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Auxin is involved in almost every aspect of plant growth and development. How auxin 

orchestrates such diverse and context-specific responses has been a longstanding question.  The 

work presented here evaluates the potential for specificity encoded within the short nuclear auxin 

pathway itself.  By introducing each of the core components that make up the pathway into yeast, 

I was able to test how component choice and circuit configuration could be used to tune an auxin 

response. In building the pathway from perception to transcription in a heterologous context, I 

also defined the minimal requirements for a transcriptional auxin response. I went on to explore 

the potential for diverse responses in auxin circuits of varying complexity by individually 

substituting family members of the core components that make up the pathway.  Finally, guided 

by the partial structures of the two key transcriptional regulators, I broke the pathway back down 

to systematically characterize the underlying protein-protein and protein-DNA interactions and 

generated a new minimal model of auxin signaling.   
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Abstract
How does auxin provoke such a diverse array of responses? This long-standing question is further complicated by a 
remarkably short nuclear auxin signalling pathway. To crack the auxin code, several potential sources of specificity 
need to be evaluated. These include: specificity of interactions among the core auxin response components, specific-
ity resulting from higher order complex dynamics, and specificity in interactions with global factors controlling pro-
tein turnover and transcriptional repression. Here, we review recent progress towards characterizing and quantifying 
these interactions and highlight key gaps that remain.
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Introduction
The central role of  auxin in shaping plant form is made pos-
sible by context-speci!c responses. Cell type, developmental 
stage, and environment all contribute to striking differences 
in auxin responses, yet the many transcriptional effects of 
auxin rely on the same small repertoire of  signalling compo-
nents: receptors [TRANSPORT INHIBITOR RESPONSE1/
AUXIN SIGNALING F-BOXES (TIR1/AFBs)], repressors 
[Auxin/INDOLE-3-ACETIC ACID (Aux/IAAs)], and tran-
scription factors [AUXIN RESPONSE FACTORS (ARFs)]. 
The transmission of  an auxin signal relies on interactions 
between these three components that comprise the core 
auxin signalling module. Formation of  an ARF–Aux/IAA 
heterodimer results in repression of  ARF target genes. This 
repression is relieved by the degradation of  Aux/IAA follow-
ing its auxin-induced association with a TIR1/AFB receptor. 
Given the large sizes of  the protein families to which these 
components belong, it is tempting to speculate that particu-
lar combinations of  signalling component family members 

confer auxin response speci!city (Lokerse and Weijers, 
2009; De Smet et al., 2010; Stewart and Nemhauser, 2010; 
Rademacher et  al., 2012). For such a model to work, an 
auxin response module would need to be tuned to different 
auxin input properties and be able to deliver different tran-
scriptional outputs. One likely source for varied input/out-
put properties is differential interactions amongst the core 
auxin signalling components. Current models of  auxin sig-
nalling are caught between the competing priorities of  sim-
plicity and capturing the most in"uential parameters. A key 
to improving these models, and to understanding the auxin 
code, will be the ability to rigorously quantify and rank the 
importance of  each interaction within the auxin network. 
Here, we review what is currently known about differences 
between family members of  the components that make up 
the auxin response complex, as well as areas of  potential 
differences in their interactions outside of  the core module 
(Fig. 1).
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Fig. 1. Tuning the auxin response module. The activity of the auxin response module is governed by interactions between a core set of 
proteins: auxin receptors (TIR1/AFBs), repressors (Aux/IAAs), and transcription factors (ARFs). The basic mechanism of auxin signalling 
is depicted centrally in grey: the Aux/IAAs interact with the TIR1/AFBs in an auxin-dependent manner, leading to the ubiquitination and 
subsequent degradation of the Aux/IAA, which promotes the activity of the ARF transcription factors on auxin target genes. Modulation 
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The TIR1/AFB receptor family
In Arabidopsis thaliana, there are three ancient lineages 
within the AFB family of auxin receptors. Each lineage is 
represented by pairs of genes: TIR1 and AFB1; AFB2 and 
AFB3; and AFB4 and AFB5 (a fourth lineage found in angi-
osperms was lost in Brassicaceae and Poaceae) (Parry et al., 
2009). Genetic studies have revealed that the two dominant 
auxin receptors in plants are TIR1 and AFB2, although they 
are not functionally equivalent (Dharmasiri et  al., 2005b; 
Parry et  al., 2009). Biochemical studies have demonstrated 
auxin-induced, dose-dependent interactions of AFB2 and 
TIR1 with several Aux/IAAs (Gray et al., 2001; Dharmasiri 
et al., 2005a; Kepinski and Leyser, 2005; Parry et al., 2009; 
Calderón Villalobos et al., 2012). Both proteins have highly 
similar auxin-binding and Aux/IAA interaction domains 
(Tan et  al., 2007). Despite this high degree of similarity, 
AFB2 degrades Aux/IAAs faster than TIR1 in a yeast degra-
dation assay (Havens et al., 2012).

