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Auxin inactivation is critical for plant growth and development. To develop plant growth
regulators functioning in auxin inactivation pathway, we performed a phenotype-based
chemical screen in Arabidopsis and identified a chemical, nalacin, that partially mim-
icked the effects of auxin. Genetic, pharmacological, and biochemical approaches demon-
strated that nalacin exerts its auxin-like activities by inhibiting indole-3-acetic acid (IAA)
conjugation that is mediated by Gretchen Hagen 3 (GH3) acyl acid amido synthetases.
The crystal structure of Arabidopsis GH3.6 in complex with D4 (a derivative of nalacin)
together with docking simulation analysis revealed the molecular basis of the inhibition
of group II GH3 by nalacin. Sequence alignment analysis indicated broad bioactivities of
nalacin and D4 as inhibitors of GH3s in vascular plants, which were confirmed, at least,
in tomato and rice. In summary, our work identifies nalacin as a potent inhibitor of IAA
conjugation mediated by group IT GH3 that plays versatile roles in hormone-regulated
plant development and has potential applications in both basic research and agriculture.

auxin conjugation | Gretchen Hagen 3 | chemical genetics | root development |
plant growth regulator

Indole-3-acetic acid (IAA), the main natural auxin, regulates plant growth and develop-
ment on the basis of its local concentration (1, 2). Thus, IAA homeostasis must be tightly
controlled by coordination of its biosynthesis, transport, storage, and inactivation (3).
Recent studies showed that IAA oxidation and conjugation are the two major routes for
auxin inactivation (4). DIOXYGENASE FOR AUXIN OXIDATION (DAO), which
belongs to the 2-oxoglutarate-dependent Fe(Il) dioxygenase family, was first identified as
an enzyme for auxin oxidation in rice (Oryza sativa) (5). Two DAO homologs, DAO1
and DAO?2, have been identified in Arabidopsis, and their roles in auxin oxidation were
characterized (6, 7). A daol mutant with substantially decreased oxIAA levels showed no
obvious changes in IAA levels but had an increase in IAA-Glu, indicating the importance
of amino acid conjugation to the regulation of IAA homeostasis (6, 7). The Gretchen
Hagen 3 (GH3) proteins are a family of acyl-acid-amido synthetases that conjugate amino
acids to various substrates (8, 9). According to the sequence homology and substrate
preference, nineteen GH3s in Arabidopsis can be categorized into three groups (10).
Group II GH3, including GH3.1, GH3.2, GH3.3, GH3.4, GH3.5, GH3.6, GH3.9,
and GH3.17, has been reported to mainly catalyze IAA conjugation to amino acids as a
reversible storage form (9, 11). In addition to conjugating IAA, GH3.5 displays a wide
preference for substrates, including salicylic acid (SA) (12). GH3.11 from group I prefers
to catalyze conjugation of jasmonic acid (JA) to isoleucine (8, 13). GH3.12 and GH3.7
from group III accept isochorismate as the substrate to produce isochorismate-glutamate,
a precursor that can be converted to SA (14, 15). However, due to the functional redun-
dancy of group II GH3s, the studies on biological roles of GH3s that mediate IAA
conjugation in planta still lag behind.

Chemical biology provides a powerful toolset of small molecules with which to explore
biological processes (16). Small organic molecules can be applied to any plant tissue at
appropriate concentrations at any stage of the plant life cycle and provide the advantage
of avoiding complications arising from gene redundancy and lethal mutations (17).
Although many chemical regulators have been developed and widely used for regulating
auxin biosynthesis, transport, and signaling, the regulators of auxin catabolism pathway
are still rare (18, 19). Adenosine-5’-[2-(1H-indol-3-yl)ethyl]phosphate (AIEP), a rationally
designed inhibitor of GH3, displays potent inhibition on IAA conjugation in vitro (20),
despite that its biological effects in broader plant species are yet to be defined. A recent
study reported kakeimide (KKI) as a GH3 inhibitor, which has been applied to the study
of the physiological roles of GH3s (11, 21).
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Here, we performed a phenotype-based chemical screen for
compounds regulating auxin catabolism in Arabidopsis and iden-
tified nalacin that displays auxin-like activities. Based on in vitro
and in planta assays, we confirmed that nalacin exerts its auxin-like
bioactivities by directly binding to several group Il GH3 enzymes
and inhibiting their catalysis of IAA conjugation. Crystal struc-
tural analysis together with docking simulation suggests the molec-
ular basis for the activity of nalacin as an inhibitor across group
IT GH3 of Arabidopsis and indicates its broad bioactivity in other
vascular plants, as demonstrated for tomato and rice. In summary,
we report nalacin and its derivative D4 as inhibitors of GH3
enzymes that catalyze amido conjugation of IAA, and provide a
chemical tool for the functional study of GH3 genes in hor-
mone-regulated plant development as well as potential agricultural
application.

Results

Nalacin Is a Plant Growth Regulator with Auxin-Like Activities.
To develop plant growth regulators (PGRs) that alter plant
architecture, we performed a chemical screen (using a building
block containing 11,800 chemicals from Life Chemicals) by
observing the morphological changes in the roots of Arabidopsis
wild-type Col-0 (Fig. 14). We discovered that the compound
N-[4-[[6-(1 H-pyrazol-1-yl)-3-pyridazinyl]amino] phenyl]-3-
(trifluoromethyl)benzamide (Fig. 1B) has versatile effects on the

development of root architecture together with other effects on
hypocotyl elongation and cotyledon epinasty (Fig. 1C), which are
reminiscent of the effects of auxin. We designated the candidate
compound as nalacin for its function as a non-auxin-scaffold-like
auxin conjugation inhibitor, as indicated by the results detailed
later in this article. Further physiological analyses showed that
nalacin inhibited primary root growth and promoted adventitious
root formation, lateral root number, and root hair elongation
in a similar manner to IAA (Fig. 1 D-F and S/ Appendix,
Fig. S1). Consistent with these auxin-like activities, we found
that nalacin triggered fluorescence signal changes in DII-VENUS
and DR5::GFP, two marker lines for auxin response, in the same
manner as JAA (Fig. 2 A and B), suggesting that nalacin plays a
role in activating auxin signaling.

