichia
coli. Despite a reasonable expression level, the protein
was found almost entirely in precipitant. More than 20
PYLI13 constructs with various boundaries were gener-
ated, but none exhibited improved stability. Sequence
comparison shows that PYL13 lacks the N-terminal seg-
ment corresponding to Helix a0 in other PYLs (Figure
1C). Speculating that the absence of the N-terminal helix
might underlie the instability of recombinant PYL13 pro-
teins, we engineered a number of chimeric PYL13; each
containing an extra N-terminal sequence adopted from
PYRI1, PYLI1, PYL2 and PYL10. None of these chimeras
gave rise to proteins that are suitable for biochemical or
structural characterizations. We also tested a variety of
buffer conditions including a systematic screening for
pH, ionic strength and additives such as glycerol and
non-ionic detergents, under different temperatures. Un-
fortunately, PYL13 defied all kinds of maneuver.

The breakthrough was finally made when the C-
terminal 6xHis-tagged full-length (FL) PYL13 was co-
expressed with Clade A PP2Cs. Soluble PYL13 was
obtained in the presence of PP2Cs and the complex sur-
vived purification through Ni-NTA affinity resin. How-
ever, depending on the PP2Cs used for co-expression,
the protein complexes exhibited distinct stabilities. In the
presence of ABI1, HAB1, or HAB2, proteins gradually
precipitated after purification through Ni-NTA resin, both
at 22 °C and 4 °C. SDS-PAGE analysis confirmed that
PYL13 was the major precipitant. Nevertheless, when
the supernatants were applied to size exclusion chroma-
tography (SEC), PYLI13 co-migrated with these PP2Cs
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despite a disproportional stoichiometry between PYL13
and different PP2Cs (Figure 2A, top 3 rows). In contrast,
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Figure 2 PYL13 specifically binds to and inhibits PP2CA in-
dependent of ABA. (A) Size exclusion chromatography (SEC)
analyses of the complexes between PYL13 and ABI1, HAB1,
HAB2, and PP2CA. The indicated fractions of SEC eluents were
applied to SDS-PAGE followed by coomassie-blue staining.
The peak position of the PYL13-PP2CA complex is indicated by
the magenta line. (B) PYL13 specifically inhibits PP2CA inde-
pendent of ABA. The details of the experiments are described
in Materials and Methods. The readout of the reactions without
phosphatase was set as the baseline. The phosphatase activ-
ity of the indicated PYL13-PP2C complex is normalized against
that of the corresponding PP2C at the same molar concentra-
tion. The concentrations of all the PYL13-PP2C complexes
are adjusted to 0.2 uM for assays. ABA was added with a final
concentration of 2 uM. All the experiments are independently
performed for at least three times. The error bars represent SD.
(C) PP2CA is specifically inhibited by PYL13 in the absence of
ABA. PYL2 and PYL10 rely on ABA to inhibit PP2CA. Notably,
PYL10 is a potent ABA-independent inhibitor of ABI1, HAB1,
and HAB2, but not PP2CA [13].
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the complex between PYL13 and PP2CA showed ex-
cellent behavior. The protein complex remains soluble
throughout the purification procedure including affinity
column, ion exchange chromatography, and SEC. The
elution position of PYL13-PP2CA complex is similar to
that of the reported PYL-PP2C complexes whose struc-
tures were obtained (Figure 2A, bottom row) [11, 13].
These observations suggest that PYL13 may form a more
stable complex with PP2CA than with the other PP2Cs.

We then tested the inhibitory effect of PYL13 on
several PP2Cs (Figure 2B). A titration of PYLI13 con-
centration was impractical because PYL13 cannot be
isolated on its own. Instead, the phosphatase activities of
the PYL13-PP2C complexes were compared to those of
the corresponding PP2Cs with all the protein concentra-
tions adjusted to approximately 0.2 puM. The phosphatase
activities of PYL13-PP2C complexes were normalized
against those of the corresponding PP2Cs in the presence
of 0.2 uM BSA. Although PYL13 can form complex
with ABI1, HABI1, and HAB2, it showed little or no
inhibition to these three PP2Cs. In contrast, more than
70% of the phosphatase activity of PP2CA was inhibited
by PYLI13 at a stoichiometric ratio of 1:1. As expected,
ABA had no effect on PYL13 (Figure 2B).

