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Abstract

The phytohormone auxin, indole-3-acetic acid (IAA), regulates nearly all aspects of plant growth 

and development. Despite substantial progress in our understanding of auxin biology, delineating 

specific auxin response remains as a major challenge. Auxin regulates transcriptional response via 

its receptors, TIR1/AFB F-box proteins. Here we report an engineered, orthogonal auxin-TIR1 
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receptor pair, developed through a bump-and-hole strategy, that triggers auxin signaling without 

interfering with endogenous auxin or TIR1/AFBs. A synthetic, convex IAA (cvxIAA) hijacked the 

downstream auxin signaling in vivo both at the transcriptomic level and in specific developmental 

contexts, only in the presence of a complementary, concave TIR1 (ccvTIR1) receptor. Harnessing 

the cvxIAA-ccvTIR1 system, we provide conclusive evidence for the role of TIR1-mediated 

pathway in auxin-induced seedling acid growth. The cvxIAA-ccvTIR1 system serves as a 

powerful tool for solving outstanding questions in auxin biology and for precise manipulation of 

auxin-mediated processes as a controllable switch.

Introduction

Auxin mediates virtually every aspect of plant growth and development1,2. Substantial 

progress has been made in our understanding of auxin biology. Yet, multiple layers of auxin 

regulation at the levels of biosynthesis, catabolism, conjugation, transport and signaling as 

well as complex redundancies and severe developmental defects of higher-order mutants 

impose major challenges in specifically delineating auxin response of interest1,2. The auxin 

receptor TIR1 is a subunit of SKP1-Cullin-F-box (SCF) ubiquitin ligase complex3–5. 

Binding of auxin to TIR1 stabilizes its association with AUXIN/INDOLE-3-ACETIC ACID 

(AUX/IAA) repressor proteins6. Subsequent, proteasome-mediated degradation of 

AUX/IAA proteins by the SCFTIR1 complex releases auxin response factors (ARFs) to 

initiate gene expression7. There are six TIR1-related AUXIN SIGNALING F-BOX (AFB) 

proteins and 29 AUX/IAA proteins in Arabidopsis, and their combinatorial associations 

likely provide further complexity in auxin perception8.

To overcome these limitations, we employed the bump-and-hole strategy, a collaborative 

approach between chemistry and biology that enables the engineering of shape-

complementary synthetic ligand and receptor pairs. It was first developed for delineating the 

function of protein kinases via engineering the kinases to specifically interact with synthetic 

ATP analogues9 or modified kinase inhibitors10. More recently, the bump-and-hole approach 

was successfully applied for identification of the individual roles of BET bromodomains11. 

We developed an orthogonal auxin-TIR1 pair, that can trigger auxin response, both at 

transcriptomic level and specific developmental context, without interfering with the 

endogenous auxin or TIR1/AFB-mediated signaling. The synthetic system further enabled 

us to decipher the role of TIR1-mediated signaling in acid growth, an auxin-mediated rapid 

cell elongation. Our work highlights the power of synthetic chemistry approach in bypassing 

the complexity of genetic redundancies and feedback regulation in order to understand and 

manipulate hormone signaling in plants.

Results

Bump-and-hole approach for orthogonal auxin-TIR1 pair

For a chemical control of auxin perception and signaling without interference with the 

endogenous counterparts, we took a bump-and-hole strategy and rationally designed a 

synthetic cvxIAA-ccvTIR1 pair based on the crystal structure of the TIR1-IAA-AUX/IAA 

complex6 (Fig. 1a–d). The auxin binding pocket of TIR1 consists of a floor made of TIR1 
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residues and the side walls made of two phenylalanine residues (F79 and F82) as well as the 

solenoid inner surface of the LRR domain as reported previously6 (Fig. 1a). Our strategy for 

cvxIAA-ccvTIR1 pair is to carve the wall of TIR1 and, reciprocally, introduce a bump to the 

indole ring of IAA to fill the cavity. We precluded modifications at the LRR polypeptide 

backbone, as it will likely influence AUX/IAA docking or structural integrity of the SCFTIR1 

complex. In contrast, a substitution of F79 or F82 on the loop domain should not affect 

overall structure of the SCFTIR1 complex. A removal of a phenyl residue from F79 or F82 

will create an open cavity, which is predicted to compromise stable binding of IAA (Fig. 

1b). Having extra aryl residues in IAA, either at the fifth position or fourth position, will be 

predicted to introduce a molecular collision with the exposed phenyl residue corresponding 

at F79 (Fig. 1c) or F82, respectively.

Amino-acid sequence comparison reveals that F79 is evolutionarily conserved among TIR1 

orthologs and paralog, including the ancestral TIR1 from basal land plant species, 

Marchantia polymorpha12 and Pyscomitrella patens13, but not in Arabidopsis COI1, the 

receptor for an unrelated phytohormone, jasmonic acid14 (Fig. 1e). On the other hand, F82 is 

conserved both in TIR1/AFBs and COI1, therefore may serve a structural role or a role 

unrelated to auxin perception (Fig. 1e). Thus, F79 of TIR1 emerged the primary engineering 

target site to create ccvTIR1.

