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Plants are acutely sensitive to the directional information
provided by gravity. They have evolved statocytes, which are
specialized cells that sense gravity and, upon integration of the
corresponding information with that of other environmental
stimuli, control the growth behavior of their organs. The cellular
mechanisms that allow statocytes to sense and transduce gravita-
tional information likely involve detecting the sedimentation of,
or the tension/pressure exerted by, starch-filled amyloplasts—the
presumptive statoliths—within their cytoplasm. Gravity signaling
in root statocytes controls the direction of transport of signaling
compounds, especially auxin, across the root cap, establishing a
lateral gradient that is transmitted to cells in the elongation zone
and results in gravitropic curvature. The Arabidopsis J-domain
proteins ARG1 and ARL2 function as gravity-signal transducers
in root statocytes. In the January issue of The Plant Journal, we
reported that ARG1 and ARL2 function non-redundantly in a
common gravity signaling pathway required for accumulation
of the auxin efflux facilitator PIN3 on the new bottom side of
statocytes following gravity stimulation, and lateral redistribution
of auxin toward the new lower flank of stimulated roots. Here
we present data suggesting that ARG1 physically associates with
ARL2, the J-domain co-chaperone HSC70, and actin in vivo. We
briefly discuss potential mechanisms by which ARG1 and ARL2
might function in gravity signaling in light of this information.

Gravitropic growth in plants requires the ability to sense an organ’s
orientation within the gravity field, transduce that information into
a biochemical signal, and mount a differential cellular-elongation
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response that corrects growth to follow a defined gravity set point
angle. Gravity sensation in roots occurs mainly in statocytes of the
root cap columella, either via detection of the position or move-
ment of, or the pressure exerted by, amyloplasts within these cells,
or by perceiving the pressure exerted by the statocyte’s protoplast
within its cell wall."? Several models address the mechanism by
which statocytes use amyloplasts as gravity susceptors. One model
postulates that gravity signal transduction initiates when sedimenting
amyloplasts promote the opening of mechano-sensitive ion channels,
either directly or through interaction with the actin cytoskeleton.
Alternatively, signal transduction may initiate upon sedimentation,
when amyloplast-borne ligands interact with receptors located on
sensitive structures within the statocytes.! Nevertheless, the activated
pathway promotes a fast and transient cytoplasmic alkalinization
and redistribution of the auxin efflux carrier PIN3 to the lower
membrane of the statocytes. These changes contribute to lateral,
downward, redistribution of auxin across the cap, resulting in the
formation of a lateral auxin gradient that, upon transmission to the
elongation zone, promotes tip curvature (reviewed in ref. 1).

Along with experiments demonstrating the importance of amylo-
plasts in gravity susception, genetic analysis in Arabidopsis has
identified ARG1 and ARL2 as gravity signal transducers in root
and hypocotyl statocytes.>® ARG1 and ARL2 function in a gravity-
signaling pathway that links gravistimulation to the accumulation
of PIN3 within the PM at the lower side of the statocytes and
a redistribution of auxin across the cap.#® ARG1 and ARL2 are
membrane-associated proteins. While ARG1 localizes throughout
the endosomal/secretory pathway, ARL2 associates primarily with
the PM, and both proteins are found at the cell plate during cytoki-
nesis.*® ARG1 and ARL2 contain J-domains near their N-termini.
J-domain proteins typically function as molecular co-chaperones
by interacting with HSC70, coupling substrate binding to HSC70
ATPase activity.!? A direct role for HSC70 in gravity signaling has
not been reported, though proteomics approaches have identified
cytosolic HSC70 isoforms as gravity-regulated proteins within
Arabidopsis root tips.”*8

The C-termini of ARG1 and ARL2 contain putative coiled-coil
domains with similarity to predicted coiled-coils found in proteins
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that interact with the cytoskeleton, including Rho-associated kinases,
myosin, heavy chain kinesins and tropomyosins.> Interestingly, a
biochemical fractionation experiment detected possible interac-
tion between ARGI and polymerized actin in plant extracts.*
Furthermore, proteomic analyses of root gravitropism also identified
actin as a gravity-regulated protein” whereas other studies strongly
suggest a role for the actin cytoskeleton in the modulation of gravity
signaling in roots.”

