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Abscisic acid (ABA) is one of the most important phytohor-
mones in plant. PYL proteins were identified to be ABA recep-
tors in Arabidopsis thaliana. Despite the remarkably high
degree of sequence similarity, PYL1 and PYL2 exhibit distinct
responses toward pyrabactin, an ABA agonist. PYL1 inhibits
protein phosphatase type 2C upon binding of pyrabactin. In
contrast, PYL2 appears relatively insensitive to this compound.
The crystal structure of pyrabactin-bound PYL1 revealed that
most of the PYL1 residues involved in pyrabactin binding are
conserved, hence failing to explain the selectivity of pyrabactin
for PYL1 over PYL2. To understand the molecular basis of
pyrabactin selectivity, we determined the crystal structure of
PYL2 in complex with pyrabactin at 1.64 A resolution. Struc-
tural comparison and biochemical analyses demonstrated that
one single amino acid alteration between a corresponding valine
and isoleucine determines the distinct pyrabactin selectivity by
PYL1 and PYL2. These characterizations provide an important
clue to dissecting the redundancy of PYL proteins.

The PYR1/PYL/RCAR family of proteins (hereafter referred
to as PYLs for simplicity) in Arabidopsis thaliana contains 14
members that share a remarkably high degree of sequence sim-
ilarity. Except PYL13, all of the other PYLs are ABA? receptors
(1-3). Recent biochemical and structural investigations re-
vealed the molecular mechanisms by which PYLs perceive ABA
(4-9).

An elegant linear ABA signaling pathway mediated by PYLs
was successfully recapitulated in vitro (9), where PYLs, upon
binding to ABA, inhibit the downstream protein phosphatases
type 2C (PP2Cs), such as ABI1, ABI2, HAB2, for example.
PP2Cs dephosphorylate a family of protein kinases SnRK2,
whose autophosphorylation is required for the phosphoryla-
tion and activation of transcription factors that regulate the
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expression of ABA-responsive genes. Structural and biochem-
ical studies further revealed the molecular basis of ABA-PYL-
mediated inhibition of PP2Cs (4—8). Structures of apo- or
ligand-bound PYR1, PYL1, and PYL2 were determined (4-8,
10). In all of these structures, PYLs are homodimers, with
each protomer comprising a conserved ligand-accommodat-
ing pocket surrounded by four conserved loops CL1-CL4 (4).
Upon binding of one ABA molecule by each protomer, the
switch loop CL2 undergoes pronounced conformational rear-
rangement, creates a novel binding surface for PP2C (4, 5,7, 8),
and leads to the weakened dimer interface (4). Each PYL pro-
tomer can be recognized by PP2C via the newly formed surface
upon ABA binding (4-6). Formation of a PYL/PP2C het-
erodimer blocks the substrate entry to PP2Cs, thus releasing
PP2C-mediated inhibition of SnRK2 (4—6).

Despite the rapid progress in understanding PYL-mediated
ABA signaling (11, 12), a number of questions remain unan-
swered. In particular, pyrabactin (13), an ABA agonist, selec-
tively inhibits seed germination, but not seedling (2). In planta
analyses revealed redundant roles for PYR1, PYL1, PYL2, and
PYL4 in response to ABA (2); but these PYLs displayed distinct
responses to pyrabactin. Thus, pyrabactin may represent a
more sensitive ligand for functional dissection of PYLs. What is
the structural basis for the selectivity for or against pyrabactin?
Preliminary analysis revealed that pyrabactin binds to PYL1
and PYL2 with similar affinity. The crystal structure of pyrabac-
tin-bound PYL1 revealed that, despite lack of chemical similar-
ity, pyrabactin and ABA share a similar set of interactions with
PYL1. Unfortunately, most of the PYL1 residues involved in
pyrabactin binding are conserved (10), failing to explain the
selectivity of pyrabactin for PYL1 over other PYLs such as
PYL2.

