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Plant development is regulated by both synergistic and antag-
onistic interactions of different phytohormones, including a
complex crosstalk between ethylene and auxin. For instance,
auxin and ethylene synergistically control primary root elonga-
tion and root hair formation. However, a lack of chemical agents
that specifically modulate ethylene or auxin production has pre-
cluded precise delineation of the contribution of each hormone
to root development. Here, we performed a chemical genetic
screen based on the recovery of root growth in ethylene-related
Arabidopsis mutants with constitutive “short root” phenotypes
(eto1–2 and ctr1–1). We found that ponalrestat exposure recov-
ers root elongation in these mutants in an ethylene signal–inde-
pendent manner. Genetic and pharmacological investigations
revealed that ponalrestat inhibits the enzymatic activity of the
flavin-containing monooxygenase YUCCA, which catalyzes
the rate-limiting step of the indole-3-pyruvic acid branch of the
auxin biosynthesis pathway. In summary, our findings have
identified a YUCCA inhibitor that may be useful as a chemical
tool to dissect the distinct steps in auxin biosynthesis and in the
regulation of root development.

The phytohormone auxin plays a critical role in plant growth
and development processes, and indole-3-acetic acid (IAA)8 is
the predominant natural auxin. Auxin regulates plant growth
and development in a dose-dependent manner, which has been
characterized as a bell-shaped dosage-response curve (1). For
example, below the optimal IAA concentration, root growth
increases with increasing IAA. Beyond the optimal concentra-
tion, however, increasing IAA inhibits root growth (2). This
pattern indicates that auxin levels need to be maintained at an
optimal concentration in vivo as plants develop.

In Arabidopsis, IAA is synthesized through both tryptophan
(Trp)-dependent and Trp-independent pathways (3, 4). One of
the major Trp-dependent auxin biosynthesis pathways is the
indole-3-pyruvic acid (IPA) pathway (5). In this pathway, tryp-
tophan is converted to IPA by “tryptophan aminotransferase of
Arabidopsis1/tryptophan aminotransferase–related” (TAA1/
TAR) proteins, followed by the conversion of IPA to IAA by
YUCCA (YUC) enzymes, which are flavin-containing mono-
oxygenases (FMO) (6 –8). The YUC-catalyzed oxidative decar-
boxylation reaction has been proposed to be the rate-determin-
ing step in auxin biosynthesis (9).

Ethylene is another phytohormone involved in multiple
plant developmental processes, including seed germination,
seedling morphology, and root growth (10, 11). Dark-grown
3-day-old etiolated seedlings exhibit a triple response upon eth-
ylene application: the inhibition of cell elongation in the root
and hypocotyl, radial swelling of the hypocotyl, and exaggera-
tion of the apical hook curvature (12, 13). Genetic screens for
mutants based on the triple-response phenotype and molecular
analyses of these mutants have uncovered a largely linear eth-
ylene-signaling pathway (14). Perception of ethylene by its
receptor leads to inactivation of “constitutive response 1”
(CTR1), a kinase that plays a negative role in ethylene-signaling
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pathway by phosphorylating and inhibiting the positive regula-
tor “ethylene-insensitive 2” (EIN2) (14). CTR1 inactivation
releases EIN2, leading to the cleavage of the EIN2, “carboxyl
end” (CEND), which translocates to the nucleus and activates
the master transcription factor “ethylene-insensitive 3” (EIN3)
and its homolog “EIN3-like 1” (EIL1) (14, 15).

Auxin and ethylene act synergistically to control primary
root elongation and root hair formation. Multiple reports have
demonstrated that the inhibition of root elongation by ethylene
mainly involves its regulation of auxin biosynthesis and local
auxin distribution (16 –18). To identify a chemical tool that can
be used to dissect the root development processes regulated by
ethylene and/or auxin, we performed a high-throughput chem-
ical genetic screen using eto1–2 and ctr1–1, both of which
exhibit a short-root phenotype. Ponalrestat was identified as a
stable and effective candidate compound that recovered the
root elongation in eto1–2 and ctr1–1. Our subsequent analysis
showed that ponalrestat promoted root elongation through the
inhibition of the flavin monooxygenase YUC, which is an auxin
biosynthesis enzyme. Overall, our chemical screen identified
two compounds, ponalrestat and the TAA1 inhibitor Kyn (19)
that affect different steps of the IPA branch of auxin biosynthe-
sis. Several YUC inhibitors, including yucasin, PPBo, and
yucasin DF (20 –22), were also recently reported. Together with
ponalrestat, these chemicals may be useful tools to regulate
auxin biosynthesis in vivo and to elucidate the relationship of
ethylene and auxin in regulating root elongation.

