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SUMMARY

2,4-dichlorophenoxyacetic acid (2,4-D) is a synthetic analogue of the plant hormone auxin that is commonly

used in many in vitro plant regeneration systems, such as somatic embryogenesis (SE). Its effectiveness in

inducing SE, compared to the natural auxin indole-3-acetic acid (IAA), has been attributed to the stress trig-

gered by this compound rather than its auxinic activity. However, this hypothesis has never been thor-

oughly tested. Here we used a library of forty 2,4-D analogues to test the structure–activity relationship

with respect to the capacity to induce SE and auxinic activity in Arabidopsis thaliana. Four analogues

induced SE as effectively as 2,4-D and 13 analogues induced SE but were less effective. Based on root

growth inhibition and auxin response reporter expression, the 2,4-D analogues were classified into different

groups, ranging from very active to not active auxin analogues. A halogen at the 4-position of the aromatic

ring was important for auxinic activity, whereas a halogen at the 3-position resulted in reduced activity.

Moreover, a small substitution at the carboxylate chain was tolerated, as was extending the carboxylate

chain with an even number of carbons. The auxinic activity of most 2,4-D analogues was consistent with

their simulated TIR1-Aux/IAA coreceptor binding characteristics. A strong correlation was observed

between SE induction efficiency and auxinic activity, which is in line with our observation that 2,4-D-

induced SE and stress both require TIR1/AFB auxin co-receptor function. Our data indicate that the stress-

related effects triggered by 2,4-D and considered important for SE induction are downstream of auxin

signalling.

Keywords: Arabidopsis thaliana, 2,4-dichlorophenoxyacetic acid (2,4-D), somatic embryogenesis, auxin ana-

logue, auxinic activity, root system architecture.

INTRODUCTION

The plant hormone auxin plays a central role in the devel-

opment of plants. In the 1930s, the structure of the natural

auxin indole-3-acetic acid (IAA) was first described

(Ma et al., 2018). Several years later, during WWII, 2,4-

dichlorophenoxyacetic acid (2,4-D) was discovered as a

synthetic auxin analogue that can be used as a herbicide,

targeting dicots. Today, it is still broadly used as such in

gardens and in agriculture (Peterson et al., 2016). Apart

from the cell elongation-promoting effect, which led to its

discovery as auxin analogue, 2,4-D acts differently in vari-

ous physiological and molecular assays compared to the

natural auxin IAA (Calder�on Villalobos et al., 2012; Peter-

son et al., 2016; Shimizu-Mitao & Kakimoto, 2014).

Binding of IAA to its receptors triggers a transcriptional

response. The classical nuclear IAA signalling pathway

relies on the degradation of the transcriptional AUXIN/

INDOLE-3-ACETIC ACID (Aux/IAA) repressors, leading to
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the expression of auxin-responsive genes (Leyser, 2018).

The degradation of Aux/IAAs is initiated by the binding of

auxin to the F-Box proteins TRANSPORT INHIBITOR RESIS-

TANT1 (TIR1) or AUXIN SIGNALING F-BOX 1–3 (AFB1-3).

Auxin acts as a molecular glue, allowing the TIR1/AFBs to

recruit the N-terminal domain II of Aux/IAAs (Winkler

et al., 2017). TIR1/AFBs are part of an Skp1-Cullin-F-box

(SCF) E3 ubiquitin ligase complex, which after recruiting

Aux/IAAs marks these proteins for degradation by the 26S

proteasome (dos Santos Maraschin et al., 2009; Iglesias

et al., 2018).

The synthetic auxin 2,4-D elicits a dual response in

plants, as it acts as an auxin and also induces stress (Kar-

ami & Saidi, 2010; Song, 2014). Like IAA, 2,4-D acts

through the TIR1/AFB auxin-mediated signalling pathway

(Calder�on Villalobos et al., 2012; Shimizu-Mitao & Kaki-

moto, 2014; Song, 2014). At high concentrations, 2,4-D acts

as herbicide and selectively kills dicot weeds. The herbi-

cidal activity of 2,4-D can be attributed to several effects,

including the altering of cell wall plasticity and the increase

of ethylene levels (Song, 2014). The overproduction of eth-

ylene triggers the increased production of abscisic acid

(ABA), which contributes to stomatal closure and thus

eventually to plant death (Karami & Saidi, 2010;

Song, 2014). 2,4-D also induces the production of reactive

oxygen species (ROS) that are very toxic to the plant (Kar-

ami & Saidi, 2010).

Besides its use as a herbicide, 2,4-D is widely used for

biological experiments to induce auxin responses and for

in vitro regeneration systems. Our interest in 2,4-D lies in

its ability to efficiently induce somatic embryogenesis (SE)

at non-herbicidal concentrations. SE is a unique develop-

mental process in which differentiated somatic cells can

acquire totipotency and are ‘reprogrammed’ to form new

‘somatic’ embryos. SE is a powerful tool in plant biotech-

nology used for clonal propagation, genetic transformation

and somatic hybridization. It prevents somaclonal variation

that is often observed in plant tissue culture, and somatic

embryos can be easily cryopreserved (Guan et al., 2016;

Horstman et al., 2017). Although SE can be induced by

IAA, other synthetic auxins, or stress, in many cases 2,4-D

is most effective and it is therefore widely used for SE in

many plant species (Feh�er, 2015; Karami & Saidi, 2010).

Different observations have led to the suggestion that sig-

nalling pathways activated by abiotic stress treatments and

2,4-D treatment converge to trigger a common down-

stream pathway (Feh�er, 2015). 2,4-D induced SE is accom-

panied by upregulation of stress-related genes

(Jin et al., 2014; Nowak et al., 2015; Salvo et al., 2014), and

several stress-related transcription factors have been

shown to influence the progression of SE (Gliwicka

et al., 2013; Mantiri et al., 2008; Nowak et al., 2015). This

suggests that stress induced by non-herbicidal concentra-

tions of 2,4-D (Feh�er, 2015) contributes significantly to its

effectiveness as an SE inducer. To further understand

2,4-D-induced SE, we established a structure–activity rela-

tionship (SAR) of 2,4-D with respect to its capacity to

induce SE and activity as an auxin analogue.