The removal of phenyl moiety of F79 should result in the formation of cavity around the 5-

position of IAA. This cavity could be refilled by introducing aryl groups at the 5-position of 

IAA (Fig. 1d). We therefore synthesized a series of 5-aryl-IAAs: 5-(3-

methoxyphenyl)indole-3-acetic acid (5-(3-MeOPh)-IAA, 1), 5-(2-methoxyphenyl)indole-3-

acetic acid (5-(2-MeOPh)-IAA, 2), 5-(4-methoxyphenyl)indole-3-acetic acid (5-(4-MeOPh)-

IAA, 3), 5-(4-trifluoromethylphenyl)indole-3-acetic acid (5-(4-CF3Ph)-IAA, 4), 5-

(biphenyl-4-yl)-indole-3-acetic acid (5-(BiPh)-IAA, 5), 5-phenyl-indole-3-acetic acid (5-Ph-

IAA, 6), and 5-(2-naphthyl)indole-3-acetic acid (5-(2-Np)-IAA, 7) (Fig. 1f, Supplementary 

Note).

To screen for the best cvxIAA-ccvTIR1 pair, we performed yeast two-hybrid (Y2H) assays, 

which can detect the IAA-dependent association of TIR1 and IAA3 at concentrations as low 

as 40 nM (Fig. 1g, Supplementary Fig. 1a). In contrast, seven 5-aryl-IAAs exhibited reduced 

efficacy in promoting TIR1-IAA association: among them 5-(3-MeOPh)-IAA (1) and 5-(2-

MeOPh)-IAA (2) did not promote TIR1-IAA3 association at 10 μM, well above 

physiologically relevant concentrations (Fig. 1g). Next, site-directed mutagenesis of TIR1 

was conducted to substitute F79 with eight different amino acids (Fig. 1h). Among them, 

TIR1F79G exhibited the most preferred characteristics: IAA, even at 100 μM, failed to elicit 

TIR1F79G-IAA3 interaction (Fig. 1h). Likewise, active synthetic auxin analogs, 1-

naphthaleneacetic acid (1-NAA, 8) and 2,4-dichlorophenoxyacetic acid (2,4-D, 9), both 

failed to elicit TIR1F79G-IAA3 interaction even at 100 μM (Supplementary Fig. 1b). In 

contrast, 5-(3-MeOPh)-IAA (1) successfully induced TIR1F79G-IAA3 interaction at 

concentration ten times lower than 5-(2-MeOPh)-IAA (2) (Fig. 1g). Competition assays 

further showed that IAA is unable to displace 5-(3-MeOPh)-IAA-mediated TIR1F79G-IAA3 

association (Supplementary Fig. 1c). Unlike F79, site-directed mutagenesis at F82 

(TIR1F82A, TIR1F82G, and TIR1F82S), which we predicted to create a cavity for 4-aryl-IAA 
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(4-phenyl-indole-3-acetic acid, 10), abolished any Y2H interactions tested (Supplementary 

Fig. 1d, e). Based on these results, 5-(3-MeOPh)-IAA (1) and TIR1F79G were chosen for 

further studies as cvxIAA and ccvTIR1, respectively.

Biochemical property of engineered cvxIAA-ccvTIR1 pair

To test the biochemical specificity of cvxIAA-mediated ccvTIR1-AUX/IAA association, 

pull down assays were performed using in vitro translated TIR1-FLAG and ccvTIR1-FLAG 

proteins. The biotinylated DII peptide from IAA7 pulled down TIR1-FLAG protein in the 

presence of IAA or 1-NAA, but not cvxIAA (Fig. 2a). Conversely, ccvTIR1-FLAG protein 

was pulled down by the DII peptide only in the presence of cvxIAA, but neither IAA nor 1-

NAA (Fig. 2a). The mutant DII peptide (mDII), which lacks the ability to associate with 

TIR18, was unable to pull down either TIR1 or ccvTIR1 (Fig 2a). We next performed a 

quantitative analysis of in vitro cvxIAA-triggered ccvTIR1-IAA7DII association. The 

binding affinity of cvxIAA-triggered ccvTIR1-IAA7DII based on the dose-response curves 

(BD50 = 3.98 ± 0.60 μM) is highly comparable to that of IAA-triggered TIR1-IAA7DII 

(BD50 = 11.54 ± 1.23 μM) (Fig. 2b, c; Supplementary Fig. 2). Due to lower sensitivity of the 

densitometry-based detection method, these BD50 values are higher than the previously-

reported Kd values using [3H]-IAA3,5. The important point here, however, is that both 

cvxIAA-ccvTIR1 and IAA-TIR1 pairs recruit IAA7DII with a similar, if not identical, 

binding property, therefore providing a biochemical support to justify the further use of our 

cvxIAA-ccvTIR1 system.

In vivo auxin transcriptional response by cvxIAA-ccvTIR1

To address whether our designed cvxIAA-ccvTIR1 system operates in vivo, we first 

expressed ccvTIR1 driven by the constitutive promoter (35S::ccvTIR1) into Arabidopsis 

plants that carry the auxin output marker DR5::GFP15 (hereafter referred as “wild type”). 

Both 35S::ccvTIR1 and control 35S::TIR1 transgenes are fused with a FLAG epitope-tag for 

specific detection of transgene products. First, we performed an immunoblot analysis to 

confirm the accumulation of ccvTIR1 proteins. As shown in Supplementary Fig. 3, both 

35S::TIR1 and 35S::ccvTIR1 line with similar transcript levels accumulated similar amounts 

of TIR1 and ccvTIR1 proteins, respectively. Thus, the F79G substitution, which serves as 

basis for our bump-and-hole strategy, does not significantly affect the stability of TIR1 

protein.

