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Chemical genomics is a powerful approach to dissect processes that
may be intractable using conventional genetics because of gene
lethality or redundancy. Recently, a link has been established
between endomembrane trafficking and gravitropism. To under-
stand this link, we screened a library of 10,000 diverse chemicals for
compounds that affected the gravitropism of Arabidopsis seed-
lings positively or negatively. Sixty-nine of 219 compounds from
the primary screen were retested, and 34 of these were confirmed
to inhibit or enhance gravitropism. Four of the 34 compounds were
found to cause aberrant endomembrane morphologies. The chem-
icals affected gravitropism and vacuole morphology in concertin a
tissue-specific manner, underscoring the link between endomem-
branes and gravitropism. One of the chemicals (5403629) was
structurally similar to the synthetic auxin 2,4-dichlorophenoxy
acetate, whereas the other three chemicals were unique in their
structures. An in vivo functional assay using the reporter B-glucu-
ronidase under the auxin-inducible DR5 promoter confirmed that
the unique compounds were not auxins. Interestingly, one of the
unique chemicals (5850247) appeared to decrease the responsive-
ness to auxin in roots, whereas another (5271050) was similar to
pyocyanin, a bacterial metabolite that has been suggested to
target the endomembranes of yeast. These reagents will be valu-
able for dissecting endomembrane trafficking and gravitropism
and for cognate target identification.

chemicals | GFP | gravitropism | trafficking | vacuoles

he endomembrane system of plants is complex genetically

and functionally, which is perhaps a reflection of their sessile
lifestyle. Although plants contain many of the same organelles
and trafficking components as animals and fungi, the plant
secretory system bears responsibility for additional functions,
such as the storage of proteins, ions, and metabolites and the
manufacture of cell-wall precursors (1). In addition, unlike in
yeast, the plant cell vacuole is essential for viability (2). There is
also an emerging body of evidence demonstrating that plant
trafficking pathways are necessary for proper development and
signal transduction processes (3).

Classical mutant screens have shown that the endomembrane
system is intimately involved in the plant gravitropic response.
The signal transduction processes mediating this response are
poorly understood, but mutations in endomembrane system
components, such as DET3 and the SNARE proteins VTI11 and
SYP22, result in agravitropic phenotypes (4-7). Furthermore,
the plant hormone auxin plays a role in gravitropism (8).

Many genes that encode endomembrane system components are
essential for plants. For example, T-DNA insertions in many plant
endomembrane system genes are lethal (2, 9, 10), although point
mutations for a few are viable and exert clear phenotypes (7). The
development of the TILLing process permits the screening of ethyl
methane sulfonate (EMS) point mutations in a specific gene (11);
however, for unknown genes, the only approach for examining
vacuolar and endomembrane morphology and function has been
forward genetics to isolate EMS point mutants. With this approach,
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we isolated >200 putative mutants with altered vacuole morphol-
ogy using tonoplast-localized GFP as a marker. Unfortunately, half
of these mutants died before setting seed (12). One of our long-term
goals is to develop tools to dissect endomembrane trafficking and
vacuole biogenesis where loss-of-function mutation is lethal.

Chemical genomics provides a means to circumvent problems
of lethality and redundancy. This approach is possible because
advances in synthetic chemistry techniques, such as split-pool
synthesis, have made it possible to generate diverse libraries of
small organic molecules (13, 14). The concurrent development of
high-throughput screening technologies and genomics has per-
mitted the use chemical libraries in place of mutagenesis for
phenotypic screens (15). Once a compound is found that results
in a desirable phenotype, it can be applied at sublethal doses at
any point in development. The earliest chemical genomics
studies used Saccharomyces cerevisiae and mammalian tissue
culture (16, 17), but the model plant Arabidopsis thaliana has
been a recent focus (18, 19). With a wide array of genetic tools
available, Arabidopsis offers unique opportunities to identify the
cognate targets of chemicals in a multicellular organism (20, 21).

We are interested in identifying novel components of endomem-
brane trafficking in plants. To avoid the problem of lethality, a
chemical genomics approach was used. We took advantage of the
link between the endomembrane system and gravitropism to screen
a 10,000-member library for small compounds that caused aberrant
gravitropic responses. We then focused on compounds that inhib-
ited gravitropism via the endomembrane system by examining
vacuole morphology. Among the many compounds that affected
gravitropism, we found four that affected endomembrane system
morphology and describe them here.

