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Abstract

The pyrabactin resistance 1 (PYR1)/PYR1-like (PYL)/regulatory component of abscisic acid (ABA) response (RCAR) proteins
comprise a well characterized family of ABA receptors. Recent investigations have revealed two subsets of these receptors
that, in the absence of ABA, either form inactive homodimers (PYR1 and PYLs 1–3) or mediate basal inhibition of
downstream target type 2C protein phosphatases (PP2Cs; PYLs 4–10) respectively in vitro. Addition of ABA has been shown
to release the apo-homodimers yielding ABA-bound monomeric holo-receptors that can interact with PP2Cs; highlighting a
competitive-interaction process. Interaction selectivity has been shown to be mediated by subtle structural variations of
primary sequence and ligand binding effects. Now, the dynamical contributions of ligand binding on interaction selectivity
are investigated through extensive molecular dynamics (MD) simulations of apo and holo-PYR1 in monomeric and dimeric
form as well as in complex with a PP2C, homology to ABA insensitive 1 (HAB1). Robust comparative interpretations were
enabled by a novel essential collective dynamics approach. In agreement with recent experimental findings, our analysis
indicates that ABA-bound PYR1 should efficiently bind to HAB1. However, both ABA-bound and ABA-extracted PYR1-HAB1
constructs have demonstrated notable similarities in their dynamics, suggesting that apo-PYR1 should also be able to make
a substantial interaction with PP2Cs, albeit likely with slower complex formation kinetics. Further analysis indicates that both
ABA-bound and ABA-free PYR1 in complex with HAB1 exhibit a higher intra-molecular structural stability and stronger inter-
molecular dynamic correlations, in comparison with either holo- or apo-PYR1 dimers, supporting a model that includes apo-
PYR1 in complex with HAB1. This possibility of a conditional functional apo-PYR1-PP2C complex was validated in vitro. These
findings are generally consistent with the competitive-interaction model for PYR1 but highlight dynamical contributions of
the PYR1 structure in mediating interaction selectivity suggesting added degrees of complexity in the regulation of the
competitive-inhibition.
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Introduction

The plant hormone abscisic acid (ABA) controls seed develop-

ment, germination, dormancy and stress response [1,2]. Using

combined molecular, biophysical and genetic techniques many

details of ABA signal transduction have been elucidated [3–5]. In

particular, under abiotic stress, such as drought and high salinity,

ABA levels have been shown to increase in the plant, initiating

adaptive responses involving inhibition of type 2C protein

phosphatases (PP2C), and stimulation of protein sucrose non-

fermenting related kinases 2 (SnRK2). In 2009, two research

groups independently reported a family of at least 13 ABA-binding

proteins in Arabidopsis thaliana, known as PYR1 (pyrabactin

resistance 1) and PYL (PYR1-like) or RCAR (regulatory compo-

nent of ABA response) proteins, that play a central role in ABA

signal transduction mediating PP2C inhibition [6–8].

The structure of a typical PYR/PYL receptor comprises seven

b-strands and two a-helices [9–11]. The second a-helix, located in

the C-terminal region of PYR1, forms a helix-grip fold, which in

turn provides a large hydrophobic cavity, the ligand pocket

(Figure 1). Upon binding to the receptor, ABA makes direct

stabilizing contacts with two flexible loops (Lb3b4 and Lb5b6

named gate/proline cap and latch/leucine lock), which then act as

a scaffold mediating an interaction with the PP2C [11]. In the

course of PYR/PYL receptors docking to PP2Cs, some side chains

of the gate (e.g. conserved S85 of PYR1) interact with the

phosphatase in such a way as to block access to the PP2C catalytic

site [12,11]. The overall effect of PYR/PYL binding to PP2C is

inhibition of the phosphatase which can then no longer inhibit

SnRK2 activity. As a result, active SnRK2 phosphorylates and

activates downstream transcription factors leading to well docu-

mented ABA-responsive gene induction events [13].

More recently it has been found that PYR1 and PYLs 1–3

generally do not show basal activity, whereas other family

members PYLs 4–10 (not including untested PYL7) are constitu-

tively active (CA) in vitro [7,14,15]. Interestingly however, PYL4
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was only active against HAB1 under the conditions tested [15].

Indeed, the demonstrated ability of PYL10 to strongly inhibit

PP2C even in the absence of any ligand has been employed to

engineer a gate-modified mutant of PYL2 (V87L) with improved

basal activity [15]. Mechanistically, the ability of a native receptor

to mediate basal activity has been correlated to its inability to

homodimerize in solution [15,16]. According to published

structural data, the receptor’s binding surfaces involved in the

formation of dimers and complexes with PP2C mainly overlap

[8,10,17] suggesting a possibility of competition between dimer-

ization and PP2C docking. In this context, it has been shown that

mutation I88K in PYL2 both prevents dimer formation in solution

and increases its constitutive activity [15]. PYR1 mutation H60P

was also found to yield a mixture of monomeric and dimeric PYR1

forms, which showed weak basal activity [16,18]. While these

mutations may explain why PYLs 8–10 tend to be monomeric,

factors contributing to PYLs 4–6 being monomeric remain

unknown. Together these reports show that for homodimeric

receptors such as wild type PYR1, ABA binding prevents

dimerization, induces dimer dissociation and stimulates receptor-

PP2C interactions.

Toward characterizing molecular aspects regulating basal versus

inducible receptor activity against PP2Cs, numerical modeling and

simulations are required. Molecular dynamics (MD) simulations

have been reported involving phosphatase proteins other than

PP2C. For example, a system comprising the N-terminal part of

phosphatase SHP-2 and a peptide (101 residues) has been studied

using MD simulations for 10 ns [19], and a somewhat larger

complex of protein-tyrosine phosphatase 1B (337 residues) with

phosphorylated peptide substrate (193 residues) [20] has been

simulated for 1 ns. At the time of writing, the only modeling work

on PYR1 and PYL1 [21] is addressing the design of small ligands

that could replace ABA, improving the ligand binding energy.

However in order to elucidate mechanistic information about the

receptors more broadly, the entire PYR/PYL-PP2C complex

Figure 1. Abscisic acid binding by the PYR1 ligand pocket induces gate-latch-locking. (A) – Structure of the apo-PYR1, gate open [PDB ID
3K3K, chain A]. (B) – Structure of ABA-bound PYR1, gate closed [PDB ID 3K3K, chain B]. The lock mechanism involves both direct and water/ions-
mediated interactions of residues from gate (residues 85–89) and latch (residues 115–117), as well as hydrophobic interactions and hydrogen bonds
throughout the binding pocket’s surface. Residues which contribute to hydrogen binding in gate and latch are labeled and shown by orange sticks,
while hydrophobic residues in the neighborhood of ABA (colored yellow) are shown by purple sticks. The allosteric rearrangement of gate and latch
loops forms a surface for successful PP2C binding. Upon the binding, a conserved PP2C tryptophan 385 (not shown) is inserted between gate and
latch and forms water-mediated hydrogen bond with ABA [9,11].
doi:10.1371/journal.pcbi.1003114.g001

Author Summary

Protein pyrabactin resistance 1 (PYR1) belongs to a group
of PYR1-like (PYL) proteins that regulate plant develop-
ment and responses to conditions of drought and salinity.
Recent studies have reported characterization of their
molecular structures as well as elucidation of important
aspects of their function; highlighting their roles as
receptors for the stress responsive phytohormone, abscisic
acid (ABA). However details of the molecular mechanisms
regulating their receptor signalling remain enigmatic. In
this work, we use molecular dynamics simulations com-
plemented by a sophisticated statistical-mechanical anal-
ysis to investigate structural and dynamical properties of
PYR1 protein and how its interaction with ABA modifies
receptor-protein complex formation. Our results provide
detailed insight into how the PYR1-mediated inactivation
of its downstream phosphatase target is regulated by
homodimer formation and yield new hypotheses, sup-
ported by in vitro experiments, for further investigation.
Ultimately, this knowledge provides insight into how
plants respond to stress, with potential applications in
the development of crops with improved growth charac-
teristics and higher stress tolerance.

Molecular Mechanisms in the Activation of PYR1
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needs to be simulated. The complexity is that MD simulations of

such a system, which consists of approximately 8,000 atoms, or

530 residues, embedded in an explicit water solvent of approx-

imately 60,000 atoms, at physiologically relevant timescales

($100 ns) are prohibitively computationally expensive. Toward

overcoming this problem, various dimensionality reduction or

coarse grained approaches may be employed to draw predictions

from available MD simulations [22–29]. In these approaches,

collective dynamical descriptors are derived from MD data by

such techniques as the principal component analysis (PCA)

[23,24], normal mode analysis [30,27], or related methods,

expecting that relevant structural properties, such as the peptide

flexibility, could be extracted [28,25,20].

