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tibule of the Sec61 complex, we observed a
rodlike density contacting the lateral gate helices
2b and 7; in the lumenal vestibule, we found
weak and fragmented density. It has been shown
previously that in detergent solution the Sec61
complex can productively engage in polypeptide
insertion (6, 35, 36). Hence, for the gating event
preceding insertion, we expect that the signal-
anchor sequence in our complex is in contact with
the PCC. Thus, the rodlike density in the cyto-
plasmic vestibule (Fig. 6) may resemble the signal-
anchor sequence, the position of which would be
consistent with previous cross-link data (37).

Consequently, the question arises as to what
functional state we observe in our complex. One
possibility is that the PCC is in the pre-open state,
described for the SecYEG-SecA complex (18),
in which the lateral gate is partially open but the
plug is still occluding the central pore. This
appears unlikely because the overall conforma-
tion, in particular the lateral gate region, is very
different (fig. S7C). It appears more likely that
we have captured a post-insertion state with a
closed or nearly closed lateral gate region.
Consistent with this finding, cross-links between
helices 2b and 7 revealed a closed lateral gate
after insertion of the nascent peptide chain into
the SecYEG complex (38).

On the basis of our experimental data, several
conclusions concerning cotranslational protein
translocation can be drawn (Fig. 6E): (i) Only a
single copy of the Sec61 complex is recruited to
the nontranslating and also the translating ribo-
some. (ii) In both the yeast Ssh1 complex and the
mammalian Sec61 complex, we observed a nas-
cent polypeptide and/or the signal-anchor se-
quence accommodated within this single-copy
PCC, thus strongly indicating that its central pore
serves as the conduit for the nascent polypeptide
chain. (iii) The lateral gate of the PCC can be in a
closed or nearly closed conformation after inser-
tion of the translocating peptide. (iv) The mode of
PCC binding to ribosomes appears to be con-
served between species and is maintained in the
presence or absence of a signal sequence. (v) The
main binding site for the PCC is the universal
adaptor site at the ribosomal tunnel exit that is
contacted mainly by the cytoplasmic loop L8 of
the Sec61 complex, whereas loop L6 is also
contacting the emerging nascent polypeptide.
The observed mode of Sec61 binding fits well
with our previous findings that the universal
adaptor site also serves to bind SRP (22)—
mutually exclusive with the PCC—but is then
cleared upon SRP receptor interaction to enable
PCC binding (39).
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Structural Mechanism of Abscisic
Acid Binding and Signaling

by Dimeric PYR1

Noriyuki Nishimura,** Kenichi Hitomi,?3* Andrew S. Arvai,?* Robert P. Rambo,>*
Chiharu Hitomi,? Sean R. Cutler,* Julian 1. Schroeder,* Elizabeth D. GetzoffZT

The phytohormone abscisic acid (ABA) acts in seed dormancy, plant development, drought tolerance,
and adaptive responses to environmental stresses. Structural mechanisms mediating ABA receptor
recognition and signaling remain unknown but are essential for understanding and manipulating
abiotic stress resistance. Here, we report structures of pyrabactin resistance 1 (PYR1), a prototypical
PYR/PYR1-like (PYL)/requlatory component of ABA receptor (RCAR) protein that functions in early ABA
signaling. The crystallographic structure reveals an o/ helix—grip fold and homodimeric assembly,
verified in vivo by coimmunoprecipitation. ABA binding within a large internal cavity switches
structural motifs distinguishing ABA-free “open-lid” from ABA-bound “closed-lid” conformations.
Small-angle x-ray scattering suggests that ABA signals by converting PYR1 to a more compact,
symmetric closed-lid dimer. Site-directed PYR1 mutants designed to disrupt hormone binding lose
ABA-triggered interactions with type 2C protein phosphatase partners in planta.

plays key regulatory roles in physiolog-
ical pathways for plant growth and de-
velopment and enables adaptation to abiotic
stresses. In the half century since ABA’s discov-
ery (1, 2), much has been learned about its down-