To understand the molecular basis of pyrabactin selectivity,
we determined the crystal structure of PYL2 in complex with
pyrabactin at 1.64 A resolution. Structural comparison and bio-
chemical analysis revealed that, unexpectedly, a single amino
acid alteration between valine and isoleucine determines the
distinct pyrabactin selectivity by PYL1 and PYL2. This study
provides an important clue to understanding the redundancy of
PYLs and suggests a complex regulation mechanism of ABA
signaling by PYLs.

EXPERIMENTAL PROCEDURES

Protein Preparation and Crystallization—All PYR/PYLs
homologs and ABI1 (AT4G26080) were subcloned from the A.
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Crystal Structure of PYL2 in Complex with Pyrabactin

TABLE 1
Data collection and refinement statistics
One crystal was used for each structure.

Parameter PYL2/pyrabactin

€222,

Space group

Cell dimensions

a,b,c(A) 62.52, 104.60, 184.30

aBy() . 90, 90, 90
Wavelength (A) 1.28020
Resolution (A) 50~1.64 (1.70~1.64)
Ryerge (%) 6.8 (47.6)
I/al 27.16 (3.23)
Completeness (%) 99.8 (99.3)
Redundancy_ 7.4
Resolution (A) 50~1.64
No. reflections 72,397
Ryond Riree (%) 21.23/22.28
No. atoms

Protein 4,405

Ligand/ion 86

Water 378
B-factors

Protein 36.89

Ligand/ion 60.74

Water 46.70
Root mean square deviations

Bond lengths (A) 0.009

Bond angles (°) 1.229
Ramachandran plot statistics (%)

Most favored 90.8

Additional allowed 8.8

Generously allowed 0.2

Disallowed 0.2

thaliana cDNA library using standard PCR-based protocol. All
mutants of PYLs were generated with two-step PCR, verified by
plasmid sequencing. All proteins were purified according to the
protocol described before (4). All of the PYLs were expressed in
Escherichia coli strain BL21(DE3) using vector pET-15b
induced at 22 °C for 12 h. The individual protein was purified
with Ni-nitrilotriacetic acid resin (Qiagen) followed by anion
exchange chromatography (Source-15Q; GE Healthcare) and
size exclusion chromatography (Superdex-200; GE Health-
care). Before crystallization, a His, tag was removed from PYL2
by thrombin. The protein was incubated with pyrabactin at a
molecular ratio of 1:2. Crystals were grown at 18 °C using the
hanging-drop vapor diffusion method. Diamond-shaped crys-
tals appeared overnight in the well buffer containing 1.8 M
(NH,),SO,, 0.1 m Li,SO,, 100 mm BisTris, pH 6.5, 67 mu
NDSB-256 (Hampton Research), and grew to full size in 2 days.

Data Collection, Structure Determination, and Refinement—
The diffracting data of PYL2/pyrabactin were collected at the
Shanghai Synchrotron Radiation Facility beamline BL17U
and integrated with MOSFLM (14). Further processing was
carried out using programs from the CCP4 suite (15). Data
collection statistics are summarized in Table 1. The struc-
ture of PYL2/PYB was determined by molecular replacement
with the program PHASER (16). The PYL2 model (Protein
Data Bank code 3KDH) was translated into the PYL2/
pyrabactin cell. Manually model-iterative rebuilding and
refinement were performed with COOT (17) and PHENIX
(18). The pyrabactin molecules were built into the cavity of
the host molecules.

Phosphatase Activity Assay—The phosphatase activity was
measured by the Ser/Thr phosphatase assay system (Promega).
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The protocol of phosphatase activity assay was described pre-
viously with some modifications (4). For the systematic exami-
nation of the effects of pyrabactin on PYLs, each reaction was
performed in a 50-ul reaction volume containing 0.4 um ABI1
and 4 um PYLs. Pyrabactin was applied at indicated concentra-
tions. For IC,, measurement, each reaction was performed in a
100-ul reaction volume containing 0.4 um ABI1, 0.4 um PYL2,
and pyrabactin at the indicated concentrations. In each reac-
tion, after incubation with peptide substrate in 50 mMm imida-
zole, pH 7.2, 5 mm MgCl,, 0.2 mM EGTA, and 0.1 mg/ml BSA at
30 °C for 20 min, the reaction was stopped by the addition of 50
wl of molybdate dye and incubated for another 15 min at room
temperature. Absorbance at 630 nm was measured. All data are
the means = S.D. from three independent experiments.