The observation that PYL13 is an efficient, ABA-
independent inhibitor for PP2CA is interesting, because
the previous biochemical examinations suggested that
PP2CA is fairly resistant to ABA-independent inhibitions
by PYLs [13]. Indeed, when added at a 1:1 stoichiomet-
ric ratio, PYL13 effectively inhibits PP2CA, whereas
PYL10 and PYL2 showed little or no inhibition in the
absence of ABA (Figure 2C). These observations indi-
cate that PYL13 is a specific ABA-independent inhibitor

ABA-PYL‘I;

pyLiar_J

of PP2CA.

Crystal structure of PYL13-PP2CA complex

We next sought to determine the crystal structure of
PYL13-PP2CA complex to reveal the molecular basis
underlying their specific recognition. Crystals of the
complex between FL PYLI13 and PP2CA (residues 71-
399) were obtained in the space group P3. The structure
was solved with a molecular replacement using the struc-
ture of PYL10-HAB1 (PDB accession code 3RTO) [13]
as a search model and was refined to a 2.4 A resolution
(Figure 3A and Supplementary information, Table S1).
The overall structure of the PYL13-PP2CA complex
resembles those of the previously reported PYL-PP2C
complexes. The two canonical interfaces between PYLs
and PP2Cs are conserved in PYL13-PP2CA complex,
one involving the CL2 loop of PYL13 and the catalytic
site of PP2CA, and the other consisting of a hydrophobic
pocket formed by the CL3 and CL4 loops of PYL13 and
an invariant Trp in PP2Cs (Trp280 of PP2CA) (Figure
3A)[11, 12, 14].

Despite the reminiscence to the reported PYL-PP2C
complex structures, an extra interface is observed be-
tween PYL13 and PP2CA, which involves CL1 and
Helix a2 of PYL13 and a new motif of PP2CA (Figure
3B). This new interface is mainly mediated through
direct and water-mediated hydrogen bonds (Figure 3B,
inset). The PP2CA-unique motif comprises of a short
helix and an extended loop. Notably, the sequence cor-
responding to this motif is missing in ABI1 and ABI2,
and varies in HAB1 and HAB2. In addition, none of the
residues that are involved in PYL13 binding, Arg209,
GIn213, Ser214, GIn216 and Asp218, are conserved in

. SK&E[L"} l
. i Bonag

Figure 3 Crystal structure of the PYL13-PP2CA complex. (A) Overall structure of the complex at 2.4 A resolution. The ca-
nonical PYL-PP2C interfaces are highlighted with orange circles. The conserved loops CL1-CL4 of PYL13 are colored dark
blue. The three metal ions at the active site of PP2CA are shown as orange spheres. (B) Structural comparison between the
complexes of PYL13-PP2CA (cyan for PYL13 and green for PP2CA) and ABA-PYL1-ABI1 (grey) revealed an extra interface
involving a unique structural element (orange) in PP2CA. Inset: The extra interface between PYL13 and PP2CA is mediated
through direct and water-mediated H-bonds. The structural element colored orange in the left panel is now shown in green,
with the key residues labeled orange. The water molecules are shown as red spheres. The H-bonds are represented by red

dashes. All structure figures were prepared with PyMol [35]
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ABI1/2 or HAB1/2 (Supplementary information, Figure
S1). The PYL13 residues whose side groups participate
in the new interface, Arg39, Lys157 and Lys161, are
not conserved in the PYL family either (Figures 1C and
3B).