Methods

Plant Materials and Growth Conditions. A. thaliana ecotype Colum-
bia (Col-0) was used in all experiments. Vacuoles were visualized
by using a line containing a 33S::GFP:5-TIP construct (22). Seeds
were sterilized and sown on 1X or 0.5X Murashige and Skoog (MS)
media (Invitrogen) containing 0.8 or 0.6% Phytagar (Invitrogen).
Seeds were stratified in darkness for 48 h at 4°C. For gravitropism,
plates were incubated in the light for 4-14 h to induce germination
then vertically in darkness at 22°C. For all other experiments, plates
were incubated in the light (16 h per day) at 22°C. Seeds of the
DRS5::GUS reporter line were generously provided by Gloria
Muday (Wake Forest University, Winston-Salem, NC). ABD2-

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: GUS, B-glucuronidase; TIBA, 2,3,5-triiodobenzoic acid; IAA, indole-3 acetic
acid; 2,4-D, 2,4-dichlorophenoxy acetate; MS media, Murashige and Skoog media.

*M.S., M.R.-P., C.C., and G.R.H. contributed equally to this work.

tPresent address: Department of Biology, University of Minnesota, 221 Life Science Build-
ing, 1110 Kirby Drive, Duluth, MN 55812.

*To whom correspondence should be addressed. E-mail: nraikhel@ucr.edu.

© 2005 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0500222102



Lo L

P

1\

BN AS DN AS P

GFP seeds were kindly provided by Elison Blancaflor (Noble
Foundation, Ardmore, OK).

Chemical Library Screen. The 96-well format DIVERSet library
(ChemBridge, San Diego) contained 10,000 small organic mole-
cules; 0.1 mg of each compound was dissolved in 20 ul of DMSO,
then diluted 1:5 in water to a concentration of 2-4 mM in 20%
DMSO. The library was rearrayed to a 24-well format by using a
Bio-Tek (Winooski, VT) Precision 2000 liquid-handling robot. For
screening, 10 ul of each chemical was added to 390 ul of MS media
agar to a final concentration of 50-100 uM (25 ug/ml) in 0.5%
DMSO. Approximately 12 sterilized Arabidopsis seeds were sown
per well, then grown vertically in the dark. Growth was monitored
by using control plates without chemicals. Typically, plates were
reoriented 90° at 48 h after stratification, then gravistimulated in the
dark for 24-72 h before scoring.

For the secondary screen, seeds germinated on 0-, 0.25-, 0.5-, 1-,
5-, and 10-ug/ml concentrations of relevant chemicals were scored
for gravitropism, as described. All compounds are identified by
using numbers assigned by ChemBridge. For the tertiary screen,
seeds of the 33S::GFP:8-TIP line were germinated on chemicals,
incubated in the light, and viewed by using a Leica TCS SP2
laser-scanning confocal microscope (Leica, Wetzlar, Germany) 7
days after stratification. Before tertiary screening, compounds
5403629, 5271050, 5850247, 6220480, and 6241121 were reexam-
ined by MS analysis at the University of California, Riverside, MS
Facility. Substructure searches for analogs used the Hit2Lead
database (Hit2Lead.com; ChemBridge). Analogs were from
ChemBridge. For visualizing seedling DR5::GUS expression, stain-
ing was as described (23).

Quantification of the Inhibition of the Gravitropic Response. Twenty-
five to 30 seeds were sown per well of a four-well plate (Nalge
Nunc, Model 176597). Wells contained DMSO or chemicals in
DMSO in 0.5X MS media. At least six concentrations of each
chemical were examined. After stratification and light, the plates
were incubated in darkness for 4 days. The seedlings were then
gravistimulated for 24 h, imaged (Model 2450 scanner; Epson,
Long Beach, CA), and root and hypocotyl angles from vertical
were measured (SCION IMAGE software; Scion, Frederick, MD).
Approximate chemical concentrations yielding half-maximal
inhibition (ICsgs) of curvature were derived from inhibition
curves. Data are the average of at least duplicate experiments
(30-50 seedlings total per data point). To assess affects on
hypocotyl and root growth, lengths were measured with the
SCION IMAGE multiline tool and expressed as a percent of control
seedling growth. Because ICsg values were derived from inhibi-
tion curves, growth at doses slightly greater than ICs, are
reported in several cases.