Previous studies have already discovered several

chemical analogues of 2,4-D with auxin-like activity. Unfor-

tunately, however, several different bioassays have been

used in these studies (Ferro et al., 2010), making a direct

comparison difficult. In addition, several possible 2,4-D

analogues that based on these previous studies would be

interesting candidates to assess in a structure–activity rela-

tionship (SAR) have not been tested yet. Here, we, there-

fore, formed a rationally designed library of 40 2,4-D

analogues and screened them for SE induction and auxinic

activity in Arabidopsis thaliana (Arabidopsis). Four ana-

logues induced SE as effectively as 2,4-D and 13 analogues

did induce SE but were less effective. Based on root

growth inhibition, root hair and lateral root induction, and

auxin response reporter expression we classified com-

pounds as very active, active, weakly active or inactive

auxins, or even having anti-auxin activity. From the SAR,

we concluded that a halogen at the 4-position of the aro-

matic ring is important for auxinic activity, whereas a halo-

gen at the 3-position has a negative effect. Moreover, a

small substitution at the carboxylate chain, a methyl or

ethyl group, is tolerated, as is extending the carboxylate

chain with two but not with one carbon. Molecular dynam-

ics simulations indicated that the classification of the 2,4-D

analogues reflected the binding characteristics (enthalpy

and distance) to TIR1. SE induction capacity is clearly cor-

related with auxinic activity, indicating that the stress

response induced by 2,4-D treatment and reported to be

required for SE induction is downstream of auxin

signalling.

RESULTS

Assembly of the 2,4-D analogue library

We aimed to screen a library of 2,4-D analogues for SE

induction and auxinic activity in Arabidopsis and thereby

gain insight into the SAR for this process. To this end, we

first performed a literature survey of key past auxin studies

in order to identify known 2,4-D analogues for our library

(Ferro et al., 2007, 2010; Hayashi et al., 2012; Katekar, 1979;

Koepfli et al., 1938; Lee et al., 2014; Quareshy et al., 2018;

Song, 2014; Tan et al., 2007). This provided an overview of

auxin activities and the binding efficiencies of some 2,4-D-

like compounds to the auxin co-receptors and gave some

context on the SAR of auxin-like compounds. In addition, it

offered insight into the difficulties encountered in the past

in establishing a SAR, such as non-standardized assays

and the use of impure compounds. However, a rational

SAR of 2,4-D could not be deduced from these past stud-

ies. To achieve a more complete SAR of 2,4-D with respect

� 2023 The Authors.
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to the induction of SE and auxinic activity, we assembled

our own library with TIR1 as the target co-receptor, 2,4-D

as a lead compound, analogue hits from the literature sur-

vey and several additional structures to achieve a more

complete and rational coverage of possible 2,4-D ana-

logues. In general, analogues of the lead compound 2,4-D,

either commercially available or synthesized (Supplemen-

tary Data S1), were selected based on modifications at two

positions: the type and number of substituents on the aro-

matic ring or on the alpha position of the carboxylate side

chain (Figure 1a). A complete overview of the library is

provided in Figure 1b.

Somatic embryogenesis induction by 2,4-D analogues

As a first step, we tested the ability of all 2,4-D

analogues (Figure 1) to induce SE in Arabidopsis immature

zygotic embryos (IZEs), which in prior studies has proven

to be the most competent Arabidopsis tissue for SE in

response to 2,4-D (Gaj, 2001).

In this assay, where each compound was tested at the

same concentration as 2,4-D (5 lM), four compounds (class

1: 4-Cl, 4-Br, 2,4-DP, 2,4-Br) were able to efficiently induce

somatic embryos from IZEs to a similar extent as 2,4-D

(Figure 2a,b). Thirteen other compounds (class 2: 2,4-DB,

2-Cl-4-F, MCPA, Mecoprop, 4-F, 4-I, 2,5-D, 3,4-D, 2-F-4-Cl, 2-

F-4-Br, 2,4,5-T, 2,4-DiB and MCPB) did induce somatic

embryos on IZEs but were less effective compared with

2,4-D (Figure 2a,b). The remaining auxin analogues (class

3: 2-Cl, 2-I, 3-Cl, 2,6-D, 3,5-D, 2,4-F, 2,3,4-F, 2,3,4-T, 2-NO2-

4-Cl, 2,4-DnB, PHAA, 4-NO2, 3,5-Me, 2-Cl-4-formyl, and

2,4,6-F, 3-Me, 2,3-D, 3,5-D, 2,4,6-T and 2,4-DnP) did not

induce SE (Figure S1). Overall, the capacity of compounds

to induce SE seemed to correlate with their 2,4-D-like

structure.

Generating a detailed dose–response curve for all

compounds was beyond the scope of our research. How-

ever, to test whether the 5 lM concentration used was suf-

ficient, we applied several class 1 and class 2 compounds

at a 2-fold higher concentration. For 2,4-D, 4-Br, 4-I or

MCPA this reduced the number of embryos formed on

IZEs, whereas for 4-Cl, 4-F or 2,4,5-T this had no significant

effect on the SE efficiency (Figure 2b). The results indicate

that, like for 2,4-D, 5 lM is more or less optimal for the

class 1 compounds, and that the lower SE efficiency

obtained with the class 2 compounds cannot be compen-

sated for by applying them at a higher concentration.

Assessing auxinic activity of the 2,4-D analogues based on

root growth inhibition

Exogenous auxin inhibits primary root elongation in Arabi-

dopsis in a concentration-dependent manner (Rahman

et al., 2007). As a first assay to establish auxinic activity

of the 2,4-D analogues in our library (Figure 1), we tested

the inhibitory effect of low (50 nM) and high (5 lM)

concentrations on the primary root growth of Arabidopsis

seedlings (Figure 3). Similar to 2,4-D, the compounds 4-Cl,

4-Br, 2-Cl-4-F, 2,4-DB, MCPA and Mecoprop inhibited the

primary root elongation efficiently, both at low and high

concentrations (Figure 3). Hence, we classified these com-

pounds in one group called very active, appreciating that

further confirmation by other assays (see below) is

required to call them auxinic compounds.