The phytohormone abscisic acid (ABA)

stream signaling network (3, 4), yet protein
recognition mechanisms for this hormone have
remained enigmatic. Recently, a cluster of homol-
ogous genes that activate ABA signaling was
identified in Arabidopsis thaliana by groups using
different methods: (i) yeast two-hybrid screen-
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ing, (ii) chemical genetics, and (iii) coimmuno-
precipitation analyses (3, 6). In the presence of
ABA, the gene products, designated pyrabactin
resistance 1 (PYR1) and PYRI1-like (PYL), or reg-
ulatory components of ABA receptor (RCAR)
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A

down-regulate their binding partners, cluster A
type 2C protein phosphatase (PP2C) family mem-
bers (7, 8). These phosphatases, including ABII,
ABI2, PP2CA, HABI, and HAB2, are negative
regulators of early ABA signaling (9-/8). In
addition, OST1/SnRK2.6/SnRK2E SNF1-related
protein kinases 2 (SnRK2s) are important media-
tors of ABA signal transduction (/9-22). PYR/
PYL/RCAR family members exhibit functional
redundancy in ABA perception, and variations in
ABA regulation of their binding to PP2C family
members (5, 6). Contrasting hypotheses suggest
that ABA either binds to PYR/PYL/RCAR pro-
teins directly or forms a molecular “glue” between
these proteins and PP2Cs (5, 6, 23), similar to
auxin’s role in joining transport inhibitor response 1

elongated dimer
(a+a')

(TIR1)-related and AUX/IAA signaling proteins
(24). Distinct but overlapping functions of differ-
ent PYR/PYL/RCAR proteins complicate genetic
analysis and mechanistic testing in plants but may
enhance flexible regulation of ABA signaling to
maximize environmental adaptability of plants.
Plant hormone receptors have evolved from
diverse protein families (25) and operate by dis-
tinct protein-hormone and protein-protein binding
interactions. Understanding the mechanism of
action of ABA receptor(s) has been controversial
and challenging, partly attributable to the ab-
sence of a structure for an ABA-bound protein
complex. Recent structural studies of hormone-
bound auxin and gibberellin receptors identified
binding sites, characterized protein assemblies,
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Fig. 1. Dimeric structure of ABA sensor PYR1. (A) Crystallographic asymmetric
dimer shown as ribbons (labeled B strands and helices) with ABA (purple ball-
and-stick model with red oxygen atoms) bound beneath the closed lid of one
subunit (left), in a large cavity between the B sheet and long C-terminal o helix.
Labeled Pro-Cap (P), Leu-Lock (L), and Recoil (R) structural motifs undergo ABA-
induced conformational changes. Vertical line (center) indicates pseudo twofold
axis relating the subunits. (B) Theoretical SAXS curve (orange line) for
asymmetric crystallographic dimer (a+b in inset) matches experimental SAXS
data for PYR1 without ABA (open circles), whereas curves calculated assuming a
monomer (red) or elongated a+a’ dimer (blue) from crystal lattice (see inset) do
not. Curves show the scattering intensity I(q) as a function of the scattering angle
20 and x-ray wavelength A, where q = (4rnsin/3). (C) Coimmunoprecipitation
from extracts of plant leaves expressing YFP-tagged PYR1 and HA-tagged PYR1

without (-) and with (+) exogenously applied ABA confirm dimeric PYR1
assembly. After coimmunoprecipitation with an anti-HA matrix, immunopreci-
pitated (top) and input (bottom) samples were detected with anti—green
fluorescent protein (GFP) and anti-HA antibodies. PYR1 wild-type and mutants
P88S and R157H are homodimeric in planta, as shown by anti-GFP antibody
labeling of YFP-tagged PYR1 coimmunoprecipitated with HA-tagged PYRL. (D)
Residues and buried surface area contributed to dimer interface by closed-lid
(left) and open-lid (right) subunit conformations in asymmetric dimer (37). (E)
PYR1 dimer interface viewed looking down from top in (A) at the interacting lids:
open (orange) and closed (green) over ABA (purple). Dimer contacts include the
interacting Pro-Cap structural motifs (foreground), plus a side chain—to—main
chain hydrogen bond from Arg™® in the ABA-bound subunit (top left) to Leu®’
in the ABA-free subunit.
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and enabled major advances in understanding
hormone signaling in plants (24, 26, 27). Here,
we report the ABA recognition mechanism by
the PYR1 dimer assembly, as revealed by ABA-
bound and unbound crystallographic structures
and small-angle x-ray scattering (SAXS) in solu-
tion, coupled with analysis of structure-based,
site-directed mutants by coimmunoprecipitation
analyses in vivo. Our results show that ABA binds
directly to PYR1 within a large internal, water-
filled cavity, rather than acting as a molecular
glue at an interface with PP2Cs. The PYR1 struc-
ture reveals how both (+)-ABA and (-)-ABA en-
antiomers can show biological activity. We define
the unusual asymmetric homodimeric assembly
of PYRI that allows hormone access and seques-
tration, discover structural motifs (Pro-Cap, Leu-
Lock, and Recoil) that mediate “open-” and
“closed-lid” conformations, and deduce a prob-
able mechanism for ABA signal transduction via
hormone-induced conformational changes that
promote binding of PP2C partners.