We subsequently characterized the 35S::ccvTIR1 seedlings. In the absence of cvxIAA 

treatment, 35S::ccvTIR1 roots exhibited DR5::GFP patterns at the root tip, just like wild-

type roots carrying the same marker, therefore ccvTIR1 appears inert by itself (Fig. 3a; 

Supplementary Fig. 4). Treatments with cvxIAA conferred strong GFP signals throughout 

the roots in a dosage-dependent manner only in the seedlings carrying 35S::ccvTIR1, but not 

35S::TIR1 or untransformed controls (Fig. 3a; Supplementary Fig. 4), indicating that 

cvxIAA triggers auxin transcriptional outputs via ccvTIR1 in plants. When wild-type 

Arabidopsis seedlings were treated with 0.1 or 0.3 μM cvxIAA on agar media, which are the 

concentrations used in the experiments with liquid culture, their roots showed normal 

gravitropism (Supplementary Fig. 5a, b), which is in sharp contrast to the treatment of an 

auxin transport inhibitor, 1-naphthylphthalamic acid (NPA). Likewise, unlike the NPA 
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treatment, the cvxIAA treatment did not influence a characteristic DR5::GFP pattern with 

highest signal at the root tip16 (Supplementary Fig. 5c). These results indicate that cvxIAA 

does not clearly affect the endogenous auxin transport or response when treated at a 

physiological concentration. However, a statistical analysis suggests that at 0.3 μM, cvxIAA 

may have a subtle effect on root gravitropism (p=0.045, Welch’s 2-sample T-test, unpaired, 

Supplementary Fig. 5b). Therefore, the possibility that cvxIAA disrupts endogenous auxin 

transport at higher concentrations, such as submillimolar levels, cannot be excluded.

To investigate the specificity of cvxIAA-induced transcriptional response at the genome-

wide level, we furthermore performed RNA-seq profiling (Fig. 3b; Supplementary Dataset 

1). For this purpose, wild-type, 35S::TIR1, and 35S::ccvTIR1 seedlings were mock treated, 

treated with IAA or cvxIAA for three hours and subjected to transcriptome analysis. To most 

effectively visualize the similarities of differentially-expressed genes (DEGs) in multi-

parameter transcriptomic analyses, we developed a software visualization package, Bobbin 

Dendrogram Plot Generator (https://github.com/takaho/bobinplot), whereby each sample is 

connected by a node representing the phylogenetic relationships based on the DEGs. 

Commonly upregulated genes between each pairwise sample are connected by the lines. As 

shown in Fig. 3b, IAA-treated wild-type, 35S::TIR1 and 35S::ccvTIR1 seedlings showed 

very similar DEG profiles with cvxIAA-treated 35S::ccvTIR1. Importantly, auxin-specific 

genes are neither induced nor repressed by cvxIAA in wild-type and 35S::TIR1 seedlings 

(log2FC >1.0, qVal <0.01 and log2FC <-1.0, qVal <0.01), indicating that cvxIAA is highly 

selective and does not trigger false-positive auxin transcriptional response via 35S::TIR1 or 

endogenous TIR1/AFB proteins (Fig. 3b, Supplementary Dataset 1). Traditional Pearson 

correlation analyses also highlighted the resemblance of the genome-wide transcriptional 

response by cvxIAA-ccvTIR1 and IAA-TIR1 (Supplementary Fig. 6). qRT-PCR analyses of 

the representative auxin-inducible genes further validated their specific induction by cvxIAA 

only in the presence of ccvTIR1 (Fig. 3c). Together, we conclude that the cvxIAA-ccvTIR1 

pair is capable of hijacking the auxin transcriptional response in Arabidopsis.

cvxIAA-ccvTIR1 triggers auxin-mediated development

To examine whether cvxIAA-ccvTIR1 promotes auxin-specific developmental processes, we 

first carried out auxin-induced root growth inhibition assays (Supplementary Fig. 7). Wild-

type, 35S::TIR1, and 35S::ccvTIR1 seedlings all exhibited dose-dependent root growth 

inhibition by the application of natural auxin IAA, resulting in 80-90 % inhibition by 0.3 μM 

IAA. The findings that 35S::ccvTIR1 seedlings respond normally to the IAA treatment 

suggests that the introduced ccvTIR1 does not interfere with the auxin perception by 

endogenous TIR1/AFBs. By contrast, cvxIAA had no effects on the elongation of wild-type 

and 35S::TIR1 roots even at 0.3 μM. At this concentration, the root growth of 35S::ccvTIR1 

seedlings was inhibited by 60-70 % (Supplementary Fig. 7).

Next, we characterized whether the cvxIAA-ccvTIR1 pair can take control of well-studied 

auxin-induced lateral root (LR) development (Fig. 4)17. While 1-NAA increases LR density 

in a dose-dependent manner (Fig. 4a; Supplementary Fig. 8), cvxIAA has no effects on LR 

density in wild-type or 35S::TIR1 roots (Fig. 4a,b,d). By contrast, cvxIAA treatments 

conferred a significant increase in LR density if the seedlings carry ccvTIR1, reaching to ~4-
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fold increase at 1 μM (Fig. 4a). SOLITARY-ROOT (SLR)/IAA14 acts as a downstream 

negative regulator of auxin-dependent LR development, and its stabilized mutation within 

the DII motif in slr-1 completely blocks LR formation (Fig. 4c, e; Supplementary Fig. 8)18. 

cvxIAA treatment was unable to restore LR formation in 35S::ccvTIR1 slr-1 roots (Fig. 

4c,e; Supplementary Fig. 8), consistent with the action of cvxIAA-ccvTIR1 upstream of 

IAA14. These results demonstrate that cvxIAA-ccvTIR1 pair can be used to evoke auxin-

mediated developmental programs in vivo.

