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Abstract

Key message A new synthetic auxin AAL1 with new structure was identified. Different from known auxins, it has
weak effects. By AAL1, we found specific amino acids could restore the effects of auxin with similar structure.
Abstract Auxin, one of the most important phytohormones, plays crucial roles in plant growth, development and environ-
mental response. Although many critical regulators have been identified in auxin signaling pathway, some factors, especially
those with weak fine-tuning roles, are still yet to be discovered. Through chemical genetic screenings, we identified a small
molecule, Auxin Activity Like 1 (AAL1), which can effectively inhibit dark-grown Arabidopsis thaliana seedlings. Genetic
screening identified AAL1 resistant mutants are also hyposensitive to indole-3-acetic acid (IAA) and 2,4-dichlorophenoxy-
acetic acid (2,4-D). AAL1 resistant mutants such as shy2-3c and ecrl-2 are well characterized as mutants in auxin signaling
pathway. Genetic studies showed that AAL1 functions through auxin receptor Transport Inhibitor Responsel (TIR1) and its
functions depend on auxin influx and efflux carriers. Compared with known auxins, AAL1 exhibits relatively weak effects
on plant growth, with 20 pM and 50 uM IC50 (half growth inhibition chemical concentration) in root and hypocotyl growth
respectively. Interestingly, we found the inhibitory effects of AAL1 and IAA could be partially restored by tyrosine and
tryptophan respectively, suggesting some amino acids can also affect auxin signaling pathway in a moderate manner. Taken
together, our results demonstrate that AAL1 acts through auxin signaling pathway, and AALI1, as a weak auxin activity
analog, provides us a tool to study weak genetic interactions in auxin pathway.
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Introduction
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The plant hormone auxin regulates diverse aspects of plant
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(TAA1/TARs) family. The YUCCA (YUC) family functions
in the conversion of IPA to IAA (Zhao 2010). Polar transport
of auxin in higher plants is mediated by AUXIN RESIST-
ANTI1/LIKE AUX1 (AUX1/LAX) uptake permeases, ATP
Binding Cassette subfamily B (ABCB) transporters and
PIN-FORMED (PIN) carrier proteins (Teale et al. 2006;
Peer et al. 2011).

Auxin acts as a molecular glue to increase the affinity of
Transport Inhibitor Response 1/Auxin signaling F-Box pro-
tein (TIR1/AFB) for the Auxin/Indole-3-Acetic Acid (Aux/
IAA) protein by extending the protein interaction interface
(Tan et al. 2007; Villalobos et al. 2012). The cellular auxin
signals are mainly recognized by the TIR1/AFB auxin recep-
tors which prompt the ubiquitin-dependent degradation of
Aux/TAA transcriptional repressor family, and cause the
de-repression of the auxin response factor (ARF) transcrip-
tion factors (Reed 2001; Kepinski and Leyser 2005; Li et al.
2016).

Auxin research has been greatly propelled by discovery of
numerous compounds regulating auxin metabolism, trans-
port and signaling (Walsh et al. 2006; Simon et al. 2013;
Zhao et al. 2003). Synthetic auxins such as 1-naphthale-
neacetic acid (NAA) and 2,4-dichlorophenoxyacetic acid
(2,4-p) have long been widely used in agriculture and pro-
vided as useful tools to study auxin function (Ma and Rob-
ert 2014; Enders and Strader 2015). Presently all known
synthetic auxins mainly belong to or are derivatives of
chemical classes including phenoxycarboxylic acids, ben-
zoic acids, pyridine carboxylic acids, aromatic carboxylic
acids and quinoline carboxylic acids families (Grossmann
2007; Ma and Robert 2014). Due to the variation in struc-
ture and chemical characteristics, different auxins may vary
in their metabolism, transport and affinity toward TIR1/
AFB-Aux/TAA (Estelle 1998; Yang et al. 2006; Hosek et al.
2012; Villalobos et al. 2012). For examples, both IAA and
NAA but not 2,4-p are better substrates for the auxin efflux
carriers, while both IAA and 2,4-p but not NAA are bet-
ter substrates for the auxin influx carriers (Estelle 1998).
Some auxin precursors could not only be used to study auxin
biological function, but also be applied to study auxin bio-
chemical transformation. For example, Indole-3-butyric
acid (IBA) has been widely used to study peroxisomes that
participate in transforming IBA to IAA (Zolman and Bartel
2004; Zolman et al. 2000, 2008). Zhao et al. identified sir-
tinol which undergoes a series of biochemical transforma-
tions to generate an auxinic compound in Arabidopsis. By
screening mutants hyposensitive to sirtinol, researchers not
only identified components involved in auxin biochemical
modification, but also discovered previously unknown pro-
tein AtCANDI1 which is involved in cycling of the SCFT™R!
(Skplp, Cdc53p/cullin and F-box protein) complex (Dai
et al. 2005; Zhao et al. 2003; Cheng et al. 2004). Hence, the
discovery of new auxinic compound could be valuable for
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dissecting the regulatory relationships of these functionally
redundant auxin signaling components.