The role of  the other AFB family members in the auxin 
response is less clear. Single afb1 or afb3 loss-of-function 
mutants have only subtle phenotypes, although they can 
enhance phenotypes of  tir1 and afb2 mutants (Dharmasiri 
et al., 2005b; Parry et al., 2009). This is consistent with the 
weaker interactions observed between AFB1 or AFB3 and 
Aux/IAAs in yeast two-hybrid or in vitro pull-down assays 
(Parry et al., 2009; Calderón Villalobos et  al., 2012). afb4 
and afb5 mutants were identi!ed in screens for resistance 
to the synthetic auxin herbicide picloram (Walsh et  al., 
2006), and later shown to function as auxin receptors in 
vitro (Greenham et  al., 2011). AFB5 binds picloram with 
much higher af!nity than TIR1, probably as a result of 

amino acid substitutions within the auxin-binding pocket 
(Calderón Villalobos et  al., 2012). Initial AFB4 loss-of-
function studies revealed growth defects consistent with 
auxin hypersensitivity, leading the authors to hypothesize 
that AFB4 might act as a negative regulator of  auxin signal-
ling (Greenham et  al., 2011). However, more recent stud-
ies indicate that AFB4 acts similarly to other AFB family 
members (Hu et al., 2012). Future experiments are needed 
to determine whether any differences in biochemical proper-
ties among AFBs contribute to speci!city in auxin binding 
or response dynamics.

Post-translational modi!cation of  TIR1, as well as other 
components of  the larger SCF (Skp1-Cullin-F-box) E3 
ubiquitin ligase complex, is a potential additional layer 
of  regulation. Recently, TIR1 has been shown to undergo 
S-nitrosylation, a nitric oxide (NO)-mediated protein modi-
!cation (Terrile et  al., 2012). S-Nitrosylation enhanced
TIR1 association with Aux/IAAs, and a mutant TIR1 pro-
tein lacking a putative S-nitrosylation site was unable to
restore auxin sensitivity when expressed in a tir1 mutant.
Additionally, SCF complex assembly and activity can be
regulated through ubiquitin-related protein RUB/NEDD8
post-translational modi!cation of  the CUL1 scaffold protein
(reviewed in Duda et al., 2011; Hua and Vierstra, 2011). In
plants, mutants in several proteins involved in RUB/NEDD8
conjugation (e.g. AXR1, ECR1, and RCE1) show strong
auxin resistance phenotypes (Cheng et al., 2004; Mockaitis
and Estelle, 2008). NEDD8 modi!cation of  CUL1 is further
regulated by the complex interplay of  de-neddylation by
the CSN [CONSTITUTIVE PHOTOMORPHOGENIC9
(COP9) SIGNALOSOME] and the inhibitory protein
CAND1 (CULLIN-ASSOCIATED AND NEDDYLATION
DISASSOCIATED 1); however, csn and cand1 mutant
plants display more subtle and complex auxin phenotypes
(Gusmaroli et  al., 2007; Stuttmann et  al., 2009; Dohmann
et al., 2010). While CSN and CAND1 are required for proper
SCF–TIR1 function, the molecular basis of  this regulation
remains to be !rmly established. Recent in vitro experiments
have suggested that the F-box identity and substrate bind-
ing can also impact neddylation of  the SCF (Emberley et al.,
2012; Enchev et al., 2012). Together, these data suggest that
the SCF complex can be regulated by post-translational
modi!cation at several levels that can in"uence the ef!cacy
of F-box function and, in turn, the transmission of  an auxin
signal.

The Aux/IAA co-repressor family
The diversity of  Aux/IAA-related phenotypes and the size 
of  the family suggest that Aux/IAAs are excellent candi-
dates for providing speci!city in auxin responses (Lokerse 
and Weijers, 2009). Most Aux/IAAs have four domains 
thought to act modularly to confer: auxin-induced degrada-
tion through interaction with TIR1/AFBs (DII), dimeriza-
tion with the ARFs and other IAAs (DIII and DIV), and 
transcriptional repression through the recruitment of  co-
repressors (DI). The interactions at each of  these domains 

of these interactions has the potential to fine-tune the output 
of the auxin response. (1) The timing and degree of auxin-
induced Aux/IAA degradation can be influenced by the particular 
combination of TIR1/AFBs and Aux/IAAs present in a cell. (2) The 
auxin co-receptor is part of a larger E3 ubiquitin ligase complex 
whose activity can be regulated by several post-translational 
modifications and by interaction with E2 ubiquitin-conjugating 
enzymes. (3) When auxin levels are low, activator ARFs dimerize 
with Aux/IAAs, which in turn recruit the TOPLESS (TPL) 
co-repressors to inhibit transcriptional activity of the target gene. 
Though the mechanism of TPL repression is largely unknown, TPL 
probably recruits HDACs to remodel chromatin at auxin target 
genes and/or blocks recruitment of co-activators and the Mediator 
complex. (4) Differential and specific interactions between the 
various members of the ARF, Aux/IAA, and TPL families may also 
contribute to the dynamics of auxin transcriptional responses.  
(5) Much less is known about how repressor ARFs function,
though it is speculated that they may block binding of activator
ARFs, dimerize with and inhibit activator ARFs, and/or directly
recruit co-repressors to target genes. ND8, NEDD8; Cul1, cullin
1; Rbx1, RING-box protein 1; Ub, ubiquitin; NO, nitric oxide;
DBD, DNA-binding domain; MR, middle region; HDAC, histone
deacetylase; Ac, acetyl group; Med, Mediator complex.
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may act as tuning knobs to specify the output properties for 
a given auxin signal.

Degradation (DII)

Degradation rates differ among Aux/IAAs. Aux/IAA–
reporter fusions with diverse DII sequences show a range 
of degradation rates when expressed in Arabidopsis or yeast 
(Dreher et  al., 2006; Havens et  al., 2012). These and other 
approaches showed that 13 amino acids within DII are both 
necessary and suf!cient for auxin-induced degradation 
(Ramos et al., 2001; Dharmasiri et al., 2005a; Kepinski and 
Leyser, 2005). Structural studies revealed that the DII from 
IAA7 directly contacts both auxin and TIR1 (Tan et  al., 
2007). Interestingly, ef!cient auxin binding in vitro requires 
both TIR1 and a member of the Aux/IAA family, suggesting 
that the complex behaves as an auxin co-receptor (Calderón 
Villalobos et al., 2012). Pairs of AFBs and Aux/IAAs exhibit 
wide variation in auxin binding af!nities, suggesting that dif-
ferent pairs may be tuned to different ranges of auxin concen-
trations. In addition, different auxin binding af!nities were 
observed when the TIR1/IAA7 co-receptor was exposed to 
several auxin variants (Calderón Villalobos et al., 2012), sug-
gesting that co-receptor pairs may also vary in their sensitiv-
ity to the type of auxin present.