TIR1-mediated pathway in promoting hypocotyl acid growth

The exact identity of the auxin receptor that evokes the auxin-mediated rapid seedling 

elongation, a phenomenon originally described by Charles Darwin and later termed ‘acid 

growth’, is not fully resolved. Harnessing the cvxIAA-ccvTIR1 system, we tackled the 

mechanism of auxin perception for acid growth, which occurs via auxin-induced rapid 

phosphorylation and activation of the plasma membrane H+-ATPase within minutes19, 

resulting in subsequent acidification of apoplasts and cell-wall loosening20. The 

phosphorylation occurs in the absence of TIR1 and AFB2, the major auxin receptors for 

seedling growth19, raising a question that yet another class of auxin receptor might be 

responsible for the acid growth21. Severe growth defects in higher-order tir1/afb mutants22 

hinder finer dissection. Among the TIR1/AFB family members, AFB5 recognizes a 

synthetic auxin analog, picloram23. Making use of this, a recent report showed that picloram 

stimulates hypocotyl elongation after 50 min of the treatment24. This was substantially 

slower than the IAA-triggered response, which occurs in 10-20 min. While their pioneering 

work highlights TIR1/AFB as potential receptors for acid growth, direct role for the TIR1-

mediated pathway in the faster auxin response, however, remains unclear.

To unambiguously address this question, we generated tir1 afb2 mutant seedlings expressing 

the engineered ccvTIR1 driven by the endogenous TIR1 promoter. Unlike TIR1pro::TIR1, 

TIR1pro::ccvTIR1 failed to rescue the reduced auxin response of tir1 afb2 in root elongation 

assays (Supplementary Fig. 9). Thus, ccvTIR1 does not complement tir1. TIR1pro::ccvTIR1 

tir1 afb2 seedlings responded sensitively to low concentrations (30-100 nM) of cvxIAA and 

inhibited root elongation, indicating that TIR1pro::ccvTIR1 can substitute for TIR1 only in 

the presence of cvxIAA (Supplementary Fig. 9). Consistent with the previous report19 

TIR1pro::ccvTIR1 tir1 afb2 hypocotyl segments responded to IAA, suggesting that 

receptors other than TIR1 and AFB2, which could be remaining AFB proteins or yet 

unidentified auxin receptors, are able to trigger auxin-mediated rapid elongation (Fig. 5a). 

Strikingly, upon treatment with cvxIAA (1 μM), hypocotyl segments only from the seedlings 

containing TIR1pro::ccvTIR1 exhibited significant, rapid elongation within 20 min (p= 8.01 

e-07, Welch two sample T-test, unpaired)(Fig. 5b). The elongation kinetics are similar to that 

of IAA (1 μM)-treated wild type (p= 0.525, Welch two sample T-test, unpaired)(Fig. 5b). 

The results demonstrate that the TIR1-mediated pathway is sufficient to trigger the rapid 

hypocotyl elongation at full extent. Time-course analysis shows that the kinetics of 

hypocotyl elongation by cvxIAA-ccvTIR1 mirrors that by IAA-TIR1 (Fig. 5b).

Next, to test whether the cvxIAA-ccvTIR1-mediated rapid hypocotyl elongation occurs via 

the activation of H+-ATPase in vivo, we conducted an immuno-detection of the AHA2 T947 
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phosphorylation (p-T947) from hypocotyls of etiolated seedlings. IAA treatment resulted in 

approx. 1.5-fold increase in p-T947 signals in all genotypes tested. Strikingly, cvxIAA 

treatment induced ~1.5-fold increase in p-T947 only in the TIR1pro::ccvTIR1 tir1 afb2 

seedlings (Fig. 5c). Furthermore, only in the presence of ccvTIR1, cvxIAA treatment 

elicited rapid induction of SMALL AUXIN UP RNA19 (SAUR19), which promotes auxin-

mediated cell elongation by counteracting protein phosphatases that dephosphorylate p-

T94725,26 (Supplementary Fig. 10). Combined, this study convincingly demonstrates the 

role for TIR1-mediated pathway in the rapid activation of H+-ATPase and elongation 

growth, the bases of the acid growth theory27. Our finding accords with the very recent 

report showing that the overexpression of SAUR19 is sufficient for the acid growth28. In 

conclusion, our results corroborate the earlier report24 and further demonstrate that TIR1/

AFB-mediated pathway can fully explain the kinetics of rapid auxin-induced acid growth.

Discussion

Auxin is regulated at biosynthesis, catabolism, conjugation, transport, signaling, and 

intricate feedbacks among them, and this complication hampers specific delineation of auxin 

responses of interest1. Using the artificial, engineered cvxIAA-ccvTIR1 system designed 

and validated here, we successfully demonstrated the conclusive role of TIR1-mediated 

pathway that is sufficient for fully triggering rapid seedling elongation, known as acid 

growth. Our work highlights the power of a synthetic-chemistry for breaking redundancies at 

the level of hormone perception to uncover the specific contributions of each receptor.