Due to genetic redundancy and cross talks with other
signaling pathways, auxin signal transduction networks are
complicated and difficult to be dissected. Plant chemical
genetics is a complement of conventional genetics approach
for studying plant hormone signaling processes. Researchers
have taken advantage of the reversible, tunable and spati-
otemporal specific perturbations of active small molecules
to identify ABA receptors and jasmonate signaling networks
(Park et al. 2009; McCourt and Desveaux 2010; Meesters
et al. 2014). Here we report a chemical AAL1 with inhibi-
tory activity on Arabidopsis seedling growth. Our genetic
and biochemical experiments indicated that AAL1 worked
through the auxin receptor TIR 1. Different from known aux-
ins, AAL1 does not inhibit apical hook of dark-grown seed-
lings, and its growth inhibitory effects are relatively weak.
We also showed that tyrosine (Tyr) and phenylalnine (Phe)
treatments could partially rescue the growth inhibition of
AALL, suggesting AAL1 could be used as a useful tool to
identify novel factors with weak functions in auxin signal-
ing pathway.

Results
Identification and characterization of AAL1

To identify molecules that affect plant growth and develop-
ment, we used 3-day-old dark-grown Arabidopsis Colum-
bia (Col-0) seedlings to screen against a synthetic chemical
library of 12,000 structurally diverse compounds (Cao et al.
2013; Ye et al. 2016). Col-0 seeds were surface sterilized
and grown on 0.5 X MS solid medium containing 100 pM
different chemicals. After grown for 3 days under dark
conditions, the plant phenotypes were imaged. From our
primary screening, about 1700 bioactive chemicals which
resulted in any abnormal plant growth phenotypes such as
shorter hypocotyl, swollen hypocotyl, shorter root, longer
root or poor germination were recorded. 221 chemicals
resulting in strong and stable phenotypes were verified in
our following confirmation experiments. We then focused
on 21 chemicals which strongly inhibits the root growth of
dark-grown seedlings. Through our further chemical biologi-
cal growth examinations, 15 chemicals were confirmed for
their strong inhibitory effects on both hypocotyls and roots
of the dark-grown seedlings. In this research, we focused
on one of these chemicals, N-(4-ethylphenyl)-2-[(2R)-2-me-
thyl-3,5-dioxothiomorpholin-4-yl]Jacetamide (F1800-0169),
which we renamed it as AAL1 (Fig. 1a). AALI inhibits the
root and hypocotyl growth of dark-grown seedlings in a dose
dependent manner (Fig. 1b—d).
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Fig. 1 AALI inhibits dark-grown Arabidopsis seedlings. a The chem-
ical structure of AALL. b The phenotypes of 3-day-old dark-grown
Col-0 seedlings on 0.5 X MS solid medium with 0, 50 or 100 uM
AALL. Scale bar, 1 mm. The root ¢ and hypocotyl d length of dark-
grown Col-0 seedlings with different AAL1 concentration. Each dose
experiment was repeated three times, and more than 20 seedlings
were used every time. The results are the mean length +SE

AALI treated seedlings showed similar phenotypes
to that treated by auxin. AALI1 treatments caused dark-
grown hypocotyl transverse expansion and inhibited the
root growth (Fig. 1b). Under 16-h light/8-h dark (LD)
conditions, AAL1 effectively inhibited root elongation
in the concentration of 20 uM and inhibited lateral root
growth in higher concentrations. It could also increase
the adventitious roots number of LD-grown seedlings
from approximately one to three (Supplemental Fig. S1).
AALLI showed stronger inhibitory effect on the root growth
than the hypocotyl. For the dark-grown seedlings, the half
growth inhibition chemical concentration (IC50) for root is
about 20 uM and for hypocotyl is about 50 uM (Fig. 1c, d).
However, AALI1 does not inhibit the apical hook growth,
which is contrary to the phenotype treated with relative
low concentration of IAA, NAA and 2,4-p (Supplemental
Fig. S3). AALI only could inhibit apical hook in a very
high concentration, such as 180 uM (Supplemental Fig.
S1).

We also examined biological functions of AALL1 struc-
ture analogues in the chemical library. We found that two
analogues, F1800-0061 and F1800-0093 showed similar
but weaker activity compared to AAL1 (Supplemental Fig.
S2). This suggests AALI related chemicals also have simi-
lar functions on plant growth.

Identification and genetic characterization
of AAL1-resistant mutants

To determine the modes-of-action of AAL1, AALI hypo-
sensitive mutants were screened using 100,000 ethyl meth-
ane sulfonate (EMS)-mutagenized M2 seeds of Columbia
(Col-0). EMS seeds were grown on 0.5 X MS solid medium
with 100 uM AAL1 in the dark for 3 days. Mutants showed
longer root or hypocotyl compared with the wild type were
selected. We obtained 195 mutants in the first screening.
Seven of them failed to survive after being moved to soil
and 43 of them were verified as true AAL1 hyposensitive
mutants in the next generations.

We found that the phenotypes treated by AAL1 were sim-
ilar to that treated by auxin (Supplemental Fig. S3). Then
we tested the sensitivity of these AALI resistant mutants to
1 uM TAA for root growth phenotype under LD condition.
Our results showed that all these AALI resistant mutants
were resistant to IAA. Similarly, AALI resistant mutants are
also hyposensitive to 2,4-p when grown in the dark-grown
condition. These results indicated AAL1 may act as an aux-
inic compound.