Results

Identification of a compound that recovers root elongation in
ethylene mutants

Phenotype-directed screening is a powerful strategy for bio-
active compound discovery in plant studies (23–25). To iden-
tify chemical regulators of root growth and development, we
performed a chemical screen using 96-well plates (Fig. 1A)

along with the ethylene overproduction mutant eto1–2 (13) and
constitutive triple response mutant ctr1–1 (26). When grown in
the dark, these mutants exhibited the triple-response pheno-
type even in the absence of exogenous ethylene (13, 26). We
focused on the short-root phenotype and screened for com-
pounds that promoted root elongation. After three rounds of
screening 2000 diverse compounds (SP2000), ponalrestat (Fig.
1B), an inhibitor of human aldose reductase (ALR2) (27), was
found to significantly promote root elongation in eto1–2 and
ctr1–1 etiolated seedlings (Fig. 1, C and D). Further analysis
showed that ponalrestat promoted root elongation in both eti-
olated and de-etiolated seedlings (Fig. 1, C and D and Fig. S1, A
and B).

Ponalrestat promotes root elongation downstream of
ethylene signaling

The finding that ponalrestat restored root elongation in
eto1–2 and ctr1–1 raised the possibility that ponalrestat may
target the ethylene-signaling pathway. To test this hypothesis,
we investigated the effect of ponalrestat on the EIN3 transcrip-
tion factor, a key downstream hub that mediates ethylene-re-
sponsive outputs (28). EIN3 protein can be degraded by
the proteasome when it is ubiquitinated by “EIN3-binding
F-BOX1” (EBF1) and EBF2 (29, 30). Ethylene treatment stabi-
lizes EIN3 protein via EIN2, another key component of the eth-
ylene-signaling pathway (31). Thus, EIN3 protein abundance
can be used as an indicator of the impact of chemical treatment
on the ethylene signal. We expressed 35S:EIN3-GFP in the ein3
eil1 genetic background, and, as expected, EIN3 protein abun-
dance increased upon treatment with ACC, an ethylene precur-
sor that can be converted to ethylene in vivo (Fig. 2A) (19, 31).
Treatment with ponalrestat resulted in no significant inhibition
of either basal or ACC-induced EIN3 protein levels (Fig. 2A).
To investigate whether ponalrestat affects the transcriptional
activity of EIN3, GUS driven by an EIN3-responsive promoter

Figure 1. Chemical genetic screening for inhibitors of activated ethylene-response mutants. A, the screening strategy scheme. For the screen, 2000 small
molecules from the Microsource Spectrum Chemical Library were used to identify compounds (50 –100 �M) that could rescue the root elongation defects of
ctr1–1 and eto1–2. B, the structure of ponalrestat. C, the root lengths of 3-day-old Col-0, eto1–2, and ctr1–1 seedlings treated with ponalrestat or DMSO as the
mock control. The seeds were germinated and grown on 1/2 MS medium supplemented with ponalrestat or DMSO. Bars represent mean � S.D. of at least 10
seedlings; a Student’s t test was used to compare ponalrestat-treated and mock-treated seedlings (***, p � 0.001). The experiment was repeated for at least
three times with similar results. D, representative seedlings of the genotypes in (C). Scale bar � 1 mm.
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(5xEBS:GUS), was transformed into several genetic back-
grounds (17). As shown in Fig. 2B, no significant change in GUS
activity was observed in Col-0 or ein3 eil1 in response to ponal-
restat treatment. GUS activity was greatly enhanced in the EIN3
overexpression line (EIN3ox) relative to that in Col-0 (WT),
regardless of the presence of ponalrestat. These results indicate
that ponalrestat does not inhibit EIN3 transcriptional activity.

In accordance with the biochemical results, ponalrestat pro-
moted root elongation in EIN3ox in the same pattern observed
in Col-0, eto1–2, and ctr1–1 within a concentration range of 1
to 50 �M (Fig. 2C). In all of the analyzed genotypes, a higher
concentration (100 �M) of ponalrestat failed to promote root
elongation (Fig. 2C), indicating that high doses of ponalrestat
may promote an unknown mechanism or have a toxic effect on
root growth. Collectively, these data suggest that the ethylene-
signaling pathway is not the main direct target of ponalrestat in
terms of its ability to restore root elongation in the eto1–2 and
ctr1–1 mutants.

Ponalrestat leads to auxin-related pleiotropic effects on root
growth

To identify the mode of action of ponalrestat, we further
analyzed the root responses to ponalrestat. We found that
ponalrestat treatment suppressed root hair formation (Fig. 3A)
and interrupted root gravitropic growth (Fig. 3, B and C), with
similar changes observed in eto1–2, ctr1–1, and EIN3ox
mutants (Fig. S2). Together with the dose-dependent effects of

ponalrestat on root growth (Fig. 2C), these results suggest that
ponalrestat may affect auxin responses. Consistent with these
observations, the transcript levels of GH3.3, an auxin-induced
downstream marker gene, were down-regulated upon ponal-
restat application (Fig. 3D). Multiple reports have demon-
strated that the inhibition of root elongation by ethylene mainly
involves its regulation of the biosynthesis and local distribution
of auxin (16 –18). Based on these previous reports and the pres-
ent findings, we hypothesize that ponalrestat may recover root
growth by attenuating the auxin response in the root, which
becomes more significant when the auxin response is activated
by ethylene.