Several compounds (4-F, 4-I, 2,5-D, 3,4-D, 2,4-Br, 2-F-4-

Cl, 2-F-4-Br, 2,4,5-T, 2,4-DiB and 2,4-DP, MCPB) showed no

inhibitory effect at 50 nM (Figure 3), whereas they exhibited

a strong inhibitory effect at 5 lM (Figure 3). These com-

pounds were classified as active. By contrast, 2-Cl, 2-I, 3-Cl,

2,6-D, 2,4-F, 2-NO2-4-Cl, 2,3,4-T, 2,3,4-F, 2,4,6-T, 2,4,6-F, 2,4-

DnP and 2,4-DnB had only a weak effect on root growth at

5 lM (Figure 3) and were therefore classified as weakly

active. The remaining compounds PHAA, 2-F, 3-Me, 2,3-D,

3,5-M, 3-OMe, 4-NO2, 3,5-Me, 3,5-D, 2-CL-4-Formyl, 2,4,6-T,

and 2,4-DnP had no obvious inhibitory effect on root

length, even at 5 lM (Figure 3), suggesting that these com-

pounds have either very weak or no auxinic activity

(Figure 3). For a complete overview of the 2,4-D analogues

categorized based on their root growth inhibiting activity,

the reader is referred to the supplementary data

(Figure S2).

When establishing the root growth inhibition of our

2,4-D analogues, we observed that several compounds had

a unique effect on the root system architecture (RSA). The

analogues 2,5-D and 3-Cl strongly enhanced lateral and

adventitious root formation while having an intermediate

effect on root length (Figure S3), whereas 2,4,6-T, 3-Me,

2,3-D, 3,5-D and 2,4-DnP caused a reduction in the number

of lateral roots without having a clear effect on root length

(Figure S4). In addition, analogues 3-Cl, 3,4-D, 2,4-DP and

Mecoprop were strong enhancers of root hair development

(Figure S4). The above data indicate that specific 2,4-D ana-

logues can be useful tools to predictably alter the RSA, as

they have specific effects on root growth and development

in a dose- and structure-dependent manner. Since the RSA

is beyond the scope of this manuscript, we refer to the

supplementary data for a more detailed description of our

observations (Data S1).

The root growth inhibition by 2,4-D analogues

corresponds to their auxinic activity

The pDR5 promoter is a synthetic, generic auxin-responsive

promoter that has been extensively used to visualize the

cellular auxin response in Arabidopsis tissues (Ulmasov

et al., 1997). To determine whether the root growth inhibi-

tion by 2,4-D analogues correlated with a molecular auxin

response, we used an Arabidopsis line containing pDR5

fused to a glucuronidase (GUS) reporter (pDR5:GUS). 2,4-D

itself induced pDR5 efficiently, as observed by a completely

blue root following histochemical staining for GUS activity.

� 2023 The Authors.
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(Figure 4a). Because 2,4-D induced an especially strong

pDR5 activity in the cell division area of the root tip, we next

quantified the effect of the 2,4-D analogues on pDR5 activity

in this part of the root tip (Figure 4b).

As expected, the compounds classified as very active

(Figure S2) all strongly promoted pDR5 activity in the cell

elongation zone of Arabidopsis roots (Figure 4a,b), in line

with their root growth inhibition activity. The pDR5:GUS

expression was also clearly induced but varied more for

the compounds classified as active (Figure 4a,b). For 2,5-D

the induction of pDR5:GUS in the root meristem was not

as high as for other active compounds, however, it did

induce strong reporter expression in the differentiation

zone of the root. The compounds that had only a slight

effect on root growth and were therefore classified as

weakly active, also only slightly promoted expression of

the pDR5:GUS reporter in the root meristem (Figure 4a,b).

Interestingly, like 2,5-D, 3-Cl induced a clear auxin

Figure 2. SE inducing capacity of 2,4-D analogues.

(a) The phenotype of somatic embryos formed on cotyledons of Arabidopsis IZEs that were first grown for 2 weeks in the presence of 5 lM 2,4-D or one of the

2,4-D analogues and subsequently cultured for 1 week on medium without any supplement. Class 1 compounds induced SE at the same efficiency as 2,4-D at a

concentration of 5 lM and class 2 compounds do induce SE but are less effective.

(b) Quantification of the number of somatic embryos per 30 IZEs induced by 5 lM or 10 lM of 2,4-D or the indicated class 1 or class 2 2,4-D analogues. Dots indi-

cate the number of somatic embryos produced per IZE (n = 4 biological replicates, with 30 IZEs per replicate), bars indicate the mean value and error bars of the

SEM. Different letters indicate statistically significant differences (P < 0.001) as determined by one-way analysis of variance with Tukey’s honest significant dif-

ference post hoc test. The structure of each compound is provided in Figure 1.

Figure 1. The composition of the 2,4-D analogue library.

(a) Structure of 2,4-D with the different modifications indicated that compose the 2,4-D analogue library.

(b) Structures of the 2,4-D analogues categorized based on the number of groups on the aromatic ring, or the substitution or chain length of the alpha position

of the carboxylic acid side chain. Analogues that induced somatic embryogenesis efficiently or at a reduced efficiency are marked with ( ) or ( ), respectively.

� 2023 The Authors.
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response along the differentiation zone of the root

(Figure 4a), something that was not observed for the other

compounds classified as weakly active. The remaining

library members that did not lead to inhibition of root

growth also did not promote pDR5 activity (Figure 4a,b).

These findings show that the ability of the 2,4-D analogues

to inhibit root growth correlates well with their auxinic

activity (capacity to induce an auxin response).

To further confirm the auxinic activity of the 2,4-D ana-

logues, we used the nuclear auxin input reporter R2D2,

which acts as a proxy for the cellular sensing of auxin (Liao

et al., 2015). The R2D2 reporter consists of two parts, an

auxin-degradable DII domain fused to the yellow fluorescent

nVENUS that is rapidly degraded when auxin concentra-

tions increase as auxin sensor and an auxin-nondegradable

DII domain (mDII) fused to the orange fluorescent nTdTO-

MATO as expression control (Liao et al., 2015). In accor-

dance with observations based on pDR5 activity, we

detected strong down-regulation of the DII-nVENUS signal

in the cell elongation zone of Arabidopsis roots treated with

all very active and most of the active 2,4-D analogues (2,5-

D, 3,4-D, 2,4-Br, 2-F-4-Br, 2,4-DP, and MCPB) and two weakly

active compounds (2-Br and 2-NO2-4-Cl) (Figure S6). The

other active and weakly active compounds elicited only

moderate degradation of DII-Venus (Figure S6). The com-

pounds that proved inactive as an auxin, as these did not

inhibit root growth nor promoted pDR5 activity, also did not

lead to a detectable reduction of the DII-nVENUS signal in

the cell elongation zone of roots (Figure S6). These results

again supported the overall classification of the auxinic

activity for our library of 2,4-D analogues (Figure S2).