One of the dominant AAL1 resistant mutants showed
dwarf phenotypes under LD conditions and was designated
as shy2-3c (Supplemental Fig. S4). shy2-3¢ was also resist-
ant to the root growth inhibition when treated with 2,4-p
(Fig. 2b, c). A follow up genetic analysis using F2 popula-
tion of shy2-3c (c means Col-0 background) and Landsberg
erecta (Ler) showed that AAL1 resistance is determined
by a single dominant locus. Using 200 AAL1-sensitive
F2 lines, shy2-3c was mapped to an approximate 229 kb
region between the molecular markers 1-AC003027-0319
and 1-AC000104-0395 on chromosome 1 of Arabidopsis
(Fig. 2a). Auxin-associated genes SHORT HYPOCOTYL 2
(SHY2/IAA3) and AUXIN RESISTANT 3 (AXR3) are located
in this region and their mutants showed similar phenotypes
with shy2-3c (Rouse et al. 1998; Tian et al. 2002). We then
sequenced the genomic DNA of SHY2/IAA3 and AXR3 of
shy2-3c, and the results showed the mutant harbors the same
mutation as that of the mutant shy2-3 in Ler background
(Tian and Reed 1999). Therefore, these results indicate that
AUX/IAAs may play an important role in AAL1-mediated
plant growth inhibition.

AAL1 acts through the auxin signal transduction
pathway

To further explore how AALL acts associated with auxin
signaling pathway, we assayed the AALI sensitivities of two
reported AUX/IAA gain-of-function mutants, axr2-1 and
axr3-1 (Nagpal et al. 2000; Ouellet et al. 2001). The results
showed these mutants were resistant to AAL1 (Fig. 2c).
We then analyzed the sensitivities of arf mutants including
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Fig.2 AUX/IAAs mutants are resistant to AALI. a Schematic pro-
cedures of the map-based cloning and sequencing of AALI resist-
ant mutant shy2-3c. Dashed arrows indicate names of the two closest
flanking markers from shy2-3 locus. b The phenotypes of 3-day-old
dark-grown Col-0 (C) and shy2-3c (s) seedlings grown on 0.5 X MS
solid medium with 0, 50 and 100 pM AALI. Scale bar, 1 mm. ¢ The
effects of 1% DMSO (DMSO), 0.1 uM 2.4-p, 50 or 100 pM AALL1 on
the root growth of Col-0, shy2-3c, axr2-1 and axr3-1 seedlings grown
in dark for 3 days. Each treatment experiment was repeated three
times, and more than 20 seedlings were used every time. The results
shown are the mean length+ SE. ***P <0.0001 (two-tailed Student’s
t-test) indicates a significant difference of the root length compared to
Col-0

arf7-1, arf6/8, arfl0/16, arfl7 and arfl9-1 to AAL1 (Ye
et al. 2016; Liu et al. 2013; Okushima et al. 2005). The
results showed that they were all resistant to AALI1 treat-
ments under dark-grown conditions (Supplemental Fig. S5).
Then we used DR5::GUS reporter system to test how AALL1
possibly affect auxin signaling pathway. AALI treatments
resulted in significantly increased expression of DR5::GUS
in hypocotyls and roots (Supplemental Fig. S5). These
results suggest AALI activates auxin pathway possibly
through AUX/IAAs and ARFs.

Next, we chose auxin receptor mutant tir/-/ (Rueg-
ger et al. 1998) and auxin biosynthesis quadruple mutant
yucl/2/4/6 (Cheng et al. 2006) to test how they respond
to AALI treatment. The results showed tir/-1 was resist-
ant to AAL1 treatment both in dark and light conditions
(Fig. 3a; Supplemental Fig. S1 and S5). However, resist-
ance of yucl/2/4/6 to AAL1 was not significant in dark-
grown conditions. Also, expression levels of some auxin
biosynthesis genes such as TAAI and CYP7B2 (Liu et al.
2017) was not changed under AALI1 treatment (Supplemen-
tal Fig. S5). These results indicated that AAL1 may target
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auxin signaling pathway rather than auxin biosynthesis.
We also examined the effects of AAL1 on the hypocotyl
growth of seedlings under light-grown conditions. Col-0 and
yucl/2/4/6 seeds were grown on 0.5 X MS solid medium
(plus 1% sucrose) with 0, 10, and 20 uM AALI for 6
days under LD conditions. The results showed that AAL1
can enhance the hypocotyl elongation in both Col-0 and
yucl/2/4/6 (Fig. 3b, c).

We further used the DII-VENUS transgenic lines to assay
how AALI treatment affects cellular auxin signal transduc-
tion (Ye et al. 2016). The results indicated that 50 uM AAL1
treatments led to a rapid degradation of the DII-VENUS
fluorescent signal within 0.5 h in plant cells. However, when
compared with the treatments of 0.5 uM 2,4-p and 5 UM
IAA, the effects of 50 uM AAL1 treatments on the DII-
VENUS fluorescent signal degradation is weak (Fig. 3e and
Supplemental Fig. S6). These results suggest that AALI is
involved in auxin signaling pathway likely through TIR1-
mediated protein degradation. Consistent with AAL1 func-
tions in auxin signaling pathway, the expression of down-
stream auxin response genes ARF19, IAA2 and GH3.3 (Lavy
et al. 2016) were dramatically increased after 0.5 h AALI
treatment (Fig. 3d).

We also carried out the molecule docking to study the
relationship between AALI and auxin receptor. Using IAA-
TIR1 and 2,4-p-TIR1 as simulations, the molecular docking
results are comparable to real interaction conformation from
structure researches (Supplemental Fig. S7) (Tan et al. 2007,
Villalobos et al. 2012), suggesting the reliability of our mol-
ecule docking system. Then we analyzed the interaction of
AAL1 and auxin receptor TIR1. The docking results showed
that aldehyde groups of AALI1 could form hydrogen bonds
with Arg403 and Ser438 of TIR1 (Fig. 4). The binding
energy of the top 10 predicted best binding conformers of
AALI1 is about —7.7 Kcal/mol, and the Ki is from 2.61 uM
to about 10 uM. In our docking system, IAA and 2,4-pD’s
silico docking Ki is from about 1 uM to about 10 uM, which
is similar with that of AALI. These results suggest AAL1
is energetically favorable to bind to TIR1-IAAs complex to
exert its biological function.