Ponalrestat targets auxin biosynthesis pathway

To narrow down the possible targets of ponalrestat, a DR5:
GFP reporter construct was introduced into the Col-0 back-
ground to monitor the auxin signal in response to ponalrestat
and IAA. As shown in Fig. 4A, IAA led to enhanced GFP fluo-
rescence in the root, indicating an increased auxin signal. In
contrast, ponalrestat suppressed the native auxin signal, as indi-
cated by attenuated GFP fluorescence. Exogenous IAA-in-
duced signal was not suppressed by ponalrestat (Fig. 4A). We
also confirmed that ponalrestat-induced root elongation was
suppressed by exogenous IAA (Fig. 4B). In another analysis, we
introduced the DR5:GUS construct into ctr1–1 mutant and
Col-0 backgrounds then analyzed GUS activity. Higher GUS
activity was detected in ctr1–1 compared with Col-0, and

Figure 2. Ponalrestat rescues ethylene-induced short root growth downstream of EIN3. A, Western blotting for EIN3-GFP protein in EIN3-GFP/ein3 eil1. The
seedlings were grown in the dark for 5 days on 1/2 MS medium with or without ponalrestat (5 �M) and/or ACC (10 �M). �-GFP antibody was used to detect the
EIN3-GFP protein. Western blotting with actin antibody and membrane staining with Ponceau S were performed as the loading control. B, expression of
5xEBS:GUS in the roots of Col-0, ein3 eil1, and EIN3ox. The seedlings were grown in the dark for 3 days on 1/2 MS medium with or without ponalrestat (5 �M)
and/or ACC (10 �M), followed by GUS staining. C, root lengths of etiolated seedlings of Col-0, eto1–2, ctr1–1, and EIN3ox grown on 1/2 MS medium supple-
mented with different concentrations of ponalrestat. Bars represent mean � S.D. of at least 10 seedlings. Statistical differences between the groups were
calculated with ANOVA (with Duncan’s post hoc test). Bars with different letters are significantly different at p � 0.01. All the above experiments were repeated
at least three times with similar results.

Ponalrestat is an inhibitor of YUCCA in Arabidopsis

J. Biol. Chem. (2019) 294(52) 19923–19933 19925

http://www.jbc.org/cgi/content/full/RA119.010480/DC1


ponalrestat application suppressed the relatively high GUS
activity (Fig. S3). Based on these results and previous reports
that ethylene promotes auxin biosynthesis (16 –18), we propose
that ponalrestat may affect auxin biosynthesis. To test this
hypothesis, we performed genetic and pharmacological exper-
iments with wei2–2 and wei8 –1, two mutants with defects in
L-tryptophan (L-Trp) and IPA biosynthesis, respectively (Fig.
4C). In accordance with the previous finding that ethylene stim-
ulates IAA accumulation via WEI2 activation (32, 33), the root
growth of wei2–2 displayed partial resistance to exogenous
ACC, and L-Trp treatment recovered the sensitivity of wei2–2
to ACC (Fig. 4D). The root growth of wei8 –1 showed resistance
to treatment with ACC or both ACC and L-Trp (Fig. 4D), indi-
cating that ethylene-induced root inhibition is partially depen-
dent on a functional IAA biosynthesis pathway. Ponalrestat
recovered the root elongation that was suppressed by ACC or
co-treatment with ACC and L-Trp in both Col-0 and wei2–2,
suggesting that ponalrestat may suppress IAA biosynthesis at a
step downstream of L-Trp.

Ponalrestat is an inhibitor of YUC monooxygenase

It has been reported that ethylene induces auxin biosynthesis
via the TAA1-YUC branch of the auxin biosynthesis pathway
(19, 34). We previously identified the small molecule Kyn
(L-Kynurenine) as a competitive inhibitor of TAA1/TAR that
can promote root elongation in the eto1–2 mutant (19). As
shown in Fig. 5A, treatment with ponalrestat alone recovered
the root growth of eto1–2 in the same manner as Kyn. However,
ponalrestat but not Kyn recovered the root growth that was
suppressed by 0.2 �M IPA, an intermediate metabolite that can
be converted to IAA by YUC (6) (Fig. 5A). When the treatment
concentrations of ponalrestat and Kyn were left unchanged,
the ponalrestat-treated seedlings displayed hyposensitivity to
increasing IPA concentrations compared with Kyn or mock
treatment (Fig. 5A). These results are in accordance with the
previous finding that Kyn targets TAA1, the upstream enzyme
of IPA (19, 35), and indicate that the target of ponalrestat may
be downstream of IPA, such as the YUC enzymes in the IPA
pathway.