PYR1 architecture and dimeric assembly.
To understand ABA binding and signaling, we
crystallized and determined structures (28) of
A. thaliana PYR1 with the phytohormone (+)-
cis,trans abscisic acid [(S-ABA) fig. S1]. Exten-
sive screening produced crystals in space group
P2, but only with ABA. Crystallization trials
without hormone were unsuccessful, suggest-
ing conformational flexibility. Initial crystals were
obtained with enantiomorphic (+/-)-ABA at
pH 5.8, the approximate isoelectric point for
both protein and hormone. Diffraction quality
crystals were reproducible with (+)-ABA alone,

at pH values ranging from 5.4 to 6.8, but were
always ABA-dependent. Molecular replacement
was accomplished with a probe structure from
the pathogenesis-related protein Bet vI (Pfam:
PF00407) (29) family.

The PYRI structure, determined to 1.7 A res-
olution (Fig. 1A, table S1, and movie S1) is a
seven-stranded anti-parallel B sheet wrapped
around a long C-terminal o helix. This o/
helix—grip fold is shared by plant pollen allergen
Bet vl and mammalian steroidogenic acute reg-
ulatory lipid transfer (START) proteins (30-32).
The variable N terminus (fig. S2) forms PYRI
helix o1 arching back over the B sheet (Fig. 1A).
B1 is hydrogen bonded with 37, but is covalently
linked by helices across the B sheet to B2. In
contrast, intervening B strands exhibit nearest-
neighbor (+1) connectivity. 7 is connected via a
projecting loop to C-terminal o3.

In the crystallographic asymmetric unit, PYR1
assembles into a homodimer of one ABA-bound
(Fig. 1A, left) and one ABA-free subunit (Fig. 1A,
right), related by an ~170° rotation around a
pseudo twofold axis. Roughly perpendicular in-
teractions of a3 helices align the B sheets in
parallel (Fig. 1A). To determine whether PYR1
(monomer Mr = 20 kD) forms this dimer in
solution, we used multiangle laser light scattering
(MALS) and SAXS (33, 34). MALS allowed
simultaneous measurements of absolute molecu-
lar weight and hydrodynamic radius. In the ab-
sence of ABA, PYR1 forms a homodimer in
solution (Mr = 40.8 + 0.4 to 40.9 £ 0.3 kD) un-
der varying pH (5.4 to 7.6) and salt conditions
(20 mM NaCl and 20 to 100 mM KClI), in-
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cluding those approximating physiological intra-
cellular levels (100 mM K, pH 7.6). Thus, ABA
is not required for PYRI-PYRI homodimer
formation. SAXS measurements showed that
the PYRI1 dimer in solution matched the dimer
assembly in the crystallographic asymmetric unit,
rather than alternative monomeric, dimeric, or
tetrameric packing assemblies within the crystal
lattice (Fig. 1B and fig. S3). The maximum
intramolecular distance (Do = 68 A) deter-
mined from the SAXS-derived pair-distance dis-
tribution function also matched that measured
from the crystallographic structure (69.8 A).

To determine whether PYR1 is homodimeric
in planta, we performed Agrobacterium-mediated
infiltration of Nicotiana benthamiana leaves with
both yellow fluorescent protein (YFP)- and
hemagglutinin (HA)-tagged PYRI1, followed by
coimmunoprecipitation analyses. PYR1 consti-
tutively formed a dimer in vivo, both in the pres-
ence and absence of exogenously applied ABA
(Fig. 1C). Thus, the dimer observed in the crystal-
lographic asymmetric unit is evidently a biolog-
ical unit for PYRI.

In this asymmetric dimer, the interface lies
between the crossed o3 helices (Fig. 1A). The
roughly triangular surfaces shielded in each
subunit are similar but not identical (Fig. 1D).
The core of the dimer interface is centered on the
asymmetric hydrophobic packing interactions of
Phe®' and Phe'? from both subunits (Fig. 1, D
and E), but the dimer packing specificity may
depend on interactions (Fig. 1E) of clustered struc-
tural motifs that undergo ABA-induced conforma-
tional changes (Fig. 1A).