AAL1 induces aggravated apical hook phenotype

In order to further study the action of AAL1 and the dif-
ference between AAL1 and known auxins, we focused on
a weak recessive AAL1 hyposensitive mutant named ecrl-
2 identified in this study. The mutant has weak resistance
to AALI, but shows stronger resistance to 2,4-p (Fig. 5a,
b). It is intriguing that ecrl-2 has exaggerated apical hook
phenotype in dark. AAL1 aggravates the apical hook phe-
notype while 2,4-p inhibits the apical hook. The responsible
mutation of ecr/-2 was mapped to an approximately 318 kb
region between the molecular markers 5-AC068655-2333
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Fig.3 AALI1 acts through auxin receptor. a The root length of
3-day-old dark-grown seedlings of Col-0, tirl-1 and yucl yuc2 yuc4
yuc6 treated with 1% DMSO, 0.1 uM 2,4-p, 50 and 100 uM AALI.
Scale bar, 1 mm. b Phenotypes of 6-day-old light-grown Col-0 and
yucl yuc2 yuc4 yuc6 seedlings treated with 0 or 10 uM AALIL. Scale
bar, 1 mm. ¢ Hypocotyl lengths of Col-0 and yucl yuc2 yuc4 yuc6
seedlings in (b). d The relative gene expression levels of ARFI9,
IAA2 and GH3.3 affected by AALI and IAA. 3-day-old dark-grown
Col-0 seedlings were dipped in 0.5 x MS media with the mock (1%
DMSO), 50 uM AAL1 or 10 uM IAA for 0.5 h or 3 h. The results

and 5-AF296838-2451 (Supplemental Fig. S8a). Fine map-
ping and sequence analysis revealed that a glutamic acid to
asparagine substitution occurred at the position of the 182th
amino acid of the EI C-TERMINAL RELATED 1 (ECRI)
protein. ECRI encodes a subunit of ubiquitin-dependent
degradation machinery (Del Pozo et al. 2002). The mutant
ecrl-1 has been reported to be resistant to an auxin-like
compound indole-3-propionic acid (IPrA) (Woodward et al.
2007). Our further assays confirmed that ECR1 driven by
its own promoter could complement both AAL1 and 2,4-p
resistant phenotype of ecri-2 (Fig. 5b). Multi-alignment of
ECR1 in common model organisms including Arabidopsis
thaliana, Oryza sativa, Homo sapiens, Mus musculus, Danio
rerio, Drosophila melanogaster, C. elegans and Saccharo-
myces cerevisiae showed the mutation position and its flank-
ing sequences of ecrl-2 were more conserved than that of
previously reported ecri-1 mutant (Supplemental Fig. S8b).

AUXIN RESISTANT 1 (AXR]I), a subunit of the RUB1
activating enzyme, (Leyser et al. 1993), forms the RUB/

shown are the mean gene expression level + SE, n=3. e AALI1 pro-
motes the degradation of DII-VENUS signal. The 5-day-old light-
grown DII-VENUS transgenic seedlings were dipped in 0.5 x MS
liquid media with the mock (1% DMSO) or 50 pM AAL1 for 0.5 h
or 3 h. Scale bar, 20 um. In a and ¢, each experiment was repeated
three times, and more than 20 seedlings were used every time. The
results shown are the mean length+SE. *P<0.05, **P<0.01,
*##%¥P <(0.0001 (two-tailed Student’s t-test) indicate a significant dif-
ference of mutant compared to Col-0

NEDDS activating enzyme complex with ECR1 to regulate
protein degradation including auxin co-receptor complex
(Del Pozo et al. 2002). We therefore studied how AALIL
affected axri-3 (Leyser et al. 1993). The result showed axrl-
3 was resistant to AALL. It is interesting that AAL1 treat-
ments also aggravate the apical hook of axr/-3 in dark (Sup-
plemental Fig. S9b). We also analyzed other known auxin
resistant mutants, and found that axr2-1, axr3-1, arf6/8 and
arfl7 also had the similar phenotype (Supplemental Fig.
S5a). AAL1 aggravates but 2,4-p inhibits the apical hook
phenotype.

It is well-known that the exaggerated apical hook is
related to ethylene signaling. Then we assayed how ACC
synthase (ACS) inhibitor AVG and ethylene signaling path-
way inhibitor Ag* affect the AALI1 treated seedlings. The
results showed both AVG and Ag* treatments partially
restored the exaggerated apical hook of ecrl-2 (Fig. 5c, Sup-
plemental Fig. S10). As Ag* could promotes IAA efflux
independent ethylene pathway (Strader et al. 2009) and AVG

@ Springer



280

Plant Molecular Biology (2018) 98:275-287

Fig.4 Molecule docking
analysis of AALI and TIR1-
TAA7 complex interaction. a—c
AutoDock4 results were visual-
ized by Chimera. IAA7 degron
peptide was shown in red. TIR1
was shown in brown. Inositol
hexakisphosphate was shown in
purple. Top 10 predicted best
binding conformers of AAL1
by AutoDock4 were shown as
colorful sticks in a. The pre-
dicted best binding conformer
of AAL1 was shown in green
in b and c. The ligand shown

as brown stick in b was natural
auxin IAA. d The 2D docking
conformation of the predicted
best binding conformer of
AAL1 and TIR1-IAA7 (©)

could also inhibit members of the TAA1 family of auxin
biosynthesis enzymes (Soeno et al. 2010), we then used
ethylene pathway mutants. Ethylene resistant mutant etr-1/
and ein2-5 are hyposensitive to AAL1 treatments (Fig. 5),
indicating the ethylene pathway interaction with AAL1.
Because ein2-5 is completely insensitive to ethylene but
partially resistant to AAL1, it is less likely AALI directly
targets ethylene signaling pathway. We further assayed
how Ag* and AVG treatments affected auxin function. Our
results showed that both Ag* and AVG treatments restored
the hypocotyl but not root growth inhibitions by IAA, NAA
and 2,4-p (Supplemental Fig. S10d).