Consistent with this hypothesis and our previous results, the
YUC quintuple (yucQ) mutant, with mutations in YUC3, YUC5,
YUC7, YUC8, and YUC9 (36), lost sensitivity to both the nega-
tive effects of ACC and the positive effects of ponalrestat in root
elongation (Fig. 5B). Moreover, ponalrestat suppressed the leaf
epinastic curvature of yuc1D, a gain-of-function YUC1 mutant
with excessive IAA biosynthesis (Fig. S4). These results indicate
that YUC enzymes may be the targets of ponalrestat.

To further investigate whether ponalrestat directly acts
through the auxin biosynthesis enzyme YUC, we performed
several in vitro biochemical experiments. Drug affinity respon-
sive target stability (DARTS) is a widely used strategy for vali-
dating protein-ligand interaction. This approach is based on
the ability of many ligands to stabilize and thereby protect their
target proteins from protease digestion (37, 38). In vitro–
purified GST-YUC2 fusion protein was incubated with ponal-
restat for 2 h before treatment with a Pronase, protease mix-
ture, according to the methodology described by Lomenick et
al. (38). Western blotting showed that ponalrestat protected
GST-YUC2 protein from Pronase degradation in a concentra-
tion-dependent manner (Fig. 5C), indicating a direct interac-
tion between ponalrestat and YUC2. We subsequently per-
formed an enzymatic assay with GST-YUC2 according to a
previously reported procedure (5). In the optimized reaction
buffer system, IPA was converted into IAA with the catalysis of
GST-YUC2 (Fig. 5D). Cofactors FAD and NADPH were essen-
tial for the enzyme activity as the removal of either cofactor
largely decreased the enzyme activity levels (Fig. 5D). Using this
enzymatic assay, we found that IAA production was reduced by
ponalrestat treatment in a concentration-dependent manner,
suggesting that ponalrestat has an inhibitory effect on YUC
enzyme activity (Fig. 5D).

YUC2 homology modeling and ponalrestat docking
simulation

For further insight into the mode of action of ponalrestat, we
performed homology modeling of YUC2 based on the structure
of its ortholog FMO in yeast (2GVC). Structure alignment

Figure 3. Ponalrestat treatment results in auxin-related defects for dif-
ferent root phenotypes. A, representative photos of root hairs of 5-day-old
green seedlings of Col-0 grown on 1/2 MS medium supplemented with 5 �M

ponalrestat or DMSO as the mock control. Scale bar � 200 �m. B, quantitative
evaluation of root gravitropism. 10-day-old green seedlings of Col-0 were
grown vertically on 1/2 MS medium supplemented with ponalrestat or DMSO
as the mock control. The root gravitropic index (L/D) is the root length (L)/
vertical length (D). Each red symbol represents the data for a single seedling.
Bars represent mean � S.D. of at least 10 seedlings. C, representative seed-
lings for the indicated groups from the analysis in (B). Scale bar � 10 mm. D,
quantitative real-time PCR analysis of the auxin downstream marker gene
GH3.3. 3-day-old seedlings were grown in the dark before treatment with
liquid 1/2 MS supplemented with 50 �M ponalrestat (DMSO as the control) or
10 �M IAA (ethanol/EtOH as the control) for 4 h. Bars represent mean � S.D. of
three replicates; a Student’s t test was used to compare ponalrestat-treated
and mock-treated seedlings or IAA-treated and EtOH-treated seedlings (***,
p � 0.001). All the above experiments were repeated for at least three times
with similar results.
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(Fig. 6A) showed that YUC2 has a core FMO-like domain and a
�-barrel structure in the C terminus. The �-barrel contains two
layers of � sheets, and each layer includes three anti-parallel �
strands. Structural analysis of FMO in complex with MET and
NAD indicated a substrate-binding site in the center of the
active site pocket right next to the co-factor FAD (Fig. S5) (39).
The postulated pocket of YUC2 and that of FMO showed high
similarity (Fig. 6A), suggesting conserved enzyme activity.
However, there were some different residues in the pocket
which potentially allow for the selection of specific substrates
(Fig. 6B). Molecular docking simulation of ponalrestat to YUC2
revealed that ponalrestat could fit into the active site pocket of
YUC2 and may act as a substrate antagonist (Fig. 6C). Several
hydrogen bonds between ponalrestat and residues around the
YUC2 active site were also predicted (Fig. 6D). The bromo
group on the phenyl ring and the carboxylic acid group of
ponalrestat were predicted to interact with Glu-148 and Gly-
373, respectively. These residues are highly conserved in YUC
homologs (Fig. S6), suggesting that ponalrestat may affect mul-
tiple YUC family members.

Structure-activity relationship (SAR) analysis of ponalrestat

We synthesized several ponalrestat derivatives based on its
backbone structure and estimated their biological activity using
the root length index (Fig. 7A), i.e. the relative root length of
derivative-treated seedlings divided by the average root length
of mock-treated seedlings. Higher index values indicate higher
ponalrestat-like activity.