Fig. 2. Water-filled ABA-binding cavity. (A) ABA (purple ball-and-stick model,
with red oxygen atoms) and adjacent, ordered water molecules (light blue
spheres) inside the PYR1 cavity, shown with electron density (mesh). Omit Fo-Fc
density for ABA contoured at 3¢ (dark blue) and 46 (magenta); 2Fo-Fc electron
density for water molecules contoured at 1o (black). All maps were calculated
after “shaking” coordinates to reduce phase bias. (B) Ordered water molecules
(dark blue spheres) within the ABA-free subunit cavity, shown with associated
2Fo-Fc electron density, as in (A). ABA (purple) and water molecules (light blue)
from the ABA-bound PYR1 subunit [shown in (A)] are superimposed showing
conserved water positions. ABA displaces one water molecule (wat7) with the

carboxylate, shifts a second (wat2’ to wat2, as shown by arrow), and introduces
or stabilizes a third (wat1), which interacts with the ABA carbonyl to stabilize lid
closure. (C) Stereo view of PYR1 residues contributing to the ABA binding site.
Hydrophobic side chains (green ball-and-stick model) surround the ABA ring,
whereas hydrogen-bonded (red dashed lines) internal water molecules (light
blue spheres) link ABA oxygen atoms (red) to PYR1 hydrophilic side chains (gray
ball-and-stick model with red oxygen and blue nitrogen atoms) projecting into
the binding cavity. Larger gray spheres show Ca atoms. Lys®®, Phe®?, Arg?,
Val®, Leu®, Pro®, Ala®, Ser?, Glu%*, 1™, Leu™, Tyr'?, Ser'??, Glu™*,
Phe®, Val*®®, and Asn'®’ contribute to forming this large internal cavity.
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Abscisic acid binding site inside PYRL.
Naturally occurring phytohormone (+)-cis,trans-
ABA, (2ZAE)-5-[(1S)-1-hydroxy-2,6,6-trimethyl-4-
oxocyclohex-2-en-1-yl]-3-methylpenta-2,4-dienoic
acid (fig. S1), binds within a large interior cavity
of PYR1 between the twisted 3 sheet and long 0.3
helix (Fig. 1A). The electron density shows (+)-
ABA bound in only one subunit of each PYR1
dimer (Fig. 2, A and B). Hence, the crystal struc-
ture resolves both ABA-bound and unbound forms
of PYRI. ABA is tethered at both ends by hy-
drogen bonds to the protein (Fig. 2C). The planar,
conjugated, 3-methylpenta-2-cis,4-trans-dienoic acid
tail of ABA extends ~10 A into a large protein
cavity, where the terminal carboxylate is anchored
by the inward-pointing Lys>® side chain. At the
cavity entrance, the ABA carbonyl group links
two protein loops via hydrogen bonds with main-
chain nitrogen atoms of Ala™ and, through a water
molecule, Arg''®. The adjacent Pro™ ring caps the
ABA carbonyl to form a lid of the ABA-binding
cavity (Fig. 2C); Leu® from the ABA-free subunit
reaches across the PYR1 dimer to block the re-
maining cavity access (Fig. 1E). Thus, PYR1 di-
mer formation contributes to ABA sequestration.

To biologically test the observed protein-
hormone interactions, we made site-directed mu-
tants of PYRI (fig. S4) designed to weaken ABA
binding. To examine their consequences on ABA
signaling, these PYR1 mutants were transiently
expressed in tobacco leaves, and we analyzed
them for function by coimmunoprecipitation as-
says that detect ABA-triggered interactions be-
tween PYR1 and the ABII1 protein phosphatase
(Fig. 3). The Lys®” — GIn® (K59Q) PYRI mu-
tation, designed to neutralize the counter-ion to
the ABA carboxylate (Figs. 2C and 3A), dis-
rupted exogenous ABA-induced PYRI binding
to ABI1 (Fig. 3B). Thirteen of 14 ABA sensor
family members conserve Lys5 ° whereas PYL13
has Gln (fig. S2). Invariant Arg''®, which contrib-
utes to both ABA binding and the dimer interface
(Fig. 1E), was mutated to Gly. The Arg''® —
Gly''® (R116G) PYRI mutation also abolished
ABA-induced PYR1 binding to ABI1 (Fig. 3B).
These mutational results support the biological
relevance of the ABA-binding cavity and dimer
interface characterized by our crystal structures.