We then compared the apical hook phenotypes treated
by IAA and NAA, and found that none of them showed the
aggravated apical hook phenotype. IAA and NAA treat-
ments slightly alleviate the apical hook phenotype at their
IC50 concentrations for the hypocotyl growth inhibition.
2,4-p treatments strongly reduce the apical hook pheno-
type at rather low concentrations when compared with IAA
and NAA (Supplemental Fig. S10d). Therefore, although
AAL]1 exhibit similar functions in root inhibition, it differs
with from known auxins in promoting seedling apical hook
phenotype.

AAL1 functions depend on auxin transporter system

Polarized transport in planta is necessary for auxin func-
tions. Through EMS screening, we identified a recessive
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mutant auxl-439aa that was hyposensitive to AAL1
(Fig. 6a—c). Interestingly, it was mapped to an approxi-
mately 260 kb region between the molecular markers
2-AC004684-8036 and 2-AC004683-8170, where the
auxin permease gene AUXI is located (Supplemental Fig.
S11a). Genomic DNA sequencing at AUX/ locus showed
that the 3158th nucleotide of aux/-439aa was mutated
from G to A, resulting in the mutation from Gly to Glu in
the 439th amino acid of aux/-439aa. auxI-439aa showed
abnormal gravitropism phenotype (Supplemental Fig.
S11d) as the known mutant aux/-22 did (Swarup et al.
2004). auxlI-439aa is also resistant to 2,4-p treatment,
similar to AUX1 loss-of-function mutants auxl-7 (March-
ant et al. 1999). To further elucidate that AUX1 is essen-
tial for AALI function, we tested the gravitropism of all
AALLI resistant mutants acquired in this study. Another
5 AALI resistant mutants with abnormal gravitropism
phenotype were uncovered. Genomic DNA sequencing
showed all of them had mutations in aux/ alleles (Sup-
plemental Fig. S11b).

Among these 6 aux! mutant alleles acquired in the study,
the mutation of aux-439aa®>*°C™ was reported previously
as aux1-105Y#3%4¢ in Wassilewskija (WS) accession, auxI-
92aa"?5P mutation was reported in RLD accession (Swarup
et al. 2004). 4 aux] mutant alleles, aux1-87aa®”$’, aux1-
143aa“18" | qux1-196aa""%%5P  and aux1-467aa**71"

are firstly reported in this research. These independent genetic
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Fig.5 Characterization and identification of a weak AAL1 hypo-
sensitive mutant ecr/-2. a The phenotypes of 3-day-old dark-grown
Col-0 (C) and ecri-2 (e) with 1% DMSO, 100 uM AAL or 0.1 uM
2,4-p. Scale bar, 1 mm. b The root length of seedlings of Col-0,
ecrl-2 and its genetic complementary lines com! and com2 as well
as axrl-3 grown in dark. ¢ The apical hook angles of 3-day-old dark-
grown Col-0 and ecrl-2 seedlings on 0.5XMS solid medium with
none (mock), 100 uM Ag* or 10 uM AVG coupled with or without
100 uM AALI. *P<0.05, **P<0.01, ***P<0.0001 (two-tailed

mutations suggest that AUX1 is required for AALI function,
and AAL1 may be transported by auxin influx carrier AUX1.
Since AAL1 works depending on auxin influx carrier
AUX1, we also explored whether the transport of AALI1 in
planta could also be mediated by auxin efflux carriers. We
treated dark-grown Arabidopsis seedlings with AAL1 and an
auxin efflux inhibitor 1-N-naphthylphthalamic acid (NPA)
(Muday and Murphy 2002). Our results showed 0.05 uM
NPA could partially restore the growth inhibitory effects of
AAL1 on plants (Fig. 6d—f). We also assayed whether NPA
could restored the inhibitory effects of I[AA, NAA and 2,4-p
on plants. The results showed that the inhibitory effects of
NAA on root growth could also be slightly restored by NPA
(Fig. 6e, f). Taken together, the biological functions of AALI1
are dependent on both auxin influx and efflux transporters.

Tyr and Phe could partially restore the effects
of AAL1

Structure comparison showed indolyl group of IAA and
naphth group of NAA were absent in AAL1 molecule.
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Student’s t-test) indicate a significant difference between a treated
group and the mock. d The phenotypes of 3-day-old dark-grown
Col-0, etrl-1 and ein2-5 seedlings on 0.5 X MS solid medium with
DMSO or 100 uM AALI1. Root e and hypocotyl f length of seed-
lings as shown in (d). In (b), (c), (e) and (f), the results shown are
the mean length+SE. Each experiment was repeated three times,
and more than 20 seedlings were used every time. **P<0.01 and
*#%P <0.0001 (two-tailed Student’s t-test) indicate a significant dif-
ference between a mutant and Col-0

However, AAL1 has a benzene ring that is similar to 2,4-p.
Also the structure of 2,4-p was similar to tyrosine, rather
than the auxin biosynthesis precursor tryptophan (Supple-
mental Fig. S12). Because the auxinic effects of AALI1 are
weaker than that of these known auxins such as IAA and
2,4-p, we attempted to use AALI to identify regulatory fac-
tors with weak functions in auxin pathway.