How auxin af!nity relates to Aux/IAA turnover rates is still 
unclear, although recently reported Aux/IAA degradation 
rates in yeast (Havens et al., 2012) were not strongly corre-
lated with measured dissociation constants of puri!ed com-
plex components (Calderón Villalobos et al., 2012). Several 
studies indicate that sequences outside of DII play a role in 
regulating both complex association and Aux/IAA degra-
dation rates (Dreher et al., 2006; Calderón Villalobos et al., 
2012; Havens et al., 2012). Sequences outside of the TIR1–
auxin–Aux/IAA interaction surfaces may also contribute 
to differences in the Aux/IAA degradation rate, possibly by 
facilitating transfer of ubiquitin from the E2 ubiquitin-con-
jugating enzyme. Several substrates of the E3 anaphase-pro-
moting complex (APC/C) share conserved sequences termed 
‘initiation motifs’ that act in this way to accelerate substrate 
degradation (Williamson et al., 2011).

In identifying informative parameters for models of auxin 
signalling, it may be useful to look at how the degradation 
rate impacts other signalling systems. For example, the mam-
malian nuclear factor (NF)-κB pathway is among the best-
studied degradation-triggered signalling pathways. Similar 
to the auxin signalling pathway, ubiquitination of several 
NF-κB inhibitor (IκB) repressor proteins by the β-TrCP 
(β-transducin repeat-containing protein) SCF E3 ligase imme-
diately follows pathway activation (Kanarek and Ben-neriah, 
2012). This facilitates de-repression of NF-κB transcription 
factors allowing them to activate expression of a host of 
genes, including the IκBs. Under prolonged or repeated expo-
sure to the activating stimulus, this negative feedback can 
generate strong oscillations in NF-κB transcriptional activ-
ity that play a signi!cant role in determining the timing and 
intensity of the transcriptional response (Tian et  al., 2005; 
Kearns et  al., 2006; Ashall et  al., 2009; Sung et  al., 2009). 

Much like the Aux/IAAs, the IκBs are each degraded with 
different kinetics (from 5 min for IκBα to 60–90 min for IκBβ 
and IκBε). In particular, the presence of slow degrading IκBs 
that are turned over out of phase with the faster IκBα can act 
to dampen transcriptional oscillations. It is conceivable that 
Aux/IAAs behave similarly to tune the intensity and duration 
of downstream auxin transcriptional responses.

Dimerization (DIII/IV)

Aux/IAAs modulate ARF transcriptional activity through 
binding at the conserved DIII and DIV domains at the 
C-terminus of both families (Guilfoyle et  al., 1998; Tiwari
et al., 2003). Expression of ARFs without DIII/DIV can lead
to constitutive reporter activation in protoplast transfection
assays (Tiwari et al., 2003; Wang et al., 2005), and a similarly
truncated version of ARF5 acts as a gain-of-function allele in
plants (Krogan et al., 2012). Different ARF–Aux/IAA inter-
actions may allow for distinct auxin responses, but the degree
of interaction speci!city and its molecular basis have yet to
be uncovered. Interaction studies suggest that Aux/IAAs can
interact with one another almost non-discriminately and
most Aux/IAAs can interact with a number of ARFs (Kim
et  al., 1997; Vernoux et  al., 2011). Functional modules of
ARF–Aux/IAA pairs may be generated by their shared loca-
tion in time, space, and developmental context (Weijers et al.,
2005; Walsh et  al., 2006; Muto et  al., 2007; Rademacher
et al., 2012). However, the expression pattern alone cannot
fully explain different functions within the Aux/IAA family,
as stabilized Aux/IAAs provoke different phenotypes even
when expressed from the same promoter (Weijers et al., 2005;
Muto et al., 2007).

In addition, multiple ARFs and Aux/IAAs can be natu-
rally expressed in the same cell yet generate different mutant 
phenotypes (Rademacher et al., 2011; Vernoux et al., 2011). 
For example, genetic studies suggest that IAA12–ARF5 
and IAA14–ARF7/19 make up distinct functional modules 
despite all being expressed in lateral root founder cells (De 
Smet et al., 2010). How modules are distinguished within a 
cell, to what extent known Aux/IAA–ARF pairs interact with 
or in"uence one another, and how the induction of Aux/IAAs 
by auxin may alter Aux/IAA–ARF interactions are all open 
questions. Auxin-induced expression of speci!c Aux/IAAs 
may act to alter the cell’s response to the next auxin cue. Such 
a scenario could explain the observations of a temporal offset 
of the IAA12 and IAA14 modules in the root (De Smet et al., 
2010).

Dimerization within the Aux/IAA family may also con-
tribute to the repertoire of auxin response modules, though 
few assays or computational models have addressed this pos-
sibility. The high degree of interaction between the Aux/IAAs 
observed in yeast two-hybrid assays prompted Vernoux and 
colleagues to include degradation of Aux/IAA dimers in their 
mathematical model of auxin signalling in the shoot apical 
meristem (Vernoux et al., 2011). If  naturally auxin-resistant 
Aux/IAAs form heterodimers with auxin-degradable Aux/
IAAs, they might act to !ne-tune auxin transcriptional 
responses. Indeed, yeast interaction studies demonstrate that 
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these combinations are possible (Vernoux et  al., 2011) and 
they could have large impacts on transcriptional dynamics 
in a given cell. For example, an Aux/IAA without a degron 
sequence could shield its partner from the SCF machinery 
and thereby delay activation of an ARF.