Reversibility and Inducibility Experiments. Experiments were as in
the secondary screen, except that four-well culture plates were used.
For inducibility, 3-day-old vertically grown seedlings were trans-
ferred to a plate with chemical and grown for an additional 24 h.
Transfer was performed under a green safelight (Corning green
filter no. 4010), and the seedlings were gravistimulated for 24—48
h. For reversibility, 3-day-old seedlings germinated on chemical
were transferred to a plate without chemical and gravistimulated.
Chemicals 5403629 and 5271050 were at 3.3 and 3.7 uM, respec-
tively, whereas chemical 5850247 was at 35.3 uM. For reversibility
of vacuole morphology, 7-day-old seedlings on 3.3 uM chemical
5403629, 3.7 uM 5271050, 35 uM 5850247, or 30 uM 6220480 were
transferred to MS media without chemical and viewed for vacuole
morphology up to 7 days later.

DR5::GUS Assays. DR5::GUS seedlings were grown for 7 days

without chemicals. To examine induction, seedlings were trans-
ferred to MS media containing chemicals, incubated for 5 h, then
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Fig. 1. Screen for chemicals that affected gravitropism. The chemical library
was screened in a 24-well format, and seedlings were scored for gravitropic
response after reorientation. Chemicals dissolved in 20% DMSO were added
to wells. Control wells contained an equivalent concentration of the solvent.
The gravity vector is indicated by an arrow next to the g (on the right).

stained for B-glucuronidase (GUS) activity. To examine effects on
auxin transport or induction, seedlings were preincubated with
chemicals; the auxin transport inhibitor 2,3,5-triiodobenzoic acid
(TIBA); or DMSO (0.5%) for 14 h. A 1 mm, a MS media agar plug
containing 10 uM indole-3 acetic acid (IAA) was then placed at the
tip of the root, and the seedlings were incubated for 5 additional
hours before staining for GUS activity. For induction experiments,
6-day-old seedlings were preincubated for 14 h in the presence of
chemical and then transferred to plates containing 1 uM IAA for
5 h before GUS staining.

Results

Screening a Diverse Chemical Library for Effectors of Gravitropic
Response. To identify protein trafficking components involved in
the gravitropic response, we screened A. thaliana (ecotype Colum-
bia-0) seedlings on a diverse chemical library composed of small
synthetic organic molecules. Seeds were germinated in 24-well
plates, each well of which contained a different compound from the
library (Fig. 1). After gravistimulation, wells in which the majority
of seedlings failed to bend or displayed an enhanced gravitropic
response were scored as “hits.” In our primary screen of 10,000
compounds, we scored 219 chemicals as hits (Fig. 54 and Supporting
Text, which are published as supporting information on the PNAS
web site). Examples of phenotypes observed included both inhibi-
tion and enhancement of the gravitropic response (Fig. 5B).

To prioritize the 219 chemicals from the primary screen for
further characterization, we used several criteria (Fig. 54). One
hundred ninety-nine compounds appeared to inhibit gravitropism,
whereas 20 appeared to enhance the response. The compounds
were further classified as structurally similar or dissimilar to known
auxins. For example, compounds such as 5403629 (Fig. 34) had
substructures similar to the synthetic auxin 2,4-dichlorophenoxy
acetate (2,4-D) and thus might be metabolized in planta to an active
auxin. It is well established that the auxin family of hormones can
influence growth and tropic responses. Our objective was to identify
unique nonauxin-like compounds to increase the probability of
discovering novel components of the endomembrane system; there-
fore, many auxin-like compounds were not studied further.