We also noticed additional and stronger effects of nalacin in
promoting adventitious root formation and hypocotyl elongation
in comparison with IAA (Fig. 1 D, £ and G). We found that
nalacin triggered DR5-driven B-glucuronidase (GUS) signal in
basal hypocotyl and lateral root primordium, which was not
detected in the IAA-treated seedlings (SI Appendix, Fig. S2A4).
GH3.3, a marker gene for auxin rapid response, is rapidly upreg-
ulated by auxin treatment and then decreases due to negative
feedback regulation (22). Notably, compared to IAA, nalacin pro-
duced a slower, longer-lasting induction of GH3.3 expression in
wild-type Col-0 and fluorescence signal in DR5:GFP line
(Fig. 2Cand SI Appendix, Fig. S2B). Together, these data indicate
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Nalacin partially mimics IAA in inducing root phenotypes. (A) A schematic graph of chemical screening for plant growth regulator. (B) The chemical

structure of nalacin. (C) 5-d-old Col-0 seedlings grown vertically on Murashige and Skoog (MS) medium containing 10 uM nalacin or dimethyl sulfoxide (DMSO)
as the mock control. (Scale bar, 10 mm.) (D) 6-d-old Col-0 seedlings grown vertically on MS medium containing gradient concentrations of nalacin, IAA, or DMSO
as the mock control. (Scale bar, 10 mm.) (E-G) Quantification of the primary root length, adventitious root number, and hypocotyl length of seedlings shown
in (D). Values represent means and +SD (n > 15). Statistical significances were analyzed by two-way ANOVA along with Tukey's comparison test (***P < 0.001).
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Fig. 2. Nalacin activates auxin signaling in IAA biosynthesis-dependent manner. (A) GFP fluorescence in the primary root of DR5::GFP reporter line. (Scale bar,
50 um.) (B) YFP fluorescence in the primary root of D/I-VENUS line. (Scale bar, 50 um.) (C) Time-course expression of GH3.3 in 6-d-old seedlings treated with 3 pM
nalacin or 0.3 uM IAA in liquid MS medium. (D) 4-d-old seedlings were transferred to MS medium containing nalacin, IAA, or DMSO for 2 d. Red arrows indicate
the initial transfer location of root. (Scale bar, 10 mm.) () Quantification of the primary root length of seedlings shown in (D). (F) A schematic diagram of Trp-
dependent pathway for IAA biosynthesis. (G) 6-d-old Col-0 seedlings grown on MS medium containing combinatory treatment of 0.5 pM (+) or 10 pM (+++) Kyn
and PPBo (K + P) together with nalacin (1.5 pM), IAA (0.02 uM), or DMSO. (Scale bar, 10 mm.) (H) Quantification of the root length shown in (G). Values represent
means and +SD (n = 15). Statistical significances were analyzed by two-way ANOVA along with Tukey's comparison test (*P < 0.05, **P < 0.01, ***P < 0.001), N.S.

indicates not significant.

that nalacin is a regulator of plant architecture that may act by
activating auxin signaling in a spatiotemporal manner different
from that of exogenous IAA.

Nalacin Exerts Bioactivities in an IPyA-Dependent Auxin
Biosynthesis Pathway. To gain insights into nalacin's mode of
action, we investigated its relationship with auxin via genetic and
pharmacological analyses. axr2-1 is a gain-of-function mutant line
with a non-degradable IAA7 that disrupts an early step in auxin
response (23, 24). Compared to Col-0, axr2-1 displayed resistance
to both IAA- and nalacin-induced inhibition of the primary root
elongation (Fig. 2 D and E), suggesting that a functional auxin
signaling pathway is required for their bioactivity. L-kynurenine
(Kyn) and 4-phenoxyphenylboronic acid (PPBo) are two inhibitors
of TAA biosynthesis that target the TAA1 and YUCs enzymes,
respectively, to decrease endogenous IAA levels (Fig. 2F) (25, 26).
Combination treatment with Kyn and PPBo (K + P) resulted in a
short primary root (Fig. 2 G and H) due to their pharmacological
role in decreasing local IAA level. Treatment with either nalacin or
IAA partially restored the primary root growth that was suppressed
by 0.5 pM K + P (Fig. 2 G and H). However, when suppressed
by a higher concentration of K + P (10 pM), the primary root
growth could be partially restored by treatment with IAA but

PNAS 2022 Vol.119 No.49 2209256119

not nalacin (Fig. 2 G and H), suggesting that nalacin cannot
substitute for endogenous IAA in planta. To further test whether
nalacin is an auxin mimic, we performed a yeast three-hybrid assay
and found that IAA but not nalacin promoted the interaction of
INDOLE-3-ACETIC ACID INDUCIBLES (IAA5) with auxin
receptors TRANSPORT INHIBITOR RESPONSEL (TIR1) and
AUXIN SIGNALING F-BOX PROTEIN2 (AFB2), respectively
(SI Appendix, Fig. S2C). Collectively, these results suggest that
nalacin is not an auxin mimic per se and that its auxin-like activity
is dependent on endogenous IAA biosynthesis, possibly via its
impact on IAA homeostasis.