A CCCH zinc-finger motif revealed by the PP2CA
structure

The PP2CA motif that mediates the new interface be-
tween PP2CA and PYL13 was uncharacterized in other
PP2Cs [24] (Figure 4A and Supplementary information,
Figure S1). We further scrutinized this unique element.
After structural refinement, extra electron density was
found at a position surrounded by the loop of the motif.
The electron density appears to be contiguous with four
adjacent amino acids: Cys146, His148, Cys208, and
Cys210. This structural feature represents a canonical
zinc-finger (ZF) motif. Therefore, the extra electron den-
sity is likely of a zinc ion (Figure 4A, inset), whose pres-
ence is verified by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) analysis (Supplemen-
tary information, Table S2). Point mutations of the Cys
residues of the ZF resulted in compromised protein sta-
bility and significantly compromised phosphatase activ-
ity of PP2CA, indicating a critical role of the ZF for the
structural integrity and function of PP2CA (Figure 4B).

Notably, the ZF is missing in ABI1, ABI2, HABI,
HAB2, and AHGI, but conserved in the recently charac-
terized Clade A PP2Cs HAI1, HAI2, and HAI3 (Highly
ABA-induced) (Figure 4C and Supplementary informa-
tion, Figure S2). ZF has never been reported in any pro-
tein phosphatase. We thus attempted to search for more
ZF-containing PP2Cs through sequence analysis. BLAST
against the sequenced genomes using the sequence of
PP2CA as query object identified another 56 PP2Cs that
contain the ZF (Supplementary information, Figure S3).
Interestingly, all of these PP2Cs, mostly uncharacterized,
are from plants.

Molecular basis for the ABA irresponsiveness of PYL13
The structure of PYL13-PP2CA provides a good op-
portunity to examine the molecular basis for the ABA ir-
responsiveness of PYL13 when it is difficult to obtain the
crystal structure of PYLI13 alone. The answer becomes
immediately evident when the structure of PYL13 was
superimposed to that of the ABA-bound PYL1 (Figure
5A). Binding of ABA requires a conserved Lys that is lo-
cated on CL1 and buried in the pocket of PYLs to anchor
the carboxylate group of ABA (Figure 5A, lower panel).
In PYL13, Lys is replaced by Gln at the corresponding
position (GIn38), hence losing the essential anchorage
point for ABA. Intriguingly, the ABA response cannot be
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completely restored when GIn38 of PYL13 is changed to
a Lys residue (Supplementary information, Figure S4),
suggesting the existence of extra element(s) that prevents
PYLI13 from responding to ABA.

Further examination of the structural superimposition
showed that an invariant Leu residue that is located on
the CL2 loop in all the other thirteen PYLs is replaced
by a Phe residue in PYL13 (Phe71) (Figures 1C and 5A).
There would be a steric clash between the aromatic ring
of Phe71 and the hydrophobic moiety of ABA if an ABA
molecule was placed into the PYL pocket (Figure 5A,
right panel). While the PYL13 mutant containing F71L
showed little change in the ABA response (Supplemen-
tary information, Figure S4), the double point mutation,
Q38K/F71L, converted PYL13 into an ABA-dependent
inhibitor to all the tested PP2Cs, including PP2CA,
ABI1, HAB1, and HAB2 (Figure 5B and Supplementary
information, Figure S4). Therefore, the lack of the posi-
tively charged Lys within the pocket and the replacement
of a CL2 residue Leu to Phe account for the ABA irre-
sponsiveness of PYL13.

PYL13 and PYLI0 antagonize each other in the ABA-
independent inhibition of PP2Cs

It is noteworthy that PYL13 inhibits more than 70%
of the phosphatase activity of PP2CA in the absence of
ABA when the stoichiometric ratio of the two proteins is
approximately 1:1, an effect similar to PYL10-mediated
inhibition of ABI1 and HABI1, and much better than the
other ABA-independent PYLs [13]. Our previous stud-
ies identified two molecular determinants for PYLs to be
ABA-independent inhibitor of PP2Cs, being a monomer
and having a bulky hydrophobic residue at a position
that demarcates CL2 and the preceding B-strand [13].
Notably, PYL13 and PYL10 are the only two PYLs that
contain a Leu instead of a Val as the starting residue of
CL2 (Figures 1C and 5C). This structural feature may in
part facilitate the closure of CL2 loop, which is required
for the complex formation between PYLs and PP2Cs.