A bump-and-hole approach is a simple, clean way to generating orthogonal ligand-receptor 

pairs as well as increasing agonist selectivity11. Here, we carved an aryl group from F79, 

replacing phenylalanine by glycine, and complementarily introduced an additional aryl 

group to the 5-position of IAA to generate an orthogonal cvxIAA-ccvTIR1 pair (Figs. 1 and 

2). Since no modification was introduced at the AUX/IAA binding interface, these 

complementary substitutions between the ligand and the receptor likely impose a minimal 

influence on recruitment of the AUX/IAA proteins. In support of this, the cvxIAA-ccvTIR1 

pair exhibits binding (BD50) with the IAA7DII peptide is nearly identical to that of IAA-

TIR1 (Fig. 2). It has been shown that AUX/IAA proteins determine the affinity of the TIR1-

AUX/IAA co-receptor complex to auxin, from 10 nM to > 1μM, depending on the 

AUX/IAA proteins8. Extended biochemical analyses of cvxIAA-ccvTIR1 pair with different 

AUX/IAAs will reveal whether this is the case for ccvTIR1 to perceive cvxIAA.

The F79 residue is conserved among TIR1/AFB families, including those ancestral auxin 

receptors in moss and liverworts, but not in the JA receptor COI1 (Fig. 1e). The 

corresponding F-to-G substitution therefore can be introduced into TIR1/AFB orthologs as 

well as paralogs to delineate their specific downstream response in a native promoter context 

or in a cell/tissue-type-specific manner. For example, as reported previously19, the auxin-

mediated acid growth occurs in tir1/afb2 (also see Fig. 5), indicating that in addition to TIR1 

other AFBs also participate in this process. The F-to-G substitution may be introduced into 

AFBs to generate ccvAFBs that can be systematically tested for their roles in auxin-

mediated acid growth or address their specific roles during plant growth and development.
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A synthetic, auxin-inducible degradation (AID) system has been successfully applied for 

controllable protein depletion in yeast, mammalian culture cells, and intact C. elegans29–32. 

Here, a target protein of interest will be fused with the DII degron motif from AUX/IAA and 

subjected to the SCFTIR1-complex mediated proteasome degradation upon auxin treatment. 

Notably, a recent adaptation of CRISPR-Cas9 technology further enabled auxin-degron 

tagging in human cell lines for effective AID33. Taking advantage of the absence of a signal 

interference, cvxIAA-ccvTIR1 and IAA-TIR1 systems could be simultaneously used in 

these heterologous systems as a dual-switch for functional studies. Finally, previous 

mutagenesis studies on TIR1 have identified the residues influencing the affinity for 

AUX/IAA proteins as well as those untethering TIR1 from the SCF complex34,35. 

Incorporation of additional properties to the cvxIAA-ccvTIR1 system may enable further 

mechanistic understanding of auxin signaling and controllability of auxin-mediated plant 

growth and development for potential crop improvement36.

Methods

Plasmids

The plasmids generated in this study and the primers used for plasmid construction are listed 

in Supplementary Table 2 and Supplementary Table 3, respectively.

Plant materials

The Arabidopsis thaliana Columbia (Col) accession was used as wild type. solitary root 

mutant (slr-1) harboring the dominant allele of IAA14 was described previously18. The 

engineered TIR1 constructs (Supplementary Table 2) were transformed into DR5::GFP37 or 

tir1-1 afb2-3 double mutant38,39 by floral dipping using Agrobacterium tumefaciens strain 

GV3101. Over 20 independent transgenic lines were isolated for each construct, and those 

showing clear monogenic inheritance were subjected to detailed phenotypic 

characterizations. Some of the transgenes were transferred from the original lines to the slr-1 

background by genetic cross.

Plant culture and treatment

For root growth assays and gene expression analyses, seeds were sterilized, stored in the 

dark at 4 °C for a few days, transferred to 0.5 × Murashige and Skoog (MS) liquid medium, 

and grown on a shaker set at 140 rpm under continuous white light at 22 °C. For root growth 

assays, after 1-day incubation, various concentrations of auxin or its analogs were added to 

growth media, and root length was measured after additional 1-week incubation. For 

DR5::GFP observation, 3-day-old seedlings were transferred to 0.5 × MS liquid medium 

containing various concentrations of the compounds, and after 24 hours, GFP fluorescence 

at root tip regions was observed using Zeiss SteREO Discovery V20. For lateral root 

induction assays, 5-day-old seedlings grown on plates were transferred to 0.5 × MS plates 

containing various concentrations of the compounds indicated in the corresponding figures. 

Roots were cleared by chloral hydrate after 40-hour incubation with the compounds, and 

lateral root primordia were observed using Zeiss Axio Imager 2. The number of emerging 

lateral roots was counted after 3-day incubation with the compounds.
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RNA extraction, qRT-PCR and RNA-seq analysis

7-day-old seedlings in liquid media were treated with 0.1 μM IAA or cvxIAA, and total 

RNAs were extracted and purified after 3 hours using RNeasy Plant Mini Kit (QIAGEN). 

Each RNA sample was prepared from a pool of 30 whole seedlings. Three independent RNA 

samples for each condition were used for the following analyses. For qRT-PCR, reverse 

transcription was carried out using ReverTra Ace (TOYOBO) according to the 

manufacturer’s instructions. Quantitative PCR was performed using SYBER FAST qPCR 

Kit (KAPA) and LightCycler 96 (Roche). The primers used for qPCR are listed in 

Supplementary Table 3. For RNA-seq analysis, after RNA integrity was confirmed by 

running the RNA samples on Agilent RNA 6000 Nano Chip (Agilent Technologies), 0.5 μg 

of the samples were used for library preparation using Illumina TruSeq Stranded mRNA LT 

Sample kit. The resulting barcoded libraries were pooled and sequenced on Illumina 

NextSeq500 sequencing platform, and 75-bp single-end reads were obtained. All primary 

sequence read data for the RNA-seq analysis have been submitted to the DNA Data bank of 

Japan (DDBJ: http://www.ddbj.nig.ac.jp) with the accession number DRA005718.