RESULTS

Recognition of Pyrabactin by PYL2—PYL2 appeared to be
insensitive to pyrabactin (2). Nonetheless, PYL2 exhibited a
weak inhibition of PP2C in response to pyrabactin in the in
vitro biochemical assay. We tried to measure the IC;, of
pyrabactin on PYL2-mediated inhibition of ABI1. The con-
centrations of PYL2 and ABI1 were both set at 0.4 uMm in the
experiments. However, ABI1 retained up to 70% of the phos-
phatase activity even in the presence of 100 um pyrabactin
(Fig. 1A). By contrast, PYL1 can effectively inhibit the phos-
phatase activity of ABI1 upon binding to pyrabactin (10).
Interestingly, pyrabactin displayed a similar or even higher
binding affinity to PYL2 than to PYL1 as observed in the
preliminary surface plasmon resonance analysis. We sought
to determine the structure of pyrabactin-bound PYL2 to
understand the molecular mechanism underlying the
pyrabactin selectivity for PYL1 over PYL2.

We crystallized PYL2 in the presence of pyrabactin and
determined its structure at 1.64 A resolution (Table 1). There
are three PYL2 molecules in each asymmetric unit (Fig. 1B).
The assignment of pyrabactin was confirmed by the anomalous
signal of bromide. There is one pyrabactin molecule bound
within the conserved pocket of each PYL2 protomer (Fig. 1B).
The pyrabactin-bound PYL2 adopts almost the same confor-
mation as that of apo-PYL2 (Fig. 1C), including the switch loop
CL2. The three protein molecules within each asymmetric sub-
unit of pyrabactin-bound PYL2 can be superimposed on that of
the three corresponding apo-PYL2 with a root mean square
deviation of 0.48 A over a total of 529 Ca atoms. This observa-
tion suggests that the PYL2 dimer is likely to adopt an “open”
conformation even in the presence of pyrabactin. The three
PYL2 molecules in each asymmetric unit adopt similar confor-
mation (Fig. 1D).

Similar to previous examples of ligand-PYL interactions (10),
coordination of the “U”-shaped pyrabactin by PYL2 is mediated
by both polar and van der Waals interactions (Fig. 2). Four
conserved, charged residues, Lys®*, Arg®?, Glu®®, and Glu'*’
anchor the polar module of pyrabactin through direct or water-
mediated H-bonds (Fig. 2A4). In addition to Lys®*, which coor-
dinates pyrabactin through both direct and water-mediated
H-bonds with the sulfone group, Glu®® also appears to play an
important role, interacting directly with the amine group and
coordinating the sulfone and the pyridyl nitrogen through
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FIGURE 1. Structure of pyrabactin-bound PYL2. A, PYL2 inhibits ABI1 in response to pyrabactin. The concen-
tration of ABIT was 0.4 um for all of the assays throughout the paper. The details of the experiments are
described under “Experimental Procedures.” B, there are three pyrabactin-bound PYL2 molecules in each
asymmetric unit in the crystal structure. The positions of the pyrabactin molecules are confirmed by the
anomalous signal of bromide, which, shown as a magenta dash, is contoured at 3o. C, overall structure of
pyrabactin-bound PYL2 is identical to that of apo-PYL2, with an open conformation despite pyrabactin bind-
ing. The structure of three pyrabactin-bound PYL2 molecules (named Mol A, Mol B, and Mol C, respectively)
from each asymmetric unit is superimposed on that of apo-PYL2. Pyrabactin molecules are shown as yellow
sticks. D, Mol A (green), Mol B (cyan), and Mol C (magenta) from each asymmetric unit of PYL2 are superimposed.
The anomalous signal of bromide (black mesh) in Mol A is contoured at 3. All structure figures were prepared
with PyMOL (19).
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arms of the U-shaped pyrabactin are
surrounded by eight hydrophobic
residues, Phe®® from CL1, Val®*’
from CL2, Val'** from CL3, Leu'*!/
Tyr'** from CL4, and Phe'®®/
Val'®®/Val'®® from helix a2 (Fig.
2B). Notably, CL2, which only con-
tributes one hydrophobic residue,
Val®’, for van der Waals contact
with pyrabactin, appears to play a
less important role in the recogni-
tion of pyrabactin in PYL2 com-
pared with that in PYL1, likely due
to its open conformation. This
observation again confirms the sug-
gestion that ligand binding precedes
closure of CL2 (10).