Repression (DI)

Aux/IAAs inhibit activity of ARFs by recruiting the co-repres-
sor TOPLESS (TPL) and related proteins (TPRs) through an 
ethylene response factor-associated amphiphilic repression 
(EAR) motif in domain I (Szemenyei et al., 2008). This inter-
action can also be found in the moss Physcomitrella patens 
(Causier et al., 2012b), suggesting that this mechanism may 
be largely conserved among land plants. TPL has been shown 
to interact with transcriptional regulators in a number of 
pathways and may be recruited by diverse repression domains 
(Causier et  al., 2012a). Almost all Aux/IAAs have an EAR 
motif, but there is some diversity in its composition (Lokerse 
and Weijers, 2009). Site-directed mutagenesis of EAR motifs 
has shown that the same mutation in different Aux/IAAs 
results in a range of auxin-related phenotypes (Li et al., 2011). 
This result suggests that variation in the speci"city or strength 
of TPL/TPR recruitment may be another source of functional 
diversity within the Aux/IAA repressor family.

TPL belongs to the Groucho/TUP1 co-repressor fam-
ily, broadly conserved across eukaryotes. How TPL confers 
repression is not well understood, although genetic stud-
ies connect TPL function to histone deacteylases (HDACs) 
(Long, 2006; Liu and Karmarkar, 2008). Another plant mem-
ber of the Groucho/TUP1 family, LEUNIG (LUG), inter-
acts both with HDACs and with components of the Mediator 
complex (Gonzalez et al., 2007). The yeast TUP1 co-repressor 
utilizes several repression mechanisms: HDAC recruitment, 
displacing Mediator interactions with activators, and nucleo-
some repositioning (Liu and Karmarkar, 2008). A  recent 
study has proposed that TUP1 functions primarily by block-
ing recruitment of co-activators (and the Mediator complex), 
thereby allowing rapid transitions between on and off  states in 
stress responses (Wong and Struhl, 2011). The identi"cation 
of a similar repression mechanism for TPL would explain the 
rapid relief  of repression upon the degradation of the Aux/
IAAs. The ef"ciency of both short- and long-term repression 
mechanisms may differ across the Aux/IAA family, providing 
potential additional control points in auxin signalling.

The ARF transcription factor family
The auxin sensitivity of ARF transcription factors is medi-
ated by their interaction with the Aux/IAA co-repressors 
(Guilfoyle et al., 1998; Tiwari et al., 2003; Wong and Struhl, 
2011). Yet of the 23 ARFs in Arabidopsis, only "ve are clas-
si"ed as transcriptional activators. This classi"cation is 
based in large part on their effect upon an auxin-inducible 
reporter in protoplast transfection assays (Guilfoyle et  al., 
1998; Ulmasov et al., 1999a; Tiwari et al., 2003). The other 
ARFs tested in these assays conferred repression, and the 

remaining ARFs were classi"ed as repressors based on the 
shared absence of glutamine enrichment in their middle 
regions (Tiwari et al., 2003). This distinction appears to be 
quite ancient, as activator and repressor ARFs belong to dis-
tinct clades, with at least one clade of each class dating back 
to the origin of land plants (Finet et al., 2013). There is little 
evidence that repressor ARFs interact with Aux/IAAs, and 
it is not understood how such an interaction might mediate 
auxin sensitivity. Thus, repressor ARF–Aux/IAA interactions 
are commonly left out of models of auxin response. This 
fundamental difference between activators and repressors 
implies functional diversi"cation of their respective DIII/
DIV domains (reviewed in Guilfoyle and Hagen, 2012).

The ARF repression mechanism is not well understood, 
although there is evidence to support at least two distinct 
mechanisms. First, repressor ARFs may act through a direct 
repression mechanism where they inhibit activator ARF activ-
ity by dimerization or by independently conferring repression 
to auxin-responsive promoters. The latter scenario is supported 
by evidence that ARF2 can repress a yeast reporter when fused 
to a heterologous DNA-binding domain (Vert et  al., 2008). 
In addition, several repressor ARFs have been pulled out of 
screens for interactions with TPL/TPR co-repressors (Causier 
et  al., 2012a) and contain EAR domains in their middle 
regions. Repression via TPL recruitment may be evolutionar-
ily conserved as putative repressor ARFs identi"ed in moss 
can interact with moss TPL proteins (Causier et al., 2012b). 
Several ARFs contain predicted interaction domains for LUG 
(Lokerse and Weijers, 2009), providing additional mecha-
nisms for blocking transcriptional activation. The dimeriza-
tion scenario is based on early studies that demonstrated that 
some ARFs could bind DNA as either dimers or monomers, 
and that dimerization could enhance DNA binding (Ulmasov 
et al., 1999b). One argument against dimerization is that very 
few ARF–ARF interactions were detected in a recent large-
scale interactome study, although for most ARFs only DIII/
DIV were used (Vernoux et  al., 2011). Little is known yet 
about the formation of ARF dimers in vivo and any partner 
preferences that shape which complexes may form.