It is impractical to study the oligomerization state of
PYL13 because of its poor solution behavior. We rea-
soned that PYL13 may be able to hetero-dimerize with
other monomeric PYLs if it is a monomer. To test this
speculation, we co-expressed PYL13 with PYL10 to
examine whether nickel-NTA resin might be able to pull
down the untagged PYL10 through the 6xHis-tagged
PYL13. Unfortunately, PYL13 remained insoluble. Nev-
ertheless, a chimeric protein, PYL13*, which has the N-
terminal Helix a0 of PYL10 (residues 1-24) fused to
the FL PYL13 was successfully co-eluted with PYL10.
Intriguingly, the PYL13*-PYL10 complex was co-eluted
on SEC at a position corresponding to an oligomer of
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ABI2 GDRYLKPSVIPDPEVTSVRRVKEDDCLILA
HAB1 GDRYLKPYVIPEPEVIFMPRSREDECLILA!
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Figure 4 The structure of PP2CA revealed an uncharacterized CCCH zinc-finger motif. (A) The extra motif in PP2CA is a
CCCH zinc-finger motif. Left panel: Structure comparison between PP2CA and ABI1 reveals a new motif in PP2CA. Three
metal ions (orange) are observed at the active site of PP2CA, but only one (black) is seen in the PYL1-bound ABI1 (PDB
code: 3KDJ). The extra structural motif in PP2CA is highlighted in orange. Right panel: the 2Fo-Fc electron density (blue
mesh) of the metal and the surrounding four residues is contoured at 1.5 6. The zinc ion is coordinated by three Cys and one
His residues. (B) Point mutations of the zinc coordinating residues lead to significantly crippled phosphatase activities. The
details for the phosphatase assay are described in Materials and Methods. (C) Sequence alignment of the nine members of
Clade A PP2Cs in A. thaliana revealed the zinc-finger motif (shaded in purple) conserved in HAI1/2/3 in addition to PP2CA.
Invariant and conserved residues are colored red and blue, respectively. The active site residues are shaded green. The sec-
ondary elements of the core structure of PP2Cs are shown above the sequences.
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Figure 5 Molecular basis underlying the ABA irresponsiveness
of PYL13. (A) ABA cannot fit into the pocket of PYL13. The
structure of PP2CA-bound PYL13 is superimposed to that of
ABA-bound PYL1 (PDB code: 3KDJ). Lower panel: PYL13 lacks
the Lys residue that is essential for ABA-responsive PYLs in
the coordination of the carboxylate group of ABA. Right panel:
Phe71, which corresponds to a Leu in all the other 13 PYLs,
would collide with ABA if an ABA molecule was placed into the
pocket of PYL13. (B) Double mutation, Q38K/Phe71L, convert-
ed PYL13 into an ABA-responsive receptor. The experiments
were performed with the identical protocol as in Figure 2B. (C) A
structural feature shared by PYL10 and PYL13 that may under-
lie the ABA-independent inhibition of PP2Cs. The starting resi-
due of CL2 is Leu in PYL10 and PYL13, but Val in all the other
PYLs (Figure 1C). This feature was previously shown to be one
structural determinant underlying ABA-independent inhibition of
PP2Cs [13].