Molecular Basis of the Pyrabactin
Selectivity—To understand the
pyrabactin selectivity, we superim-
posed the structures of pyrabactin-
bound PYL1 (10) and PYL2. Inter-
estingly, the pyrabactin is rotated
for 90 degrees in PYL2 relative to
that in PYL1 (Fig. 3A). Conse-
quently, an important hydrophobic
module, the naphthalene ring of
pyrabactin that attracts CL2 in
PYL], is now perpendicular to CL2
in PYL2. As analyzed previously
(10), a bulky, hydrophobic portion
of the ligand, either ABA or
pyrabactin, should be placed ap-
proximately in parallel with the
geometry plate of CL2 to stabilize a
closed conformation. The orienta-
tion of pyrabactin in PYL2 may not
be able to provide sufficient con-
tacts to stabilize a closed conforma-
tion of CL2 (Fig. 3B). Consequently,
CL2 remains open even in the pres-

ence of pyrabactin, which explains the poor response of PYL2 to

To understand why pyrabactin adopts two distinct orien-

&=

3
FIGURE 2. Recognition of pyrabactin by PYL2. A, coordination of pyrabactin

by PYL2 through polar interactions. B, coordination of pyrabactin by PYL2
through van der Waals contacts.

water-mediated H-bonds. Three other polar residues, Ser®®,
Tyr'**, and Ser'®®, also contribute to pyrabactin binding
through water-mediated H-bonds (Fig. 24). The hydrophobic
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tations in the highly conserved pocket of PYL1 and PYL2, we
took a pairwise comparison of the residues involved in
pyrabactin coordination in both PYLs. Most of the residues
surrounding pyrabactin are invariants in PYL1 and PYL2
except for three valines, Val®’, Val*'* and Val*”® in PYLZ2, all
of which are replaced with Ile in PYL1 (Ile®?, Ile'*”, and
Ile'®*, respectively). The substitution of Val®” (Ile®*?) and
Val'”® (1le***) should have no effect on pyrabactin coordina-
tion because they are not in direct contact with pyrabactin
(Fig. 3C). However, if Val''* were to be replaced by Ile in
PYL2, the distance between the side chain of this residue and
the naphthalene ring of pyrabactin would be too close to
allow the observed orientation of pyrabactin (Fig. 3C). Nota-
bly, this potential steric clash would have been avoided if the
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CL2 (open, PYL2)

FIGURE 3. Pyrabactin adopts distinct orientations in PYL1 and PYL2. A, pyrabactin recognition by PYL1 and
PYL2 is compared. The structures of pyrabactin-bound PYL1 and PYL2 protomers are superimposed. PYL1
protein is shown in pale green, with the bound pyrabactin shown as yellow sticks. PYL2 is shown in cyan, with the
bound pyrabactin shown as cyan sticks. Note that the bound pyrabactin is rotated for ~90 degrees in PYL2
relative to that in PYL1. B, orientation of pyrabactin in PYL2 cannot stabilize a closed conformation of CL2.
Structures of pyrabactin-bound PYL1 (pale green) and PYL2 (cyan) are superimposed as in A, and the pyrabactin
in PYL2 is shown as cyan sticks. CL2 is unlikely to form enough contacts with pyrabactin in PYL2 even if it is
closed as in PYL1. C, in PYL1, the side chain of lle'” is too close to pyrabactin if the ligand were localized as in
PYL2. Structures of pyrabactin-bound PYL1 and PYL2 are superimposed as in A. The pyrabactin in PYL2 is shown
as cyan sticks. D, surrounding residues may prevent lle'3” from adopting other rotamers. Rotation of the side
cha1i£\7of lle™3” for 90, 180, or 270 degrees may cause potential clash with the side chains of Ser''?, His"*?, and
Tyr'*’.