Nalacin Increases Endogenous IAA Level via Inhibition of 1AA
Conjugation. To validate the effects of nalacin on IAA homeostasis,
we quantified the levels of IAA, its biosynthesis precursors (Trp
and IPyA), and major inactivated metabolites in Col-0, including
oxIAA and amino-acid-conjugated IAAs (IAA-Glu and IAA-Asp)
whose formation is catalyzed by DAOs and GH3s, respectively
(6,7, 9). Compared to the mock treatment, the Trp and IPyA
contents were not altered after nalacin treatment (Fig. 3 A and
B), while nalacin increased IAA levels and decreased the levels
of TAA-Asp and TAA-Glu without changing the levels of oxIAA
(Fig. 3 C-F). These results strongly imply that nalacin exerts

https://doi.org/10.1073/pnas.2209256119 3 of 10
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Fig. 3. Nalacin inhibits GH3-mediated IAA conjugation in vivo and in vitro. (A-F) Determination of IAA, IAA biosynthetic precursors (Trp and IPyA), and major
metabolic products (IAA-Glu, IAA-Asp, and oxIAA) under 3 pM nalacin or DMSO treatment in Col-0. 6-d-old seedlings of Col-0 were transferred onto the filter
papers which wetted by liquid MS medium supplemented with 3 pM nalacin or DMSO as the mock control for 2 h. (G) Representative seedlings of 6-d-old Col-0
and A8gh3 grown on MS medium containing nalacin, IAA, or DMSO as the mock control. (H and /) Quantification of the root length and hypocotyl length shown
in (G). Values represent means and +SD (n = 15). (/-L) BLI assay on the kinetic interactions of nalacin with GH3.3, GH3.6, and GH3.17. Biotinylated GH3 proteins
were loaded on SSA sensors followed by exposure to gradient concentrations of nalacin (3.125-25 uM). (M-0) Kinetic analysis of the inhibition of nalacin on
GH3.3, GH3.6, and GH3.17. The production of IAA-Asp (for GH3.3, GH3.6) and IAA-Glu (GH3.17) were detected by UPLC-MS. Double-reciprocal plots of initial
velocities (Lineweaver-Burk plots) showing mixed-type inhibition. Values represent means and +SD (n > 3). Statistical significances were analyzed by two-way
ANOVA along with Tukey's comparison test for (H and /) and Student's t test for (A-F) (*P < 0.05, **P < 0.01, ***P < 0.001).

its auxin-like activities via inhibiting the inactivation of IAA by
amino acid conjugation, which leads to higher levels of active IAA.

As stated above, nineteen GH3 can be divided into three phy-
logenetic groups (SI Appendix, Fig. S3A), among which the group
IT GH3s are responsible for amino acid conjugation of TAA (9).
We found that A8g¢h3 (a mutant with loss of function of all eight

40f 10 https://doi.org/10.1073/pnas.2209256119

group II GH3s) was resistant to nalacin treatment, while still being
responsive to exogenous IAA treatment (Fig. 3 G—1). Moreover,
the endogenous levels of IAA and metabolites showed no response
to nalacin treatment in the A8gh3 (SI Appendix, Fig. S4 A-F).
Auxin shapes gene expression to regulate plant growth and devel-
opment (27-29). To investigate the gene expression pattern of
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Col-0 and A8¢gh3 in response to nalacin treatment, we performed
a transcriptome profiling. Compared to the mock treatment, nal-
acin triggered expression changes in 169 genes in Col-0
(SI Appendix, Fig. S5A and Table S1). Gene ontology (GO) anal-
ysis of biological processes showed that these differentially
expressed genes (DEGs) can be enriched for auxin response
(IAA1/2/19/30 and GH3.1/2/3/5/6) and the formation of lateral
root and callus (LBD16/18/29) (SI Appendix, Fig. S5 Band Cand
Table S1), which can be highly induced by IAA treatment as well
(27-29). In contrast, nalacin only induced 13 DEGs in A8¢h3
(SI Appendix, Fig. S5D and Table S2), which are not enriched for
any biological or signal processes by GO analysis. In addition,
none of DEGs were the typical genes related to auxin (S7 Appendix,
Fig. S5D and Table S2). These results collectively indicate that
nalacin influences IAA homeostasis via targeting group II GH3s.

Nalacin Directly Interacts with GH3s and Suppresses Their
Enzymatic Activity on Amino Acid Conjugation of IAA. To test
whether group II GH3 enzymes are the direct targets of nalacin,
we selected GH3.3, GH3.6, and GH3.17 as representatives for
each subgroup of group II GH3 based on phylogenetic analysis
(SI Appendix, Fig. S3B) and produced recombinant proteins of
these three GH3 proteins via Escherichia coli. We performed
a biolayer interferometry (BLI) assay and found that nalacin
displayed slow association and dissociation kinetics for GH3.3,
GH3.6, and GH3.17 (K values of 51.6 pM, 140 pM, and 28.5
UM, respectively) (Fig. 3 /-L), indicating a direct binding of
nalacin to these GH3s. We further performed in vitro enzyme
kinetic analyses and found that nalacin inhibited the amino acid
conjugation of IAA catalyzed by GH3.3, GH3.6, and GH3.17 at
submicromolar concentrations (K values were 0.86 pM, 0.19 uM,
and 0.4 pM, respectively) (Fig. 3 M-0). The double-reciprocal
plots of initial velocities (Lineweaver—Burk plots) indicate that
nalacin is a competitive and uncompetitive mixed-type inhibitor,
which could bind to both free enzyme and substrate-bound
enzyme. Compared to AIEP, a competitive GH3 inhibitor with
TAA scaffold (12, 20), nalacin functions as a non-auxin-scaffold-
like auxin conjugation inhibitor with a different inhibitory mode
of action. It is worth to note that GH3.5 displays dual function in
amino acid conjugation of both IAA and SA (12, 30). Compared
with the mock treatment, the endogenous concentration of SA
in Col-0 was not altered upon nalacin treatment (SI Appendix,
Fig. S6A). This result indicates that GH3.5-mediated SA
conjugation is not affected by nalacin, which could be attributed
to lower efficiency of GH3.5 in catalyzing SA (Km = 1171 pM)
than that of [AA (Km = 45 pM) (30) or other reasons yet to be
determined.