In PYRI, the ABA ring is surrounded by
hydrophobic side chains and sequestered from
solution (Fig. 2C). This hydrophobic enclosure
can accommodate (+)- or (-)-ABA (fig. S1), as
shown by our initial 1.8 A resolution structure
determined with mixed enantiomorphic (+/-)-
ABA (fig. S5). Within the PYRI cavity, (-)-
ABA maintains the tethering hydrogen bonds
and tail position of (+)-ABA. To accommo-
date the changed chirality, the (—)-ABA ring is
flipped ~180° from the (+)-ABA ring (fig. S5),
swapping the ring pucker and axial methyl sub-
stituent to the opposite side of the cavity. The
ring-flipped binding of (-)-ABA provides a struc-
tural basis for its varying bioactivity (35) in
different PYR/PYL/RCAR proteins (6). The ABA
hydroxyl group, located on the central chiral car-

bon (figs. S1 and S3), has no protein hydrogen-
bonding partner. Instead, two water molecules
bridge the ABA hydroxyl and proximal carbox-
ylate with hydrogen bonds (Fig. 2). Another
water molecule links the distal ABA carboxylate
oxygen to invariant Tyr'?, Ser'??, and Glu'"'
(Fig. 2C). This complex water-bridged hydrogen-
bonding network also interconnects ABA through
Glu® to Ser’” and Arg” and through Glu'*' to
Asn'®’. Chemically induced Arabidopsis mutants
identified by ABA signaling deficiencies (6) in-
clude PYR1 mutants with inward-facing Glu®*
and Glu"*' mutated to Lys (Fig. 3A). The ABA
tail is sandwiched between Ile''* and Val'®® (Fig.
2C), and the large internal PYRI1 cavity extends
beyond this tail. Thus, most structural elements
of PYRI1 (fig. S2) contribute to ABA-binding
cavity formation: helix o3, strands B3 to 37, and
loops preceding B2 and joining B3 to B4 and B5
to B6 (Fig. 1A). This architectural design creates
the ABA-binding cavity, hydrogen-bonding net-
work, and conserved ordered waters in the ab-
sence of ABA, as seen in the ABA-free subunit
of the PYR1 dimer (Fig. 2B).

ABA-induced subunit conformational changes.
Superposition of ABA-bound and free subunits
of the PYR1 dimer (Fig. 4A) revealed substantial
conformational differences in three loop motifs.
Upon ABA binding, proline cap (‘“Pro-Cap,”
Val*-Asn®) and leucine lock (“Leu-Lock,”
Glu"-Thr'"®) motifs fold over ABA to close
the lid on the cavity (Fig. 4B), and the ‘“Recoil”
motif (Met'*’-Phe'°) coils into helix o3, allow-
ing lid closure (Fig. 4). Between open- and closed-

lid conformations, Pro®® cis-to-trans isomerization
switches the direction in which flanking Leu®” and
Ala® side chains project (Fig. 4B). A hinge motion
of the entire Pro-Cap, pivoting at Ile* and Asn™,
directs Leu®’, Pro®, and Ala® to close over ABA
(Fig. 4B). The closed and open Pro-Caps of the
two PYRI subunits directly interact, contributing
substantially to the asymmetric dimer interface
(Fig. 1, D and E). This interaction suggests why
substitution of Pro®® with smaller Ser in the
Pro®® — Ser®® (P88S) mutant (Fig. 3A) reduces
ABA-induced PYRI interactions with PP2Cs (6).

Similar to the Pro-Cap, the Leu-Lock motif
between Glu''"* and Thr''® also undergoes a hinge
motion, allowing Leu'"” to swing inward to lock
against the ABA ring (Fig. 4B). When Leu''” is
locked in, the Arg''® side chain projects outward
across the dimer interface (Fig. 1, D and E), and
the His''® ring flips to block solvent access to
the methyl substituents of ABA ring carbon C6'
(fig. S1). In the Recoil motif, Arg"” interacts with
Asp'®, capping the N-terminal end of helix 03
in the ABA-free conformation, whereas this helix
is N-terminally extended in the ABA-binding
form, and Arg"” interacts with Glu'>® or Asp'®!
(Fig. 4B). The Ser'*? — Leu'*? (S152L) mutant
of PYRI1 (Fig. 3B), like the P88S mutant, reduces
ABA-induced PYRI interactions with PP2C (6).
Some PYR/PYL homologs have Cys at the Arg'>’
position of PYR1 (fig. S2), presumably contrib-
uting to structural modulation differently, perhaps
by disulfide bond formation with nearby Cys*°.
Conformational changes in the Pro-Cap, Leu-Lock,
and Recoil motifs appear concerted (Fig. 4B):