side chain of Ile*®” were rotated for 90, 180, or 270 degrees;
nonetheless, the surrounding residues, Ser''®, His'*?, and
Tyr'*, which are in close proximity to Ile’®”, may prevent
Ile'?” from adopting other rotamers (Fig. 3D).
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Single Amino Acid Alteration
Determines Pyrabactin Selectivity—
To validate the structural analysis,
we generated swapped mutants of
PYL1 and PYL2, with Ile'®’
replaced by Val in PYL1, and
Val''* of PYL2 replaced by Ile.
Then we examined their reception
of pyrabactin. These two mutants
by themselves cannot inhibit the
phosphatase activity of ABI1, but
they exhibit complete inhibition
upon addition of ABA, indicating
that both are functional proteins
(Fig. 4). When pyrabactin was
applied, PYL1 (I137V) could no
longer completely inhibit ABI1 as
wild type (WT) PYLI did. ABI1
retained up to 40% of phosphatase
activity in the presence of excess
PYL1 (I137V) and pyrabactin, an
observation reminiscent of WT
PYL2. By contrast, PYL2 (V114I) is
able to inhibit 90% of the phospha-
tase activity of ABI1 in the pres-
ence of pyrabactin, a result remi-
niscent of WT PYL1. This
observation indicates that single-
residue alteration between isoleu-
cine and valine does account for
the distinct pyrabactin selectivity
by PYL1 over PYL2.

To see whether this conclusion
can be generalized to other PYL
proteins, we performed systematic
biochemical characterizations for
all the ABA-responsive PYLs,
except PYL7, which defied recom-
binant expression. We expressed
and purified all of the other 12 PYL
proteins from A. thaliana and
examined their dependence on
pyrabactin. ABI1 and PYLs were
used at 0.4 uM and 4 uM in each
assay. Three concentrations of
pyrabactin, 1, 10, and 100 M,
were applied. Although PYRI,
PYL1, and PYL5, 6, 9-12 almost
completely inhibited ABI1 in the
presence of 10 um pyrabactin,
PYL2-4 only inhibited 60% of the
phosphatase activity of ABI1 with
the addition of 100 uM pyrabactin.
PYL8 was able to inhibit >80% of

the phosphatase activity of ABI1 in the presence of 100 um
pyrabactin,anditrespondedto pyrabactininaconcentration-
dependent manner. Therefore, PYL2—4 are the only pyrabactin-
insensitive PYLs (Fig. 5A).
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With this result, we reexamined the sequence alignment of
PYLs. Indeed, PYL3 and PYL4 both contain a Val, whereas all
other PYLs, except PYL5 and PYL6, have Ile at this key position
(Fig. 5B). As will be seen in a separate manuscript, PYL5 and
PYL6 represent a unique family of PYLs, whose selectivity of
pyrabactin was accounted for by a distinct mechanism.

DISCUSSION

In this study, we attempted to understand the molecular
basis for the pyrabactin selectivity by different PYLs. The
structure of pyrabactin-bound PYL2 showed that pyrabactin
is still accommodated into the ligand-binding pocket of
PYL2. However, the orientation of pyrabactin in PYL2 is
rotated by 90 degrees compared with that in PYL1. Such an
accommodation of pyrabactin fails to pull over the CL2 due
to the lack of hydrophobic module of the ligand in proximity
to CL2 (10).