A Secondary Gravitropic Screen. To understand the chemicals in
more detail, 69 of the 219 compounds from the primary screen,
representing predominantly the unique chemicals but including
some auxin-like compounds, were retested at several concentra-
tions to confirm their effects on gravitropism. Twenty of the unique
compounds, which included three enhancers, and 14 of the auxin-
like chemicals were able to induce agravitropic or enhanced grav-
itropic phenotypes, confirming the activity of 34 of 69 (50%)
compounds retested from the primary screen. This relatively large
percentage of hits from the screen likely reflects the numerous
pathways such as perception, signal transduction, and growth
involved in the gravitropic response. The 34 chemicals confirmed to
affect gravitropism are indicated in Table 2, which is published as
supporting information on the PNAS web site.
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Tertiary Screen for Chemicals That Affect Endomembrane Morphol-
ogy. We germinated Arabidopsis seeds expressing a >S::GFP:8-TIP
construct (22) on each of the 34 confirmed chemicals and examined
the vacuole morphologies. Five of the 34 compounds induced
dramatic changes in endomembrane system morphology or altered
the localization and distribution of the GFP:6-TIP marker. There-
fore, our screen has at least a 0.05% hit rate of chemicals that affect
both gravitropism and the endomembrane system. This is similar to
the low frequency observed in another plant chemical genomic
screen (19). In our case, the frequency may be attributable to the
fact that we addressed two biological phenomena: gravitropic
responses and endomembrane system morphology. The identity of
one chemical (6141121) could not be confirmed by MS and was not
pursued. The remaining four compounds were examined further.

Compound 5403629 was a chlorophenoxy acetate derivative that
was structurally similar to the synthetic auxin 2,4-D and resulted in
vacuoles with a vesiculated appearance in both hypocotyls and roots
(Fig. 2 C and D) compared with a control (Fig. 2 4 and B). The
auxin 2,4-D resulted in similarly aberrant vacuoles in roots (Fig. 6
A and B, which is published as supporting information on the PNAS
web site), which were particularly sensitive to inhibition of grav-
itropism by this auxin (see below). Indole-3-acetic acid also resulted
in a similar root phenotype (data not shown). The other three
chemicals appeared to be structurally unique, and two resulted in
intense aggregates of tonoplast in hypocotyls (5271050; Fig. 2 E and
F) and roots (6220480; Fig. 2 I and J; see also Movies 1 and 2, which
are published as supporting information on the PNAS web site).
Compound 5850247 induced a network-like GFP:6-TIP pattern,
indicating apparent localization to the endoplasmic reticulum in
root cells only (Fig. 2 G and H; see also Movie 3, which is published
as supporting information on the PNAS web site), while maintain-
ing normal vacuole morphology in those same cells (data not
shown). Searches of the Hit2Lead database revealed chemicals not
within our library but sharing structural similarities to 5403629,
5271050, 5850247, and 6220480. The intracellular effects of these
similar compounds were examined, and five of nine resulted in
endomembrane effects similar to their respective chemicals from
the library (see Table 3, which is published as supporting informa-
tion on the PNAS web site). Overall, the results indicate that direct
chemical screening of seedlings in a moderate throughput format
is a successful strategy to obtain potentially novel reagents.

An interesting question was whether the chemicals affected the
morphology of only vacuoles or exerted more generalized effects.
For example, actin cytoskeletal integrity has been shown to be
required for normal gravitropism and statoliths positioning in some
plant species (24, 25). However, our chemicals did not alter the
plasma membrane localization of the styryl dye FM4-64. In
addition, neither a ABD2-GFP construct that marks the actin
cytoskeleton (26) (Fig. 7, which is published as supporting infor-
mation on the PNAS web site) nor a chimeric gene that targeted
GFP to plastids (27) displayed any apparent altered morphology
(data not shown). This indicates that the effects of all four chemicals
described in this study are probably vacuole- or endomembrane-
specific reagents.

Potent Inhibitors of Gravitropism. Our primary screen was based on
inhibition of hypocotyl gravitropism at a single concentration of
chemical. To understand the effect of these four compounds on
both hypocotyl and root gravitropism and to determine their
relative potencies, dose—response experiments were done. The
results indicated that the auxin-like chemical 5403629 inhibited
both hypocotyl and root gravitropism (Fig. 34). The auxin 2,4-D
was also inhibitory to root gravitropism but was less effective on
hypocotyls displaying a weak response (Fig. 3B). Chemical 5271050
inhibited hypocotyl bending; however, the inhibition was incom-
plete, indicating that a component of the response was not saturable
(Fig. 3C). This compound had little or no effect on root bending.
Given that chemicals were applied via the medium and presumably