molecular weight much larger than a dimer (Supplemen-
tary information, Figure S5). Helix a0 is not involved in
the dimeric interface of PYLs, therefore the introduction
of the extra N-terminal fragment to PYL13 should not
affect the interface between PYL13 and PYL10. Cor-
roborating this notion, another chimeric protein with the
N-terminal fragment of PYL2 (residues 1-26) fused to
PYL13 gave rise to identical results.
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It is also noteworthy that PYL10 failed to form com-
plex with PYLs 4-9 (except the untested PYL7), indicat-
ing a specific interaction between PYL10 and PYL13.
We then set out to inspect the functional consequence
of the hetero-oligomerization of PYL10 and PYL13 by
measuring their inhibition of the phosphatase activities
of PP2Cs both in the presence and absence of ABA. The
ABA-independent inhibition of PP2CA by PYL13* was
seriously compromised in the presence of PYL10 (Fig-
ure 6A). On the other hand, whereas PYL10 can inhibit
ABI1, HAB1, and HAB2, and to a lesser extent, PP2CA,
the PYL10-PYL13* complex lost the ABA-independent
inhibition of these PP2Cs (Figure 6A). Notably, none
of the other monomeric PYLs was able to antagonize
PYL10 on its ABA-independent inhibition of ABI1
(Figure 6B). Therefore, PYL10 and PYL13 specifically
antagonize each other on their respective ABA-indepen-
dent inhibitions of PP2Cs. It is also noteworthy that this
antagonism is subject to the regulation by ABA, as addi-
tion of ABA restored the inhibition of PP2Cs by PYL10
(Figure 6A).

Discussion

There are 14 PYL members in A. thaliana. Despite
their seemingly redundant actions, increasing studies re-
vealed the divergence of these proteins in ABA signaling
[6,7,13, 17, 18]. For example, PYR1, PYLI1, and PYL3,
but not PYL2 and PYL4, are sensitive to an ABA ago-
nist pyrabactin [6, 17, 18, 25]. Structural comparisons
revealed the determining effect of a single amino acid
variation on the pyrabactin perception by PYLs [17, 18].
Several studies suggested that some of the PYLs, exem-
plified by PYL10, are able to inhibit PP2Cs in the ab-
sence of ABA [6, 7, 13, 15]. Nevertheless, all these PYLs
are able to respond to the ABA. In contrast, PYLI13 is
the only member that is completely irresponsive to ABA.
The structural and biochemical analyses presented here
reveal the function and molecular mechanism of PYL13
and may help to further delineate the PYL family pro-
teins.

Our previous biochemical examinations uncovered a
subclass of PYLs, consisting of PYLs 4-10 (excluding
the uncharacterized PYL?7), that exist as a monomer in
solution [13]. These PYLs, exemplified by PYL10, ex-
hibit the ability of ABA-independent PP2C inhibition.
It was shown that the dimeric formation of PYLs is a
negative factor for ABA perception because it competes
with the subsequent heterodimeric formation with PP2Cs
[13, 15, 25]. The existence of monomeric PYLs naturally
leads to the question of whether they can heterodimer-
ize and thereby antagonize each other. Our preliminary
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Figure 6 PYL10 and PYL13 antagonize each other on the ABA-independent inhibition of PP2Cs. (A) The PYL10-PYL13 com-
plex is almost unable to inhibit PP2Cs in the absence of ABA. The phosphatase activities of 0.2 uM PP2Cs were examined
in the presence of PYL10 or PYL10-PYL13 at concentrations of 0.2, 1 and 2 uM, respectively. The conditions in which both
PYL10 and PYL13 were added are highlighted with pink shade. (B) Only PYL13*, but not the other monomeric PYLs, can an-
tagonize PYL10 on its ABA-independent inhibition of ABI1. PYL13* refers to the chimeric protein with the N-terminal fragment
of PYL10 (residues 1-24) fused to PYL13. PYLs 4-9 (except PYL7) were purified to homogeneity and incubated with PYL10
at a 1:1 stoichiometric ratio before the assays. PYL13 was co-purified with PYL10 (Supplementary information, Figure S5).
The phosphatase activities of 0.2 uM ABI1 were examined in the presence of 2 uM PYL proteins, as indicated.