As shown in Fig. 7B, the root length index value of ponalres-
tat is 3.5. Introducing an aromatic ring on the carboxylic acid
chain (compound 1) and esterification on the carboxylic acid
(compound 2) to ponalrestat dramatically impaired its root
growth–promoting activity (root length index values dropped
to 1.5 and 2.5, respectively), suggesting that modifications on
the carboxylic acid chain are not suitable for enhancing ponal-
restat activity. This observation is consistent with the docking
simulation result that the carboxylic acid is important for inter-
action with Gly-373 and FAD (Fig. 6D). Deletion of the halogen
aromatic ring (compound 3) led to decreasing activity. In con-
trast, introducing a benzyl to compound 3 (compound 4) recov-
ered the activity to some extent (root length index value was
increased from 1.8 to 2.5), but it was still weaker than the activ-
ity of ponalrestat, which possesses halogens on the benzene
ring. Therefore, we focused on modifying the benzene ring with
different combinations of halogens (compounds 5–7). Com-
pared with ponalrestat, the low activities of compound 5 (in
which the bromo group was replaced with a fluoro group) and
compound 7 (with deletion of the bromo group) suggest that
the para-bromo group rather than ortho-fluoro on the benzene
ring is important for the bioactivity. In accordance with this
hypothesis, deletion of para-fluoro group (compound 6)
resulted in bioactivity that was almost the same as that of
ponalrestat.

Log P, a measure of the partition coefficient of a molecule
between a hydrocarbon solvent and water, is a key factor in

Figure 4. Ponalrestat targets the auxin biosynthesis pathway. A, GFP fluorescence in the roots of DR5:GFP plants. 5-day-old green seedlings were treated
with ponalrestat (5 �M), IAA (100 nM), both ponalrestat and IAA, or DMSO as the mock control. Scale bars � 50 �m. B, root lengths of 3-day-old eto1–2 etiolated
seedlings grown on 1/2 MS medium containing ponalrestat (5 �M) or DMSO as the mock control with co-treatments of increasing concentrations of IAA. Bars
represent mean � S.D. of at least 10 seedlings. Statistical differences between the groups were calculated with ANOVA (with Tukey’s HSD post hoc test). Data
points with different letters are significantly different at p � 0.01. C, diagram of IPA branch of the IAA biosynthesis pathway. In this pathway, L-tryptophan (L-Trp)
is sequentially derived from chorismate and anthranilate, which involves the catalytic activity of WEI2/WEI7. L-Trp is converted to IPA via aminotransferase
WEI8/TAA1/TARs, then IPA is converted into the final product IAA by flavin-containing monooxygenase YUCCAs (YUCs). D, root lengths of Col-0, wei2–2, and
wei8 –1 seedlings with single or combinatorial treatments of 1 �M ACC, 5 �M ponalrestat, and 10 �M L-Trp. Bars represent mean � S.D. of at least 10 seedlings.
Statistical differences between the groups were calculated with ANOVA (with Tukey’s HSD post hoc test). Bars with different letters are significantly different
at p � 0.01. All the above experiments were repeated for at least three times with similar results.
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biological SARs (40). According to Lipinski’s “Rule of Five” for
drug discovery and Briggs’ “Rule of Three” for agrochemicals,
the log P of molecules should be less than five or three for their
bioavailability (41). Changes in the log P value were observed
for all of the analyzed ponalrestat derivatives; in particular,
compound 1 had a high log P value of 6.73 (Fig. 7C). Thus, the
different bioactivities of the ponalrestat derivatives may be
attributable to both their affinities for YUC proteins and their
log P values. In summary, our SAR studies provide information
for further chemical design of ponalrestat analogs.

Discussion

Chemical genetic screening is a powerful tool for identifying
chemical regulators of plant growth and development. There
are basically two strategies for high-throughput screening: Phe-
notype-directed screening and target-directed screening (24,
25). In the present study, we performed a phenotype-directed
screen using ethylene signaling-activated mutants and found
that ponalrestat, an inhibitor of human aldose reductase, could
rescue the short root phenotype induced by the ethylene signal
(Fig. 1 and Fig. S1). However, the ability of ponalrestat to
recover root elongation was independent of the ethylene signal,
based on the findings that ponalrestat did not significantly
affect the protein level or transcriptional activity of EIN3, a
master transcription factor of ethylene-signaling pathway

(Fig. 2, A and B). Moreover, ponalrestat was still functional in
the EIN3 overexpression line (Fig. 2C). Genetic and biochemi-
cal analysis indicated that ponalrestat acts on the IAA biosyn-
thesis enzyme YUC by directly binding to it and inhibiting its
catalysis of IPA to IAA (Figs. 4 and 5). Together with previous
reports that ethylene stimulates IAA biosynthesis (16 –18), our
results suggest that ponalrestat recovers root elongation in
eto1–1 and ctr1–1 by inhibiting endogenous IAA biosynthesis
and that its target is the YUC enzyme.