An alternative means of repression is indirect. In this sce-
nario, repressor ARFs inhibit activator ARF activity by com-
peting for access to the same promoter elements. While many 
ARFs bind the same synthetic promoters (Ulmasov et  al., 
1999a; Tiwari et al., 2003; Lokerse and Weijers, 2009), it is 
unclear whether activator and repressor ARFs bind to the 
same cis-elements under natural conditions. A recent math-
ematical model for auxin signalling incorporates a compe-
tition between repressor and activator ARFs, largely based 
on their extensive co-expression (Vernoux et al., 2011). This 
model predicts that the balance of repressor and activator 
ARF levels maintains a constant transcriptional response 
even in the presence of #uctuating auxin signals.

Conclusion
The small molecule auxin accomplishes a vast array of bio-
logical tasks using a deceptively simple three-protein signal 
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perception and transduction module (TIR1/AFB, Aux/IAA, 
ARF). While much progress has been made in understand-
ing the molecular mechanisms underlying this diversity, many 
questions remain. New technologies and higher precision 
characterization of known components can hopefully help 
untangle the auxin response network, and lead to a clear pic-
ture of how the auxin signal is so exquisitely !ne-tuned in 
time and space.
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A Synthetic Approach Reveals Extensive Tunability of
Auxin Signaling1[C][W][OA]
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Explaining how the small molecule auxin triggers diverse yet specific responses is a long-standing challenge in plant biology. An
essential step in auxin response is the degradation of Auxin/Indole-3-Acetic Acid (Aux/IAA, referred to hereafter as IAA)
repressor proteins through interaction with auxin receptors. To systematically characterize diversity in degradation behaviors
among IAA|receptor pairs, we engineered auxin-induced degradation of plant IAA proteins in yeast (Saccharomyces cerevisiae). We
found that IAA degradation dynamics vary widely, depending on which receptor is present, and are not encoded solely by the
degron-containing domain II. To facilitate this and future studies, we identified a mathematical model able to quantitatively
describe IAA degradation behavior in a single parameter. Together, our results demonstrate the remarkable tunability conferred by
specific configurations of the auxin response pathway.

Auxin directs almost every aspect of plant biology,
yet how specificity is generated from auxin signal-
ing components remains largely unresolved. A range
of auxin-associated phenotypes, including profound
disruptions in development and severely compromised
responses to environmental signals, are caused by
single amino acid substitutions that stabilize transcrip-
tional corepressor proteins called the Auxin/Indole-3-
Acetic Acids (Aux/IAAs, referred to hereafter as IAAs;
Chapman and Estelle, 2009). The diversity of these
phenotypes and the size of the IAA family suggest
that IAAs may provide specificity in auxin responses
(Lokerse and Weijers, 2009). Functional studies sup-
port this idea, as stabilized IAAs provoke different
phenotypes even when expressed from the same pro-
moter (Weijers et al., 2005; Muto et al., 2007).

Auxin activates gene expression by enhancing IAA
turnover through interaction with auxin receptors, a
family of F-box proteins called TRANSPORT INHIBI-
TOR RESISTANT1 (TIR1)/AUXIN SIGNALING F-BOX
PROTEINS (AFBs; Dharmasiri et al., 2005a; Kepinski
and Leyser, 2005), referred to here collectively as AFBs.
Variation in the affinities of IAA|AFB pairs has re-
cently been observed (Calderón Villalobos et al., 2012).
How such differences relate to degradation kinetics is
still unclear. Labor-intensive seedling studies on a small
number of IAA proteins, in combination with analysis
of stabilized IAA mutants, uncovered the importance
of a conserved region, termed domain II, in determin-
ing protein stability. The degron-containing IAA do-
main II is both necessary and sufficient for interaction
with TIR1 and the resulting auxin-induced degradation
(Ramos et al., 2001; Dharmasiri et al., 2005a; Kepinski
and Leyser, 2005; Tan et al., 2007). In addition, IAA-
reporter fusions with diverse domain II sequences show
a range of degradation rates when overexpressed in
Arabidopsis (Arabidopsis thaliana) seedlings (Dreher
et al., 2006). However, the ubiquity of the auxin
pathway in plants and the difficulty in reconstituting
the complete degradation machinery in vitro have
hindered further characterization of the molecular
determinants of IAA degradation rates.

As a complement to existing systems and to system-
atically characterize the potential tunability of differ-
ent IAA|AFB pairs, we engineered the auxin-induced
degradation of IAA proteins in the yeast Saccharo-
myces cerevisiae. Our synthetic system has several ad-
vantages: precise control of auxin input levels, the
ability to study IAA|AFB pairs in isolation, and the
absence of the many other plant pathways known to
impact auxin signaling (Stewart and Nemhauser,
2010). Our system allowed a comprehensive survey of
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IAA protein turnover while recapitulating behaviors
observed in plants. We discovered that the particular
AFB receptor used greatly impacted the rate of deg-
radation and that sequences outside of the degron-
containing domain II accelerated or decelerated IAA
degradation in an IAA-specific manner. Moreover, we
identified a mathematical model that provides a single
parameter to quantitatively describe degradation be-
havior. The synthetic toolkit described here will facili-
tate rapid testing of hypotheses about the ubiquitylation
of IAA proteins and suggests a means to characterize
other hormone-induced protein degradation pathways.