biochemical analysis showed that PYL10 and PYL13,
the two most potent ABA-independent inhibitors of
PP2Cs, can antagonize each other. Given that the other
monomeric PYLs only have weak inhibition of PP2Cs in
the absence of ABA [13], the antagonism of PYL10 and
PYL13 may be particularly important. The mutual an-
tagonism of PYL10 and PYL13 is subject to regulation

by ABA. Therefore, the distinct binding affinities of PYL
homo- or hetero-oligomers and of the PYL-PP2C com-
plexes may constitute a fine-tuned, quantitative, and dy-
namic regulatory system that ensures the normal growth,
development, and stress response in the absence of ABA
signal.

PP2CA (also known as AHG3 for ABA-Hypersensitive
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Germination3) is a negative regulator of ABA signaling
during germination [26]. It was also shown that PP2CA
inactivates CIPK (CBL-interacting protein kinases)-
dependent AKT1 (Arabidopsis K" transporter 1) [27].
Sequence comparison of the Clade A PP2Cs from Ara-
bidopsis suggested that PP2CA is closely related to
HAI1/2/3 (Figure 4C and Supplementary information,
Figures S1 and S2). As the ZF of PP2CA is involved
in the extra interface with PYL13, we speculated that
PYL13 may also target HAI1/2/3. However, all the 3
proteins failed recombinant expression, hence hindering
the potential in vitro biochemical characterizations. It
was recently reported that the HAI2/3 interact with PYLs
7-10 in the absence of ABA, while HAII shows little af-
finity with PYLs [28]. It is possible that HAI2/3 may be
subject to inhibition by PYL13 independent of ABA.

Zinc finger is a common motif that has been found in
proteins associated with a variety of functions, exempli-
fied by the DNA-binding proteins. In plants, Tandem
CCCH ZF proteins are involved in growth and stress
response [29]. However, it is for the first time that a ZF
is ever identified in protein phosphatases. Therefore, the
structure of PP2CA reported here provides an important
clue to the further characterization of ZF-containing
PP2Cs.

In sum, we combine structural biology and biochemi-
cal characterizations to investigate the function and
mechanism of PYL13. We discovered that PYL13, inde-
pendent of ABA, selectively inhibits PP2CA. The crystal
structure of the PYL13-PP2CA complex determined at 2.4
A resolution reveals a unique interface in addition to the
canonical PYL-PP2CA interactions. Interestingly, exami-
nation of the new interface reveals a previously unchar-
acterized CCCH ZF motif in PP2CA. Furthermore, struc-
tural examination of PYL13 elucidates the molecular
basis underlying its irresponsiveness to ABA. Structure-
guided mutations successfully converted PYL13 to an
ABA-responsive receptor. We also showed that PYL13
and PYL10 antagonize each other on the ABA-indepen-
dent inhibition of PP2Cs. The studies reported here ex-
tend our understanding of the delicately and dynamically
regulated ABA signaling pathway through PYLs and
PP2Cs, and may facilitate the biotechnological applica-
tions of PYL13.

Materials and Methods

Protein preparation
All PYR/PYLs homologs, ABI1 (AT4G26080), HAB1

(AT1G72770), HAB2 (AT1G17550), and PP2CA (AT3G11410)
were subcloned from the A. thaliana cDNA library using standard
PCR-based protocol. All mutants of PYLs were generated with
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two-step PCR and verified by plasmid sequencing. All the proteins
were purified according to the protocol described previously [11].
To obtain individual proteins for activity assays or crystallization,
PYLs and PP2Cs were subcloned into pET-15b and overexpressed
in E.coli strain BL21(DE3). Protein expression was induced with
Isopropyl B-D-1-thiogalactopyranoside (IPTG) at 22 °C for 12 h.
The proteins were purified with Ni-NTA resin (Qiagen), followed
by anion exchange chromatography (Source-15Q, GE Health-
care) and size exclusion chromatography (SEC, Superdex-200,
GE Healthcare). To obtain the complexes of PYL13 with PP2Cs,
PYL13 subcloned into vector pET15b and PP2Cs in pBB75, were
co-expressed in E.coli strain BL21(DE3) and purified according to
the protocol described above.