To investigate possible in vivo interactions between ARG1, ARL2,
HSC70 and/or actin, we generated transgenic plants expressing GFP
fusions to ARG1 or ARL2, in the argl/-2 or ar/2-3 mutant back-
grounds (Ws alleles), and used them in co-immunoprecipitation
experiments. All constructs were tested for functional rescue prior to
use. Functional GFP fusions to ARG1 or ARL2 were isolated from
plant extracts using immobilized anti-GFP antibodies. Initial experi-
ments indicated that both N and C-terminal GFP fusions to ARG1
and C-terminal fusions to ARL2 could be purified by this method
(Fig. 1A). However, we consistently noticed lower relative abundance
of ARL2-GFP purified from plants compared to ARG1-GFP, even
when both were expressed under the same promoter (Fig. 1A). This
is consistent with lower fluorescence intensity and fusion protein
abundance of ARL2-GFP compared to ARG1-GFP in the many
transgenic lines analyzed (data not shown).

Proteins that interact with ARG1 or ARL2 are expected to bind
to the anti-GFP-coated beads in this assay, along with their GFP-
ARG1 or GFP-ARL2 partner, and to co-elute with them upon
washing the beads with a low-pH solution. Their identity can be
revealed by western blot analysis of bead eluates, using specific
antibodies. Figure 1B shows that HSC70 co-purifies with ARG1-
GFP and GFP-ARGI1 when extracts from plants expressing these
fusions are tested in this assay. However, HSC70 was not present
in the eluate when plants expressing GFP alone under the control
of the CaMV 35S or AtMDRI ectopic promoters were tested (Fig.
1B). Interestingly, we did not detect HSC70 in bead eluates when
ARL2-GFP-expressing plants were subjected to this co-immuno-
precipitation assay, suggesting that ARG1 and ARL2 differ in their
affinity for HSC70. It should however be noted that the low amount
of ARL2-GFP precipitated in these experiments does not allow for
direct comparison (Fig. 1B). These results indicate an in vivo inter-
action between ARG1 and HSC70, suggesting that ARG1 is a bona
fide co-chaperone.

Figure 1B also shows that actin is present specifically in immuno-
complexes containing ARGI. In a parallel experiment, ARL2-GFP
precipitates did not contain detectable actin (Fig. 1B). However,
here again, the low amount of ARL2 in these precipitates does not
allow direct comparison to ARG1. Together these data suggest that
ARG physically associates with actin in vivo, even though they do
not address whether this association involves monomeric or polymer-
ized actin. Interestingly, the biochemical fractionation experiments
reported by Boonsirichai et al. (2003) suggested that some ARG1
might associate with polymerized actin in vivo.

Plants with mutations in ARG, ARL2, or both, result in very
similar gravity signaling defects, demonstrating that ARG and ARL2
function as non-redundant members of the same signaling pathway.’
One interpretation of this data is that ARG1 and ARL2 function
in the same signaling complex, the presence of both being required
for complex activity in gravity signaling. In support of this model,
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we have detected an in vivo interaction between ARG1 and ARL2
by immunoprecipitation. Figure 1C shows that endogenous ARG1
(-45 kDa) co-immunoprecipitates with ARL2-GFP from extracts
derived from plants expressing 355::ARL2-GFE but not from
extracts derived from negative control plants. We were not surprised
by the failure to detect ARG1 in precipitates from plants expressing
ARL2-GFP under the control of its endogenous promoter (ARL2::
ARL2-GFP). Indeed, its expression is restricted to a few cells—there-
fore, the protein is present at low abundance in whole-plant extracts.®
Similarly, native ARL2 was not detected in ARG1 immunopre-
cipitates likely due to the low level of endogenous ARL2 expression.
Together, these results suggest that ARG1 and ARL2 associate in a
complex in vivo, consistent with the function of these proteins in a
common signaling pathway.>