IP with anti-HA

HA- PYR1 K59Q R116G

YFP- ABI1  ABI1 ABI1

ABA - + - + = +

250—

188_‘ : anti-

00- GFP
anti-

25— HA

Input

HA- PYR1 K59Q R116G

YFP- ABI1 ABI1  ABI1

ABA, = + = 4 = +

250" anti-

100-

- -
anti-

25—* HA

Fig. 3. Disruption of PYR1-ABI1 interactions by single-site PYR1 mutations. (A) PYR1 mutants designed
from the structure (red) and identified after chemical mutagenesis and screening (gray) (6) are mapped to
the PYRL subunit structure (green Co trace). (B) Coimmunoprecipitation from extracts of plant leaves
expressing YFP-tagged ABI1 phosphatase with HA-tagged wild-type and mutant PYR1 proteins in planta,
both in the absence (-) and presence (+) of exogenously applied ABA. After coimmunoprecipitation by an
anti-HA matrix, immunoprecipitated (top) and input (bottom) samples were detected with anti-GFP and anti-
HA antibodies (labeled at right). Structure-based PYR1 mutants designed to disrupt ABA binding (K59Q and
R116G) folded properly (fig. S5) but lost ABA-induced interactions with ABI1 phosphatase.
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Pivoting of invariant Phe'>® of o3 to pack against

ABA probably triggers the Recoil motif to coil
back into helix o3, thus allowing lid closure by
the Pro-Cap and Leu-Lock motifs (movie S2).
Hence, direct interactions of ABA with Phe'>,
Leu'"”, and Leu® (Fig. 4B) coordinate interactions
of the Recoil, Leu-Lock, and Pro-Cap motifs to
complete ABA enclosure.

ABA-induced conformational changes in
dimer assembly. ABA-induced conformational
changes, monitored by SAXS, render the PYR1

A

dimer more compact, flatter, and less irregular
(Fig. 5). The crystallographic asymmetric dimer,
containing one ABA-bound and one ABA-free
subunit, produces an excellent fit to PYRI1
SAXS curves (Fig. 1B), particularly for data col-
lected in the absence of ABA (x> = 1.2). When
excess ABA was added (~four ABA molecules
per protein subunit) to the PYR1 dimer in so-
lution, the Guinier radius of gyration decreased
(23.71 £ 0.04 to 22.72 + 0.07 A), and the pair-
distance distribution function describing intra-

Fig. 4. ABA-induced subunit conformational changes. (A) Stereo image showing superposition of ABA-free
(orange) and ABA-bound (green) PYR1 Co: traces. ABA-induced helix coiling by the Recoil motif (top right) is
coupled to lid closure over ABA (purple with red oxygen atoms) by the Pro-Cap and Leu-Lock structural
motifs (top left). (B) Enlarged view of ABA-triggered conformational changes in these three structural motifs
that close the lid over bound ABA, colored as in (A). ABA (beneath center) triggers rotation of Phe® (arrow)
to coil the Recoil motif into helix a3 (diagonal at right), switching the Arg"™’ charge-charge interaction
(circled) to a new partner within (rather than outside) this helix. Pro isomerization from cis (orange, far left)
to trans (green, center) converts the open-lid Pro-Cap to the closed-lid conformation, clamping Leu®, Pro®,
and Ala®” over ABA. Leu™" (orange, top center) locks down (green, center) against ABA, closing the Leu-Lock
and flipping the preceding Arg™*® side chain (orange, top center) toward the opposing subunit (forward and
slightly to the right in this view) across the dimer interface (see also Fig. 1E).

RESEARCH ARTICLES I

molecular distances became narrower and shifted
to shorter distances (Fig. 5A), although the max-
imum intramolecular distance (Dpax = 68 A)
remained constant. SAXS data collected in the
presence of ABA were not fit as well (x> = 3.3 to
3.4) by the crystallographic dimer or a dimer
modeled with two ABA-bound subunits.