RESULTS

A Synthetic Yeast System Recapitulates Auxin-Induced
IAA Degradation Dynamics

Our engineered auxin response system consisted
of pairwise matings of yeast expressing either yellow

fluorescent protein (YFP)-IAA fusion proteins or AFBs
(Fig. 1A). In the presence of a functional AFB, YFP
fluorescence (a proxy for IAA protein levels) could be
both up- and down-regulated by modulating the levels
of indole-3-acetic acid, hereafter referred to as auxin
(Fig. 1B; Supplemental Fig. S1). The timing and extent
of degradation were comparable to experimental sys-
tems relying on a much higher concentration of a
synthetic auxin (Nishimura et al., 2009). Flow cytometry
provided high-resolution IAA degradation profiles for
each IAA|AFB pair with improved time-resolution
measurements at the single cell level (Fig. 1C). In
contrast to the “basal degradation” rates observed in
plants (Dreher et al., 2006), YFP-IAA proteins were
essentially stable in yeast in the absence of auxin or a
functional AFB (Supplemental Figs. S2 and S3). This
may reflect the difficulty of completely clearing auxin
from plant cells or the presence of additional compo-
nents in plants that are absent from our synthetic sys-
tem. Following the major auxin-induced degradation

Figure 1. IAA degradation is highly
variable. A, Plant auxin receptors (TIR1
or AFB2) and YFP-tagged IAA repres-
sors were integrated into the yeast
ubiquitin pathway, shown in gray. B,
Yeast cells were imaged while exposed
to a square wave of auxin. Auxin leads
to a rapid decrease in YFP (fluores-
cence of individual microcolonies in
blue, average value in black), which
can be recovered with auxin removal.
C, A range of IAA|receptor degradation
rates were obtained using time-lapse
flow cytometry. Degradation curves
were normalized to starting fluores-
cence. IAAs are listed in order of the
relative difference in degradation in
the presence of TIR1 versus AFB2.
Strains expressing the F-box-deficient
mTIR1 show no auxin-dependent deg-
radation. [See online article for color
version of this figure.]
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events, a more gradual decline in YFP can be observed.
As this behavior was also observed in strains expressing
mTIR1, we believe that this decrease in fluorescence is
caused by physiological changes associated with in-
creasing culture density and not auxin-induced degra-
dation of YFP-IAAs.
The fine time resolution of our measurements resul-

ted in complex degradation profiles that included an
initial delay in degradation prior to an exponential
decay of YFP levels (Fig. 1, B and C; Supplemental Fig.
S9). Standard half-life calculations, therefore, were in-
sufficient to describe the dynamics of degradation in
our system. In order to quantitatively characterize the
degradation behavior of every IAA|AFB pair, we iden-
tified a second-order nonlinear model that captures the
dynamic auxin response in both time-course and dose-
response experimental data (Fig. 2A; Supplemental
File S1; Supplemental Figs. S9–S11; Supplemental
Tables S3 and S7). This model accounts for the com-
plex degradation behavior we observed and the non-
linear relationship between auxin concentration and
steady-state YFP intensity (Supplemental Fig. S1).
Among the candidate models tested, this model had
the least complexity while still fitting the data with low
residual error (Supplemental File S1). Auxin response
is represented by YFP-IAA fluorescence intensity out-
put y and a hypothesized internal state x, dependent
on the auxin input concentration u. The hypothesized
internal state x is not directly measured in our ex-
periments and does not necessarily equate with spe-
cific active species, although one interpretation is that
x is a complex formed between auxin and an AFB.
Similarly, parameters k1, k2, k3, k4, and k5 are not in-
tended to have direct association with physical values
in the system. One possibility is that these rates cor-
relate with synthesis (k1 for the internal state and k3 for
the IAA), degradation of the internal state (k2), basal
degradation/dilution of the IAA (k4), and AFB-induced

degradation (k5). With this interpretation and applying
the principles of global curve fitting, we reduced the
total number of parameters needed to fit the entire
data set (Supplemental File S1).

Modeling distilled the differences observed in deg-
radation between the IAA|AFB pairs into a single
parameter, k5. Importantly, the k5 value for each IAA|
AFB pair is consistent with the qualitative behaviors
present in the experimental data (Figs. 1C and 2C).
For example, the faster degrading IAAs had the largest
k5 values, while more stable IAAs had the lowest
k5 values. Of all the parameters, k5 best captures
IAA|AFB degradation behavior and is hereafter called
the degradation rate.

IAA Proteins Exhibit a Range of Degradation Rates

In our system, auxin-induced degradation differs
across IAA|AFB pairs (Figs. 1C and 2C). This is con-
sistent with previous work in Arabidopsis seedlings,
where half-lives of overexpressed IAA-LUC fusions
were calculated by blocking new protein production
with cycloheximide and treating exogenously with the
synthetic auxin 2,4-dichlorophenoxyacetic acid (Dreher
et al., 2006; Supplemental Table S1). In these assays, a
strong match to the consensus domain II sequence was
correlated with a short protein half-life in the presence
of 2,4-dichlorophenoxyacetic acid. For example, IAA17
and IAA28 have strong matches to the consensus do-
main II and half-lives of 5 and 15 min, respectively. In
contrast, IAA31, with a diverged domain II, has a half-
life of approximately 4 h. IAA20 lacks a recognizable
domain II sequence and is highly stable. We observed
similar patterns of degradation in yeast (Figs. 1C and
2C). In yeast expressing either TIR1 or AFB2, IAAs with
consensus-matching domain II sequences degraded
rapidly, IAA31 was slow to degrade, and IAA20

Figure 2. Degradation dynamics can be
described using few parameters. A, Our
model is described by two ordinary diff-
erential equations. Degradation curves for
AFB2 strains expressing IAA1 or yeast
codon-optimized IAA1.1 are shown. B, k5
is largely independent of expression levels.
IAA1 and IAA1.1 degradation curves over-
lap after normalization, although there is
an approximately 2-fold difference in k3
values. C, IAA|AFB2 pairs have increased
degradation rates (k5), a different rank or-
der when compared with IAA/TIR1 pairs,
and an increased dynamic range between
the slowest and fastest pairs. Parameters
were estimated for two independent repli-
cates. All error bars represent 1 SD. Addi-
tional parameters are listed in Supplemental
Tables S4 and S5. a.u., Arbitrary units. [See
online article for color version of this figure.]
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showed no degradation. Of the IAAs with consensus
domain II sequences, most IAA|TIR1 pairs had rates
similar to the fast-degrading IAA17|TIR1 (Fig. 2C).
We observed a few IAAs outside of this general trend,
including the slow-degrading IAA11.