Toward enabling robust interpretations, a novel essential

collective dynamics (ECD) modeling framework has been

recently introduced, which allows probing of persistent

dynamic correlations in proteins based on short (a few

hundreds of picoseconds) all-atom MD trajectories [31–35].

Relying on a statistical-mechanical theory, the ECD frame-

work provides a transparent physical interpretation of the

dimensionality reduction analyses in terms of a proteins’

structural properties such as the main chain flexibility or

dynamic domains of correlated motion, as well as allows for a

reasonable match of the corresponding predictions with NMR-

based measurements representing significantly longer time

regimes than the MD trajectories used in the analysis.

In this work, extensive MD simulations for PYR1 bound to

HAB1 phosphatase as well as PYR1 homodimer [10,17] are

reported in the presence and absence of ligand. Employing the

ECD framework the structural stability and dynamics of PYR1

complexes were investigated Employing the ECD framework the

structural stability and dynamics of PYR1 complexes were

investigated. The results are consistent with the ABA-dependent

‘competitive interaction’ model (receptor homodimer versus

receptor-phosphatase complexes [16]) proposed for regulation of

PYR1, suggest a stronger potential role for ABA-independent,

concentration-dependent regulation of basal signaling for all

PYR1/PYL receptors and define the dynamical contributions

that mediate the selective interactions of PYR1.

Results/Discussion

Optimization of PYR1 Simulations and ECD Analyses
Molecular models of PYR1 monomers and dimers as well as

PYR1-PP2C complexes in water were constructed employing

crystallographic models from the Protein Data Bank (PDB) [36],

see also Table 1 and Methods section. Molecular dynamics

simulations were carried out for these constructs and the results

analyzed by the ECD method [31–34] as described in Methods.

Examples of intra-molecular correlation maps are shown in

Figure 2 for the PYR1 open lid and PYR1 closed lid

conformations from Figure 1. The maps show ECD pair

correlation descriptors dij computed by Eq. 1, and represent

inter-atomic correlations originating from direct binding, steric

constraints, and water-mediated interactions in the constructs

considered. From comparison of the correlation maps, a

significant loss of correlations is evident for the gate (V83-N90)

and latch (E114-T118) regions around residues C30, H60, L87

and M158-L166 in the open lid PYR1 construct. The correlations

of the gate with loop Lb7a5 and helix a5 which are observed in

the closed lid conformation are not pronounced in the open lid

construct.

Examples of the resulting main chain ECD flexibility profiles of

the various PYR1 constructs are shown in Figure 3. In the

flexibility profiles, high levels of the descriptor usually correspond

to flexible loops, whereas most of the flexibility minima indicate a-

helices and b-sheets, in accordance with other methods of

flexibility assessment [25,37]. In particular, high flexibilities of

the loop Lb7a5 (residues P148-D155) and the gate region (residues

85–89) as well as around residues Q69, I134 and Y23 are

observed. The flexibilities of open and closed lid structures in the

areas of these loops differ by up to 62%. Interestingly, the

flexibility of loop Lb7a5, which is only indirectly involved in gate

closure, is affected even more strongly than that of the gate upon

ABA-binding, whereas the latch flexibility is similar in these

constructs, reflecting the ‘‘recoil motif’’ interaction upon ABA-

affected PYR1 enclosure [9].

Figure 4 compares our computed flexibility profiles of the

PYR1 constructs with crystallographic B factors [9]. B-factors (or

Debye-Waller factors) of atoms are derived from X-ray diffrac-

tion intensities and are indicative of the relative structural order

in the crystal structure. Low crystallographic B-factors corre-

spond to relatively well defined lattice positions, whereas higher

B-factors can be interpreted as more flexible and less ordered

regions in the crystal structure. While the physical meaning of the

crystallographic B factors is somewhat different from the ECD

descriptors, and the dynamics of the protein in crystal structure

also differs from that in solution, validation of molecular

dynamics analyses against B-factors is a popular choice [34].

The backbone B-factors for PYR1 closed lid, ABA-bound

construct and PYR1 open lid, ABA-free construct (chains B

and A, respectively, from PDB entry 3K3K [9]) are plotted by

dashed lines in Figure 4. The computed flexibilities F�Cb
in the

figure (solid lines) represent the corresponding profiles from

Table 1. List of 3D PYR1 constructs taken from PDB and modeled in silico, which were used for molecular dynamics simulations
and the ECD analysis.

Construct PYR1 monomer PYR1 dimer PYR1-HAB1 complex

Ligand free (1) 3K3K PDB ID chain A [9]; (2)
3K3K PDB ID chain B [9],
ABA-extracted

PYV/P2M extracted from 3NJO PDB ID [10],
S88 replaced with P88.

(1) ABA extracted from 3QN1 PDB ID
[17]; (2) PYR1 shifted against HAB1 by
15 Å

ABA-bound 3K3K.pdb chain B [9] (1) PYV/P2M replaced with two ABA and S88P
mutation in 3NJO PDB ID; (2) PYV replaced with
one ABA, P2M removed, and S88P mutation in
3NJO PDB ID

(1) 3QN1 PDB ID [17], with parts of
HAB1 reconstructed; (2) PYR1 shifted
against HAB1 by 15 Å

Pyrabactin bound ABA replaced with PYV in
chain B of 3K3K

3NJO PDB ID chains A, B [10]

doi:10.1371/journal.pcbi.1003114.t001

Molecular Mechanisms in the Activation of PYR1
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Figure 3, normalized and over-imposed on the experimental

profiles to facilitate the comparison. The comparison shows a

good agreement in general. For the open-lid construct, the

crystallographic B-factors are relatively lower than the ECD

flexibility in the N-terminal area and in the gate, whereas for the

closed-lid construct, the B-factors are higher than the ECD

flexibilities in the latch and in the area of loop Lb7a5. The reason

of the differences around the gate for the open-lid construct is

evident and related with constrained motion of the gate in the

crystallographic structure. For the closed-lid construct, the

relatively high B-factors in the regions of the loops Lb7a5 and

the latch can be attributed to the luck of stabilizing water-

mediated hydrogen bonds of loops’ residues with the rest of the

protein in the phosphatase-binding area of the crystallographic

structure. One can conclude that, considering the different

physical meaning of B-factors and the ECD flexibilities, the

agreement is satisfactory. The differences observed highlight the

importance of a thorough analysis of protein dynamics in

solution. While the availability of crystallographic structures is

major to understand the dynamics, the structures alone do not

fully represent important aspects that are addressable by

molecular dynamics studies.

Figure 5 presents typical examples of dynamic domains of

collective motion in PYR1-ABA-free, open lid construct and

PYR1-ABA-bound, closed lid construct obtained by ECD analysis

of the MD trajectories as described in Methods. It can be seen that

the largest domain in PYR1 ABA-bound construct contains the

gate, sheets b7, b6, b5 from the ligand pocket, loops Lb2b3 and

Lb7a5, and helices a2 and a5. This includes the three main

structural motifs of closed lid PYR1 [9] and also the ligand pocket

elements. In the open lid construct, the gate and second helix are

dynamically uncoupled, and only the central part of helix a5 is

correlated with the ligand pocket area.

Finally, simulations for the PYR1 closed lid, ABA-extracted

construct were conducted over a range of temperatures including

281 K, 300 K, 310 K and 325 K and analyzed for impact of

temperature on dynamics in order to identify a suitable

temperature for PYR1 simulations (Figure S1). Interestingly, the

Figure 2. Correlation maps of residues in gate (residues 85–89) and latch (residues 115–117) regions for the PYR1 constructs from
Figure 1: (A) – closed lid, ABA-bound, (B) – open lid, ABA-free receptor. The simulations have been performed at 300 K. Strong correlations
are represented by low values of the descriptor (green and blue colors), whereas high values indicate a more independent motion (magenta and
white colors).
doi:10.1371/journal.pcbi.1003114.g002

Figure 3. Main-chain flexibility profiles of PYR1-ABA-bound closed lid (red line), PYR1 ABA-free closed lid (green line) and PYR1
ABA-free open lid (blue line) monomer constructs with standard deviations indicated by vertical lines. The simulations were performed
at 300 K.
doi:10.1371/journal.pcbi.1003114.g003