Arabidopsis GH3 proteins share the same Ping-Pong reaction
mechanism for catalyzing the conjugation of versatile substrates,
including IAA, JA, and salicylic acid (12, 31, 32). To investigate
whether nalacin targets GH3s in other groups, we selected
GH3.11 and GH3.12 as representative members of group I and
group III GH3, respectively. We observed no inhibitory effect of
nalacin on GH3.12 for catalyzing its substrate 4-HBA into
4-HBA-Glu via in vitro assay (S Appendix, Fig. S6 C-E) (33).
GH3.12 is also reported to catalyze the conjugation of glutamate
to isochorismate and produce isochorismate-9-glutamate, which
spontaneously converts into SA in planta (15). Consistent with
our in vitro result, we observed no significant change of SA levels
between nalacin-treated seedlings and the mock-treated ones in
Col-0 and A8gh3 (SI Appendix, Fig. S6 A and B), indicating nal-
acin has no influence on GH3.12. In contrast, we found that
nalacin suppressed the Ile conjugation of JA catalyzed by GH3.11
with a mixed-type inhibition (S/ Appendix, Fig. S7A). We also

PNAS 2022 Vol.119 No.49 2209256119

observed decrease in endogenous levels of JA-Ile in nalacin-treated
Col-0 and A8¢h3 (SI Appendix, Fig. S7 B and C). These results
indicate that nalacin inhibits GH3.11 both in vitro and in planta.
However, nalacin-induced phenotype changes in root and hypo-
cotyl are not attributed to nalacin’s inhibition on GH3.11 as no
significant difference was observed between Col-0 and jari-1, a
gh3.11 mutant, in terms of these phenotypes, and their responses
to nalacin were quite similar (ST Appendix, Fig. S7 D—F). Thus,
we focus on investigating nalacin’s mode of actions on group II
GH3 enzymes that mediate auxin homeostasis although it might
affect other JA-involved processes not observed in current assays.

Structure-Activity Relationship Analysis of Nalacin Identifies
a Bioactive Derivative. During the nalacin synthesis process, we
obtained four intermediate chemicals that partially share common
moieties with nalacin. We designated them D1-D4 and tested
their bioactivities (Fig. 4). We observed no phenotypic changes in
seedlings treated by D1 or D2. D3 displayed weak bioactivities in
promoting adventitious root and inhibiting primary root growth
at relatively high concentration level (1.5 pM) (Fig. 4 B-D). D4
showed an effect similar to nalacin in promoting adventitious
root number and hypocotyl elongation, except that its inhibition
of primary root growth was weaker (Fig. 4 B—E). In support of
the physiological observations, we observed that D4 inhibited
IAA-Asp production catalyzed by GH3.6 with a K] of 0.3 pM
(Fig. 4F). These results indicate that the N-(4-aminophenyl)-3-
(trifluoromethyl)benzamide moiety represented by D3, rather
than those represented by D1 or D2, is the basic structure for
the bioactivities. Introducing either pyrazol-1-yl-pyrizadine or
chloropyrizadine moieties into D3, which produces nalacin and
D4, respectively, dramatically increased the bioactivity. These
structure—activity relationship studies identify a GH3 inhibitor
D4 and provide information for further chemical modifications
on nalacin.

Structural Analysis of the GH3.6-AMP-D4 Complex. To investigate
the molecular basis of nalacin and D4 inhibition of group II GH3
proteins, we tried to crystallize the Arabidopsis GH3.6 protein
in complex with nalacin or D4 alone or in combination with
other substrates or products, including adenosine triphosphate
(ATP), adenosine-5'-(y-thio)-triphosphate (ATPYS), adenosine
monophosphate (AMP), and Mg**. We successfully crystallized
the GH3.6-AMP-D4 complex and solved its crystal structure
to 2.40 A (ST Appendix, Table $3). The structure of this complex
adopts a closed active site conformation (Fig. 54) (12, 31), and
the overall fold of GH3.6 resembles the fold of other GH3-family
proteins, with a large N-terminal a/p fold domain (residues
1-446 in GH3.6), a small C-terminal domain (residues 460—
612), and a hinge loop (residues 447-459) connecting them
(Fig. 5 A and B) (12). Structural comparisons revealed that the
conformation of the GH3.6 C-terminal domain is indeed highly
similar to its counterparts in the closed-form structures of the
Arabidopsis GH3.5 (12), GH3.12 (14, 31, 34), and GH3.11
(31), with small displacement observed as compared to GH3.11
(SI Appendix, Fig. S8 A—C). As expected, the conformation of
the GH3.6 C-terminal domain is significantly different from
that in the open-form structures of GH3.12 (31) and GH3.15
(35, 36) with a 180°-rotation, and from that in the complex-
form structure of GH3.11 (37) with big movement and rotation
(SI Appendix, Fig. S8 D—F). These observations further confirmed
the conformational flexibility in the C-terminal domain of GH3
enzymes that may correlate with different catalysis steps.