Despite being expressed from the same promoter
and singly integrated in the same genomic location,
IAAs displayed different basal fluorescence levels in
yeast (Supplemental Fig. S3). Our model predicts that
rates of IAA expression and degradation are inde-
pendent of each other (Supplemental File S1). To test
this prediction, we synthesized a variant allele of IAA1
(IAA1.1) with yeast-optimized codons. Basal expres-
sion of IAA1.1 was twice that of IAA1 (Fig. 2A), with a
similar fold change in the estimated k3 values (Fig. 2B).
In contrast, normalized degradation curves and k5
values overlapped (Fig. 2, B and C). This result vali-
dates our model and demonstrates that IAA degra-
dation rates are indeed robust to fluctuations in IAA
expression levels. Challenges in plant assays, including
random location of insertions and multiple cell types
contributing to variation in transgene expression,
make this type of quantitative analysis quite difficult
and highlight the benefits of using yeast as an addi-
tional resource for dynamic analysis of auxin responses.

IAA Degradation Rates Are Receptor Specific

For the majority of IAAs tested, AFB2 promoted
faster degradation than TIR1 (Figs. 1C and 2C). This
resulted in IAA|AFB2 pairs having degradation rates
up to three times higher than IAA|TIR1 pairs. IAA|AFB2
pairs also had a wider range of degradation rates be-
tween all IAAs. Excluding the IAAs with divergent
domain IIs, the fastest IAA|TIR1 pair (IAA8) had a
degradation rate 3.3-fold higher than the slowest,
IAA11. In contrast, the fastest IAA|AFB2 pair (IAA17)
had a degradation rate 5.5-fold higher than IAA11.
Strikingly, the rank order of degradation rates was not
maintained between strains expressing different re-
ceptors. IAA6 showed one of the slowest rates of
degradation with TIR1, yet it had one of the fastest
degradation rates for IAA|AFB2 pairs. A subset of
IAAs showed little difference in degradation between
auxin receptors, leading to some of the widest dis-
crepancies in relative rank order. For example, there
was little or no change in IAA1 degradation when the
receptor was switched from TIR1 to AFB2. This re-
sulted in IAA1 being one of the fastest degrading IAAs
in combination with TIR1 yet among the slowest when
expressed with AFB2. While it is possible that AFB2
functions more efficiently than TIR1 in yeast, the iden-
tification of a subset of IAAs that show no change in
degradation between the two receptors suggests that
these two proteins are intrinsically different in their
IAA interactions.

While TIR1 and AFB2 conferred rapid auxin-
induced degradation of IAAs, AFB1 and AFB3 had
little effect on IAA degradation rates (Supplemental

Fig. S4). Genetic analysis suggests that TIR1 and AFB2
are the major auxin receptors in Arabidopsis, but it is
still unclear the degree to which each TIR1/AFB pro-
tein contributes to specific auxin responses (Dharmasiri
et al., 2005b; Parry et al., 2009). Mutations in TIR1 or
AFB2 lead to stronger overall auxin-related pheno-
types than mutations in AFB1 or AFB3, although the
loss of AFB1 or AFB3 can enhance mutations in other
AFB family members (Dharmasiri et al., 2005b; Parry
et al., 2009). We reasoned that AFBs might differ in
their ability to interact with IAAs. This hypothesis is
consistent with our findings as well as with in vitro
pull-down assays showing that AFB1 and AFB3 have
lower levels of interaction with IAAs than TIR1 and
AFB2 (Parry et al., 2009). In addition, IAA-reporter
fusions are strongly stabilized in afb2 mutants, while
loss of AFB1 or AFB3 alone has little effect on turnover
rates (Dharmasiri et al., 2005b). An additional factor
may be that our heterologous degradation assay is less
sensitive than other assays to weak or transient IAA-
AFB interactions. Indeed, in vitro pull-down assays
and yeast two-hybrid screens have shown low levels of
interaction between some IAA|AFB pairs even in the
absence of auxin (Dharmasiri et al., 2005a, 2005b;
Kepinski and Leyser, 2005; Parry et al., 2009; Calderón
Villalobos et al., 2012), while we did not see any
change in IAA stability without auxin addition
(Supplemental Figs. S2 and S3). Moreover, auxin can
increase interactions between AFB1-DNA-binding
domain fusion proteins and IAA-activation domain
fusion proteins when both constructs are highly
expressed in yeast (Calderón Villalobos et al., 2012),
suggesting that these weaker interactions may con-
tribute to auxin responses in plants. Additional work
in plants will be needed to discriminate among these
different possibilities.

Receptor expression levels did not influence IAA
degradation in our yeast assays. Degradation rates were
not correlated with receptor abundance (Supplemental
Fig. S5), nor could they be increased by adding a second
copy of the same receptor to the genome (Supplemental
Fig. S6). In addition, when TIR1 and AFB2 were coex-
pressed, the degradation rate of IAA6 closely matched
that of AFB2 alone (Supplemental Fig. S6). Genetic
studies indicate that TIR1 is the primary auxin receptor,
and AFB2 is not able to substitute for TIR1 even when
expressed from the TIR1 promoter (Parry et al., 2009).
This suggests that degradation rate differences are not
the sole distinguishing characteristic of receptors and
that further functional studies of the dynamics of IAA
degradation in receptor mutant backgrounds could be
fruitful.