Ab initio bead models, derived from solution
SAXS experiments for PYR1 in the absence of
ABA, are asymmetric and match the crystallo-
graphically determined dimer (Fig. 5, B to E). In
contrast, ab initio models from SAXS experi-
ments for PYR1 with excess ABA are flatter
and more compact (Fig. 5, B and C), consistent
with a structural model consisting of two ABA-
bound PYRI1 subunits related by exact twofold
symmetry (Fig. 5, D and F). These shapes de-
pict a flattened biconcave disk resembling a red
blood cell (Fig. 5, B and F). The twofold sym-
metry axis and perpendicular direction travers-
ing both subunits of the dimer form ~60 A disk
diameters, whereas the cross-strand width of
the B sheet roughly aligns with the ~30 A disk
thickness. In contrast, the ab initio shapes and
crystallographic model representing the PYR1
dimer in the absence of ABA depict a more ir-
regular biconcave disk (Fig. 5, B to E), resulting
from asymmetric interactions between open-
and closed-lid subunit conformations (Fig. 1E
and movie S2) and their ~10° deviation from
twofold (180°) symmetry (Fig. 5D).

Implications for ABA perception and sig-
naling. The crystal structure, solution SAXS as-
semblies, and coimmunoprecipitation in vivo
provide key insights into molecular and struc-
tural mechanisms mediating hormone recogni-
tion and signaling by the ABA sensor PYRI.
ABA binding inside an occluded protein cavity
shows PYRI1 to be a direct ABA receptor and
signal transduction partner, like the gibberellin
receptor GID1 (26, 27), rather than one of two
hormone-linked co-receptors, like auxin-linked
TIR1 and AUX/TAA (24).

The PYRI dimer crystal structure is unex-
pectedly asymmetric, revealing structures of both
unbound, open-lid and ABA-bound, closed-lid
subunit conformations (Fig. 1A). SAXS analyses
of PYRI1 without ABA confirm an asymmetric
dimer in solution (Fig. 1B). At the crystallographic
asymmetric dimer interface, the open and closed
Pro-Caps pack tightly with each other (Fig. 1E).
This arrangement provides open access for ABA
and possible allosteric interchange of open- and
closed-lid subunits upon hormone binding (movies
S1 and S2). Coimmunoprecipitation assays con-
firm homodimeric PYR1-PYRI1 assembly in vivo,
both with and without exogenous ABA (Fig. 1C).
In solution, SAXS analyses indicate that saturating
ABA converts PYR1 into a flatter, more compact
dimer, reflecting an orientation change between
subunits (Fig. 5). Together, our data support ABA-
induced conformational changes producing a two-
fold symmetric closed-lid dimer. Consistent with
these results, two-dimensional nuclear magnetic
resonance spectra show a single PYR1 conformer
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with saturating ABA, but also show multiple
conformers without ABA (6).

ABA-induced conformational differences in
PYRI subunit structure (Fig. 4) and dimer as-
sembly (Fig. 5) point to a structural mechanism
for PYR/PYL/RCAR protein-mediated ABA sig-
nal transduction to downstream proteins. The
molecular surface of the PYR1 dimer exposes

assembly of signalosome complexes with PP2Cs
(5, 6, 36) or other potential partners (Fig. 6).
Major ABA-induced subunit conformational
changes cluster (Fig. 4) around the interacting lids
at the “top” of the asymmetric PYR1 dimer (Figs.
1, A and E, and 6A). Therefore, ABA-induced
binding of PP2Cs may occur at interfaces over-
lapping the closed lids of PYR1. PP2C binding

several likely interfaces for ABA-dependent would then favor PYRI lid closure and decrease

A

0.2

Fig. 5. ABA-induced changes in dimer assembly analyzed by SAXS. (A) The pair-distance distribution
function describing intramolecular distances in the PYR1 dimer in the absence of ABA (orange) becomes
narrower and shifts to shorter distances in the presence of saturating ABA (green). (B and C) Two sets of eight
independent ab initio bead models for the PYR1 dimer, representing SAXS experimental data in the absence
(orange) or presence (green) of saturating ABA. Green brackets mark flatter PYR1 disk in the presence of
saturating ABA. Orange arrows indicate greater thickness and asymmetry of PYR1 dimer in absence of ABA.
ABA-induced changes in subunit orientation make the PYR1 dimer disk flatter and more compact, as seen
from top (B) and side (C) relative to orientation in (D). (D) Cartoons (depicting o helices as cylinders and B
strands as arrows) of the asymmetric crystallographic dimer and a symmetric closed-lid dimer model, aligned
by superposition of their common subunit (gray). The ~10° difference in orientation between the second
subunits of each dimer (right), highlights the differences between the pseudo twofold axis (~170°) relating
subunits (gray and orange) of the asymmetric crystallographic dimer and the exact twofold axis (vertical line)
relating subunits (gray and green) of the symmetric dimer model. (E and F) Independently determined bead
models (four sets of colored dots) representing SAXS results in the absence (E) and presence (F) of ABA, each
aligned with the corresponding PYR1 structural model (D). The PYR1 dimer assembly shapes determined by
SAXS show excellent fits to the crystallographic asymmetric dimer (E) and symmetric dimer model (F). The
biconcave, red blood cell shape of the PYR1 dimer is seen by decreased bead density in the center of the
PYR1 disks, as well as in the cross section (B), particularly with saturating ABA.