Molecular Mechanisms in the Activation of PYR1
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closed lid ABA-extracted construct exhibits a stable gate-latch

lock, which opened only after a 20 ns simulation at increased

temperature (325 K), while the open lid construct showed

switching of the gate from closed to open lock positions in the

course of all simulations. At 281 K the largest domain of

correlated motion, which indicates the most extensive correlations,

includes most of the b-sheets, gate and latch, whereas helix a5 is

decoupled. At temperatures 300 K and 310 K, the gate and latch

are largely decoupled; however most of helix a5 is involved in the

largest domain, which contains more than 10% of the receptor’s

atoms. At 325 K the size of the largest domain decreases and its

structure is different from that observed at 300 K and 310 K,

indicating as expected, that simulations at 325 K may not be

representative of physiologically relevant conditions. Finally, in

addition to analyzing the dynamical domains at various temper-

atures, we also inspected visually the evolution of the ABA-

extracted, closed lid PYR1 construct during 50 ns simulations

(Figure S2). At 281 K and 300 K temperatures, the conformation

remained closed most of the time. In contrast, the contacts of gate

and C-terminal helix with the rest of receptor were disrupted after

30 ns of simulations at 310 K and at 325 K. Based on these tests,

310 K has emerged as a condition which allows observation of

changes of conformation such as the gate and latch decoupling

upon removal of ABA, whereas the dynamics of the receptor are

not altered significantly in comparison to 300 K. Therefore 310 K

was adopted as a physiologically relevant temperature, yet high

Figure 4. Normalized main-chain flexibility profiles of PYR1 monomers F�Ca
(solid lines) over-imposed on B-factors of the

corresponding starting crystallographic structures (chains A and B from PDB entry 3K3K [9], dashed lines). In the plot, red color
represents PYR1 in ABA-bound, closed-lid conformation and blue color represents ABA-free, open lid conformation.
doi:10.1371/journal.pcbi.1003114.g004

Figure 5. Dynamical domains of correlated motion for the pyrabactin receptor (A) – closed lid, ABA-bound, ABA not shown; (B) –
open lid, ABA-free receptor. Simulations were performed at 300 K. Six largest domains are shown, colored blue, red, green, light blue, yellow and
pink in the decreasing size order.
doi:10.1371/journal.pcbi.1003114.g005

Molecular Mechanisms in the Activation of PYR1
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enough to allow observation of pertinent conformational evolution

in silico. The simulations described below are performed at 310 K,

unless indicated otherwise.

ECD Analysis of PYR1-HAB1 Ligand-Free and Ligand-
Bound Systems

The structure of ABA-bound PYR1 complexed with homology

to ABA insensitive 1 (HAB1) phosphatase (PDB ID 3QN1) is

presented in Figure 6. The polar and non-polar interactions on the

binding surface indicated in the figure were identified using

Accelrys VS, and are consistent with the original structure report

[17]. Polar interactions which involve hydrogen bonds correspond

to a 4 Å cutoff, and other polar interactions correspond to a 3.5 Å

cutoff. The non-polar interactions comprising van der Waals and

hydrophobic interactions correspond to a 4.5 Å cutoff.

MD simulations conducted for the PYR1-ABA-HAB1 complex

over the course of 30 ns simulations showed considerable inter-

molecular correlations in the PYR1 and HAB1 binding areas as

one would expect (Figure 7 (A)). Simulations for ABA extracted

PYR1-HAB1 complex (Figure 7 (B)) demonstrated inter-molecular

correlations in similar locations, but with some variability in

relative extent. In the ABA extracted complex, N-terminal regions

helix a1 and loop La1b1 of PYR1 showed a slightly stronger

correlation with HAB1 in comparison to the ABA-bound complex,

although the level of correlation is slightly lower for the rest of the

receptor. Other, minor differences are observed in the areas of

loop La3b2, the gate, latch, and loop Lb7a5. In the PYR1-ABA-

HAB1 construct these areas show a more pronounced correlation

with HAB1, whereas in the case of PYR1-HAB1 complex the loop

La3b2 has a weaker correlation around residue K63, the gate has

reduced correlation around residue G86, correlations for the

entire latch are decreased, and loop Lb7a5 loses the correlations

around residue P148. Interestingly, the loop La1b1 shows stronger

correlations in the PYR1-HAB1 complex than in PYR1-ABA-

HAB1 complex, which may be related to disulfide bond formation

with C30 as previously reported for residues R157 and C30 [9]. As

it has been shown elsewhere, HAB1 residue W385 forms a

hydrogen bond with a water molecule, which in turn binds to P88

and R116 of PYR1, and with the ketone group of ABA [17]. It is

important that for both constructs A and B of Figure 7,

correlations between HAB1 residues around W385 with La3b2,

Lb7a5 and the gate are very strong, indicating that tryptophan is

inserted in the gate-latch gap independently of the presence or

absence of ABA. As it can be seen from close up of PYR1-HAB1

binding area presented on Figure S3, both ABA-bound and ABA-

free closed-lid constructs have a water molecule mediating the

interactions of W385 with R116. Other water molecules mediate

different important interactions inside of the ligand cavity of both

constructs, however the absence of ABA makes these interactions

weaker.

In Figure 8, PYR1 main chain flexibility profiles are presented

for both PYR1-ABA-HAB1 and PYR1-HAB1 complexes. Notable

is the absence of the flexibility maximum around the gate (which is

one of areas of the phosphatase binding) in distinction to the

profiles of HAB1-free constructs shown in Figure 3. In agreement

with the correlation maps, the flexibility of the latch is somewhat

higher in the ABA-free construct than in the ABA-bound

construct, indicating than these areas are less constrained in the

former case. However, overall the locations of maxima as well as

minima of the two flexibility profiles are found at largely similar

locations, except for latch residue L117, where a flexibility

maxima is observed in the ABA-free construct, but not in the

ABA-bound construct. L117 swings outward in the absence of

ABA. In conclusion, ABA-bound and ABA-extracted PYR1-

HAB1 constructs demonstrate notable similarities in their dynam-

ics, indicating that similar binding mechanisms are likely involved

in basal and ligand-induced interactions and suggest that apo-

PYR1 should be able to interact with PP2Cs if it is ever free of the

homodimer.

We also compared the normalized ECD flexibility profiles of

HAB1-bound PYR1-ABA construct with the corresponding

experimental crystallographic B-factors of the backbone [17]

(Figure 9). The two profiles show a reasonable agreement, both

exhibiting absence of the flexibility maximum in the area of the

Figure 6. The PYR1-ABA-HAB1 complex (PDB ID 3QN1) with residues on the binding surface shown by orange (PYR1) and green
(HAB1) sticks. Polar interactions comprise residues H60–E323, K63–S200, K63–E201, I84–G246, S85–G246, G86–R389, S85–E203, P88–Q386, P88–
R389, R116–W385, N151–Q384, and L166–E323. Non-polar interactions include residues F61–Y404, I84–G246, R116–Q386, L87–V393, L117–W385,
P148–W385, D155–I383, M158–I383, M158–F391, F159–V393, F159–W385, F159–G392, T142–F391, and L166–Y404 [17]. These include both direct and
water-mediated interactions. ABA is represented by a translucent surface, which is colored according to the charge distribution: red for positively,
blue for negatively, and white for neutrally charged ABA atoms, respectively.
doi:10.1371/journal.pcbi.1003114.g006

Molecular Mechanisms in the Activation of PYR1
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gate, as well as a relative decrease of the flexibility in other areas of

the phosphatase binding such as the latch and loop Lb7a5, in

comparison to the corresponding profiles of HAB-free monomeric

PYR1 in Figure 4. Beyond the region of N-terminus, the most

significant difference between the normalized ECD flexibility

profile and B-factors is observed in the area of helix a3 and loop

La3b2. In this area, the values of B-factors show a maximum that

is absent in the ECD flexibility, which may be explained by the

formation of bonds K59-ABA and H60-S322 observed in the MD

simulation.

MD simulations were also performed for both ABA-bound and

ABA-free PYR1-HAB1 complexes, in which dissociated closed-lid

PYR1 was shifted back against HAB1 for 15 Å, after which 40 ns

MD simulations were performed as described in Methods.

Snapshots from two independent MD simulations of ABA-bound

PYR1 and HAB1 systems are shown respectively in Figures S4

and S5. In one of the MD trajectories (Figure S4), ABA-bound

PYR1 has shifted toward the phosphatase during equilibration; the

first bond was formed between the gate and residue W385 of

HAB1 at 4 ns, and subsequently other connections developed.

After approximately 20 ns the entire bond network was recovered.