The qRT-PCR analysis in the hypocotyl segments was performed according to the previous 

report19. Briefly, the hypocotyl segments excised from 3-day-old etiolated seedlings were 

treated with 0.1 μM IAA or cvxIAA for 30 min and total RNAs were extracted and purified 

using the NucleoSpin RNA Plant Kit (TaKaRa). Each RNA sample was prepared from a 

pool of 50 hypocotyl segments. Reverse transcription was performed using PrimeScript First 

Strand cDNA Synthesis Kit (TaKaRa) and qRT-PCR was carried out with primer-pairs 

specific for the corresponding genes (Supplementary Table 3), Power SYBR Green PCR 

Master Mix, and StepOne Real-Time PCR system (Applied Biosystems). For 

characterization of transgenic seedlings, qRT-PCR was performed with primer-pairs specific 

for nucleotide sequence of FLAG-TIR1 (Supplementary Table 3).

Bioinformatics and Data Analysis

Sequences of RNA-seq experiments were mapped on TAIR 10 genome using STAR (version 

2.5.1b, https://github.com/alexdobin/STAR) with default options, and the Illumina reads 

were mapped and the read counts were calculated using our in-house programs with the 

gene location GFF file distributed at TAIR (ftp://ftp.arabidopsis.org/Genes/

TAIR10_genome_release/TAIR10_gff3/TAIR10_GFF3_genes.gff). Differentially expressed 

genes (DEGs) and their statistical significance were evaluated using DESeq2 R package 

(http://bioconductor.org/packages/release/bioc/html/DESeq2.html). Upregulated and 

downregulated genes in RNA-seq experiments were defined as log2(treated/control) more 

than 1 or less than 1, and q-values less than 0.01. The experiments were clustered using a 

hierarchal approach, in which the pairs having most score were clustered into a new virtual 

node until no pairs exist. For Person correlation analysis, genes classified into GO category 

for “auxin” (e.g. Response to Auxin, Auxin-activated Signaling Pathway, Auxin Polar 

Transport, Auxin Homeostasis) are extracted from DEGs based on the GO classification 

search (AmiGO2: http://amigo.geneontology.org/amigo/search/ontology?q=auxin). Scatter 

plots were generated using our in house phython scripts. DEGs and highly enriched GO 

categories are supplied as Supplementary Dataset 1.
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The Bobbin Dendrogram Plot Generator was developed using Phython (requires ReportLab) 

for effective visualization of commonly up- or down-regulated genes among multiple-

parameter samples (multiple biological samples with multiple treatments). Like molecular 

phylogenetic trees, each node represents the relatedness between pairwise samples. For each 

experiment, three biological replicates were clustered using a hierarchal approach, in which 

the pairs having most score were clustered into a new virtual node until no pairs exist. DEGs 

that are common between each pairwise combination is connected with lines. Denser the 

lines more similar the DEGs. The Bobbin Dendrogram Plot Generator is available at GitHub 

(https://github.com/takaho/bobinplot).

Yeast assays

EGY48 strain was transformed with pSH18-34 harboring a LexA-operon::LacZ reporter, a 

pGLex313-based plasmid for expression of LexA-DNA-binding-domain-fused constructs 

(TIR1 or a series of site-directed mutagenized ccvTIR1), and pJG4-5-based plasmid for 

expression of B42-transcriptional-activator-fused constructs (DI and DII domain of IAA3)40. 

Transformed strains were grown at 30 °C on agar plates composed of minimal SD base 

(Clontech, cat. 630411) and –His/–Trp/–Ura dropout supplement (Clontech, cat. 630424). 

Colonies were picked up and grown in liquid SD/–His/–Trp/–Ura medium for one night at 

30 °C, and then medium was replaced with liquid medium composed of minimal 

SD/Gal/Raf base (Clontech, cat. 630420), –His/–Trp/–Ura dropout supplement, 50 mM Na-

phosphate buffer (pH 7.0), 80 μg/ml X-gal (Wako) and various concentrations of compounds 

indicated in corresponding figures. After 3-day incubation at 30 °C, cultured media 

containing yeast were transferred to white 96-well plates (flat bottom) and observed. See 

Supplementary Table 2 for plasmid information.

Pull-down assays

Biotinyl-DII (biotinyl-(NH)-AKAQVVGWPPVRNYRKN) peptide and biotinyl-mDII 

(biotinyl-(NH)-AKAQVVEWSSGRNYRKN) peptide were reported previously8. C-

terminally FLAG-tagged TIR1 or ccvTIR1 proteins were synthesized in vitro using a wheat 

germ extract system according to the manufacturer’s instructions (NUProtein, Nagoya, 

Japan). Templates for the protein synthesis were amplified using the primers listed in 

Supplementary Table 3. The biotinyl peptides were incubated with Dynabeads M-280 

Streptavidin beads (Invitrogen) in binding buffer (50 mM Tris-HCl, pH 8.0, 200 mM NaCl, 

10% glycerol, 0.1% Tween 20) at room temperature for 30 min and washed 10 times with 

binding buffer. The beads attached with the biotinyl peptides were incubated with the 

synthesized proteins in the binding buffer supplemented with various concentrations of 

compounds indicated in corresponding figures. The beads were washed 3 times with the 

same binding buffer supplemented with compounds. The proteins were extracted from the 

beads by SDS-PAGE sample buffer and separated by SDS-PAGE. Immunoblotting was 

performed using anti-FLAG antibody (Sigma, F3165), and immunoreactive bands were 

detected using SuperSignal WestPico Chemiluminescence reagent (Thermo Scientific) and 

Light-Capture cooled CCD camera system (ATTO). For a calculation of BD50 (= a 

concentration of IAA or cvxIAA required for the 50 % pull down of TIR or ccvTIR1 bound 

with IAA7DII), the pull down assays were performed five times for 0, 0.1, 0.3, 1, 3, 10, 30 

and 100 μM IAA or cvxIAA, and 3 times for 300 μM IAA or cvxIAA. The R-package 
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‘drc’41 was used to fit the binding curve to the shifted log logistic distribution (the three-

parameter log logistic function with limit to 0).