4904 | www.pnas.org/cgi/doi/10.1073/pnas.0500222102

Fig. 2. Four compounds affect vacuole morphology or targeting of the
reporter molecule to the tonoplast in GFP:§-TIP seedlings. Hypocotyls (A, C, E,
G, and /) androots (B, D, F, H, and J) were examined by laser-scanning confocal
microscopy after germination and growth on the chemicals for 7 days in the
light. Chemicals: (C and D) 5403629 at 6.6 uM, (E and F) 5271050 at 3.7 uM, (G
and H) 5850247 at 35 uM, and (/ and J) 6220480 at 30 uM final concentration.
Chemical 5403629 was inhibitory to growth at the concentration tested, so
seedlings were grown on medium without the chemical for 4 days then
treated with the compound for 48 h. The arrows in C and D indicate vesicu-
lations; E, aggregates; H, endoplasmic reticulum patterning; and J, aggre-
gates. (A and B) Images of a control seedling grown in the presence of a
concentration of DMSO equivalent to that of treated seedlings are shown for
comparison. (Bars, 20 um.)

by translocation through the roots, this implied that the molecular
target of 5271050 was active only in hypocotyls. The unique
chemical 5850247 inhibited hypocotyl and root gravitropism (Fig.
3D). Chemical 6220480 caused weak agravitropism and a helical or
spiral hypocotyl growth pattern in our primary screen (data not
shown). The dose-response indicated that the chemical resulted in
modest inhibition of hypocotyls bending; however, there was clear

Surpin et al.
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Fig.3. Several chemicals inhibit gravitropism in a tissue-specific manner. Dose—
response experiments were done in the presence of 5403629 (A), the control
auxin 2,4-D (B), 5271050 (C), 585247 (D), and 6220480 (E) at the concentrations
indicated. Four-day-old seedlings grown in the presence of compounds were
gravistimulated for 24 h, and the angle of curvature from a vertical position was
measured. Solid lines indicate hypocotyl angles; dashed lines indicate root angles.
All points are the mean = standard error of at least duplicate experiments (n =
21-78 measurements per point). The hypocotyl and root-tip angles, respectively,
of control seedlings without chemicals were: 68.0 + 3.1, 88.3 = 2.5 (A); 67.8 = 3.1,
88.6 = 2.0(B); 68.8 = 2.6,79.7 = 1.9((); 63.8 = 2.3,74.9 = 2.9(D); and 70.7 = 3.6,
91.0 = 3.9 (E). Chemical structures are shown in Table 1.

inhibition of root bending (Fig. 3E). The hypocotyl or root speci-
ficities of gravitropic inhibition were consistent with the altered
vacuole morphologies in the same tissues. However, for each
chemical, a much greater dose was required to observe aberrant
vacuoles compared with inhibition of gravitropism (compare the
doses indicated in Fig. 2 with the ICs¢s indicated in Table 1 and
described below). Because the chemicals appear to be specific for
vacuoles or endomembranes, their agravitropic effects may be
evident at doses at which gross vacuole anomalies are not detected
by our methods. Also, the morphological studies used light-grown
seedlings, whereas the gravitropism studies required etiolated seed-
lings. Thus, the relative dose differences may reflect developmental
differences in uptake, translocation, sequestration, or metabolism.

As a measure of relative potency, we estimated the concentra-
tions of the four chemicals resulting in 50% inhibition of gravitro-
pism (ICsps) (Table 1). The auxin 2,4-D was the most potent

inhibitor of root gravitropism. Chemicals 5403629 and 5850247
were active in the 0.2- to 0.3-uM range, with the auxin-like
compound 5403629 being a particularly potent inhibitor of hypo-
cotyl bending compared with 2,4-D. The least potent compounds
were 5271050 and 6220480, which were inhibitory in the low
micromolar range. None of the compounds were as active as 2,4-D,
a commercial herbicide; however, given the structural diversity of
the library, the four chemicals were remarkably potent.

Because gravicurvature requires growth, it was possible that
several compounds were growth inhibitors whose effects on grav-
itropism were indirect. Thus we measured the lengths of hypocotyls
and roots at or just above ICsy. Compounds 5271050, 5850247, and
2,4-D did not cause any discernible inhibition of either root or
hypocotyl elongation at either ICsy or slightly higher doses. Chem-
ical 5403629 did not inhibit hypocotyl elongation at a dose slightly
greater than the ICsp; however, there was a 40% inhibition of root
length, indicating a component of growth inhibition that could alter
the gravicurvature of roots but not hypocotyls. Treatment of
seedlings with the chemical 6220480 at a concentration just above
ICs causes a clear inhibition (=80%) in root length. Therefore, the
effect of chemical 6220480 on gravitropism was most likely due to
growth inhibition of roots.