Molecular dynamics simulations of binding of 2,4-D

analogues to the TIR1-Aux/IAA coreceptors

Based on the combined results we classified all tested 2,4-

D analogues from our library into five groups, namely very

active, active, weakly active auxin analogues and not active

and anti-auxin compounds (Figure S2). Our results show

that the capacity of these auxin analogues to induce SE is

tightly linked to their auxinic activity.

To correlate the auxinic activity of the 2,4-D analogues

to their binding to the TIR1/AFB – Aux/IAA auxin co-

receptors (Tan et al., 2007), we performed molecular

dynamics (MD) simulations of this binding for a subset of

14 2,4-D analogues, representing derivatives from all aux-

inic activity classes, as determined in the in planta experi-

ments. 2,4-D, IAA and NAA were taken along as controls

(Figure 5). Among the library entries tested in silico are

alpha-substituted compounds (methyl, ethyl or the Meco-

prop derivatives 2,4-DP, 2,4-DB and Mecoprop, respec-

tively) that due to their stereocenter can occur as the

enantiomeric R or S stereoisomers. These compounds

Figure 3. Effect of 2,4-D structure modifications on primary root growth inhibition in Arabidopsis. The primary root growth inhibition of seedlings grown in the

presence of 50 nM (upper graph) and 5 lM (lower graph) of 2,4-D and 2,4-D analogues. Seedlings were first grown for 6 days on compound free-medium and

subsequently transferred on medium with 2,4-D or a 2,4-D analogue for 3 days. Dots indicate the root length (mm) (n = 15 biological replicates), bars indicate

the mean and error bars the s.e.m. and different letters indicate statistically significant differences (P < 0.01) as determined by a one-way analysis of variance

with Tukey’s honest significant difference post hoc test. The structure of each compound is provided in Figure 1.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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were tested as mixture of these enantiomers in the in

planta assays. The molecular dynamics simulation

uniquely allowed us to investigate at a molecular level the

potential differential binding of each enantiomer (notated

as their acronym with an added R and S).

In the evaluation of the binding capacity of each auxin

analogue within the system, we studied different aspects:

the enthalpy of the system, the root-mean-square deviation

(RMSD) of atomic positions of TIR1 along the simulation

trajectory and the distance between the auxin analogue

and the proline (7) of the Aux/IAA peptide (Figure 5). The

RMSD of TIR1 reflects the system stability during the simu-

lation. The last parameter, the distance (gamma) between

the auxins analogue and the proline (7) of the Aux/IAA

peptide, would show us which analogue is able to estab-

lish a CH�p interaction with the degron peptide that contrib-

utes to the binding interactions and thus to the stability of

the complex (Wang & Yao, 2019). Our molecular dynamics

simulations were based on a previously published method

(Hao & Yang, 2010), but with a much longer trajectory of

200 ns instead of 2.5 ns.

The enthalpy was calculated using MMPBSA (Molecu-

lar Mechanics Poisson-Boltzmann Surface Area) with a

lower enthalpy value indicating better binding. All the

compounds classified as very active auxin analogues

showed an enthalpy value below �12 Kcal/mol. Surpris-

ingly, the weakly active 2,6-D and inactive 4-NO2 were also

in this range, suggesting that the binding enthalpy is not

the sole parameter predictive for auxinic activity. The TIR1

protein RMSD calculation was carried out over the amino

acids from position 50 till the end of the protein because

the first 50 amino acids showed extra flexibility. The TIR1

N-terminal part is normally stabilized by the interaction

with the SKP protein, which we did not include in our anal-

ysis. Moreover, this part does not interact with the auxin

analogue nor with the AUX/IAA peptide and its structure

has not been completely resolved in the employed crystal

structure (Tan et al., 2007). All the compounds induced

Figure 4. Auxin response induced by 2,4-D analogues.

(a) Expression of the auxin-responsive pDR5:GUS reporter in Arabidopsis seedling roots treated for 24 h with 5 lM of each 2,4-D analogue. For an overview of

the 2,4-D analogues and their abbreviations, see Figure 1.

(b) Quantification of pDR5:GUS activity in the root meristems of Arabidopsis seedlings (region indicated with dotted red line in mock). Dots indicate the individ-

ual measurement of GUS activity staining per each treatment (n = 10 biologically independent seedlings per treatment, bars indicate the mean of each treatment

and error bars the s.e.m. and different letters indicate statistically significant differences (P < 0.01) as determined by a one-way analysis of variance with Tukey’s

honest significant difference post hoc test. In A and B, seedlings were germinated for 6 days on compound-free medium, and for treatment, seedlings were

transferred to a medium containing 5 lM of a 2,4-D analogue and incubated for 24 h.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 116, 1355–1369
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similar RMSD values of the TIR1 protein ranging from 1.1

to 1.6, indicating that binding to the compounds tested

does not induce significant differences in the stability of

the protein backbone (Figure 5). Finally, we observed the

proximity between the proline (7) from the AUX/IAA pep-

tide and the 2,4-D analogue, so we monitored this distance

along the simulation trajectory for all the derivatives. The

distance was measured specifically between the gamma

carbon of proline (7) and the ring mass centre of the auxin

analogue (distance gamma) (Figure S7), assuming that a

shorter distance would predict a stronger CH�p interaction

(Wang & Yao, 2019). Compounds 4-NO2 (5,3 �A) and 2,6-D

(5,0 �A) showed the two largest distances at which the CH�p
contribution is more or less negligible, explaining why

these compounds are weakly active or inactive despite

their low enthalpy. For IAA and the very active 2,4-D ana-

logues distance values varied between 3,7 �A (Mecoprop)

and 4,5 �A (2,4-DB(R)). Several weakly active and anti-auxin

compounds were also in this range. However, as the bind-

ing enthalpy was above �12 Kcal/mol, this would explain

why these compounds lacked auxinic activity.