Immunodetection of TIR1 and ccvTIR1 proteins in Arabidopsis seedlings

Twenty seedlings (DR5::GFP, DR5::GFP 35S::FLAG-TIR1-WT, and DR5::GFP 

35S::FLAG-TIR1-F79G) grown on 0.5x MS agar medium at 16h-light/8h-dark cycle for 5 

days were harvested and frozen in liquid nitrogen. Protein extracts obtained from the 

seedlings were subjected to SDS-PAGE. The transferred membrane was first stained with 

Panceau-S (MP Biomedicals) to visualize total proteins, and subsequently subjected to 

immunoblot analysis using anti-FLAG (Sigma, F3165) and a control anti-H+-ATPase 

antibody raised against the catalytic domain of AHA242. Three biological replicates were 

performed.

Root gravitropism assays

DR5::GFP seedlings were grown on 0.5x MS agar medium at 16h light/8h dark for 5 days. 

The seedlings with a straight root grown along the agar surface were transferred onto 0.5x 

MS agar medium containing the indicated chemical substances and pre-incubated for 6 

hours at the condition that roots oriented downward. Then, the seedlings were subjected to a 

gravistimulus by rotating the agar plates 90°. After 48 hours the images of the seedlings 

were captured by digital camera. The gravitropic angle of the roots was measured and the 

data were presented as a gravitropism diagram. The bar length in the diagram shows the 

percentage of roots seedlings assigned to the respective sector. The seedlings which were 

incubated with the indicated chemical substances were stained with propidium iodide and 

the GFP signal in their root tips was observed with confocal microscopy. Three independent 

experiments were performed.

Hypocotyl elongation assay and detection of H+-ATPase phosphorylation

Hypocotyl elongation assays were performed according to the previous report19. Briefly, 

seedlings were grown on 0.5 × MS plates in darkness for 3 days. Hypocotyl sections of 4 

mm were excised using a razor blade and incubated in darkness on growth medium (10 mM 

KCl, 1 mM MES-KOH [pH 6.0], and 0.8% [w/v] agar) for 0.5-2 hours to deplete 

endogenous auxin. Chemical treatment was performed by transferring the hypocotyl sections 

to growth medium containing compounds indicated in corresponding figures. The length of 

hypocotyl sections was measured using ImageJ software. The average values were 

calculated from 15 hypocotyls. Experiments were repeated at least three times. The amount 

of plasma membrane H+-ATPase and the phosphorylation level of its penultimate Thr 

residue (T947) in the hypocotyl sections were determined as descried previously19. Briefly, 

15 hypocotyl segments were ground in liquid nitrogen and solubilized with SDS-sample 

buffer. The proteins were separated by SDS-PAGE. Immunoblotting was performed using 

specific antibody against the catalytic domain of AHA2 and also that against phosphorylated 

T947 of AHA242. Immunoreactive bands were detected as described in the section above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Engineering cvxIAA-ccvTIR1 pair by a bump-and-hole approach
(a-d) TIR1 and ccvTIR1 auxin binding pocket modeled from the published X-ray crystal 

structure. (a) IAA and TIR1. (b) IAA and ccvTIR1. (c) cvxIAA and TIR1. (d) cvxIAA and 

ccvTIR1. The 5-aryl moiety of the cvxIAA would replace the lost phenyl moiety due to 

F79G substitution. (e) Amino-acid alignments of TIR1 paralogs and orthologs. The F79 

(cyan) and F82 (gray) residues. (f) Chemical structures of IAA and 5-aryl-IAAs. (g) Yeast 

two-hybrid (Y2H) screening for cvxIAA. Association of the LexA-fused TIR1 and 

TIR1F79G with the activation-domain-fused IAA3DI+DII was tested in the presence of IAA or 

5-aryl-IAAs. (h) Y2H screening for ccvTIR1. Association of the LexA-fused mutant TIR1 

and the activation-domain-fused IAA3DI+DII tested in the presence of serial dilutions of IAA 

or cvxIAA.
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Fig. 2. cvxIAA, but not active auxins, promotes association of ccvTIR1 and IAA7DII peptide
(a) In vitro pull-down assays of TIR1 and ccvTIR1 co-incubated with the biotinylated IAA7 

DII or mDII peptide in the presence or absence of 100 μM IAA, 1-NAA, and cvxIAA. 