Figure 7 (C) demonstrates the correlations at the binding area after

docking has occurred in the first simulation, which bears a

significant resemblance with the correlation map for unperturbed

PYR1-ABA-HAB1 complex (Figure 7 (A)). In another trajectory

(Figure S5) the shift of ABA-bound PYR1 toward HAB1 occurred

over the first 8 ns after equilibration, a bond was formed between

the gate and W385 followed by development of other connections

which also stabilized the folds of HAB1. After approximately

30 ns, PYR1 and HAB1 adopted a similar docking pose as in the

Figure 7. Ca atoms correlation maps for PYR1-HAB1 binding areas: (A) – PYR1-ABA-HAB1 complex; (B) – PYR1-HAB1 complex, ABA
extracted; (C) – recovered PYR1-ABA-HAB1 complex in which PYR1 was initially shifted against HAB1; (D) – recovered ABA-
extracted PYR1-HAB1 complex in which PYR1 was initially shifted against HAB1. In the maps, lower levels of the correlation descriptor
represent strong correlations (green and blue regions), and higher levels correspond a relatively uncorrelated motion (white and magenta regions).
doi:10.1371/journal.pcbi.1003114.g007

Molecular Mechanisms in the Activation of PYR1

PLOS Computational Biology | www.ploscompbiol.org 7 June 2013 | Volume 9 | Issue 6 | e1003114



initial crystallographic model (PDB ID 3QN1 [17]). With this

control experiment in hand, next, we performed similar MD

simulations with ABA-extracted (closed-lid) dissociated PYR1

shifted against HAB1. Interestingly, two such simulations again

demonstrated binding of apo-PYR1 to HAB1. In one of the

simulations, the initially distanced ABA-free PYR1 and HAB1

developed some binding after only 1 ns, however the PYR1-HAB1

interaction remained flexible allowing for a slight rotation and

formation of stable bonds after 28 ns. Subsequently, the recovered

complex construct remained stable (Figure S6), although the inter-

molecular correlations were weaker than in the crystallographic

model (Figure 7 (D)). In another simulation, after approximately

20 ns PYR1 and HAB1 have slightly rotated against each other

and formed some contacts (Figure S7). In both simulations, the

binding surface was somewhat different from that of the complex

PYR1-ABA-HAB1.

The PYR1 main chain flexibility profiles for the partially

recovered ABA bound and ABA-free PYR1-HAB1 complexes

after the initial 15 Å shift are shown in Figure 8. Segments for the

ECD analysis were taken from the last 20 ns of the production

run, when a recovery of bonds between shifted PYR1 and HAB1

was observed (see Figures S4 and S6). The corresponding

Figure 8. PYR1 main chain flexibility profiles in various complexes with phosphatase: PYR1-ABA-HAB1 complex (green line), ABA-
free PYR1-HAB1 complex (red line), partially recovered ABA-bound PYR1-HAB1 complex (yellow line), and partially recovered ABA-
free PYR1-HAB1 complex (blue line). The bars indicate the standard deviations. Dashed lines indicate regions of phosphatase binding.
doi:10.1371/journal.pcbi.1003114.g008

Figure 9. Normalized main-chain flexibility profile F �Ca
of PYR1 monomer bound to HAB1 (solid lines) over-imposed on B-factors of

the starting crystallographic structure 3QN1 (dashed lines).
doi:10.1371/journal.pcbi.1003114.g009
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flexibility profiles represent constructs with significantly decreased

PYR1-HAB1 distances compared to the starting point of the run,

approximately from 10 Å to 3.3 Å. For this reason, the levels of

PYR1 main chain flexibility (especially in loops La1b1, Lb2b3,

Lb3b4, Lb6b7 and Lb7a5 on Figure 8) in the recovered and

unperturbed PYR1-HAB1 complexes are significantly lower than

in PYR1 receptor alone (see Figure 3). Notably, this decrease of

loop flexibility is observed in both ABA-bound and ABA-free

recovered complexes, further supporting the possibility that an

affinity may be possible between closed-loop PYR1 and HAB1

even in the absence of ABA.

If one compares the four flexibility profiles in Figure 8, it is clear

that the flexibility is overall lower in both unperturbed (non

shifted) simulations, in particular in the areas of the loop La3b2,

the gate and helix a5. Indeed the regions around the gate, the loop

Lb7a5, the C-terminal helix a5 (residues D146-L171), as well as

residues K54-S66 all show a lower flexibility in unperturbed

PYR1-ABA-HAB1 complex than in both recovered constructs.

This is further emphasized by the higher flexibility in the

recovered ABA-free complex, in particular around residues I62,

G86 (near the gate), H115, R116 (near the latch), and E149, S152,

W156, A160 (in Lb7a5 and helix a5). Interestingly the unper-

turbed PYR1-ABA-HAB1 complex does have higher flexibility

around residues F20 (loop La1b1) and E132 (loop Lb6b7), but

these are both relatively distant from the binding area. The

flexibility of recovered PYR1-ABA-HAB1 complex is lower than

that of recovered ABA-free PYR1-HAB1 complex by 35% around

residue M158 in loop Lb7a5 and by 42% around G86 in the gate.

This indicates that a significant constraining of the loop Lb7a5 as

well as the gate occurs in the presence of ABA in the recovered

system.

Complementary to the ECD analysis, nearest inter-molecular

neighbors identified by Accelrys VS with a 5 Å cutoff have also

been compared for the initial PYR1-ABA-HAB1 complex and the

recovered PYR1-ABA-HAB and PYR1-HAB complexes (see

Table S1, blocks I, II, and III, respectively). Nearest inter-

molecular neighbors for the PYR1-ABA-HAB1 construct with

mutation H60P (PDB ID 3ZVU, [16]), PYL2-ABA-HAB1

complex (PDB ID 3KB3 [11]), PYL3-ABA-HAB1 complex

(PDB ID 4DS8 [38]), and ABA-free PYL10-HAB1 complex

(PDB ID 3RT0, [15]) are also listed in Table S1 (blocks IV-VII,

respectively). It can be seen that the binding interfaces of receptors

in constructs 3QN1, 3ZVU, 3KBS, 4D58, and 3RTO are highly

conserved and include residues of La3b2, the gate, the latch,

Lb7a5 and helix a5 (F61, S85-P88, R116, N151, D155, F159,

T162, L166). The recovered PYR1-ABA-HAB1 complex exhibits

largely similar binding areas, in agreement with the described

ECD analysis. In the recovered ABA-free PYR1-HAB1 complex,

an extended Lb3a2 area, some residues of the gate and helix a5

also developed bonds with the phosphatase. Further to this, PYR1

regions around the loop Lb6b7 (E132-R134), C-terminal region of

a5 (R180), and the N-terminal region of Lb3a2 (P55-K59, not

shown in Table S1) developed bonds with HAB1 only in the

recovered ABA-free PYR1-HAB1 complex and not in the other

constructs. It can also be seen that the regions of the phosphatase

involved in the binding of the recovered ABA-free PYR1-HAB1

complex are somewhat different from those in the initial PYR1-

ABA-HAB1 construct (3QN1) as well as in the other PYR and

PYL constructs listed in Table S1.

Overall these results highlight some of the dynamical aspects of

the PYR1 structure that are important in mediating PYR1-HAB1

complex formation; highlighting some ABA-dependent differences

in the roles of loop La3b2, the gate, the latch, loop Lb7a5, and

helix a5. These findings are consistent with previous crystallo-

graphic and mutagenic reports, and also support the possibility of

the formation of functionally relevant ABA-free PYR1-PP2C

interactions. On the other hand, MD simulations demonstrate that

the absence of ABA decreases the aptitude of PYR1 to quickly

develop proper contacts with the phosphatase. This supports the

possibility of some low level basal PYR1 activity in association with

these interaction kinetics.

This computationally predicted dynamical data begs the

question of whether binding of PYR1 to PP2Cs occurs only in

the presence of ABA or whether select concentrations of receptors

and phosphatases might enable an ABA-free PYR1-HAB1

interaction. While there is no substantial evidence for such an

apo-PYR1-PP2C interaction in the literature to date, one fairly

systematic analysis of the basal activity of the ABA receptors

against four different PP2Cs did reveal up to ,45% inhibition of

HAB1 activity by apo-PYR1 at an RCAR:PP2C ratio of 100:1 at

0.27 mM HAB1 [15]. However a different study [39] working with

a 4:1 ratio was unable to detect any inhibition of PP2CA by PYR1

and only a weak inhibition by PYL8 was observed. Further

detailed evaluation by in vitro experiments in our own lab, in which

freshly purified recombinant PYR1 was titrated into the phospha-

tase ABI2 across a range of protein ratios showed a maximal basal

effect at a 4:1 receptor:phosphatase ratio (up to 80% inhibition of

ABI2 activity) at a constant concentration of 0.5 mM ABI2 (Figure

S8). It is interesting that this interaction seems to be conditional,

occurring over a relatively narrow range of RCAR:PP2C ratios

starting at around equimolar and peaking at 4:1 and then

decreasing at higher ratios. The decrease at higher ratios would be

consistent with increased homo-dimerization of PYR1, sequester-

ing it away from the PP2C. The potency of the apo-PYR1-ABI2

interaction reported here, while at odds with those published

previously [15,16], may relate to subtle differences in the actual

protein concentrations tested and the identity of the PP2C. Hao et

al., [15] only see potency of apo-PYR1 against HAB1, and not

ABI1, HAB2 or PP2CA (they do not provide data for ABI2 at all).