We noticed that ponalrestat showed a high IC50 on YUC2
enzyme activity (Fig. 5D). One possible reason may result from
the different affinity of ponalrestat for YUC family. The
microarray data show that YUC3, YUC5, YUC7, YUC8, and
YUC9 are highly expressed in Arabidopsis root, whereas the
other YUCs including YUC2 have low or no expression in the
root (36). The biological activity of ponalrestat in root may be
contributed by its inhibition on YUCs with high expression
levels in root rather than YUC2 we tested here. It is intriguing to
perform a comparison for the affinities of ponalrestat for differ-
ent YUCs based on biochemical experiment or computational
modeling in future study. Another possibility for the high IC50

of ponalrestat on YUC2 enzyme activity is that ponalrestat
might not be the optimal inhibitor of YUC. It could be modified
or metabolized into a different compound in plants that is

Figure 5. Ponalrestat is an inhibitor of monooxygenase YUCs. A, root lengths of 3-day-old eto1–2 etiolated seedlings grown on 1/2 MS medium containing
ponalrestat (5 �M), Kyn (1.5 �M), or DMSO as the mock control with co-treatments of increasing concentrations of IPA. Bars represent mean � S.D. of at least 10
seedlings. Statistical differences between the groups were calculated with ANOVA (with Tukey’s HSD post hoc test). Data points with different letters are
significantly different at p � 0.01. B, root lengths of Col-0 or yucQ with single or combinatorial treatments of 1 �M ACC, 5 �M ponalrestat, and 100 nM IAA. Bars
represent mean � S.D. of at least 10 seedlings. Statistical differences between the groups were calculated with ANOVA (with Tukey’s HSD post hoc test). Data
points with different letters are significantly different at p � 0.01. C, DARTS assay. Recombinant GST-YUC2 was pretreated with increasing concentration of
ponalrestat (0.5 mM to 5 mM, along with a control without ponalrestat pretreatment) then digested by Pronase protease. Protein levels were detected using GST
antibody. As a control, GST tag was subjected to the same digestion treatment. D, in vitro assay of GST-YUC2 enzymatic activity. Purified GST-YUC2 recombinant
protein was used for the enzyme activity assay. FAD and NADPH were added to the reaction buffer as cofactors. IPA was fed to YUC2 in the presence of
increasing concentration of ponalrestat (0.1 mM, 1 mM, 5 mM, and 10 mM). The IAA product was detected by LC/MS, and the relative enzyme activity was defined
as the level of product. Bars represent mean � S.D. of three replicates experiments. Statistical differences between the groups were calculated with ANOVA
(with Tukey’s HSD post hoc test). Bars with different letters are significantly different at p � 0.01. All the above experiments were repeated for at least three
times with similar results.
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either more effective for transport or more potent to inhibit
YUC enzymes.

In light of the complexity and importance of IAA biosynthe-
sis in Arabidopsis, there have been many efforts to identify
potential inhibitors of the key pathway components. In the IPA
branch of IAA biosynthesis, Kyn and AOPP were previously
identified as competitive inhibitors of TAA1 (19, 42). Yucasin
and PPBo were identified as YUC inhibitors in separate studies
(20, 21). Yucasin was identified in a screen using a maize
coleoptile system, whereas PPBo was identified using a direct
YUC enzyme assay system. In our study, the identification of
ponalrestat was identified based on the root length phenotype.
Although these different compounds all target the YUC
enzyme, their effects on plant development are not identical.
One reason may be that their structural differences lead to
specificity for different YUC enzymes with different spatiotem-
poral expression patterns. Yucasin has a 1,2,4-triazole-3(4H)-
thione moiety with a substructure similar to that of methima-
zole, an artificial substrate that blocks yeast FMO function (39).
This moiety is crucial for the inhibitory effect of yucasin on
YUC, which is an FMO enzyme (20). PPBo is an aromatic
boronic acid that is extensively used in organic chemistry as
building block (43). The structure of ponalrestat is clearly dis-
tinct from that of yucasin and aromatic boronic acids, and it is
an aldose reductase inhibitor with potential application for the
treatment of diabetes in humans. Our findings uncover the
effects of ponalrestat in plants and provide a new chemical scaf-
fold for developing YUC inhibitors.

Interestingly, our screening system based on the recovery of
root elongation in mutants identified both Kyn and ponalrestat
as inhibitors, and these two compounds have different targets
in the IPA branch of auxin biosynthesis. In future studies, com-
binations of Kyn and ponalrestat at different concentrations
could lead to wide-ranging effects, possibly allowing for precise
regulation of root growth and fine-tuned investigation of the
relationship between endogenous IAA concentrations and the
output root length.

Materials and methods

Plant materials and growth conditions

Unless otherwise indicated, all Arabidopsis mutants and
transgenic lines in this study, are in the Col-0 background.
eto1–2 (13), ctr1–1 (26), EIN3ox (29), EIN3:GFP/ein3 eil1 (29),
5xEBS:GUS (17), and DR5:GFP (44) were described previously.
wei2–2 (33) and wei8 –1 (34), were gifts from Dr. Jose Alonso at
North Carolina State University. yucQ (36) and yuc1D (45) were
gifts from Dr. Yunde Zhao at the University of California San
Diego.