In the GH3.6-AMP-D4 complex structure, AMP is bound
in the nucleotide-binding site of GH3.6, which is conserved in
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Fig. 4. Structure-activity relationship analysis of nalacin. (A) Structures of nalacin and its derivatives D1, D2, D3, and D4. The structure of D4 is subdivided
into three parts, including trifluoromethylbenzamide portion (part 1), phenyl portion (part Il), and aminochloropyridazine portion (part Ill) highlighted in blue,
yellow, and green colors, respectively. (B) Representative Col-0 seedlings vertically grown on MS medium containing chemicals for 6 d. (Scale bar, 10 mm.) (C-E)
Quantification of the primary root length, adventitious root number, and hypocotyl length of the seedlings treated by chemicals or DMSO as the mock control.
Values represent means and +SD (n = 15). (F) Kinetic analysis of the inhibition of D4 on GH3.6. The production of IAA-Asp was detected by UPLC-MS. Values
represent means and +SD (n = 3). Statistical significance was analyzed by two-way ANOVA along with Tukey's comparison test (***P < 0.001). Data in (B-F) were
derived from experiments that were performed three times with similar results, and representative data from one replicate were shown.

other GH3s (12, 31), indicative of their universal enzymatic
mechanism (Fig. 5C). D4 is buried in a relatively hydrophobic
channel that is also the acyl acid-binding pocket of the GH3-
family proteins (12, 31), and has extensive interactions with
GH3.6 and AMP (Fig. 5 A, B, and D and S Appendix, Fig. S8G).
For analysis, the structure of D4 can be subdivided into a trifluo-
romethylbenzamide portion (I), a phenyl portion (II), and an
aminochloropyridazine portion (IIT) (Fig. 44). The interactions
within part I are as follows (Fig. 5 Band D): the trifluoromethyl
group establishes van der Waals contacts (distance < 4.0 A) and
an F...H-P hydrogen bond with the phosphate group of AMP,
with the latter implying that the phosphate group of AMP is
protonated; the trifluoromethyl group forms contacts with
Ala339, Ser340, and S341 in the f8—turn—B9 motif; the phenyl
ring forms CH-m stacking with Met337 and Ala339 on one side
and Ile312 on the opposite side, and also contacts Leul75 and
the adenine moiety of AMP; and the carbonyl group is hydro-
gen-bonded to Tyr134. Within part II (Fig. 5D), the phenyl
group establishes T-shaped m-m stacking with Tyr134, and one
edge of the phenyl group forms OH-n and CH-x attractions with
Tyr179 and Val231, respectively. Lastly, within part I1I (Fig. 5D),
the amine group and one nitrogen atom of the pyridazine group
are each hydrogen-bonded to Tyr195; the pyridazine group estab-
lishes Y-shaped n-m stacking with Tyr134 and Phe184 and also
contacts Tyr178 and Thr193; and the chloride atom forms some
contacts with Tyr178.
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Structural Analysis of Nalacin’s Binding Mode to GH3s in
Arabidopsis. To analyze the molecular modes of action of
nalacin, we performed a molecular docking simulation based on
the structure of the GH3.6-AMP-D4 complex. As expected, we
redocked D4 to GH3.6 in almost the same pose as observed in
the crystal structure (S/ Appendix, Fig. S9) and with a reasonable
docking scoring (S —8.0900), suggesting the reliability of our
docking process. Nalacin was docked to GH3.6 and superposed
well with D4 except for its additional pyrazole moiety (Fig. 5E),
which introduces a CH-n interaction with Thr193 and may
contribute to its better afhnity for GH3.6 (S —-8.6907) and
greater bioactivity as compared to D4 (Fig. 4 B-E). D1, D2,
and D3 have interaction poses that clearly differ from those of
nalacin and D4, according to the docking analysis, and have low
affinities for GH3.6, as represented by poor docking scorings
(S =5.4018, —5.8495, and —6.5732, respectively) (SI Appendix,
Fig. §9), in line with their bioactivities (Fig. 4 B-E). In view of
the fact that ATP shares similar binding sites with AMP (12, 31)
and nalacin contacts only the alpha phosphate group of AMP (Fig.
5D), nalacin may also bind to GH3.6 in complex with ATP. We
performed a BLI assay and confirmed that nalacin displayed fast
association and dissociation kinetics with reasonable affinities for
GH3.6 in the presence of AMP or ATP (K values of 49 and 26
UM, respectively) (Fig. 5F). These biochemical results, together
with the structural information, suggest that nalacin can inhibit

AMP- or ATP-bound GH3s.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials

N terminal domian

C

E342
1.S109

S343\~

===Pibond === hydrogen bond

ol o2

MPEAPKIAALEVSDESLAEKNKNKLQFIEDVTTNADDVORRVLEEILSRNADVEYLKRHG 60

o3 o4 1 g

—_— e
LEGRTDRETFKHIMPVVTYEDIQPEINRIANGDKSQVLCSNPISEFLTSSGTSGGERKLM 120

a5 a6

PTIEEELDRRSLLYSLLMPVMDQFVPGLDKGKGMYFLFIKSESKTPGGLPARPVLTSYYK 180
] [ ] [ 1)

o7 o8 a9

SSHFKNRPYDPYTNYTSPNQTILCSDSYQSMYSQMLCGLEQHKEVLRVGAVFASGFIRAT 240
L] L N J L]