SE and stress responses induced by 2,4-D are both

downstream of auxin signalling

The above data indicated that there is a strong correlation

between auxinic activity, simulated co-receptor binding

and SE induction: SE is only obtained with the 2,4-D ana-

logues that induce a strong to very strong auxin response

Figure 5. Activity of auxins and 2,4-D analogues compared to the parameters from the molecular dynamics simulations for their binding to the TIR1-Aux/IAA

coreceptors. †The auxins and 2,4-D analogues are ordered according to their established auxinic activity of the SAR (see also Figure S2). *These compounds

were tested as a mixture of enantiomers in the planta assay, but separately in the MD simulations. Several parameters were calculated from the molecular

dynamics simulations: (i) the enthalpy binding of the selected compounds and the standard deviation (std) was determined (kcal/mol), (ii) the distance between

the gamma carbon of the proline of the AUX/IAA peptide and the ring mass centre of the compound and the corresponding standard deviation were determined

(Distance gamma) (�A, at short distances, a stronger CH�p interaction is assumed) and (iii) the root-mean-square deviation of the TIR1 protein (Protein RMSD)

with a standard deviation (std) was calculated as a measure of system stability during the simulation trajectory (�A). A larger distance (5 �A and more) the CH�p
contribution is more or less negligible (No CH p). The colours (green to yellow) in the table are relative and indicate the match per parameter in the separate col-

umns, and are a visual aid. The darker green indicates the better value, for example, ‘dark’ green in enthalpy binding indicates the compound is a better binder

considering enthalpy than other compounds in the table.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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and the compounds inducing a very strong auxin response

are generally more efficient in inducing SE than the ones

inducing a strong response (Figures 2–4 and Figure S2).

This led us to hypothesize that (i) 2,4-D and its analogues

induce SE through the canonical TIR1/AFB co-receptor-

triggered auxin signalling pathway, and that (ii) the stress

response required for SE induction (Jin et al., 2014; Mantiri

et al., 2008; Nowak et al., 2015; Salvo et al., 2014) is the

result of the strong auxin response induced by 2,4-D and

its analogs.

To test the first hypothesis, we used Arabidopsis tir1,

afb1, afb2, afb3, afb4 and afb5 single mutants and double,

triple and quadruple mutant combinations that showed

clear rosette and inflorescence phenotypes but still allowed

embryo development and seed set (Prigge et al., 2020) in

2,4-D induced SE experiments. Four of the single mutants

and the two double mutant combinations only showed a

mild but significant reduction of around 30% in SE effi-

ciency, but the efficiency was strongly reduced (66%) in

the tir1 afb2 afb3 triple and the tir1 afb2 afb4 afb5 quadru-

ple, and an even more strong reduction (80%) was

observed with the tir1 afb1 afb2 afb3 quadruple mutant

(Figure 6). The results confirm our hypothesis that 2,4-D

induces SE via the canonical auxin response pathway, and

also suggest that there are no 2,4-D specific co-receptors

and that the members of the TIR1/AFB family act

Figure 6. Induction of SE or stress responses by 2,4-D requires the canonical auxin signalling pathway (a, b) Efficiency of SE induced by 2,4-D treatment on

immature embryos of Arabidopsis wild type (Col-0, WT) or different single (a) or double, triple or quadruple mutants (b). Dots indicate the number somatic

embryos produced per 30 IZEs (n = 4 biological replicates), bars indicate the mean value and error bars the SEM. Different letters indicate statistically significant

differences (P < 0.01) as determined by one-way analysis of variance with Tukey’s honest significant difference post hoc test. (c) Induction of expression of four

general stress-induced genes in wild-type (WT, Col-0) or tir1 afb triple or quadruple mutant immature zygotic Arabidopsis embryos cultured for 7 days on

medium without 2,4-D. Dots indicate the values of three biological replicates per plant line, bars indicate the mean and error bars indicate s.e.m. Asterisks indi-

cate significant differences from WT (P < 0.01), as determined by a two-sided Student’s t-test. (d) Induction of reactive oxygen species (hydrogen peroxide)

marked by the brown polymerization product of diaminobenzidine tetrahydrochloride after 7 days of 2,4-D treatment in wild-type (WT, Col-0) or tir1 afb triple or

quadruple mutant immature zygotic Arabidopsis embryos. (e) Model for 2,4-D-induced SE: 2,4-D is perceived by the canonical TIR1/AFB auxin receptors and the

resulting strong auxin response, which includes stress signalling required for the induction of somatic embryos.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 116, 1355–1369
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redundantly in this process, even AFB5 that was reported

not to show enhanced 2,4-D insensitivity and instead to be

specific for pyridinecarboxylic acid type herbicides (Walsh

et al., 2006).

To test the second hypothesis, we used four stress

reporter genes (see Appendix S1 for more information) and

staining for reactive oxygen species (ROS). In the tir1 afb2

afb3 triple and the tir1 afb2 afb4 afb5 quadruple mutants,

induction of the stress reporter genes by 2,4-D was strongly

reduced and no staining of ROS was observed as compared

to the wild-type control (Figure 6). The results confirm our

hypothesis that the 2,4-D induced stress responses are

downstream of the canonical auxin signalling pathway.

DISCUSSION

Chemical biology has been instrumental in enhancing our

understanding of auxin biology, as several key molecules

that are currently used to specifically modulate auxin bio-

synthesis, signalling or transport have been identified

in chemical genetic screens (Ma et al., 2018; Simon

et al., 2013). 2,4-D is a synthetic auxin that is widely used as

a herbicide, but also as a plant growth regulator in in vitro

regeneration and auxin research (Peterson et al., 2016;

Sk�upa et al., 2014). In this study, 2,4-D analogues with vary-

ing modifications, including the type and number of substi-

tutions on the aromatic ring (like chlorine, bromine, fluorine,

iodine, nitro, methyl group) or substitutions on or elonga-

tion of the alpha-position (Figure 1) have been evaluated for

their structure–activity relationship and ability to induce SE.

The capacity of SE induction by 2,4-D analogues

SE is experimentally induced by application of exogenous

plant growth regulators under in vitro conditions (Nic-Can

et al., 2015). 2,4-D is the most well-known plant growth

regulator that is widely used for SE. Our screen revealed

four 2,4-D analogues (4-Cl, 4-Br, 2,4-DP, and 2,4-Br) that

also efficiently induce SE from Arabidopsis IZEs, whereas

13 analogues (4-F, 4-I, 2,5-D, 3,4-D, 2-F-4-Cl, 2-F-4-Br, 2,4,5-

T, 2,4-DiB, MCPB, MCPA, and Mecoprop) induced SE at a

lower efficiency (Figure 2 and Figure S1). Except for 3,4-D

and 2,4,5-T, which have been shown to efficiently induce

SE in other plant species (Kouassi et al., 2017), SE induc-

tion by the other 2,4-D analogues has not been reported

before. We did not identify a 2,4-D analogue with

enhanced capacity to induce SE, suggesting that for our

system 2,4-D is still the best compound to use. However,

since 2,4,5-T efficiently induces SE in other plant species

but less efficiently in Arabidopsis, it is to be expected that

some of the 2,4-D analogues presented here might be used

to establish an efficient SE system in other plant species.