All the seeds were stepwise surface-sterilized with 75% etha-
nol and 100% ethanol then sown on 1/2 Murashige and Skoog
(MS) basic medium with 1% sucrose. All plated seeds were
imbibed in a 4 °C refrigerator for 3 days to control the germi-
nation rate. For etiolated seedlings, seeds were wrapped in alu-
minum foil and incubated in the dark at 22 °C for 3 days. For
green seedlings, seeds were maintained in a greenhouse at 22 °C
under a 16 h/8 h light/dark cycle for 5 days. For the transient

Figure 6. Homology modeling of YUC2 and molecular docking of ponalrestat. A, structure of YUC2 (in cyan) based on homology modeling with FMO (in
green). B, structural details of the binding pocket of FMO (in green) and YUC2 (in cyan) in complex with FAD. C, a complex structure of YUC2 and ponalrestat
based on a docking simulation. D, structural details of the binding pocket of YUC2 in complex with ponalrestat and FAD. Dashed lines indicate hydrogen bonds.
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treatment experiments, 3-day-old seedlings were transferred
into liquid MS medium supplemented with the indicated com-
pounds. All the plant experiments were repeated at least three
times with similar results.

Chemical genetic screening

The chemical genetic screening was performed at the Uni-
versity of California, Riverside with a selection of 2000 diverse
compounds (Microsource Spectrum SP2000). The average
stock concentration was 5 mg/ml in DMSO. The library was
screened at a concentration of 50 –100 �M in liquid MS
medium. Seeds were surface sterilized and distributed by
pipette into 96-well plates containing liquid 1/2 MS (0.1% agar).
After 3 days at 4 °C, automated robot (Beckman Coulter
Biomek FX) added the compounds from 384-well plates into
the 96-well plates. DMSO served as the mock control. Seeds
were germinated and grown in the dark for 3 days. The root
lengths of the seedlings in each well were analyzed to identify
longer roots compared with that of the mock-treated control.

Chemical preparation

Ponalrestat and its derivatives were synthesized by the Yang
Lab at Peking University according to the procedures reported

by Sriram et al. (46). These compounds were confirmed by
hydrogen NMR (File S1). Other compounds used in this study
were purchased from Sigma-Aldrich. All the compound stocks
were dissolved in DMSO except for IAA which was dissolved in
ethanol.

GUS staining

Seedlings were grown on the indicated media for 3 days in the
dark or 5 days under light, then collected and washed with PBS
buffer (100 mM Na2HPO4�12H2O, and NaH2PO4�2H2O) three
times. After treatment with the staining buffer (100 mM PBS
buffer, 10 mM Na2EDTA, 0.5 mM K4 [Fe(CN)6])�3H2O, 0.5 mM

K3 [Fe(CN)6], 0.1% Triton X-100, and 1 mg/ml X-Gluc), 70%
ethanol was used to terminate the staining reaction. The seed-
lings were mounted on slides with Hoyer’s solution (chloral
hydrate:water:glycerol � 8:3:1) and examined by differential
interference contrast microscopy.

EIN3 protein level quantification

5-day-old EIN3-GFP/ein 3eil1 seedlings grown in the dark
were frozen in liquid nitrogen and ground into powder. Total
proteins were extracted from 20-mg seedlings treated by the
mock control or chemicals with 60 �l extraction buffer (15 mM

Figure 7. Structure-activity relationship analysis for ponalrestat. A, chemical structures of ponalrestat and its derivatives. B, estimation of chemical
activities with root length index. Col-0 seeds were germinated and grown on 1/2 MS supplemented with or without 10 �M ponalrestat derivatives. The root
lengths of 3-day-old seedlings were measured. The root length index is defined as the average root length of derivative-treated seedlings divided by the
average root length of mock-treated seedlings. Bars represent mean � S.D. of at least 10 seedlings. C, log P data for ponalrestat and derivatives calculated with
ChemDraw.
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Tris-HCl, pH 7.5, 0.3 M urea, 7% SDS, 0.35% BPB, 35% glycerol,
50 mM DTT) and boiled for 5 min followed by centrifugation at
13,000 rpm at 4 °C. 15-�l supernatants (total proteins from 5
mg ground powder) were loaded into 7.5% SDS-PAGE gel.
After separation SDS-PAGE, the proteins were transferred to
nitrocellulose membrane followed by staining with Ponceau S.
Western blotting was performed following standard proce-
dures using an �-GFP antibody (1:5000 dilution) and anti-Rab-
bit HRP (10,000 dilution). Immobilon Western HRP Substrate
and Tanon 5200 Chemi-Image System were used for chemilu-
minescent detection. A second-round Western blotting was
performed for actin as a loading reference with anti-actin and
anti-mouse.