It was reported that specific amino acids could affect
auxin pathway. Trp is the precursor of IAA (Zhao 2010).
Some amino acids could conjugate with IAA to affect
auxin pathway (Staswick et al. 2005; Staswick 2009). As
known auxins induce strong phenotypes on seedling, it is
difficult to study how amino acids can affect auxin func-
tion. Therefore, we assayed the effects of different amino
acids including Tyr, Phe, Trp, histidine (His) and leucine
(Leu) on dark-grown seedlings in the presence of AALI.
Our results showed that Tyr and Phe rather than Trp, could
noticeably reverse AAL1-induced growth inhibition on
plants (Fig. 7a—c). We also tested whether these amino
acids could also restore the inhibitory effects of JAA NAA
and 2,4-p. The results showed the inhibitory effect of high
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Fig.6 AALI works depending on auxin transport system. a The phe-
notypes of 3-day-old dark-grown Col-0 (C) and auxI-439aa (439)
with 1% DMSO, 100 uM AAL or 0.1 pM 2,4-p. Scale bar, 1 mm.
Root b and hypocotyl length ¢ of seedlings as shown in a. **P <0.01
and ***P<0.0001 (two-tailed Student’s t-test) indicate a significant
difference between auxl/-439aa and Col-0. d 3-day-old dark-grown
Col-0 seedlings on 0.5XMS solid medium with none, 0.05, 0.1, or

concentration 2,4-p on hypocotyl growth could only be
restored by Tyr and Phe. Trp could also slightly restore the
effects of 2,4-p with a high concentration (Supplemental
Fig. S13a,b). It is likely that effects of known auxins are
too strong to be restored by specific amino acids under
dark-grown condition.

Under light grown condition, 200 uM Tyr and Phe could
also restore the inhibition of 50 uM AAL1 (Fig. 7d, e).
Similar results were obtained with other concentrations of
AAL1 and Tyr (Supplemental Fig. S13c, d). For 2,4-p, the
results are similar to the situation under dark grown condi-
tion. 400 uM Tyr or Phe could partially restore the inhi-
bition of 0.05 uM 2,4-p. 200 uM Trp could also slightly
restore but the effects are weak (Fig. 7e; Supplemental Fig.
S13e, f). Because the structure of IAA is similar to Trp, we
tested whether Trp can affect IAA action (Supplemental
Fig. S13). IAA inhibits root growth of light-grown seed-
ling at the concentration of 0.3 uM (Fig. 7d, e). 200 pM
Trp could partially restore the inhibition of IAA, whereas
Tyr and Phe could not. Thus, these evidences suggest that
actions of auxins could be affected by specific amino acids
that with similar structures.
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0.2 uM NPA coupled with 100 pM AALI1. Scale bar, 1 mm. Root e
and hypocotyl f length of seedlings as shown in d. The results shown
are the mean length+SE. *P<0.05, **P<0.01 and ***P <0.0001
(two-tailed Student’s t-test) indicate a significant difference between
a NPA treated group and the mock group. Each experiment was
repeated three times, and more than 20 seedlings were used every
time

Discussion

Conventional genetics approaches have led to the iden-
tification of many molecular players involved in auxin
signaling network. However, genetic redundancy and
complicated regulatory networks pose tremendous chal-
lenges for studying auxin pathway. Plant chemical genetics
approaches use small bioactive chemicals to interrogate
cellular networks and have provided new tools for these
questions (Zhao et al. 2007; Ye et al. 2017).

In this study, by chemical genetics approaches, we
identified a bioactive small molecule AAL1, which acts
through auxin signaling pathway. The structure of AAL1
is composed of an ethylphenyl moiety and a dioxothiomor-
pholin moiety linked by an amide (Fig. 1a). Its structure
shares no significant similarity with any reported auxins
(Grossmann 2007). AALI1 could induce similar phenotypes
as known auxins. High concentrations of AAL1 inhibit
the root and hypocotyl growth of dark-grown Arabidopsis
seedlings. Light-grown primary roots are also inhibited by
AALI1 (Fig. 1; Supplemental Fig. S1).



Plant Molecular Biology (2018) 98:275-287

(A) (B)

AAL1 100 pM

Q"

w N

x

Root length (mm)
= N

(D)

Tyr Phe
50 pM AALA1

Trp 200 pM
MS 0.3 M IAA

Ms
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lings grown in dark on 0.5 X MS solid medium with none (the mock),
200 uM Tyr or Phe coupled with 100 uM AALL. Root b and hypoco-
tyl ¢ length of Col-0 seedlings as shown in a. d The phenotypes of
6-day-old light-grown Col-0 seedlings grown in dark on 0.5xMS
solid medium with none (the mock), 200 uM amino acid Tyr, Phe or