Reversibility and Inducibility of the Chemicals. We determined
whether the inhibition of hypocotyl gravitropism by three of the
compounds was reversible. Chemical 6220480 could not be exam-
ined because of its weak inhibition of hypocotyl bending. Three-
day-old seedlings germinated in the presence of the chemicals were
transferred to nonchemical plates and gravistimulated. The clear
reversibility and inducibility of the agravitropic phenotype caused
by chemical 5403629 are shown as examples (Fig. 8, which is
published as supporting information on the PNAS web site).
Inhibition by chemicals 5403629 and 5271050 was reversible,
whereas the inhibition caused by 5850247 was not (Table 1).
Reversibility indicated that the chemicals were either metabolized
or compartmentalized. The nonreversibility of chemical 5850247
suggests, among other possibilities, that it may modify its molecular
target irreversibly. We also determined whether a short treatment
of 3-day-old seedlings germinated in the absence of compound was
sufficient to inhibit gravitropism. All three chemicals induced a
response with only a 24-h pretreatment, indicating that their
cognate targets were available for interaction at the time of
treatment.

Beyond the agravitropic phenotype, the reversibility of subcel-
lular phenotypes was examined. Arabidopsis GFP:8-TIP seedlings
were germinated on media containing 5403629, 5271050, 5850247,
or 6220480, then transferred to plates without chemical and viewed
by confocal microscopy. The effects of chemicals 5403629 and
6220480 were fully reversible when observed 3 days after transfer
(Table 1). Chemical 5850247 required 8 days to return to normal
but was reversible. This slow reversal was consistent with the

Table 1. Potency of chemicals and reversibility of their effects

Inhibition of Inhibition of hypocotyl Vacuolar
gravitropism, ICso* Inhibition of growth bending effects
Chemical Hypocotyl Root Hypocotyl length* Root length™* Inducible Reversible Reversible
2,4D NA 0.02 M NA 96.8 (0.02 M) ND ND ND
5403629 0.08 M 0.2M 90.4 (0.1 M) 60 (0.3 M) Yes Yes Yes
5271050 2M NA 88.7 (2 M) NA Yes Yes No
5850247 0.2M 0.3 M 93.8 (0.3 M) 98.8 (0.3 M) Yes No Yes
6220480 NA 8M NA 21.8 (10 M) NA NA Yes
NA, not applicable, because chemical has little or no effect on gravitropism. ND, not determined.
*Estimated concentration resulting in 50% inhibition after 24-h gravistimulation.
fLengths are reported as a percentage of the untreated controls.
*Length measurements performed at the concentrations indicated.
Surpin et al. PNAS March 29, 2005 | vol. 102 |
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o0 inhibitor TIBA was included as a positive control. Roots of seed-
,lq,Qb‘ lings preincubated with DMSO were strongly stained throughout
© their lengths, indicating that IAA was transported basipetally (Fig.
4B, +1AA, DMSO). The seedlings pretreated with TIBA (Fig. 4B,
+IAA, TIBA) showed GUS staining near the root tip, similar to
untreated controls (Fig. 4B, —IAA, DMSO), suggesting that auxin
transport was inhibited. Seedlings treated with the chemicals
5403629, 5271050, and 6220480 had staining patterns similar to
seedlings treated with IAA (Fig. 4B, +IAA, DMSO), indicating
that these compounds did not affect auxin transport. Interestingly,
seedlings treated with 5850247 exhibited a staining pattern similar
to that of TIBA; however, treatment of seedlings with TIBA did not
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Fig. 4. Functional assay for auxin activity and auxin transport inhibition.
Arabidopsis DR5::GUS seedlings were grown in the absence of chemicals; trans-
ferred to MS media containing 0.02% DMSO or chemicals 5403629 (3.3 uM),
5271050 (3.7 uM), 5850247 (35 nM), or 6220480 (30 M); then stained for GUS
activity 5 h later. (4) IAA and chemical 5403629 displayed intense staining,
indicating DR5::GUS induction, whereas staining of 5271050-, 5850247-, and
6220480-treated seedlings were similar to the control (DMSO), indicating only
basal induction of DR5::GUS. (B) Seedlings were pretreated with chemicals, 0.2%
DMSO, or 100 uM TIBA for 14 h as in A; however, an agar block containing IAA
was placed at the root tip (+IAA samples), and seedlings were stained for GUS
activity 5 h later. (C) Test for auxin responsiveness. Seedlings were pretreated with
chemicals and then incubated in a 1-uM IAA solution. (Bars, 0.2 mm.)

persistent inhibition of gravitropism 24 h after transfer to plates
without chemical, as described above. Despite the reversibility of its
gravitropic effects, the impact of chemical 5271050 on vacuole
morphology was not reversible even after 8 days, indicating that, in
some cases, gravitropic mechanisms can compensate for defective
endomembranes.