The sub-cellular localization of a putative ARG1- and ARL2-
containing complex is unknown, but is likely associated with the
PM of root statocytes, where ARL2-GFP localizes in cells expressing
ARL2::ARL2-GFP® Such a complex may serve as a membrane-associ-
ated signaling module that recruits cytosolic HSC70 to a membrane
site in a gravity-regulated manner. In agreement with this model,
we found that HSP70 increases in abundance in a biochemical
fraction that includes membrane-associated proteins extracted from
Arabidopsis root tips within 10 min of a gravistimulus.® A similar
recruitment model has been proposed for J-protein function in
several HSC70-mediated processes, including the regulation of
vesicle dynamics and signaling by HSC70.!% In animal systems,
HSC70 activity is required for several steps in clatherin-dependent
vesicle recycling,!! a process that appears to mediate PIN protein traf-
ficking!?. Recruitment of HSC70 activity to clatherin-coated vesicles
is mediated mainly by the J-domain protein auxillin, which has para-
logs other than ARG1 and ARL2 in plants.!® HSC70 function is also
required for Ca?*-induced exocytosis in Drosophila, and depends on
the J-domain-containing cysteine-string protein, apparent homologs
of which are absent from plants.!> GRV2, a locus required for normal
shoot tropisms, encodes a membrane-associated J-domain protein
homologous to animal RME-8.14 RME-8 is a membrane-associated
J-domain protein that interacts with cytosolic HSC70 and is required
for endocytosis and endosomal trafficking in D. melanogaster and
C. elegans.'>1°© GRV2 appears to regulate dynamics of late vacuolar
endosomes,!” which is important for gravity signaling in shoots but
not roots.'® GRV2/RME-8, auxillin, and cysteine-string proteins are
each specific for endosomal trafficking involving particular molecules
or vesicles, thus illustrating the specificity that J-domain proteins can
confer to HSC70-mediated processes.

One possibility is that the putative ARG1/ARL2 complex recruits
HSC70 to alter actin dynamics in response to gravistimulation. The
actin network in root statocytes appears to be intimately associated
with the mechanism of gravity sensation, as treatments with low
concentrations of the actin-depolymerizing drug Latrunculin B
enhances gravity signaling events including amyloplast sedimenta-
tion, alkalinization of the statocyte cytoplasm, with subsequent
enhancement of both auxin redistribution and organ curvature.”
argl-2 mutants are deficient in gravity-induced statocyte alka-
linization and auxin redistribution, suggesting that ARG1 and
microfilaments regulate this gravity signaling response.”