With similar mutant screening strategy (Zhao et al. 2003),
we acquired many mutants that are resistant to AALI treat-
ment. However, these mutants are also hyposensitive to [AA
and 2,4-p. Some AAL1 resistant mutants including shy2-3c
and ecrl-2 are well characterized regulator in auxin signal-
ing pathway (Fig. 2). Mutant of auxin receptor tirl-1 is also
resistant to AAL1, suggesting AAL1 and auxins act through
convergent pathways. This hypothesis is also supported by
several other evidences such as response of auxin signal
genes and degradation of DII-VENUS signals to AAL1
treatment, as well as molecular docking results (Figs. 3,
4). We did not discover any mutant encoding such enzyme
as hydrolase involving in the biochemical modification of
AALL, suggesting AALI functions in a different way from
the chemical sirtinol (Dai et al. 2005; Zhao et al. 2003). Liq-
uid chromatography—mass spectrometry (LC-MS) analyses
of AALI treated plants additionally revealed the accumula-
tion of a chemical with the same mass and retention time of
AAL1 in seedlings (Supplemental Fig. S14), indicating that
AAL1 may work mainly with the un-modified status. This
observation is also consistent with our real time expression
and molecule docking analysis results (Fig. 3).

Besides the structure difference, we found other differ-
ences between AAL1 and known auxins such as JAA, NAA
and 2,4-p. First, AAL1 shows a weaker effect. Compared
with 5 uM TAA/NAA, 50 uM AAL1 is required to inhibit
root and hypocotyl growth under dark grown condition,

Root length (cm)
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Trp coupled with 50 uM AALL or 0.3 uM IAA. e The root length
of Col-0 seedlings as shown in d. Each experiment was repeated
three times, and more than 20 seedlings were used every time. The
results shown are the mean length+SE. **P <0.05, **P <0.01 and
*##%P <(0.0001 (two-tailed Student’s t-test) indicate a significant dif-
ference between the amino acid treated group and the mock

while less than 0.5 uM 2,4-p could completely inhibit dark-
grown seedling root growth (Supplemental Fig. S3). Under
light grown condition, more AALL is also needed than TAA
to inhibit primary root growth (Fig. 7d). This weak effects
might not be caused by weak binding affinities to auxin
receptors because we found the docking Ki of AAL1 was
similar to that of known auxins. Other factors might affect
AALT1’s efficiency in vivo, for example absorption efficiency
and translocation efficiency.

Another difference between AAL1 and known auxins is
the apical hook phenotype of dark-grown hypocotyl. 2,4-p
inhibits apical hook, whereas relative low concentration of
AALLI does not (Fig. 1). This difference is verified by ecri-2,
whose aggravated apical hook could be inhibited by 2,4-p
rather than AAL1 (Fig. 5a). Similar results were obtained
from known auxin resistant mutant axr/-3, afr6/8 and arf17
(Supplemental Fig. S5a, S9b). The exaggerated apical hook
of ecrl-2 is intriguing and similar to that of ecr/-1 (Wood-
ward et al. 2007). The exaggerated apical hook of ecri-2
could also be reduced by Ag* and AVG treatments (Fig. 5¢),
indicating that the exaggerated apical hook depends on eth-
ylene pathway. It was reported that auxin could activate
ethylene pathway through ethylene biosynthesis and sign-
aling (Thomann et al. 2009; Woodward et al. 2007). The
mechanism how AAL]1 aggravates the apical hook of some
auxin related mutants is unclear. One possibility is that the
effect of AALLI is too weak to inhibit the exaggerated apical
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hook caused by activated ethylene pathway. Consistently,
extremely high concentration of AALI could also inhibit
apical hook (Supplemental Fig. S1). As apical hook can be
caused by the asymmetric distribution of auxin (Muday and
Murphy 2002), another possibility is that AAL1 could not be
efficiently transported to the apical hook to counterbalance
the asymmetric distribution of auxin.

Like other known auxins, AAL1 functions depending on
auxin transporters, such as AUX1. Six AALL resistant aux/
alleles identified in this study support this notion. Three
aux] missense mutants auxI-87aa, auxI-143aa, auxI-
467aa identified in this study were mapped to new positions
of AUXI1 protein (Supplemental Fig. S11) (Swarup et al.
2004). Major auxin influx carriers AUX1/LAXSs belong to
the amino acid permease family (Bennett et al. 1996; Swarup
et al. 2008). Amino acid transporter ANT1 could transports
Tyr, Phe, Trp, IAA and 2,4-p (Chen et al. 2001).

The third difference between AAL1 and known auxinic
compounds is its relationship with some amino acids. Our
results showed that certain amino acids such as Tyr and Phe
could reduce the inhibitory effects of AAL1 (Fig. 7). It is
plausible that specific amino acids can affect auxin action
by competing auxin transporter AUX1. This is supported by
the observation that aux/-196aa and auxI-439aa showed
weak resistance to Phe (Supplemental Fig. S13g). Previ-
ous reports also showed that some amino acids could be
conjugated to IAA (Staswick et al. 2005). If so, free levels
of AALI and IAA will be reduced when co-treated with
these amino acids. This hypothesis is supported by previ-
ous observation that trp5 accumulates soluble Trp about
threefold higher than that in wild-type and is resistant to
TAA (Staswick 2009). We also found that adding Trp could
reduce the inhibitory effects of IAA and the effects of [AA
and 2,4-p /AALI could be obviously inhibited by Trp and
Tyr respectively (Fig. 7, Supplemental Fig. S13). It seems
that specific amino acid could conjugate auxin with similar
structure, for example Trp conjugates IAA, Tyr/Phe conju-
gates 2,4-D/AAL1 (Staswick 2009). Apart from being pre-
cursor of auxin, amino acids may affect auxin pathway via
other pathways such as cellular metabolisms. Thus applica-
tion of Auxin-like chemicals such as AAL1 may provide
useful tools for studying weak functions of amino acids in
auxin pathway.