10 all al2

O e———
KFLEKHWPELARDIRTGTLSSEITDSSVREAVGEILKPDPKLADFVESECRKTSWQGIIT 300

al3

old Bi1
—
RLWPNTKYVDVIVTGTMSQYIPTLDYYSNGLPLVCTMYASSECYFGVNLRPLCKPSEVSY 360
L] o ooo

—

TLIPNMAYFEFLPVHRNSGVTSSISLPKALTEKEQOELVDLVDVKLGOEYELVVTTYAGL 420

Hinge loop l5

YRYRVGDVLSVAGFKNNAPQFSFICRKNVVLSIDSDKTDEVELQNAVKNAVTHLVPFDAS 480

al6
N — . —

LSEYTSYADTSSIPGHYVLEWELCLNGNTPIPPSVFEDCCLTIEESLNSVYRQGRVSDKS 540

ol7

ald al9

IGPLEIKMVESGTFDKLMDYAISLGASINQYKTPRCVKFAPIIELLNSRVVDSYFSPKCP 600

—_— m o helix B psheet = loop = not visible
KHSPGHKQWGSN 612 o D4 binding residue
F o5, . 05 .
- Nalacin + AMP Nalacin + ATP
04 | 0.4 — 25
. 12.5 M
g 0.3 4 0.3 3.125 uM
3
s 02 0.2
Q.
8
X 011 0.1
0 4 04
Kd =49 uM Kd =26 uM
0.1 - e

20 40 60 80 100 120
Time (s)

" " " " " 3 1
0 20 40 60 80 100 120 0
Time (s)

Fig.5. Structural analysis of the GH3.6-AMP-D4/nalacin complex. (A) Overall structure of the GH3.6-AMP-D4 complex, adopting a closed active site conformation.
The N- and C-terminal domains and the hinge loop connecting them are highlighted. The bound AMP and D4 molecules are shown in sphere mode. (B) The
sequence and secondary structures of GH3.6 derived from the complex structure. The residues interacting with D4 and AMP are highlighted with magenta circles
and cyan squares, respectively. (C) The conserved AMP-binding site of GH3.6. (D) An enlarged view showing the detailed interactions of D4 with GH3.6 and AMP.
(E) A site view of molecular docked nalacin (in yellow color) superposed with D4 (in purple color) from the crystal structure. (F) BLI assay on the kinetic interactions
of nalacin with GH3.6 in the presence of AMP or ATP. Biotinylated GH3 proteins were loaded on SSA sensors followed by exposure to gradient concentrations
of nalacin (3.125-25 pM) and fixed concentration of AMP (100 pM) or ATP (100 pM). Data in (F) were derived from experiments that were performed two times

with similar results, and representative data from one replicate were shown.

Whether nalacin is a selective inhibitor for a unique group of
GH3s or a pan-inhibitor for all GH3s remained unknown. We
analyzed the binding pockets of all GH3s by sequence alignment
and comparing their three-dimensional structures obtained from
the Protein Data Bank (PDB), AlphaFold (38), and our de novo
homology modeling results (87 Appendix, Fig. S10). We found
that the overall folds are generally conserved in each GH3 group
(SI Appendix, Fig. S10A4). As expected, all GH3s have a set of
conserved residues for binding ATP and AMP (SI Appendix,
Fig. S10 Band D), which are the common substrate and product
for catalysis by GH3s. In contrast, the residues constituting the
pocket that binds nalacin/D4 are highly conserved in group II but
not in groups I or IIT GH3s (SI Appendix, Fig. S10 C and D),

PNAS 2022 Vol.119 No.49 2209256119

suggesting a preference of nalacin/D4 for group II GH3s. It is
noteworthy that 13 residues of GH3.6 for interacting with nala-
cin/D4 are not all conserved in GH3.4 and GH3.9 (8] Appendix,
Fig. S10D). Two residues Tyr134 and Thr193 in GH3.6 that form
multiple interactions with nalacin/D4 were replaced by Gly and
Ser, respectively, in GH3.4, while Tyr195 and Ile312 in GH3.6
were replaced by Leu and Val, respectively, in GH3.9 (S Appendix,
Fig. S10D), possibly leading to decreases in the binding affinities
of nalacin/D4. In addition, we also noticed that GH3.10 and
GH3.11 from group I, and GH3.7, GH3.12, and GH3.19 from
group III possess several nalacin/D4-interacting residues (although
not as many as in group 11 GH3s) (S Appendix, Fig. S10D). These

results and our in vitro and in vivo assays for the inhibitory effect
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Fig. 6. Nalacin and D4 promote adventitious root development in tomato. (A) 7-d-old DR5::GUS seedlings of tomato had their roots removed and were
transferred to MS medium containing nalacin, D4, IAA, or DMSO followed by additional cultivation for 5 d. Red arrows indicate the stem-root emergence in the
base of the cuttings treated by nalacin, D4, or IAA. GUS staining of cut hypocotyls was performed on day 5 (cutting edge) after transferring. (Scale bar, 1 mm.)
(B) Tomato cutting propagation assay. 7-d-old tomato seedlings were detached with root and transferred to MS medium containing nalacin, D4, IAA, or DMSO
followed by additional cultivation for 10 d. (Scale bar, 1 cm.) (C) Quantification of the root length, adventitious root number, and lateral root number shown in
(B). Statistical significance was analyzed by two-way ANOVA along with Tukey's comparison test (***P <0.001). Data in (A-C) were derived from experiments that
were performed two times with similar results, and representative data from one replicate were shown.

of nalacin on GH3.11 and GH3.12 (S Appendix, Figs. S6 and
S7) indicate that nalacin could bind to and inhibit other GH3s
with a different manner from that of group II GH3 members. In
spite of those possibilities, our structural analyses together with
biochemical and biological studies strongly suggest that nalacin
and D4 exert their auxin-like bioactivities via preferably targeting
group II GH3.