As well the freshness of the protein preparation may have an

impact, as freeze storage of at least one PYL has been shown to

selectively abolish basal signaling functionality of the receptor,

without affecting its ABA-induced activity (Figure S9). Overall,

these relative activities for the basal PYR1-ABI2 versus PYR1-

ABA-ABI2 interactions (compared directly at a 1:1 RCAR:PP2C

ratio (Figure S8) as well as the apo-PYR1-HAB1 interaction

described previously [15], are consistent with the dynamic

variations described above with increased correlations and more

stable profiles detected for the PYR1-ABA-HAB1 complex in the

areas of loop La3b2, the gate, latch, and loop Lb7a5.

Comparative ECD Analyses of PYR1-PYR1 and PYR1-HAB1
Systems

That the low or complete lack of basal activity reported for

dimer-forming receptors including PYR1/PYLs 1–4, may result

from a ‘competitive interaction’ process between homo-dimer

complexes and receptor/phosphatase complexes has been put

forward in several publications [7,15,16]. The results reported in

the previous section support the possibility that PYR1-HAB1

binding is possible in the absence of ABA, lending further support

to the ‘competitive interaction’ mechanism for PYR1. Vice versa,

our observation that repeated freezing abolishes the basal activity

of a ‘monomeric’ receptor (PYL5; see Figure S9), but not its ABA-

inducible activity, suggests that under certain conditions, it may

even be possible for these monomeric receptors to form homo-

dimers (oligomers).

To date, published experimental studies have shown that loops

La3b2, as well as the gate, the latch and the loop Lb7a5 are
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involved in determining the outcome of the competition [9,16,17].

In particular the importance of loop La3b2 was demonstrated in

experiments by Dupeux et al [16], which revealed that residue

H60 may determine the oligomeric state of PYR/PYL family

members. In turn, conformations of the gate, the latch and the

loop Lb7a5 (often denoted as Pro cap, Leu lock and partially

‘‘Recoil motif’’ subunits) have been shown to be somewhat

different for ABA-bound and ABA-free PYR1 asymmetric dimers

[9]. A subtle difference of conformations around residue S85 and

Lb7a5 loop between ABA-bound dimer and PYR1-ABA-HAB1

also indicate that these regions indeed play a role in the binding of

PYR1 and HAB1 [17]. However, the dynamical contributions of

these regions to determining the selectivity of interactions remain

to be explored by molecular simulations. Thus we extended our

study to address PYR1 dimers in comparison with the PYR1-

HAB1 complexes in the presence and absence of ABA.

Studies have shown that PYR1 forms homodimers in the

absence of ABA [15,16], or possibly with ABA occupying one

binding site between the two dimer partners [9]. On the

assumption that the presence of two ABA molecules in a dimer

leads to monomerization, simulations on a PYR1 dimer construct

containing two ABA ligands, which is denoted as the 2ABA-bound

dimer, were initiated. This construct has been prepared from PDB

structure 3NJO, where the pyrabactin (PYV) and P2M ligands

were replaced with ABA molecules. The structures of symmetric

ligand-free dimers, and occasionally, the asymmetric 1ABA-bound

dimer have also been used for comparison (see Table 1 and

Methods). Because the available PDB crystallographic structure of

PYR1 dimer contains PYV/P2M ligands, we also investigated the

binding of these ligands along with ABA. The structure of a 2ABA-

bound dimer after equilibrations in water is shown in Figure 10.

The identified interactions are in agreement with published

structural data [9,10]. As previously reported, the regions of PYR1

involved in binding to HAB1 (Figure 6) and in the dimer

(Figure 10) overlap significantly [17].

The MD simulations for the dimers have been carried out for

30 ns after a 10 ns NPT equilibration. Figure S10 shows the main

chain flexibility profiles for the PYV/P2M- and 2ABA- bound

PYR1 dimers, as well as for ABA-free apo-dimer, whereas

Figure 11 compares the flexibilities of PYR1 from ligand-free

and 2ABA-bound PYR1 dimers with that from the complex

PYR1-ABA-HAB1. These comparisons demonstrate that in most

regions, flexibility and its standard deviation are higher in ABA-

bound PYR1 dimer (both 2 ABA and 1 ABA forms) than in any

other complex. In particular, the flexibility in the latch region

(H115) of 2ABA-bound and ABA-free dimers is higher than in

PYR1-ABA-HAB1 complex by 67% and 27%, respectively. We

attribute this difference to the effect of bonds L117-W385 and

R116-Q386 in the PYR1-ABA-HAB1 construct. In ABA-free

dimer, residues H115 in both chains are asymmetrically involved

in intra-receptor binding with D154 and A89 each, whereas in

ABA-bound dimers residue P88 interacts only indirectly with

ABA, making the gate and latch areas more flexible and also

destabilizing helix a4. Interestingly, the increase of flexibility

around residue H115 is more pronounced in the 1ABA-bound-

dimer than in either the 2ABA-bound dimer or the pyrabactin-

bound dimer (Figure S10). In the PYV-bound dimer, H115 can

interact with A89 because of the smaller size of PYV size and

residue 88 tends to interact with the latch rather than with the

ligand, stabilizing helix a4. As it also can be seen from Figure S10,

binding of PYV/P2M or two ABA ligands decreases the flexibility

of helix a5 in comparison with ligand free dimers. Another notable

feature is observed in the loop Lb7a5 and around residue A89. In

the first region, dimerized PYR1 develops bonds at residue E153,

whereas in the PYR1-HAB1 complex, the binding occurs at

residues N151-Q384 and P148-W385 which causes a slight shift in

the flexibility maximum in the region of this loop. These

differences between dimerized and phosphatase-bound PYR1

constructs agree with the recent analysis of corresponding

crystallographic data [17]. Finally, for all dimer models consid-

ered, a relatively high flexibility for loops La1b1 and Lb2b3 is

observed since these loops are dynamically uncoupled from the

rest of the construct.

Main chain correlation maps for the dimer constructs were

subsequently analyzed. Intra-receptor correlations for Ca atoms in

ABA-free dimer and PYR1-HAB1 as well as 2ABA-bound dimer

and PYR1-ABA-HAB1 complex are shown in Figure 12. It is clear

from comparison of Figure 12 panels (A) and (B) that intra-

receptor correlations are overall weaker in the ABA-free PYR1

dimer compared to the ABA-free PYR1-HAB1 complex. Howev-

er, in 2ABA-bound dimer intra-receptor correlations for the latch

region and loop Lb4b5 are even weaker still, supporting a model

in which 2ABA-binding destabilizes apo-homodimer complexes.

In contrast, the presence of ABA leads to stronger correlations in

the ABA-bound PYR1-HAB1 (Figure 12 D) complex than in

either dimer or the apo-PYR1-HAB1 complex. Especially evident

is the relative lack of intra-molecular correlations in the area of the

C-terminal helix a5 in both apo- and holo- dimers (Figure 12 A

and D). As well, helix a5 coupling to residues 30–62, gate, latch

and b7 is approximately three times weaker in the dimers than in

the PYR1-ABA-HAB1 complex. Inter-molecular correlation maps

of the binding areas of ligand-free and 2ABA-bound dimers shows

a similar inter-correlation network in the two constructs

(Figure 13). One difference is that the residues from the latch

region in chain A of the 2ABA-bound dimer show less correlation

with chain B generally. Also, the coupling of gate residues is

Figure 10. PYR1-dimer, 2ABA -bound (modified PDB ID 3NJO
after ligand replacement, mutation S88P, minimizations and
equilibrations in water) with residues on the binding surface
indicated by orange sticks for chain A and green sticks for
chain B. The direct and water-mediated interactions, detected by
AccelrysVS employing the same criteria as for the PYR1-ABA-HAB1
complex in Figure 6, comprise H60–L166, H60–T162, F61–F159, F61–
L166, F61–F61, F61–T162, I62–M158, K63–D155, K63–E153, I84–F159,
S85–D155, S85–D154, S85–F159, S85–T156, S85–E153, G86–P88, G86–
L87, G86–F159, L87–P88, L87–L87, L87–F159, P88–P88, L166–L166 and
all reciprocal [10]. Ligand molecules in the binding pockets are depicted
by surfaces colored according to the charge distribution as in Figure 6.
doi:10.1371/journal.pcbi.1003114.g010
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slightly weaker with ABA in the dimer. Overall, the inter-

molecular correlations are slightly less symmetrical for the 2ABA-

bound dimer, arising from the observation that correlation of the

chain A gate with the chain B helix a4 is not mirrored by a similar

correlation between chain B gate and chain A helix a4 in

agreement with published X-ray scattering experiments of

assymetric dimeric units [9].