Crystallization

Prior to crystallization, the 6xHis-tag preceding PYL13 was
removed by protease digestion. Crystals of the binary complex of
FL PYL13 and PP2CA (residues 71-399) were grown at 18 °C us-
ing the hanging drop vapor diffusion method. The crystals of the
complex appeared in the well-buffer containing 100 mM MES pH
6.5, 25% PEG600, 150 mM CaCl, and 2.7% 2, 5-Hexanediol.

Data collection, structure determination and refinement

The diffraction data were collected at Shanghai Synchrotron
Radiation Facility (SSRF), integrated and scaled with HKL2000
package [30]. Further data processing was carried out using pro-
grams from the CCP4 suite [31].

To determine the complex structure of PYL13-PP2CA, PYL10
and HABI extracted from the PYL10-HAB1 complex (PDB code:
3RTO0) were selected as the molecular replacement model. The mo-
lecular replacements were performed with program PHASER [32]
and manually model rebuilding and refinement were iteratively
performed with COOT [33] and PHENIX [34]. Data collection
and refinement statistics are summarized in Supplementary infor-
mation, Table S1.

Phosphatase activity assay

The proteins were purified by nickel-NTA affinity resin fol-
lowed by buffer change through desalting column. To prevent
protein precipitation, the assays were performed immediately after
the proteins were quantified by both BioRad assay (BIO-RAD)
and coomassie-blue staining following SDS-PAGE. The phos-
phatase activity was measured by the Ser/Thr phosphatase assay
system (Promega). The protocol of phosphatase activity assay was
described previously with some modifications [11]. Each reaction
was performed in a 50 pl reaction volume. The concentrations of
the phosphatases were adjusted so that the readout is within the
linear range of the absorbance measurement. The concentrations
of PYL proteins were adjusted so as to match the molar ratios
indicated in the manuscript. ABA was added at the indicated con-
centration, if required. After incubation and equilibration in reac-
tion buffer at 30 °C for 18 min (50 mM imidazole, pH 7.2, 5 mM
MgCl,, 0.2 mM EGTA and 0.1 mg/ml BSA), peptide substrate
(supplied with the Promega kit) was added and allowed to react
for 22 min, the reaction was stopped by adding 50 pl molybdate
dye. The reactions were allowed for 15 min at room temperature
before the absorbance at 630 nm was measured. The readout of the
negative control, i.e., the reaction without phosphatase, was set as
the baseline and the value was subtracted from all the assays. The
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positive controls, i.e., the reactions with addition of BSA at the
same molecular concentration as the indicated PYLs, were set as
100%. All the assay data, subtracted with the baseline value, were
normalized against the positive controls at the corresponding con-
centrations. Unless otherwise indicated, the concentrations of the
proteins were adjusted to 0.2 uM for the assays. All the data are
means + SD from at least three independent experiments.

Size exclusion chromatography (SEC)

The SEC analyses were performed with a SD200 (Superdex-200
HR10/30, GE Healthcare) in the buffer containing 25 mM Tris,
pH 8.0 and 150 mM NaCl. To examine the interactions between
the indicated proteins, 400 pl proteins or protein mixtures were
applied to SD200. In the test requiring ABA, 0.4 mM ligand was
incubated with the proteins before injection.

ICP-AES

ICP-AES (VARIAN ICP 710) was employed to measure the
metal contents in PP2CA-PYL13 complex and PYLS5. The protein
samples were prepared in the buffer containing 20 mM HEPES,
pH 7.5 and 150 mM NacCl. The concentrations of Zn, Mg, and Mn
were quantified, respectively.

Accession number
The atomic coordinates of PYL13-PP2CA complex are depos-
ited in the Protein Data Bank under accession number 4NOG.
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