Moreover, 2,4-D treatment has been reported to lead to a

significant percentage of abnormal somatic embryos in

many plant species (Garcia et al., 2019). The use of the 2,4-

D analogues identified here may reduce the number of

abnormal embryos, but this still requires testing in the dif-

ferent SE systems.

We also showed that only 2,4-D analogues that clas-

sify as very active or active auxinic compounds are able to

induce SE from Arabidopsis IZEs, which indicates that the

capacity to induce SE is primarily linked to auxinic activity.

Stress has also been identified as an important factor in SE

induction (Jin et al., 2014; Mantiri et al., 2008; Nowak

et al., 2015; Salvo et al., 2014). Our 2,4-D analogue screen

together with the strong reduction in SE and stress

responses in tir/afb triple and quadruple mutants suggest

that in our SE system stress is downstream of auxin signal-

ling, and not a parallel pathway that is additionally trig-

gered by 2,4-D or its analogues. It is therefore unlikely that

a chemical biology approach as presented here will allow

us to tease apart the stress and auxin pathways by identify-

ing compounds that trigger each pathway separately. The

new 2,4-D analogues identified here can be useful tools to

study the importance of aspects of auxin physiology either

during SE induction or through their effects on the root

system architecture. For example, it would be interesting

to understand why MCPA, which is classified as a very

active auxin, based on root growth inhibition and auxin

response reporter expression, shows a significantly

reduced capacity to induce SE. And why does 3-Cl, classi-

fied as weakly active auxin, strongly induce the auxin

response in the root differentiation zone thereby specifi-

cally promoting root hair formation? Or how can 3,5-D

strongly inhibit lateral root formation without clearly affect-

ing auxin-responsive gene expression? These differences

may lie in the compound-specific metabolism or transport

characteristics of the 2,4-D analogues, which have already

been shown to differ between the natural auxin IAA and

the synthetic auxins 2,4-D and 1-NAA (Delbarre et al., 1996;

Eyer et al., 2016; Song, 2014).

Auxinic activity of 2,4-D analogues correlates to simulated

binding properties to TIR1

The Arabidopsis seedling root growth inhibition assay com-

bined with the use of the pDR5:GUS and R2D5 auxin

response reporters provided consistent results with respect

to classifying the 40 2,4-D orthologs as very active, active or

weakly active auxin analogues, or having no auxin or possi-

bly anti-auxin activity. Importantly, this classification was in

agreement with previously published results on the 2,4-D

analogues PHAA (inactive), 2,4 Br, 2,4,5-T, 3-Me, 2,4-DP and

MCPB (Simon et al., 2013; Torii et al., 2018). This difference

in auxinic activity is clearly determined by structure and

chemical properties of these compounds, which relates on

the one hand to their binding affinity to the TIR1/AFB

(Calder�on Villalobos et al., 2012) and AUX/IAA (Torii

et al., 2018) co-receptor pair, and on the other hand to their

transport or conjugation properties or metabolic decay in

plant cells. For example, 2,4-D itself it has been shown to be

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 116, 1355–1369
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conjugated to Asp and Glu, and the conjugates still display

residual auxinic activity (Eyer et al., 2016).

Molecular dynamics simulations indicated that the

auxinic activity of most 2,4-D analogues could be corre-

lated to their binding strength to TIR1. One important fac-

tor here was the theoretical enthalpy of the system, as all

very active auxin analogues showed an enthalpy value

below �12 Kcal/mol. However, the distance between Pro7

of Aux/IAA and the 2,4-D analogue was also important, as

some of the tested analogues lacking this CH�p interaction

showed no or only weak auxinic activity, despite the fact

that their enthalpy value was below �12 Kcal/mol.

It is important here to note two things regarding the

MD simulations. First, although the results from MD simula-

tion are generally well in accordance with the observed aux-

inic activity, we cannot account for uptake, efflux, transport

and metabolism of the compound in the simulations. And

second, due to the expensive cost of entropy calculation

combined with low reliability for such a big system, we did

not calculate this parameter. However, we considered that

the molecules are very similar and, although we know there

will be differences in entropy among the derivatives, we

assume that they will not change the results dramatically.

Structure–activity relationship of 2,4-D analogues based

on auxinic activity

Among the 40 compounds in our screen, several have pre-

viously been tested for auxinic activity, based on wheat

coleoptile elongation, pea stem curvature, tomato leaf epi-

nasty, root growth inhibition and/or root or callus induc-

tion (Ferro et al., 2007, 2010; Hayashi et al., 2012; Katekar,

1979; Koepfli et al., 1938; Lee et al., 2014; Quareshy et al.,

2018; Song, 2014; Tan et al., 2007). As pointed out in the

introduction and results sections, comparing auxinic activ-

ity with these previous studies is difficult because of these

different assay types, or possibly impure compounds

(Ferro et al., 2007). Our study is unique in that we first

assembled an extensive collection of commercially avail-

able and tailor-made compounds that provide a rational

coverage of possible 2,4-D analogues and verified their

purity by Nuclear Magnetic Resonance spectroscopy. We

then evaluated and compared these compounds in terms

of physiological root growth inhibition response and auxin

response reporters during auxinic activity tests. Assuming

that the auxin response reporters are the most direct and

universal indicators of auxinic activity and that 2,4-D ana-

logues are stable and there is no change in activity during

the assay due to compound metabolization, we summarize

several trends for the structure auxinic activity relationship

of 2,4-D analogues based on the set of 40 tested here. First,

a halogen at the 4-position is more important for auxinic

activity than at the 2-position (4-Cl; 2-Cl-4-F; 4-I/Br/F; versus

2-Cl/I/Br/F). Second, the activity of analogues with a

substitution at the 3- or 5- position remains, but such

compounds are less active compared to 2,4-substitutions

(2,5-D; 3,4-D; 2,4,5-T). Third, both substitutions at the alpha

position (Mecoprop; 2,4-DP; 2,4-DB; 2,4-DiB) and a longer

carboxylate chain with an even number of carbons are tol-

erated (MCPB; 2,4-DnB). This latter finding is in agreement

with a previous study that showed that IAA analogues with

a substitution on their carboxylate chain, up to n = 4 car-

bons, can still bind to TIR1, thus allowing for a modifica-

tion on this position (Hayashi et al., 2008). Taken these

trends together, we conclude that an electron-withdrawing

group, in particular a halogen, at the 4-position is impor-

tant for auxinic activity. In addition, we suggest that elec-

tron withdrawing or donating properties of the 2-position

are less important for auxinic activity and that the size of

the 2-substituent could influence auxinic activity, since

both methyl and chloro groups are accepted at this posi-

tion (like 2,4-D and MCPA). There is, however, an outlier

based on this general conclusion: 2,4-F is only weakly

active but has a strong electron withdrawing group at the

4-position. Altogether, these results indicate that small

modifications at different parts of 2,4-D can lead to differ-

ent physiological activities, generating molecules with

interesting other applications in plant (tissue) culture than

SE, as described below.