Comparison of Figures 13 and 7(A) confirms that similar regions

of PYR1 are involved in HAB1 and dimer interfaces. In particular,

residues K54-S66, R79-W93, and D146-L171 are involved in

both dimer association and HAB1 binding. However, in most of

these areas PYR1 residues are less constrained in the dimer than in

the PYR1-HAB1 complex. Thus, a relatively weak coupling of

chains A and B of the dimer is observed in the region of residue

H60, the gate, N-terminal of helix a5, and to a lesser extent in the

latch and C30 region. These differences originate from the

interactions of the latch region and T142-N151 region residues.

While the latch region is strongly correlated with several large

parts of the phosphatase, pronouncedly weaker correlations are

observed in the dimer, particularly around residue 111. A similar

trend of decoupling is observed at residue 145 of the dimer.

Conclusions
In an effort to elucidate details of the molecular mechanisms

mediating PP2C inhibition by ABA receptors, we report extensive

molecular dynamics simulations of apo and holo pyrabactin

receptor PYR1 in complex with HAB1 as well as in dimeric form.

We also report our comparative analysis of the dynamical stability

of these complexes by novel ECD method, which we have

validated against crystallographic B-factors.

In agreement with recent experimental findings [8–16], our MD

simulations and the ECD analysis indicate that ABA-bound PYR1

should efficiently bind to HAB1. In particular, the loop La3b2, the

gate, latch, loop Lb7a5, and helix a5 have been found to develop

stronger dynamic correlations with HAB1 in presence of ABA in

comparison to ABA-free constructs. However, ABA-bound and

ABA-extracted PYR1-HAB1 constructs demonstrated notable

similarities in their dynamics, suggesting that apo-PYR1 should

be able to make a substantial interaction with PP2Cs. This

possibility was validated by in vitro data that demonstrate a

conditional functional interaction between apo-PYR1 and ABI2 in

our hands. In the context of competing interactions, our

dynamical analysis indicates that although similar regions of

PYR1 are involved in dimer association and HAB1 binding both

ABA-bound and ABA-free PYR1 in complex with HAB1 exhibit a

lower flexibility, higher intra-molecular structural stability, and

stronger inter-molecular dynamic correlation, in comparison with

either holo- or apo- PYR1 in dimeric form. This may be

interpreted as dimeric PYR1 being under less steric constraint in

comparison with PYR1-HAB1 complex. Furthermore, compari-

son of 2ABA-bound and ABA-free dimers reveals a loss of intra-

receptor correlations, in particular in the areas of the latch and

loop Lb4b5, upon ABA binding. Inter-chain correlations in the

area of the latch and the gate are also somewhat weakened in the

presence of ABA.

Together these results are consistent with ABA having an

opposite effect on PYR1-HAB1 and PYR1-PYR1 complexes,

constraining the former and destabilizing the latter, as expected.

They also suggest that ABA-free PYR1 can bind to the

phosphatase, and that such binding would be in competition with

PYR1 dimerization, particularly in the absence of ABA. These

findings, validated in vitro, suggest that the model of receptor

regulation by ‘competing interactions’ may be more complex and

at the same time more broadly applicable to all PYR1/PYL type

ABA receptors both in the presence and absence of ABA. Finally,

these findings raise the question of whether the dynamics of

Figure 11. PYR1 main chain flexibility profiles in ABA-free PYR1 dimer (red line), 2ABA-bound PYR1 dimer (green line), and ABA-
bound PYR1 in complex with HAB1 (blue line). Overall, the main chain of PYR1 is more flexible in the dimers than in the PYR1-HAB1 complex.
Dashed lines indicate the regions of dimer binding. The level of PYR1 flexibility in the dimer/HAB1 complex is essentially reduced comparing to that
of PYR1 monomer (Figure 3).
doi:10.1371/journal.pcbi.1003114.g011
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receptor-phosphatase interactions might be preferred over that of

homo-dimer interaction regardless of the presence or absence of

ABA in the PYR1 binding pocket, and whether the ‘competing

interactions’ mechanisms could, to a significant extent, be

regulated by kinetic factors such as the interaction reaction

pathway or the availability of protein [39].

Methods

Molecular Structures
Crystallographic coordinates of the pyrabactin receptor PYR1,

as well as the complexes PYR1-ABA-HAB1 and PYR1-pyrabac-

tin-bound dimer (resolution 1.70 Å, 1.80 Å and 2.47 Å respec-

tively) were taken from the Protein Data Bank [36], entries 3K3K,

3QN1, and 3NJO [9,10,17], see Table 1. Homology to ABA

insensitive 1 (HAB1) phosphatase model was chosen based on the

availability of the 3D structure in complex with PYR1. Initially, all

water molecules were removed from the crystal structures. All

ligands extractions/insertions were created in silico with Accelrys

Discovery Studio software [40]. In structure 3QN1, 26 missing

residues, G222-L231, D271-R282, and P462-E465 and missing

atoms in residues 214, 281, 233, 406, 422, 468, and 504 were

reconstructed using a replacement structure 3RT0.pdb, chain A of

apo-PYL10-HAB1 complex [15]. Missing residue P229 was built

with Accelrys DS. For the ABA molecule, Accelrys DS was used to

add the hydrogens, and acpype [41] and mktop [42] scripts were

employed to evaluate the charge distribution and generate

topology files. All constructed regions were optimized.

As a model of monomeric ABA-bound closed lid PYR1

construct, chain B of structure PDB ID 3K3K was used, whereas

Figure 12. Intra-receptor Ca atoms correlation maps: (A) – in ligand-free PYR1 dimer; (B) – in PYR1-HAB1 complex; (C) – in 2ABA-
bound PYR1 dimer; (D) – in PYR1-ABA-HAB1 complex. Strong correlations are represented by low values of the descriptor (green and blue
colors), whereas high values indicate a more independent motion (magenta and white colors).
doi:10.1371/journal.pcbi.1003114.g012
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chain A of 3K3K was used to model open lid ABA-free PYR1

construct. To simulate ABA-free closed lid PYR1 construct, ABA

was extracted from chain B of 3K3K (see also Figures S1 and S2).

All constructs were minimized in vacuo, and solvated in water with

counterions afterwards.

The model of ABA-bound PYR1 in complex with HAB1

employed structure PDB ID 3QN1, and the ABA-free PYR1-

HAB1 structure was obtained by extraction of ABA from 3QN1

and further minimization and equilibration. The same crystallo-

graphic model 3QN1 was used to construct ABA-bound and ABA-

extracted PYR1-HAB1 systems, in which PYR1 was initially

shifted against HAB1 (see Figures S4, S5, S6, S7). To prepare a

separated ABA-bound construct, the centers of mass of PYR1 and

HAB1 were oriented along the 0Z axis, and then the coordinates

of ABA-bound PYR1 receptor were shifted against the phospha-

tase for 15 Å along the 0Z axis using Accelrys DS [40]. After in

vacuo minimization of the ABA-extracted PYR1-HAB1 complex,

similar to described above centers of mass alignment has been

made, then the receptor was shifted against HAB1 for 15 Å along

the 0Z axis.

The PYR1 dimer constructs were built from PDB ID 1NJO

structure. In this model, subunits of the P88S mutant dimer

contain synthetic ligands C16H13BrN2O2S (pyrabactin, PYV)

and C16H14N2O2S (P2M), and the mutation P88S is intro-

duced to improve binding of these ligands. To construct PYR1

models containing one and two ABA ligands, PYV/P2M

ligands were extracted from 1NJO and replaced with one or

two ABA molecules respectively, after which reverse mutation

S88P has been made using Accelrys DS, and minimization was

performed. In the paper, dimers containing one and two ABA

molecules are denoted as 1ABA-bound and 2ABA-bound

dimers, respectively. In the model of ligand-free dimer, PYV/

P2M molecules were extracted from structure 3NJO, residue

S88 replaced with P88, and minimization performed. For

simulations involving PYV-bound PYR1 monomers and PYV/

P2M bound dimers, residue S88 was retained, structure

minimized and solvated.

After in-vacuo minimization, each system was solvated in a

triclinic box with walls located at distances $15 Å from the

protein. Simple Point Charge (SPC) water molecules were

employed, and Na+ or Cl2 counterions were added to make

system net charge equal to zero.

Molecular Dynamics Simulations
Minimizations, equilibrations and production MD simulations

were carried out using Gromacs v4.0.7 [43] and AMBER v11

packages [44] with OPLS and AMBER03 force fields, respective-

ly. The trajectories generated by Gromacs were used to analyze

structural changes as well as for ECD analysis.