To further obtain a structural insight into the inhibitory mode
of nalacin substrate binding of GH3s, we performed molecular
docking simulation of IAA, SA, and JA to GH3.6, GH3.5, and
GHB3.11, respectively (S Appendix, Fig. S11 A—F), and analyzed
the binding sites of these substrates relative to that of nalacin. We
found that trifluoromethyl phenyl group of nalacin occupies the
binding sites of IAA and JA in GH3.6 and GH3.11, respectively
(SI Appendix, Fig. S11 A-D), suggesting nalacin’s competitive inhi-
bition on the substrate acceptance of GH3.6 and GH3.11 at the
first step of Ping-Pong reaction. In contrast, the predicted
SA-binding site in GH3.5 is away from that of nalacin (S/ Appendix,
Fig. S11 Eand F), indicating that nalacin could not influence on
SA-binding of GH3.5. Compared to AIEP, another GH3 inhibitor
(12, 20), nalacin, occupies a broader space in the pocket of GH3
and possesses a pyrazol-1-yl-pyrizadine moiety that faces away from
the enzymatic reaction center (S/ Appendix, Fig. S11 G and H).

Nalacin Displays Productive Potential to Inhibit IAA-Conjugating
GH3s in a Broad Range of Plant Species. Previous studies indicated
that GH3 proteins were conserved in the plant kingdom (10).
We performed BLAST analysis and alignment of the homologs
of Arabidopsis GH3.6, using them as representatives of group
IT GH3s from lower plants to higher plants, including moss,

80f 10 https://doi.org/10.1073/pnas.2209256119

liverworts, fern, monocots, and eudicots (S Appendix, Fig. S12
A and B). We found that the residues that consist of the pocket
and the nalacin- and D4-interacting residues are highly conserved
in vascular plant species, implying that nalacin and D4 should
also have bioactivity in other higher plant species. To validate this
hypothesis, we performed a tomato cutting propagation assay,
in which auxin plays a pivotal role (39). We found that nalacin,
D4, and IAA induce stem-root emergence and DR5-driven
GUS signals are observed at the base of cuttings (Fig. 64 and
SI Appendix, Fig. S13 A—C). After long-time cultivation, nalacin
and D4, but not IAA, triggered the initiation of lateral roots in
adventitious roots (Fig. 6 Band C), indicating a potential role of
auxin conjugation in lateral root development. Moreover, nalacin
and D4 inhibited the root growth of rice seedlings (S Appendix,
Fig. S14) similarly to IAA (40). Taken together, the above results
confirm that nalacin and its derivative D4 can inhibit group II
GH3 and thus IAA conjugation, and have broad activities in
various plant species.

Discussion

By a phenotype-based chemical screening, we identified nalacin,
an artificial small molecule, that regulates root architecture in a
similar manner to IAA (Figs. 1 and 2 A-C and S/ Appendix,
Fig. S1). We found that nalacin is not an auxin mimic (S/ Appendix,
Fig. S2C) and exerts its biological activities in an auxin biosyn-
thesis-dependent manner (Fig. 2 G and H). Further studies con-
firmed that nalacin can directly bind to several group II GH3s
(Fig. 3 J~L) and inhibit GH3-mediated conjugation of Glu or
Asp to IAA (Fig. 3 M-0), leading to an increase in endogenous

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2209256119#supplementary-materials

IAA levels in planta (Fig. 3C). In addition, A8gh3 showed resist-
ance to nalacin treatment in both phenotypic changes and per-
turbation of endogenous IAA levels (Fig. 3 G-/ and SI Appendix,
Fig. S4C). These results together with transcriptome analysis
(SI Appendix, Fig. S5 A-D and Tables S1 and S2) demonstrate
that nalacin can inhibit group II GH3s and overcome their redun-
dant roles in catalyzing IAA conjugation. Compared to A8gh3
with defects in whole development stage, nalacin is expected to
be temporally applied to dissect the biological roles of GH3s at
any time point in the whole lifespan of plants. It is noteworthy
that nalacin can also suppress JA-Ile production catalyzed by
GH3.11, a group I GH3 member (S Appendix, Fig. S7 A-C). In
contrast, nalacin showed no inhibitory effect on GH3.12, a group
IIT GH3 member (SI Appendix, Fig. S6 C-E). As the substrates
of many GH3s are yet to be determined, thus, in comparison with
one-at-a-time in vitro tests, a future metabolome analysis could
give a comprehensive understanding of nalacin-triggered metab-
olite changes and the possible targets of nalacin. Nevertheless, our
current results corroboratively demonstrate that nalacin and D4
are effective inhibitors of IAA-conjugating GH3s that can be
applied to regulate auxin homeostasis.

Due to the feedback regulation of IAA by IAA-induced GH3
transcript levels and subsequent inactivation by GH3-mediated
conjugation, exogenous IAA treatment exerts bioactivity under
strict regulation of GH3s upon their spatial-temporal expression
pattern (41-47). Exogenous IAA treatment caused a rapid
increase followed by a rapid decrease in GH3.3 expression (Fig.
2C). In contrast, nalacin can trigger the accumulation of auxin
and exert its auxin-like bioactivity without being strictly gated
by GH3s and cause a mild, long-lasting increase in auxin signal
(Fig. 2C and SI Appendix, Fig. S2B). We observed GUS signal
accumulation in hypocotyl and hypocotyl-root junction in seed-
lings treated with nalacin rather than IAA (S7 Appendix, Fig. S2A),
which correlates with the stronger physiological effects of nalacin
in promoting adventitious root formation and hypocotyl elon-
gation (Fig. 1 D, F, and G). Thus, nalacin displays different
morphological effects from IAA in a tissue-specific manner of
GH3s. What's more, the fact that nalacin is an effective inhibitor
that can nicely overcome gene redundancy provides a strategy
for spatiotemporal regulation of GH3 enzyme, which can be used
for both scientific research and agricultural application in non-
model plants, such as root regeneration as demonstrated in this
work.