RNA extraction and real-time quantitative RT-PCR analysis of
gene expression

Total RNA was prepared using TRIzol reagent (Invitrogen),
and 2 �g RNA was added to a 20 �l reverse transcription reac-
tion containing M-MLV reverse transcriptase (Promega). The
cDNA product was then used for a PCR amplification reaction
to test the quality of the cDNA. Real-time PCR was performed
using SYBR Green Mix (Takara). The primers for the auxin
downstream marker gene GH3.3 were (5�–3�) forward, ACAA-
TTCCGCTCCACAGTTC and reverse, ACGAGTTCCTTGC-
TCTCCAA. The final expression level was normalized to the
PP2A reference control. The present data are mean values of
three biological replicates with standard deviation calculated by
Roche 480.

Confocal laser microscopy

All seedlings were grown on 1/2 MS medium in the dark for
3 days then transferred into liquid MS medium supplemented
with the indicated compounds for 4 h prior to mounting on
glass slides. A Zeiss LSM-710 microscope with 20� and 40�
objectives was used to detect GFP fluorescence. The excitation
wavelength was 488 nm, and a band-pass filter of 510 to 525 nm
was used for emission.

In vitro expression of YUCs and enzyme activity assays

The YUC2 coding sequence was amplified from cDNA by
PCR (forward, 3�–5� AACGGATCCATGGAGTTTGTT-
ACAG and reverse, 5�–3� , TAAGTCGACTTAACAATGTT-
GAGGACGAG) then inserted into expression vector pGEX-
6p-1. Escherichia coli BL21 strain was used for expression of
GST-YUC2. The cells were cultured in LB media (A600 � 0.65)
and induced with 100 �M Isopropyl �-D-1-thiogalactopyrano-
side at 37 °C for 2 h. Cells were harvested and suspended with
lysis buffer (50 mM pH 7.5 Tris-HCl, 1 mM EDTA, 100 mM

NaCl, and 20% glycerol) and sonicated. After centrifugation at
10,000 � g, the supernatants were purified using the GE AKTA
PURE system with GSH columns according to the manufactu-
rer’s instructions. 1� PBS buffer (pH 7.4) was used as wash
buffer and 50 mM Tris-HCl (pH 8.0) containing 10 mM reduced
GSH was used as elution buffer. Purified proteins were concen-
trated using Amicon Ultra-4 10K (Millipore). The protein con-
centrations were calculated using NanoDrop (extinction coef-
ficient (�) � 94.62 � 1000). The purified and concentrated

proteins were aliquoted then immediately frozen in liquid
nitrogen and stored at �80 °C.

The enzyme activity assay for GST-YUC2 was performed as
described in literature (5). The protein concentration of GST-
YUC2 was determined using Quick StartTM Bradford Protein
Assay (Bio-Rad), a procedure based on the classic method of
Bradford. The reaction (100 �l standard reaction buffer con-
taining 20 �g GST-YUC2 protein, 100 �M substrate IPA, 40 �M

cofactor FAD, 1 mM cofactor NADPH in PBS buffer, pH 7.4)
was incubated at 30 °C for 30 min then terminated with 100 �l
acetonitrile. The final products were extracted with ethyl ace-
tate and dissolved in methanol followed by analysis with an
HPLC coupled with electrospray ionization MS (HPLC/ESI-
MS). Briefly, the samples were injected into a C18 column (1.9
�m, 2.1 � 100 mm; Thermo Fisher) connected with UltiMate
3000 HPLC system (Thermo Fisher) followed by a gradient elu-
tion (solvent A: 0.1% acetate, 5% methanol in water; solvent B:
0.1% acetate in methanol) at a flow rate of 0.3 ml/min. The
gradient profile was applied as follows: 0 – 65% solvent B (0 –5
min), 65–100% solvent B (5– 6 min), 100 – 0% solvent B (6.1– 8
min). The effluent was introduced into the MS, Q Exactive
(Thermo Fisher) for analysis. All the data were quantified by
Excalibur software.

DARTS Assay

The assay was modified from previously described protocols
(37, 38). The purified protein (as described above under “In
vitro expression of YUCs and enzyme activity assays”) was
adjusted to an appropriate concentration with 50 mM Tris-HCl
buffer (pH 7.5). The protein was pre-incubated with com-
pounds at 4 °C for 2 h. The reaction was initiated by adding 2 �l
1:100 or 1:500 Pronase solution to one aliquot of compound-
treated sample or DMSO as the control. After incubation at
room temperature for 30 min, the reaction was stopped. A
Western blotting was performed to detect GST-YUC2 protein
with anti-GST antibody.

Computational docking and molecular modeling

The structure of YUC was modeled using SWISS-MODEL
(47) based on the structure of FMO (PDB ID 2GVC). The align-
ment of MET and NADPH was based on the structures of
FMO-MET (PDB ID 2GVC) and FMO-NADPH (PDB ID
2GV8). Ponalrestat was docked into YUC2 using PatchDock
docking software (48). The structure alignment was performed
using the program PyMOL.
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