The determinant of pyrabactin selectivity turned out to be a
surprise. It would be almost impossible to predict that a single
residue variation between Val and Ile defines the pyrabactin

1201
PYL1* (1137V) PYL2* (V114I)
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FIGURE 4. Single amino acid alteration between valine and isoleucine
determines pyrabactin selectivity. Swap of the isoleucine and valine resi-
dues switched pyrabactin selectivity of PYL1 and PYL2. PYL1* contains the
single missense mutation 1137V, and PYL2* contains V114l.
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Crystal Structure of PYL2 in Complex with Pyrabactin

selectivity of PYL1, PYL2, and other PYLs. Val and Ile differ
from each other by only one methyl group. If it were not by
structural comparison, it would be almost impossible to realize
that this subtle alteration between two hydrophobic residues
completely changed the ligand selectivity of a protein. This dis-
covery showcased the beauty and power of structural biology,
and called for caution in the sequence-based functional
prediction.

The experimental evidence presented here suggested that
the function of PYLs may be distinguished from each other
even with subtle alterations in the primary sequence.
Although PYL proteins are highly conservative based on
sequence alignment and structural comparison, subtle vari-
ations can play a dominant role in determining their distinct
functions. Therefore, the existence of 13 similar but distinct
PYLs may provide a very complex regulation system for ABA
signaling. Despite the rapid progress in the elucidation of
PYL-mediated ABA signaling, as the domain name of PYLs
suggested, it may be just a START (star-related lipid trans-
fer) to understand PYLs. In particular, the physiological roles
of these PYLs remain to be investigated. All 13 PYLs are
capable of ABA binding and subsequent inhibition of down-
stream PP2Cs. However, are there any variations in their
downstream signaling? Are they involved in different pro-
cesses? To dissect the redundancy of PYLs further, selective
agonists of ABA, such as pyrabactin, may provide a powerful
tool. On the other hand, selective ABA antagonists may also
be developed. These compounds may selectively activate or
inhibit a few or even only one PYL protein. Therefore, such
small molecule probes may help characterize the specific
physiological role of a specific PYL protein in vivo. On the
other hand, the observation that a single missense mutation
of PYL1 and PYL2 resulted in altered ligand sensitivity pro-
vided a tantalizing clue to potential protein engineering
which may lead to enhanced stress tolerance for plants.

A 12 + pyrabactin (PYB) B
= PYL10 DNEHILGIRIVGGDHRLKN 115
= 100 [PYB] (uM) PYL5  EERHVISFSVVGGDHRLKN 147
o : (1) - PYL6  DDRHVISFSVVGGDHRIMN 150
o 80 100 m PYL7  DEEHILGINIIGGDHRLKN 123
& PYL8  DNEHILSIRIVGGDHRLKN 119
T g0 PYL9  DEEHILGIKIIGGDHRLKN 121
v PYL12 DESHVMVISIIGGDHRLVN 98
a PYL11 DESHVMMISIIGGDHRLVN 98
£ 40 PYR1  DERRVTGFSIIGGEHRLTN 119
“— PYL1  DDRRVTGFSITGGEHRLRN 146
© 20 PYL2  DDHRVLSFRVVGGEHRLKN 123
R PYL3  EEKRILSFRVLGGEHRINN 143
0 PYL4  DERHVISFSVVGGDHRLSN 141
& & Q«‘LQ«V Q«\f Q~xV QA\’ Q~\\/ 3 24\:‘ & "\Q_\\,%

FIGURE 5. Systematic examination of the inhibitory effect on ABI1 by PYLs in response to pyrabactin revealed a common determinant of pyrabactin
selectivity. A, inhibition of ABI1 by 12 PYLs in response to pyrabactin. The concentration of all PYLs was set at 4 um, and three concentrations of pyrabactin (1,
10, and 100 uMm) were tested for each PYL. The details of the experiments are described under “Experimental Procedures.” B, sequence alignment reveals that
the single-residue alteration between valine and isoleucine underlies the distinct pyrabactin selectivity by PYLs. PYL5 and PYL6, which contain valine at the
corresponding position, are sensitive to pyrabactin due to a distinct mechanism which will be discussed in a separate manuscript.
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