the ABA off rate, thus explaining observations
that ABA binds more tightly to RCAR1 and
PYLS in the presence of PP2Cs (5, 23). Surfaces
of the PYR1 dimer altered by ABA-induced sub-
unit reorientation (Fig. 5D) also provide prom-
ising interfaces for signaling to protein partners
(Fig. 6).

The phytohormone ABA mediates resist-
ance to abiotic stresses, including drought, sa-
linity, and cold (3, 4). The characterized PYR1
motifs and dimer conformations are key to un-
derstanding and future chemical manipulation of
phytohormone-induced abiotic stress—resistance
responses. The crystallographic structure shows
that PYR1 is a direct ABA receptor and sensor,
signaling hormone binding within an internal
cavity through conformational changes affecting

closed

Fig. 6. PYR1 molecular surface color-coded by
electrostatic potential. ABA-induced changes in
subunit orientation produce conformational changes
in the disk-shaped PYR1 dimer at the (A) interact-
ing lids (top), (B) concave sides, aligned as in
Fig. 5, D and E, and (C) the cleft (bottom) between
C-terminal helices. Conformational changes of
charged residues in the Leu-Lock (G™* and
Arg**) and Recoil (Glu™, Glu™3, Asp™*, Asp™®,
and Arg"™’) motifs of each subunit reduce elec-
trostatic surface potential upon lid closure (A).
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the dimer interface and assembly. Furthermore,
the mechanistic basis of ABA binding reported
here provides a framework for future design of
alternate ligands for the large ABA-binding cav-
ity to enable chemical activation of abiotic stress
resistance in plants.
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A Population of Compact
Elliptical Galaxies Detected with
the Virtual Observatory
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Compact elliptical galaxies are characterized by small sizes and high stellar densities. They are
thought to form through tidal stripping of massive progenitors. However, only a handful of them
were known, preventing us from understanding the role played by this mechanism in galaxy
evolution. We present a population of 21 compact elliptical galaxies gathered with the Virtual
Observatory. Follow-up spectroscopy and data mining, using high-resolution images and large
databases, show that all the galaxies exhibit old metal-rich stellar populations different from those of
dwarf elliptical galaxies of similar masses but similar to those of more massive early-type galaxies,
supporting the tidal stripping scenario. Their internal properties are reproduced by numerical
simulations, which result in compact, dynamically hot remnants resembling the galaxies in our sample.

resent-day clusters of galaxies host rich

populations of dwarf elliptical (dE) and

lenticular (dS0) galaxies (/) having regular
morphology and lacking ongoing star formation
and interstellar medium (ISM). These galaxies are
thought to form by internal processes, such as
supernova feedback to the star formation (2), or
external agents [ram pressure stripping by hot
intergalactic gas (3) and/or gravitational harass-
ment (4)] acting on gas-rich progenitors. Tidal
stripping had not been considered an important
mechanism governing galaxy formation until the
recent discovery of ultracompact dwarf galaxies

(UCDs) (3, 6), that is, very compact stellar systems
several times more massive than known globular
clusters. However, UCDs [L ~ 107 L, (luminosity
of the Sun)] are about two orders of magnitude
less luminous than bright dEs and, therefore, can be
studied in only a handful of nearby galaxy clusters.

Compact elliptical (cE), or M32-like gal-
axies, which are also thought to form through
tidal stripping (7), have luminosities [~10° L
(8—11)] similar to those of dEs, whereas their
half-light radii (R, ~ 0.25 kpc) are several
times smaller, resulting in much higher mean
surface brightness ({u).) values compared with
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dEs. These two criteria are easy to formalize
and apply to members of nearby galaxy clus-
ters at known distances, hence having a known
spatial scale. Ground-based optical telescopes
cannot resolve objects the size of 0.25 kpc
beyond 50 Mpc. To find them in clusters out to
200 Mpc, thus increasing by a factor of 60 the
volume of the nearby universe where cEs
remain spatially resolved, it is necessary to use
the Hubble Space Telescope (HST).

We created a workflow, that is, an automatic
data retrieval and analysis system to search for cE
galaxies in large data collections provided by the
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