In vacuo minimization of starting models described in the

previous section comprised 10000 steps of steepest descent

minimization. After the systems were solvated, solvent minimiza-

tion was made using 500 steps of a steepest descent algorithm with

strong positional restraints on all heavy protein atoms to prevent

distortion of protein structure by non-equilibrated solvent. Next,

seven steps of short steepest descent minimization were performed

on each solvated system with decreasing position restraints on non-

hydrogen protein atoms (Kposre = 16105, 16104, 1000, 100, 10

and 0 kJ mol21 nm22) followed by system heating. The temper-

ature of proteins and solvent was maintained at desired level

(310 K in most cases) by coupling the systems with Berendsen

thermostats [45]. Seven NVT-like MD equilibration steps with

decreasing non-hydrogen protein position restraints

(Kposre = 16105, 16104, 1000, 100, 10 and 0 kJ mol21 nm22)

were then made, the last one with no restraints and stronger bath

coupling. The last equilibration step and production simulations

were conducted at the desired temperature of 310 K (unless

indicated otherwise) and pressure at 1 atm with isotropic pressure

coupling (NPT ensemble), bond length restrained with the LINCS

algorithm with a fourth order of expansion. The short-range

electrostatic and van der Waals interactions cutoff radii were equal

to 14 Å each. Long-range electrostatic interactions were treated

with particle-mesh Ewald (PME) summation with grid spacing

0.135 nm for the fast Fourier transform and cubic interpolation.

Figure 13. Ca atoms correlation maps for binding area between A and B PYR1 chains in ligand-free dimer (A) and 2ABA-bound
dimer (B).
doi:10.1371/journal.pcbi.1003114.g013
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In order to validate our model building protocol, we have

computed the root-mean-square deviations (RMSD) between

main-chain atoms of asymmetrical one-ABA-bound dimer con-

struct (PDB ID 3K3K [9]) and a similar model structure prepared

from modified 3NJO [10] construct where S88P mutations were

introduced in both chains, pyrabactin and P2M extracted, and one

ABA ligand inserted. After minimization of the modified structure,

6 heating steps of 50 ps each were performed followed by a 450 ps

NVT equilibration, and subsequently by a 200 ps NPT equilibra-

tion. The coordinates of the modified 3NJO construct were

subsequently aligned with the reference 3K3K construct, and the

corresponding RMSDs were computed using VMD software [46].

For the modified 3NJO structure, core domains (33–37, 53–57,

59–65, 80–84, 90–94, 105–108, 110–112, 121–127, 134–141,

158–162, 166–168, 170–172) were employed to obtain the

backbone (C, Ca, N) RMS deviations. Both the initial crystallo-

graphic 3K3K structure and the solvated and equilibrated 3K3K

construct were employed as references. When using the original

crystallographic structure 3K3K as a reference, the RMSD after

NVT equilibration were between 0.32 and 1.32 Å. Figure S11

illustrates the evolution of the RMSD during last stages of NVT

equilibration and also during NPT equilibration. Over the first

200 ps long process of NVT equilibration seen in the figure

(400 ps–600 ps), the constraints applied kept the RMSD stable

around 1.34 Å, whereas on the interval from 600 ps to 750 ps the

constraints were released and backbone atoms have readjusted

resulting in RMSD levels fluctuating between approximately

1.05 Å and 1.45 Å. Over the following 200 ps NPT equilibration

was performed, during which RMSD first increased from

approximately 1 Å to an average of about 1.25 Å and then

stabilized. Figure S12 shows the secondary structure alignment of

the modified 3NJO construct and the crystallographic 3K3K

model after completion of the NPT equilibration right before the

production run.When a solvated and equilibrated 3K3K model

was used as a reference, the corresponding RMSD were between

0.26 and 1.23 Å.

The production MD simulation runs were performed from

20 ns to 50 ns depending on the system with 1 fs time steps, and

snapshots saved every 20 fs in order to analyze the essential

collective dynamics. The ABA-bound PYR1 closed lid system was

simulated for 40 ns at 300 K and for 30 ns at 325K, the ABA-free

PYR1 closed lid systems were simulated for 20 ns at 281 K, for

50 ns at 300 K, for 20 ns at 310 K, and for 30 ns at 325K; and

ABA-free open lid PYR1 construct was simulated for 30 ns at

281K and for 30 ns at 300 K, using the Gromacs MD simulation

package. The ABA-bound and ABA-free PYR1-HAB1 complexes,

and PYR1 dimer complexes were simulated for 30 ns at

temperature of 310 K. For ABA-bound and ABA-free complexes

with PYR1 shifted against HAH1, two independent molecular

dynamics (MD) simulations of 40 ns each have been carried out.

Essential Collective Dynamics of Proteins
The ECD method relies upon a recently developed statistical-

mechanical framework [31–34], according to which a macromol-

ecule can be described by a set of generalized Langevin equations

(GLE) with essential collective coordinates, which can be deduced

by applying PCA on MD trajectories. The latter procedure

provides a set of principal eigenvectors of the covariance matrix
~EEk~ Ek

1 ,Ek
2 ,:::,Ek

3N

� �
, k~1,2,:::,K . Here Ek

n represent the

direction cosines of the eigenvectors, where N is the number of

atoms in the system, and K is the number of eigenvectors which

sample a sufficient percentage of the total displacement, which are

often referred to as essential collective coordinates. Usually, 10–30

essential coordinates are sufficient to sample approximately 90%

of the displacement for a typical MD trajectory of a protein. In the

ECD method, an all-atom projected image of the protein is

constructed in the 3K dimensional space of essential collective

coordinates such that the position of each atom is characterized by

E1
i ,E2

i ,:::,E3K
i

� �
, where i~1,2, :::,N. The theory shows that such

an image represents the degree of dynamic correlation (coupling)

between the protein’s atoms: points (images of atoms) that are

located close to each other correspond to atoms whose motions are

strongly correlated regardless of their proximity in secondary or

tertiary structure of the protein, and more distant points

correspond to a relatively independent motion [31,33]. A suite

of simple structural descriptors, such as the main chain flexibility

and domains of correlated motion, have been derived within the

ECD framework and successfully employed to analyze dynamics

of proteins [32,35,47,34]. It has been both proven theoretically

[33] and confirmed by comparing numerical predictions with

NMR experiments representing microsecond time regimes

[31,34].

In this work, the dynamics of PYR1 constructs were character-

ized primarily employing ECD derived correlation maps and

flexibility profiles. The ECD correlation maps are distances

between images of atoms in the 3K dimensional space of essential

collective coordinates. These distances are dimensionless quanti-

ties represented by [34]

dij~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X3K

k~1

Ek
i {Ek

j

� �2

vuut , i,j~1,2,:::,N, ð1Þ

with lower values of dij representing stronger correlations. In this

work, Equation 1 has been employed to visualize correlations

between Ca atoms both within PYR1 molecules and across

molecules in PYR1 dimers as well as complexes with HAB1 atoms

in order to examine the corresponding intermolecular and

intramolecular dynamics.

While ECD derived flexibility profiles allows characterizing the

flexibility with atomic-level precision, a per-residue flexibility

assessment is sufficient in many cases [32,34]. Here, the flexibility

for Ca atoms in the main chain of the various PYR1 constructs was

analyzed. The ECD flexibility descriptor F for a Ca atom in

residue m,

FCa
m ~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X3K

k~1

Ek
m{ek

� �2

vuut , ð2Þ

defined by the distance in the 3K dimensional space of essential

collective coordinates between the image point representing the Ca

atom and the centroid calculated over the images of all Ca atoms,

ek~
1

NCa

XCa

i~1

Ek
i , k~1, � � � ,3K : ð3Þ

In Equation 3, NCa is the total number of Ca atoms in the

molecule. By definition, the ECD flexibility descriptor F
represents the level of dynamic coupling of the motion of

individual Ca atoms with the entire molecule, which in turn is

represented by the centroid of all Ca atoms in the space of essential

collective coordinates.

For each construct considered, we employed the ECD analysis

with K~20, on 100 segments, each of 20 fs, from the last 20 ns of

MD trajectories.
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Finally, the ECD framework also allows identifying dynamic

domains of correlated motion, which represent relatively rigid

parts of the protein composed of atoms moving coherently. Such

domains can be identified through a simple nearest-neighbor

clustering of the protein’s image in the space of essential collective

coordinates, as described in detail elsewhere [31,32,35,34]. When

employing the nearest-neighbor clustering technique to identify

the dynamic domains, an interdomain distance d must be selected

which represents the minimum degree of correlation for two atoms

to belong to the same domain. In this paper d~0:0015, has been

adopted as an optimum value, which maximizes both the domains

number and the difference of total number of atoms in all domains

and number of atoms in the largest domain, as well as includes

reasonable (more than 10%) average number of atoms in the

largest domain. A further discussion of the choice of the

interdomain distance can be found elsewhere [31,32,34]. An

extensive series of test MD simulations for PYR1, both closed lid

and open lid constructs, as well as ABA and pyrabactin bound and

ABA-free, at various temperatures for 20 to 50 ns was carried out.