Materials and methods

Plant material and growth condition

All the plants used in this research were Arabidopsis thali-
ana accession Col-0 unless otherwise indicated. The axr2-

1 (CS3077), axri-3 (CS3075), tirl-1(CS3798), yucl/2/4/6
mutants and DR5::GUS transgenic lines were gifts from

@ Springer

laboratories of Dr. Hai Huang, Dr. Lin Xu and Dr. Zuhua
He in Shanghai Institute of Plant Physiology and Ecology
(SIPPE).

For chemical treatment assays, seeds were grown on
0.5 X MS solid medium in continuous dark for 3 days as
described (Zhao et al. 2007). For seeds harvest and shoot
phenotype analysis, plants were grown in long-day condi-
tion at 22 °C.

Phenotype-based chemical genetics screening

The plant chemical genetics screenings were performed as
the ones previously described, the plants grown on 0.5 X MS
solid medium containing 1% DMSO were used as blank con-
trols (Ye et al. 2016; Li et al. 2017).

Hyposensitive mutants screening and map-based
cloning

The plant chemical genetics phenotypes were observed and
imaged using a SZX16 dissecting microscope (Olympus)
and the length of Arabidopsis hypocotyls or roots were
measured using Image J (NIH).

Ethyl methane sulfonate (EMS) mutagenized Arabidopsis
M2 mutant seeds were sown on 0.5 X MS solid medium with
100 uM AAL1 and grew for 3 days in the continuous dark
condition at 22 °C, seedlings with longer root or hypoco-
tyl were acquired, and retested and genetically analyzed in
the next generations. Mutant genes responsible for AALI
resistant phenotypes of the mutants were identified by the
map-based cloning using the chemical genetic phenotypes
of the mutants combined with molecular marks from the
Arabidopsis Mapping Platform (Hou et al. 2010), followed
with genomic DNA sequence analysis. For each isolated
mutants showed auxin-associated phenotypes, more than
200 F2 seedlings with the specific chemical genetics phe-
notype were used to map gene.

Complement assay for ecr1-2

The transgenic constructs and plant transformation experi-
ments were performed as previously described (Ye et al.
2016). The promoter and coding sequences of ECR1
(AT5G19180) were amplified by PCR from genomic DNA
and cDNA of Col-0. Using primers are listed in Table S1.

Quantitative real-time RT-PCR (qRT-PCR)

The gqRT-PCRs were accomplished as previously described
(Ye et al. 2016). 3-day-old dark-grown Col-0 seedlings were
collected and dipped in 0.5 X MS media with 50 uyM AALI,
10 uM TAA or 1% DMSO for 0.5 h or 3 h. Total RNAs
were extracted and used to synthesize the cDNAs by reverse
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transcription. All primers used were listed in Table S1. The
ACTIN gene was amplified and used as an internal control.

Confocal observation and imaging

6-day-old light-grown DII-VENUS transgenic seedlings
were transferred to media with 100 uM AALL, 5 uM TAA,
0.5 uM 2,4-p or 1% DMSO for 0.5 h or 3 h. The fluores-
cence signal was observed and imaged under a confocal
microscope (Olympus FV1000). Data quantification of the
microscope images was performed using Imagel] (Yokawa
et al. 2016).

The molecular docking of AAL1 with TIR1-1AA7
complex

Molecular docking was done as described previous (Naru-
kawa-Nara et al. 2016; Mageroy et al. 2015; Katz et al.
2015). The 3D structure of chemicals in SDF format taken
from the National Center for Biotechnology Information
PubChem server (http://www.ncbi.nlm.nih.gov/) was con-
verted into PDB format via the Molecular formats converter
server (http://www.webqc.org/molecularformatsconverter
.php). Structure of TIR1-IAA7 complex in PDB format
(PDB ID 2P1Q) taken from RCSB Protein Data Bank (http://
www.rcsb.org/pdb/home/home.do) was prepared by Dock
Prep tool of Chimera-1.11.2 software.

The molecule docking of AAL1 with TIR1-IAA7 com-
plex was then performed with the software AutoDock4.2
(http://autodock.scripps.edu). Automated docking was used
to locate the appropriate binding orientations and confor-
mations of TIR1 in the auxin binding pocket. To perform
the task, genetic algorithm routine implemented in the pro-
gram AutoDock 4.2 was employed. The program AutoGrid
was used to generate the grid maps that represent the intact
ligand in the actual docking target site. A grid box was
used to prepare a grid map with a size of 60X 60 x 60 A
xyz points. The grid center was designated at dimensions
(X, Y, 2): 6.2454,-116.05956,-28.69364. The standard dock-
ing protocol for rigid and flexible ligand docking consisted
of 10 independent runs per ligand. After docking, 10 mod-
els were calculated, and the one with the lowest binding
energy was chosen for further energy minimization. 3D and
2D docking results were visualized by Chimera-1.11.2 and
LigPlot + v.1.4 respectively.

LC-MS Analysis of AAL1 treated seedlings

AALL standard is 50 ng/uL and dissolved in acetonitrile.
Seeds were imbibed on solid medium with100 pM AAL1
at 4 °C for 3 days and germinated for 3 days at 22 °C in
darkness. About 300 mg seedlings were collected and sub-
sequently grinded by liquid nitrogen and incubated with

acetonitrile. The extracts were clarified by centrifugation.
LC-MS analysis was performed as the ones previously
described (Zhao et al. 2007).
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