Several 2,4-D analogues are useful tools to modulate the

root system architecture

In the assessment of 2,4-D analogues, we have found that

some 2,4-D analogues (2,3-D, 3,5-D, 3-Me, 2,4,6-T and 2,4-

DnP) either had no effect on or only slightly affected root

growth (Figure 3), whereas they inhibited the formation of

lateral roots (Figure S5). Since inhibition of lateral root for-

mation is typical for compounds with anti-auxin activity

(Larsen, 2017), we suspected that they may act as anti-

auxins. Such anti-auxin activity could be caused by high

affinity binding to only one of the co-receptors, thereby

preventing the formation of the F-box-Aux/IAA complex.

As such, high concentrations of an anti-auxin would com-

pete effectively with IAA for establishing the TIR1-Aux/IAA

complex required for ubiquitination-mediated degradation

of the Aux/IAA repressors. Interestingly, our 2,4-D ana-

logues did not change pDR5 activity, nor did they lead to

enhanced or reduced degradation of DII-VENUS in the root

tip, which would be expected for an anti-auxin. Moreover,

the negative effect on lateral root formation varied per

compound. For example, 3-Me only mildly affected lateral

root formation, whereas 3,5-D and 2,4-DnP almost

completely inhibited this process, with 3,5-D preferably

blocking at stage 2 (enhanced number of stage 2 primor-

dia) whereas 2,4DnP resulted in a reduction of all stages.

Clearly, further research on these 2,4-D analogues, such as

a forward genetic screen for mutants that develop lateral

roots when grown on the compound, is required to unravel

the exact molecular mechanism by which they repress

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 116, 1355–1369
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lateral root formation. As such, these 2,4-D analogues

could uncover new components involved in lateral root

formation. At the same time, they could be used to modu-

late lateral root formation, e.g. to prevent branching during

early seedling development to obtain a deeper root

system.

Adventitious root (AR) formation is an organogenesis

process by which new roots are produced from non-root

tissues. AR induction is an important but often rate-limiting

step in the vegetative propagation of many horticultural

and forestry plant species. Generally, AR induction is pro-

moted by auxins, and IBA and NAA are the most common

auxins used for this purpose in commercial operations

(Geiss et al., 2009). Our results show that 2,5-D and 3-Cl

efficiently induce ARs from Arabidopsis hypocotyls, even

more efficiently than IBA or NAA. Therefore, 2,5-D and 3-Cl

are recommended as new AR inducers and they may be

used to resolve rooting in recalcitrant species.

Roots hairs extend from root epidermal cells in the

differentiation zone of the root and support plants in nutri-

ent absorption, anchorage, and microbe interactions (Lee

& Cho, 2013). Exogenous auxin treatments generally pro-

mote root hair induction and development (Lee &

Cho, 2013). We showed that some 2,4-D analogues (3-Cl,

3,4-D, 2,4-DP, and Mecoprop) induced ectopic root hair for-

mation on Arabidopsis roots, while promoting lateral root

formation and having a relatively mild effect on

root growth compared to 2,4-D itself. Specifically, roots of

plants grown on the analogue 3-Cl produced several times

more root hairs compared to other analogues. Unlike other

2,4-D analogues, 3-Cl specifically induced a strong auxin

response in the differentiation zone of the root and a

weaker response in the root elongation zone (Figure 4).

This could explain the differential effect of 3-Cl on root bio-

mass. We recommend 3-Cl as a promising compound for

use in horticulture or agriculture to enhance root hair for-

mation and thereby improve crop performance by

enhanced ion and water uptake.

EXPERIMENTAL PROCEDURES

2,4-D and 2,4-D-analogues

The 2,4-D analogues that were used in this study were divided
into 2 main categories. The first one contained 2,4-D analogues
with substituents at different positions on the aromatic ring (Fig-
ure 1). The second group consisted of 2,4-D analogues with differ-
ent carbon chains at the alpha-position of 2,4-D. (Figure 1). The
reader is kindly referred to the Supplementary Information for
more information on sources for commercially available com-
pounds (Appendix S2), the synthesis of certain library members
(Appendix S3) and NMR spectra of the compounds indicating their
purity (Appendix S4).

The acronyms of the 2,4-D analogues were assigned based
on established acronyms in literature, or based on the number
and substitution type on the aromatic ring, or the type of substitu-
ent on the alpha position of the carboxylate.

Plant materials and growth conditions

This research used Arabidopsis thaliana Columbia-0 (Col-0) wild
type, and the pDR5::GUS (Benjamins et al., 2001) and R2D2 (Liao
et al., 2015) reporter lines in the Columbia background. Arabidopsis
tir1, afb1, afb2, afb3, afb4 and afb5 single mutants and the tir1 afb2
and afb4 afb5 double, tir1 afb1 afb2 and tir1 afb2 afb4 triple and tir1
afb1 afb2 afb3 and tir1 afb2 afb4 afb5 quadruple mutant combina-
tions have been described previously (Prigge et al., 2020). For in vitro
plant culture, seeds were sterilized in 10% (v/v) sodium hypochlorite
for 10 min and then 4 times washed with MQ water. Sterilized seeds
were plated on ½ MS medium and grown in the tissue culture room
at 21°C, 16 h photoperiod and 50% relative humidity. After around
2 weeks, the germinated seeds were planted in soil in the climate
room at 20°C, 16 h photoperiod and 70% relative humidity.

Arabidopsis primary root growth assay adventitious root

induction

The Arabidopsis seeds were germinated on ½ MS medium. Five-
day-old seedlings were transferred to new ½ MS medium supple-
mented with 2,4-D analogues. The length of the primary root was
quantified after 3 days, incubation with 2,4-D analogues. Primary
root length and lateral root numbers were analyzed with ImageJ
software.