Supporting Information

Figure S1 Dynamical domains of correlated motion for the

pyrabactin receptor (PYR1), closed lid and ABA-extracted.

Simulations were performed at (A) 281 K, (B) 300 K, (C) 310 K,

(D) 325 K. Interdomain distance d = 0.0015 has been adopted.

The color scheme is as in Figure 4. The largest domain, coloured

blue, indicates the most extensive dynamical correlations.

(TIFF)

Figure S2 PYR1 closed lid, ABA extracted construct after 20 ns

of simulations at 300 K (A), 310 K (B), and 325 K (C). In (A)

structure retains the closed lid conformation, in (B) the gate and

latch have decoupled, however the contact of L87 with M158 is

observed in approximately 30% of simulation snapshots; in (C) the

gate detached from the latch and helix a5.

(TIFF)

Figure S3 Close up of the binding area for ABA-bound (A) and

ABA-free (B) PYR1-HAB1 complexes obtained from MD

simulations using Accelrys VS. ABA and the residues W385,

R116 and P88 are shown in orange, green, light grey and dark

grey sticks, respectively. The water molecules are shown as red-

and-white sticks.

(TIFF)

Figure S4 Snapshots from MD simulation of closed lid, ABA-

bound PYR1 and HAB1, initially shifted away from each other by

15 Å, at 310uK (different trajectory than in Figure S2):

Immediately after minimizations and equilibrations (A), and after

production run of 4 ns (B), 13 ns (C), 18 ns (D), and 20 ns. In (A),

the distance from PYR1 to HAB1 is decreased to 5 Å; in (B),

binding of HAB1 to helix a5 of PYR1 (M158-F391) occurred; (C)

captures HAB1 slowly approaching the rest of binding surface; in

(D), more bonds are formed (G86-Q386, H60-W324, L166-

W324); (E) illustrates the recovered complex in which phosphatase

folds as well as a the binding map are stabilized. The correlation

map and flexibility profile acquired from the last 20 ns of this

trajectory can be found in the main article, Figures 6(B) and 7,

respectively.

(TIFF)

Figure S5 Snapshots from MD simulation of closed lid, ABA-

bound PYR1 and HAB1, initially shifted away from each other by

15 Å, at 310uK: Immediately after minimizations and equilibra-

tions (A), and after production runs of 2 ns (B), 8 ns (C), 23 ns (D)

and 36 ns (E). In (A), the distance from PYR1 to HAB1 is already

decreased to approximately 10 Å; in (B), PYR1 gate and loop

La3b2 formed bonds with HAB1 (G86-R389, H60-W324)

accompanied by a detachment of phosphatase residues P366-

P411; in (C) more bonds between helix a5 and HAB1 are formed,

stabilizing the complex; in (D) phosphatase has slightly rotated

against PYR1, while the contacts remain stable; in (E) HAB1 folds

are recovered and the complex acquires a structure similar to the

crystallographic model.

(TIFF)

Figure S6 Snapshots of MD simulation for closed lid, ABA

extracted PYR1 and HAB1 shifted away from each other by 15 Å,

at 310 K: immediately after minimizations and equilibrations (A),

and after production run of 1 ns (B), 5 ns (C), 9 ns (D), 15 ns (E),

and 28 ns (F). In (A), the distance between S85 (the PYR1 gate)

and F388 (HAB1) decreased to 8 A; in (B) the gate approached

F388 forming unstable bond; in (C) phosphatase has rotated and

its helix (containing residue 373) docked to the binding surface

between PYR1’s gate and a5; in (D) PYR1 helix a5 formed a bond

with HAB1’s helix; in (E) a distance between these helices

increases; in (F) PYR1 has rotated slightly and new bonds between

other residues of the same helices are formed. During the following

12 ns of simulation, the recovered complex remained stable.

Binding surface is somehow displaced from the surface of complex

PYR1-ABA-HAB1. The correlation map and flexibility profile

acquired from the last 20 ns of this trajectory can be found in the

main article, Figures 6(C) and 7, respectively.

(TIFF)

Figure S7 Snapshots of MD simulation for closed lid, ABA

extracted PYR1 and HAB1 shifted from each other by 15 Å, at

310 K, from a different trajectory than in Figure S4. Immediately

after equilibration (A), and after production run of 5 ns (B), 12 ns

(C), 16 ns (D), 17 ns (E), and 20 ns (F). In (A), distance between

PYR1 and HAB1 is 14 Å; in (B) the distance did not decrease yet,

but PYR1 rotated; in (C) a bond developed between the gate and

HAB1 b-strand (S85-D313); in (D) PYR1 is rotated again so that

b2 (K63) is bound to HAB; in (E) HAB1 helices approach PYR1

helices a2 and a5, forming a bond; in (F) HAB1 rotates, forming

more bonds with the receptor. Also, the phosphatase folds,

becoming more compact. The recovered binding interface is

different from that in PYR1-ABA-HAB1 complex.

(TIFF)

Figure S8 Basal Activity of apo-PYR1 Titrated against ABI2.

Increasing amounts of PYR1 were titrated against a fixed amount

of ABI2 (0.5 mM). The ratio of PYR1 : ABI2 is shown below each

bar. The black bar represents the activity of ABI2 alone. The grey

bars show the ABI2 activity observed for various combinations of

PYR1 and ABI2. The red bar represents the activity of an

equimolar concentration of PYR1 and ABI1 in the presence of

100 mM (+)-ABA. Each bar represents an average of three

replicates and the standard deviations are indicated at the top of

each bar. All protein was prepared fresh and used immediately.

Details of protein preparation and assay are as described

previously [6]. Essentially, the concentration of ABI2 was fixed

at 0.5 uM and increasing concentrations of RCAR11 were added

to the phosphatase in a 100 ml reaction mixture, in a buffer

containing 100 mM Tris pH 7.9, 100 mM NaCl, 0.3 mM MnCl2
and 4 mM DTT. This mixture was pre- incubated for 15 min at

30uC and 1 mM substrate (1 mM 4-Methylumbelliferyl phos-

phate) was added to the reaction mixture which was further

incubated for 1 hour at 30uC. Phosphatase activity was deter-

mined by spectrofluorometric analysis with the excitation

wavelength was 355 nm and the emission wavelength at 460 nm.

(TIFF)
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Figure S9 Effect of freeze-thaw cycles on apo- and holo- PYL5

activity. The constitutive inhibitory activity of PYL5 against ABI2

was tested after the proteins were subjected to different treatments.

The PP2C activities of 0.4 mM ABI2 alone (black bars), ABI2 +
2.4 mM PYL5 (grey bars) and ABI2 + PYL5 + 10 mM (+)-ABA (red

bars) are shown. The data sets represent (1) PP2C activities of

freshly purified proteins, (2) fresh proteins with 10% glycerol, (3)

proteins subject to one freeze-thaw cycle, (4) two freeze-thaw

cycles (frozen for 4 days) and (5) three freeze-thaw cycles. Each bar

represents an average of three replicates and the standard

deviations are indicated on top of each bar. Protein was prepared

and assayed as described in [6].

(TIFF)

Figure S10 Comparison of main chain flexibility profiles for

PYR1 dimers: apo (ligand free) dimer (red line), 2ABA-bound

dimer (green line), 1ABA-bound dimer (blue line) and pyrabactin-

bound dimer (yellow line). Dashed lines indicate the regions of

dimer binding. The average flexibility for the pyrabactin-bound

dimer (yellow line) was calculated for the construct with mutation

P88S. In 1ABA-bound dimer, the profile for ABA-containing

chain is shown.

(TIFF)

Figure S11 RMS deviations of backbone atoms in core regions

of our model structure for one-ABA-bound PYR1 dimer (prepared

by modifying the starting structure 3NJO) against the crystallo-

graphic model of one-ABA-bound PYR1 dimer (3K3K) during

last stages of NVT equilibration (400 ps–750 ps) and NPT

equilibration (750 ps–950 ps). Simulations in the interval 0–

400 ps (not shown) comprised 6 heating steps of 50 ps each

followed by the initial 100 ps NVT equilibration of the modified

3NJO structure.

(TIFF)

Figure S12 The structural alignment of core regions of our

model structure for one-ABA-bound PYR1 dimer (prepared by

modifying the starting structure 3NJO) with the crystallographic

model of one-ABA-bound-PYR1 dimer (3K3K) after completion

of the NPT equilibration of the modified 3NJO structure.

(TIFF)

Table S1 Nearest inter-molecular neighbors in complexes of

PYR/PYL ABA receptors with HAB1. Pink color represents

receptor’s residues, white color represents neighbor HAB1

residues, and green color represents neighbor ABA molecules.

(PDF)
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