Number of experimental repeats: n = 5 for IAA7DII pull downs; n = 3 for IAA7mDII pull 

downs. For uncropped blot data, see Supplementary Fig. 11. (b) Fitted dose-response 

binding curve of TIR1 to IAA7DII peptide in the function of IAA concentration. (c) Fitted 

dose-response binding curve of ccvTIR1 to IAA7DII peptide in the function of cvxIAA 

concentration. For b and c, BD50 is defined as a concentration of IAA or cvxIAA required 

for the 50 % pull down of TIR or ccvTIR1 bound with IAA7DII. For mean values and 

standard deviation, see Supplementary Fig. 2b and Supplementary Table 1.
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Fig. 3. cvxIAA triggers global auxin-induced gene expression only in the seedlings expressing the 
engineered ccvTIR1
(a) Auxin output marker (DR5::GFP) in response to IAA or cvxIAA treatment. Shown are 

the fluorescent micrographs of 4-day-old roots from Arabidopsis DR5::GFP seedlings (wild-

type (WT), 35S::TIR1, and 35S::ccvTIR1) treated with mock, 1 μM cvxIAA or 1 μM IAA 

for 24 hours. Asterisks, auxin response peak to the endogenous auxin. Dotted line, root 

outline. Scale bars, 300 μm. (b) Bobbin Dendrogram. The RNA-seq profiles of genes 

induced by 0.1 μM IAA or cvxIAA (Log2FC>1, qVal < 0.01) in wild-type (cyan), 35S::TIR1 

(pink), and 35S::ccvTIR1 (purple) seedlings over respective mock control (3 biological 

replicates). Each genotype/treatment is placed at each node of the dendrogram based on the 

relatedness of their global gene expression profiles. Among the induced genes, those shared 

by the other samples/treatments are connected with colored threads. Red dots, genes 

classified with GO Category ‘auxin’. (c) qRT-PCR analysis. Shown are relative expression 

levels of five known auxin induced genes from seedlings (wild-type (WT), 35S::TIR1, and 

35S::ccvTIR1) treated with mock, 0.1 μM cvxIAA (green) or IAA (magenta) for 3 hours. 

Bars, mean values. Error bars, standard deviation. Dots, the exact data points of individual 
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samples. Experiments were performed three times. The normalized mean value of IAA-

treated WT was set at 100.
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Fig. 4. cvxIAA inhibits root elongation and induces auxin-induced lateral root development only 
in the seedlings expressing the engineered ccvTIR1
(a) Lateral root density of 8-day-old Arabidopsis seedlings from wild type (WT), two 

representative lines of 35S::TIR1 and 35S::ccvTIR1 treated with 1-NAA (magenta) or 

cvxIAA (green) for 3 days. Box-and-whisker plots show a median (centerline), upper/lower 

quartiles (box limits) and maximum/minimum (upper/lower whiskers). n=10. Experiments 

are performed three times. *p<0.001, Welch’s two sample t-test, unpaired. (b) 8-day-old 

Arabidopsis seedlings from wild type (WT), 35S::TIR1, and 35S::ccvTIR1 treated with 1 
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μM 1-NAA or cvxIAA for 3 days. Yellow arrowhead; the tip of roots. Images were taken 

under the same magnification. Scale bar, 1 cm. (c) slr is epistatic to the cvxIAA-induced 

lateral root formation in 35S::ccvTIR1 seedlings. Box-and-whisker plots show a median 

(centerline), upper/lower quartiles (box limits) and maximum/minimum (upper/lower 

whiskers). 0, no lateral roots detected; n=10. Experiments are performed three times. (d) 
DIC microscopy of representative roots from wild-type (WT) and 35S::ccvTIR1 seedlings 

either mock treated or treated with 1 μM 1-NAA or cvxIAA for 40 hrs. Images were taken 

under the same magnification. Scale bar, 100 μm. (E) DIC microscopy of representative 

roots of slr treated with 1 μM 1-NAA and 35S::ccvTIR1 slr treated with 1 μM cvxIAA. 

Scale bar, 100 μm.
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Fig. 5. Hypocotyl acid growth mediated by the synthetic cvxIAA and engineered ccvTIR1 pair
(a) Relative elongation of hypocotyl segments from 3-day-old Arabidopsis etiolated 

seedlings from wild-type, tir1 afb2, TIR1pro::TIR1 tir1 afb2, and TIR1pro::ccvTIR1 tir1 

afb2 that are mock treated (white), treated with 1 μM IAA (magenta) or 1 μM cvxIAA 

(green) for 30 min. The three independent experiments were performed. Bars, mean. Error 

bars, standard error. Dots, the exact data points of individual samples. *p<0.01, Student t-

test. (b) Elongation of the hypocotyl segments of 3-day-old Arabidopsis etiolated seedlings 

from TIR1pro::TIR1 tir1 afb2 and TIR1pro::ccvTIR1 tir1 afb2 that are mock treated (gray), 
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treated with 1 μM IAA (magenta) or 1 μM cvxIAA (green). Box-and-whisker plots show a 

median (centerline), upper/lower quartiles (box limits) and maximum/minimum (upper/

lower whiskers). n=15. Experiments were performed three times. (c) Phosphorylation of H+-

ATPase. Hypocotyl segments of 3-day-old Arabidopsis etiolated seedlings from wild-type, 

tir1 afb2, TIR1pro::TIR1 tir1 afb2, and TIR1pro::ccvTIR1 tir1 afb2 were mock treated 

(white), treated with 1 μM IAA (magenta) or 1 μM cvxIAA (green) for 30 min and subjected 

to immune blot analysis using anti-pThr947 H+-ATPase antibody (top) as well as anti H+-

ATPase antibody (middle). The five independent experiments were performed. The pT947 

signals were normalized against the total H+-ATPase signals (bottom). Bars, mean. Error 

bars, standard error. Dots, the exact data points of individual samples. *p<0.01, Student t-

test. For uncropped blot data, see Supplementary Fig. 12.
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