Several Compounds Act Independently of Auxin. Our chemicals
clearly affected gravitropism and vacuole morphology; however, it
was important to understand functionally whether they interacted
with known pathways involved in gravitropism. In particular, chem-
ical 5403629 had an obvious structural similarity to 2,4-D, which
also resulted in aberrant vacuoles. To determine whether any
chemicals had auxin-like effects, an Arabidopsis line expressing the
DRS:GUS transcriptional reporter construct was used. The DRS
promoter is highly responsive to auxins, and thus the GUS reporter
is a sensitive indicator for the presence of intracellular auxin (28).
Treatment of 7-day-old seedlings with the native auxin IAA and
compound 5403629 resulted in strong GUS staining in roots,
indicating auxin-induced activation of the DRS promoter (Fig. 44).
By contrast, seedlings treated with 5271050, 5850247, and 6220480
displayed staining similar to that of the control seedlings, indicating
that these chemicals did not have auxin activity. In all cases, the
concentrations used were those at which vacuole phenotypes were
observed (Fig. 2).

We also did an indirect assay for auxin transport using this
system. The DR5::GUS seedlings were grown for 7 days in the
absence of chemicals. At day 7, seedlings were incubated on media
containing chemical for 14 h. A MS media agar plug containing
TAA was placed at the tip of the root, and the seedlings were
incubated for 5 hours before staining (Fig. 4B). The auxin transport

4906 | www.pnas.org/cgi/doi/10.1073/pnas.0500222102

result in aberrant vacuoles (data not shown), as was the case for
5850247, indicating that the mode of action of 5850247 in appar-
ently affecting polar auxin transport was different from that of
TIBA. To clarify whether 5850247 inhibited auxin transport or
caused a decrease in auxin responsiveness, seedlings were pre-
treated with 5850247, then incubated with IA A (Fig. 4C). Seedlings
subjected to this regimen exhibited a patchy staining pattern that
was greatly reduced compared with control seedlings (Fig. 4C,
+IAA, DMSO; +1AA, 5271050).

Overall, we have identified four compounds that appear to target
the vacuoles or endomembrane system specifically in hypocotyls,
roots, or both tissues. Our results indicate that, in addition to a
compound predicted to be an auxin (540369), two of our chemicals
(5271050 and 6220480) affect gravitropic responses and the endo-
membrane system via nonauxin pathways. A third compound
(5850247) may decrease auxin responsiveness via a mechanism that
also affects endomembrane transport.

Discussion

There are several examples where small molecules have been
used to probe gene function in the model plant Arabidopsis.
Yokonolides A and B and brassinozole were isolated in
forward screens for compounds that inhibit the expression of
an auxin-responsive reporter construct and for compounds
that inhibit the actions of cytochrome P450 proteins involved
in brassinosteroid synthesis, respectively (29-31). More re-
cently, a screen of another chemical library was focused on
identifying inhibitors of auxin transcriptional activation (19).
Four compounds were characterized that inhibited the induc-
tion of reporters, including DR5::GUS; however, none of our
compounds resembled these four structures, indicating that we
may have identified different classes of effectors. Structure
searches of our library indicated that these chemicals are not
contained in our collection. All of the above-mentioned
screens isolated molecules with effects on hormone-signaling
pathways. There are molecules, however, that induce specific
effects on the secretory system. A recent screen of 4,800
chemicals yielded 14 compounds that increase secretion of
carboxypeptidase Y (CPY) in yeast (18). One of these com-
pounds, Sortinl, was shown to increase CPY secretion in
Arabidopsis suspension cells and whole seedlings. Sortinl also
inhibited vacuole biogenesis and root development in Arabi-
dopsis (18).