The lateral polarization of the statocytes upon gravistimulation
likely involves dramatic changes in vesicle trafficking. Mechanisms
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Figure 1. HSC70, actin and ARL2 co-purify with ARG 1 from plant extracts. Total protein extracts from four-week-old liquid grown plants of the indicated geno-
types (top) were affinity-purified using anti-GFP antibodies (gift of Richard Vierstra, UW-Madison) cross-linked to Protein A-Sepharose beads and detected
with the indicated antibodies. In (A) the offinity-purified eluate was probed with anti-GFP antibody to indicate the presence of both fulllength GFP fusions and
breakdown products. In (B) western blots of total protein exiracts (Input, In) and affinity-purified eluates (E) were probed with anti-HSC70 (diluted 1:10,000;
Stressgen, San Diego, CA), monoclonal anti-actin (diluted 1:1000; clone C4 from Chemicon Int., Temecula, CA), or anti-o-tubulin antibodies (Sigma, St
Louis, MO). In (C) western blots of affinity-purified eluates (top) were probed with two anti-ARG1 antibodies raised in rabbits against a bacterially expressed
His6-ARG1 protein fusion (anti-ARG1 |) and against a peptide corresponding to the 15 C-erminal residues of ARG1 (anti-ARG1 II), both used at 1:1000
dilutions, as well as with a polyclonal anti-ARL2 antibody raised in rabbits against a synthetic ARL2 peptide, used at 1:3000 dilution. Note that anti-ARG1 I
did not recognize the ARG 1-GFP protein probably because the corresponding C-terminal epitope was masked in this C-terminal fusion. A western blot of total
protein exiracts used for affinity purification (In, bottom) was probed with anti-HSP70 antibody (gift of Elizabeth Craig, UW-Madison; 1:20,000 dilution) to
show relative amounts of protein prior to extraction. Experimental procedures. Plants expressing ARG 1::GFP-ARG1 and 35S::ARL2-GFP are described else-
where (reviewed in refs. 4 and 6, respectively). Plants expressing 35S::ARG 1-GFP were generated by transformation with a TDNA derived from the binary
vector pK7FWG225 containing the ARG1 cDNA, whereas plants expressing AtMDR1::GFP were a gift from Edgar Spalding (UW-Madison). For immuno-
precipitation, anti-GFP serum was crosslinked to Protein A Sepharose (Amersham, Piscataway, NJ) using the cross-linking reagent disuccinimidyl suberate
according to the manufacturer’s recommendations (Pierce, Rockford, lll.). Extracts from liquid-grown plants were generated by grinding in 1:1 (vol:wt) ice
cold grinding buffer [20 mM Tris, 1 mM EDTA, 100 mM NaCl, 0.1% Triton X-100 pH7.5, containing 1:100 dilution of protease inhibitor cocktail (Sigma,
or Calbiochem, San Diego, CA) and 1 mM phenylmethylsulphonyl fluoride] in a mortar, then adding more buffer to a ratio of 4:1 (vol:wt). Homogenates
were cleared by filtering through Miracloth (Calbiochem) and spinning twice at 13,000 g for 15 min each to pellet cellular debris. Protein concentration
in the resulting supernatant was then quantified by a modified Lowry assay, using BSA as a standard. Extracts were gently rocked with anti-GFP beads for
one hour at room temperature. The beads were washed extensively (five times with >5x bead vol.) in extraction buffer, and the bound protein was eluted
with low pH (0.1 M glycine pH 2.5) into a small amount of neutralizing 1 M tris buffer (pH 8.0), precipitated with TCA, separated by SDS-PAGE, blotted
to PVDF membrane (Millipore, Billerica, MA), and probed with the appropriate antibodies. Positive signals were detected using HRP-conjugated secondary
antibodies at 1:20,000 (Sigma).
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that lead to accumulation of PIN3 upon the new bottom side of
root statocytes are unknown, but require ARG1 and ARL2 either
directly or as upstream signaling components. The prominent
localization of ARG1 and ARL2 to the cell plate during cytokinesis
suggests that they are present in areas of intense vesicle dynamics.
The recent discovery that members of an Arabidopsis retromer
complex are required for cell polarization, PIN trafficking, and
gravitropic growth suggests they may function in redirection of auxin
following gravistimulation.!*?9 Animal homologs of these retromer
components have been identified in association with clathrin-coated
vesicles,?! and disruption of Drosophila Vps35 or human SNX9
affect endocytosis and actin organization.??3 The mechanisms of
clathrin-dependent endocytosis are unresolved, but appear to depend
on dynamic cortical microfilaments in animals and yeast suggesting
that similar mechanisms may function in plants.?* ARG1 and ARL2
may mediate statocyte polarization via regulating actin and/or vesicle
dynamics. Of course, we have not yet excluded the possibility that
ARG1 and ARL2 might, in fact, transduce the gravity signal in an
HSC70 and actin-independent manner through interactions with
yet unidentified molecules. In this case, the interactions identi-
fied in this study would be relevant to other, yet uncharacterized,
functions potentially associated with ARG1 and ARL2 in plants.*?
Work aimed at identifying additional ARG1 and ARL2-interacting

proteins is underway.
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