In addition to nalacin, we also developed its derivative D4 and
succeeded in resolving a complex structure of GH3.6 and D4 (Fig.
5 A-D). Based on the information from crystal structure and
docking simulation, we found that nalacin- and D4-interacting
residues are highly conserved in group II GH3s in Arabidopsis
and various vascular plants (S/ Appendix, Figs. S10D and S$12),
indicating their general bioactivities via targeting group II GH3s
and thus perturbing IAA levels across the plant species. In support
of that, we have confirmed that nalacin and D4 display auxin-like
activities, at least, in Arabidopsis, tomato, and rice (Figs. 1 and 6
and SI Appendix, Figs. S13 and 14). In addition to the common
bioactivities between nalacin and D4 (Fig. 4 B, D, and E), we also
noticed their different effectiveness in suppressing the primary
root growth (Fig. 4 B and C), which correlates with their inhibi-
tory effects on GH3.6 (Figs. 3N and 4F), a key player in primary
root growth. These results suggest a potential for developing selec-
tive GH3 inhibitors based on the scaffold of nalacin.

GH3-mediated IAA conjugation utilizes a “Bi Uni Uni Bi Ping-
Pong” reaction that includes two successive steps (32). Our crystal
structure and docking simulation results provide a structural basis
for nalacin’s binding and inhibitory mechanism in the view of the
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Ping-Pong reaction (Fig. 5 A-E and SI Appendix, Fig. $10).
Nalacin occupies the binding sites of IAA and JA in the pockets
of GH3.6 and GH3.11, respectively, but not the binding site of
SA in the pocket of GH3.5 (SI Appendix, Fig. S11), suggesting
nalacin’s competitive inhibition on the first step of Ping-Pong
reaction. In support of that, we observed inhibitory effects of
nalacin on the catalysis of IAA and JA in both in vitro enzymatic
assays (Fig. 3N and SI Appendix, Fig. S7A) and in planta assays
(Fig. 3 Eand Fand SI Appendix, Fig. S7 Band C). In view of the
complexity of the Ping-Pong reaction and nalacin’s mixed-type
inhibition on GH3s, it remains the possibility that nalacin could
also inhibit GH3s with additional mode of actions yet to be fur-
ther determined.

AIEP, an intermediate of the IAA conjugation reaction, displays
competitive effect against both ATP and IAA binding to GH3
(20), while the biological activity of AIEP in planta has not deter-
mined yet. Recently, KKI was reported to be a selective inhibitor
of group II GH3s that catalyze IAA conjugation (21). Kinetic
analysis revealed that KKI binds to GH3-ATP to form a GH3-
ATP-KKI complex and competitively inhibits the binding of IAA
without influencing on ATP binding (21). Compared to AIEP
and KKI, nalacin occupies the binding site of GH3s for acyl acid
substrate and inner-side of the pocket but not the site for ATP
binding (S Appendix, Fig. S11), and displays a mixed-type inhi-
bition on GH3s (Fig. 3 M—0 and SI Appendix, Fig. S7A). Despite
the difference in their inhibitory modes on GH3s, nalacin and
KKI can trigger the common phenotypic changes in Arabidopsis
Col-0, including short primary root, long hypocotyl, and increase
in the numbers of lateral and adventitious roots, phenocopying
A8gh3. These results suggest the effectiveness of nalacin and KKI
as inhibitors of group II GH3s that mediate auxin homeostasis.
It is interesting that both nalacin and KKI have a common ben-
zamide portion, which introduces many interactions with the
residues in GH3 pocket observed in our crystal structure
(Fig. 5 D and E) and could be informative for further modifica-
tions on these two chemicals. Compared with KKI that only tar-
gets group 11 GH3s, nalacin can also inhibit GH3.11 with a
different binding mode from that observed in GH3.6 (S Appendix,
Fig. S11 A-D), suggesting a need and also a potential to improve
the selectivity of nalacin for distinct GH3 families via chemical
modification. It is noteworthy that the inner-side pocket occupied
by the pyrazol-1-yl-pyrizadine moiety of nalacin is distal to the
enzyme reaction center (S Appendix, Fig. S11), providing a poten-
tial avenue for genetic engineering of GH3s. The engineered GH3
variants would be expected to tolerate nalacin binding without
impairing the original enzyme activity. In view of the auxin-like
herbicidal effects of nalacin at high concentrations, the combina-
tions of nalacin and the nalacin-tolerant GH3 variants may pro-
vide tool kits for the design of herbicide-tolerant crops or other
deliberate regulatory changes.

Materials and Methods

Plant Materials. Unless otherwise indicated, all Arabidopsis mutants and trans-
geniclines employed in this study are in the Col-0 background.The A8gh3 octu-
ple mutant has been previously reported in the literature (41). The homozygous
lines were identified by phenotype and genotype screening. Detailed descriptions
of plant materials and growth conditions, treatments, and experimental methods
are described in SI Appendix, SI Materials and Methods. Small molecule library
and screen information, root hair length measurement and fluorescence obser-
vation, GUS staining, measurement of IPyA, IAA and IAA catabolites, enzymatic
activity assay and kinetic analysis, BLI analysis, transcriptome sequencing and
data analysis, crystallization and data collection, molecular docking simulation,
homology modeling, and chemical preparation were carried out according to
protocols described in SI Appendix, SI Materials and Methods.
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Data, Materials, and Software Availability. Atomic coordinates and struc-
ture factors for the reported crystal structure have been deposited in the PDB
under accession numbers 7VKA (the AtGH3.6-AMP-D4 complex). Sequencing
data of mRNA are available at the NCBI database with the accession number
PRINA875587. All study data are included in the article and/or S/ Appendix.
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