The gravitropic response is not well understood but involves
the endomembrane system. The signal transduction pathway
leading from a change in the gravity vector may be divided into
signal perception, signal transduction, and signal response. The
perception of gravity in plant shoots is mediated by starch-filled
amyloplasts in the endodermal cell layer. The most widely
accepted hypothesis is that amyloplasts act as statoliths. Plants
treated with inhibitors of starch biosynthesis or that have mu-
tations in starch biosynthesis genes have a defective gravitropic
response (32, 33). The Arabidopsis shoot gravitropic response
mutants sgr2—1, sgr4—1/zig-1, and sgr3-1 show improper sedi-
mentation of amyloplasts (5-7). Two mutants that were identi-
fied in this screen for plants defective in the shoot gravitropic
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response have lesions in genes encoding SNARE proteins
(sgr3-2 = SYP22 and sgr4-1/zig-1 = AtVTI11), and sgr2-1
encodes a phospholipase A-like protein that may contribute to
the fluidity of the tonoplast (6).

During transduction of the gravistimulus, there is a measured
increase in cytoplasmic Ca?* (34, 35), and drugs that interfere
with the function of calmodulin, calcium channels, or Ca?*-
ATPases interfere with plant gravitropic responses (35-38),
indicating that calcium acts as a second messenger in gravitropic
signaling. Phosphoinositide signaling may also be involved in the
gravitropic response (39). The ultimate response to a change in
the gravity vector is asymmetric growth mediated by auxin
gradients (40), which are established through the redistribution
of auxin efflux carrier proteins. It has recently been demon-
strated that the correct localization of the Arabidopsis PIN1 and
PIN3 auxin efflux carriers is mediated by actin-dependent vesicle
cycling (8, 41).

The compounds described in this report appear to intersect
the gravitropic signal transduction process at three different
points. Compound 5403629 is a less-potent form of the synthetic
auxin 2,4-D. In addition to its effects on vacuole morphology,
5403629 can induce the full range of auxin-related phenotypes,
including the inhibition of hypocotyl and root growth and the
induction of root hairs (M.S., C.C., and N.V.R., unpublished
data). Nevertheless, its identification led to the significant
observation that auxins have effects on vacuole morphology and
may directly remodel endomembrane trafficking processes.

The drug 5850247 inhibits gravitropism and appears to target
a membrane protein-trafficking pathway. Experiments with the
auxin transport inhibitor, TIBA, indicate that 5850247 may
decrease responsiveness to auxin. There are several possibilities
to explain the relationship between the endomembrane pheno-
type and auxin responsiveness. If auxin signal transduction
requires endomembrane trafficking, then the down-regulation of
auxin-responsive genes could result. Alternatively, there are
quality control mechanisms that are required for proper protein
folding in the endoplasmic reticulum (42). Although this control
has been demonstrated mainly for soluble proteins, it is possible
that membrane proteins are subject to similar mechanisms.
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Disruption of endomembranes could directly affect these path-
ways and signal transduction.

Finally, the chemical 5271050 is related to the phenazine family
of chemicals, including pyocyanin, which is a secreted product of
Pseudomonas aureginosa and contributes to virulence in cystic
fibrosis patients (43). A yeast deletion strain library was screened on
pyocyanin, and a number of strains defective for protein sorting,
vesicle trafficking, and V-ATPase-related genes were shown to be
hypersensitive to pyocyanin (43). This suggests possible targets in
plants. This hypothesis is supported by the finding that Arabidopsis
seedlings exposed to phenazine display a defective vacuole pheno-
type similar to that observed for chemical 5271050 (M.R.-P., J.V,,
and N.V.R., unpublished data). Furthermore, like 5271050, phena-
zine causes little or no inhibition of root gravitropism (G.R.H. and
N.V.R., unpublished data).

We initiated our chemical screen with the goal of assigning
function to components heretofore beyond the reach of classical
genetic methods and to shed light on the link between gravitropic
signal transduction and the endomembrane system. We were
able to identify chemicals that both inhibited the gravitropic
response and impacted the morphology of, or targeting to, the
tonoplast. The chemicals function in a tissue-specific manner,
affecting hypocotyls, roots, or both organs in terms of gravitropic
response and vacuole morphology. The correspondence between
the phenotypes induced by the chemicals underscores the link
between endomembrane function and gravitropic responses
These chemicals will be valuable as reagents to dissect the
independent and common endomembrane pathways. The cog-
nate molecular targets of such compounds can provide valuable
insight into basic mechanisms of endomembrane trafficking and
their relationship to gravity sensing and response.
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