For the adventitious root (AR) induction, the seed was first
grown in complete darkness. Six-day-old seedlings were trans-
ferred to new ½ MS medium supplemented with 2,4-D analogues
16 h photoperiod. The number of ARs induced from hypocotyls
was quantified after 7 days.

Histochemical staining assays

In order to test auxinic activity of 2,4-D analogues, the activity
pDR5:GUS auxin response reporter was investigated in the pres-
ence of 5 lM of each analogue. Histochemical b-glucuronidase
(GUS) staining was performed as described previously (Ananda-
lakshmi et al., 1998) with some modifications. Samples were sub-
merged in 1-2 ml staining solution and incubated for 4 h at 37°C
followed by rehydration.

Reactive oxygen species (H2O2) was detected by staining 3,30-
diaminobenzidine tetrachloride (DAB) (Fryer et al., 2002). Samples
were submerged in 0.05% DAB solution for 6 h in the dark at
room temperature. Samples incubated in DAB were rinsed with
distilled water and then mounted on slides for light microscope.

qPCR analysis

RNA was isolated from IZEs cultured on B5 medium with or with-
out 2,4-D using the RNEasy© kit (Qiagen, Venlo, Netherlands).
First-strand cDNA was synthesized using the RevertAid RT
Reverse Transcription kit (Thermo Fischer Scientific, Waltham,
Massachusetts, US). Quantitative PCR was performed on three
biological replicates along with three technical replicates using
the SYBR-green dye premixed master mix (Thermo Fischer Scien-
tific) in a C1000 Touch© thermal cycler (BIO-RAD, Veenendaal,
Netherlands). CT values were obtained using Bio-Rad CFX man-
ager 3.1. The relative expression level of genes was calculated
according to the 2�DDCt method (Livak & Schmittgen, 2001).
Expression was normalized using the BETA-6-TUBULIN (TUB6)
gene as reference. The primers used are described in Table S1.

Somatic embryogenesis induction

For SE induction, 11 days old siliques of Arabidopsis Columbia-0
wild-type were sterilized in 10% (v/v) sodium hypochlorite for
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10 min and then washed with MQ water for 4 times. Sterilized
siliques were dissected to acquire IZEs. IZEs were cultured on B5
medium mixed with 2,4-D analogues for 14 days in the culture
room at 21°C, 16 h photoperiod and 50% relative humidity. The
IZEs were then transferred to ½ MS medium for 7 days and
the number of SEs was counted under a light microscope. The
quality of the obtained SEs was then further examined by moving
embryos to the MS media in square petri dishes. Some 2,4-D ana-
logues inactive in inducing SE were combined with IAA or NAA.
In this experiment, B5 medium supplemented with 2,4-D was used
as a control.

Microscopy

GUS-stained tissues were observed and photographed using a
Nikon Eclipse E800 microscope. Cellular and subcellular localiza-
tion of DII-VENUS and TdTOMATO proteins was visualized by
confocal laser scanning microscope (ZEISS-003-18 533) using a
534 nm laser combined with a 488 nm LP excitation and 500–
525 nm BP emission filters for DII-VENUS signals or 633 laser and
532 nm LP excitation and 580–600 nm BP emission filters for
TdTOMATO signals.

Molecular dynamics simulations

Molecular dynamics simulations (see Methods S1 for protocol)
were run using the crystal structure of the systems comprising
the TIR1, auxin-responsive protein fragment, co-factor inositol
hexakisphosphate, and the auxin. In particular, the structure
deposited in the PDB under the ID 2P1N (Tan et al., 2007) was
used as a starting structure. The auxin derivative was replaced
by the different auxin candidates before running the MD simu-
lations. Both the system preparation and the simulations were
performed in the AMBER 18 suite software (Case, 2018). An
updated version of the protocol described in Hao and Yang’s
article was used (Hao & Yang, 2010). Firstly, the system is neu-
tralized by adding sodium ions and later fitted into a cubic box
using TIP3P water parameters (Mol. Phys, 1988, 94, 803–808).
The cubic box is built by placing the protein into the box cen-
tre and expanding the box size with 10 �A at the edge of the
protein in each direction. The force fields used to obtain topog-
raphy and coordinates files were ff14SB (Maier et al., 2015) and
GAFF (Wang et al., 2004). The first step of the protocol (see
supporting info for detailed parameters employed) followed to
run the MD simulations is a minimization only of the positions
of solvent molecules keeping the solute atom
positions restrained and, the second stage minimizes of all the
atoms in the simulation cell. Heating the system is the third
step raising gradually the temperature from 0 to 300 K under a
constant volume and periodic boundary conditions. In addition,
Harmonic restraints of 10 kcal�mol�1 were applied to the solute,
and the Berendsen temperature coupling scheme (Berendsen
et al., 1984) was used to control and equalize the temperature.
The time step was kept at 2 fs during the heating phase. Long-
range electrostatic effects were modelled using the particle-
mesh-Ewald method (Darden et al., 1993). The Lennard-Jones
interactions cut-off was set at 8 �A. An equilibration step for
100 ps with a 2 fs time step at a constant pressure and temper-
ature of 300 K was performed prior to the production stage.
The trajectory production stage kept the equilibration step con-
ditions and was prolonged for 200 ns longer at the 1 fs time
step. Besides, the auxin analogues required a previous prepara-
tion step where the parameters and charges were generated
by using the antechamber module of AMBER, using the
GAFF force field and AM1-BCC method for charges (Jakalian

et al., 2002). In addition, 100 frames evenly separated during
the last 5000 steps of the simulation were employed for the
enthalpy calculation by using MM-PBSA approximation. The fol-
lowing cpptraj modules were employed to analyse and harvest
the data:

• rms module for RMSD calculation on the protein backbone
(C, CA, N).

• Distance module for proline auxin distance CH�pi interaction.
• Angle module for angle for CH�pi interaction.
• trajout output pdb multi command to extract frames.

ACCESSION NUMBERS

TIR1: At3g62980, AFB1: At4g03190, AFB2: At3g26810, AFB3:

At1g12820, AFB4: At4g24390, AFB5: At5g49980, At2g18690,

At3g26440, At4g16260, ERF6: At4g17490, TUB6: At4g14960.
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Figure S5. Several 2,4-D analogues inhibit lateral root formation in
Arabidopsis.

Figure S6. R2D2-reported auxinic activity of the 40 2,4-D
analogues

Figure S7. CH�pi interaction between 2,4-D and proline during the
MD simulations.

Method S1. Protocol for molecular dynamics simulations.
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