Residues Outside of Domain II Differentially Affect
Degradation Rates

Residues outside of domain II have been found to
contribute to IAA|AFB auxin-binding affinity in vitro
(Calderón Villalobos et al., 2012) and high basal IAA
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degradation rates in seedlings (Dreher et al., 2006). We
engineered truncations in IAAs with disparate degra-
dation rates (Fig. 3A; Supplemental Fig. S7) to directly
test the role of nondomain II residues in auxin-induced
degradation. The N-terminal half of the protein (T1)
or a smaller region restricted to domain II (T2) was
fused to an SV40 nuclear localization signal (NLS;
Supplemental Table S2). Degradation rates of trun-
cated proteins were compared with full-length con-
structs fused to the same NLS (Fig. 3, B and C). We
found that sequences outside of domain II could ac-
celerate or decelerate degradation rates in an IAA-
specific manner. Relative rank order of full-length IAA
degradation rates was not conserved in the trunca-
tions. IAA28.T2 was the fastest degrading of the T2
truncations, yet IAA28 showed much slower degra-
dation rates than IAA1 or IAA6. Moreover, parallel
truncations in different IAAs did not have the same
effect on degradation rates. IAA6.T1 was slower than
full-length IAA6, but IAA28.T1 was faster than full-
length IAA28.
The recently reported DII-VENUS auxin sensor is

similar to IAA28.T2 but shifted 15 amino acids toward
the IAA28 N terminus (Vernoux et al., 2011; Brunoud
et al., 2012). To test whether this small difference in
sequence had any effect on degradation rates, we
engineered the identical IAA28 truncation into our
system (IAA28.T2V; Fig. 3A; Supplemental Table S2).
IAA28.T2V degraded far slower than all other con-
structs tested (Fig. 3B). This effect is opposite to what
we observed with IAA28.T1 and IAA28.T2, both
of which had increased rates of degradation compared
with the full-length protein. The markedly slower
degradation rate we observed for IAA28.T2V could ex-
plain why it was the brightest reporter tested (Brunoud
et al., 2012). In fact, our analysis predicted that IAA8
and IAA9, the other IAA truncations tested in that

study, would degrade faster than IAA28 (Fig. 2;
Supplemental Table S1). This is consistent with the
much dimmer fluorescence observed for the DII re-
porters made with these IAA proteins (Brunoud et al.,
2012). To directly test whether our yeast assays could
predict relative degradation rates in plants, we gen-
erated transgenic seedlings expressing a modified DII-
VENUS reporter where we replaced the IAA28.T2V
sequence with the IAA28.T2 sequence. Consistent with
the higher rate of turnover of the IAA28.T2 fusion
protein in yeast, we observed significantly lower levels
of fluorescence of the IAA28.T2 reporter in transgenic
plants (Supplemental Fig. S8).

DISCUSSION

The size and diversity of the IAA and AFB protein
families suggest that auxin specificity can be conferred
by specific configurations of IAA and AFB family
members (Lokerse and Weijers, 2009). In this study, we
present a new method for investigating the range of
diversity encoded by these large families. By porting
plant proteins into yeast, we could directly test the
variability in degradation rates between specific IAA|
AFB pairs. We were able to reproduce auxin-induced
degradation and generate high-resolution real-time
data. Our yeast platform was able to recapitulate be-
haviors previously observed in studies of IAA turnover
and allowed for an extensive survey of IAA degrada-
tion behavior.

Assessing degradation with each receptor individ-
ually, we showed that IAA degradation is highly
influenced by which receptor is present and that these
receptor effects are IAA specific (Figs. 1C and 2C).
Our data provide evidence of receptor choice on
regulating the turnover of IAAs and show that each

Figure 3. Residues outside of domain
II contribute to auxin-induced degra-
dation rates. A, Schematic of IAA
truncations. B and C, Degradation dy-
namics of full-length proteins are not
maintained in truncations. B, Degra-
dation rates of truncations expressed
with TIR1 or AFB2, normalized to the
starting fluorescence for each strain. C,
Parameters k3 and k5 were determined
using parameters k1, k2, and k4 from
previous model fitting. Additional pa-
rameters are listed in Supplemental
Table S6.
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member of the IAA|AFB pair plays a role in deter-
mining auxin sensitivity. The high sequence similarity
between TIR1 and AFB2, in combination with their
shared substrates, should provide a platform to dis-
sect how F-box proteins influence the rate of ubiq-
uitylation, a factor known to vary among other F-box
proteins (Pierce et al., 2009). The lack of detectable
IAA degradation in yeast expressing AFB1 or AFB3,
despite their ability to bind auxin, may have impor-
tant implications for calibrating auxin responses. This
implies that different combinations of receptors may
produce varied response thresholds, which may each
trigger a specific auxin-regulated process (Reinhardt
et al., 2003; Del Bianco and Kepinski, 2011).

Surprisingly, IAA degradation rates were not strongly
correlated with the few recently reported in vitro dis-
sociation constants (Calderón Villalobos et al., 2012;
Supplemental Table S1). This lack of correlation could
simply be the result of the artificial nature of both sys-
tems: dissociation constants are a measure of complex
formation and are determined independent of a com-
plete ubiquitin complex, and our heterologous system
has a mixture of yeast and plant components (Fig. 1A).
However, a testable alternative hypothesis is that the
interaction strength between TIR1 and an IAA is not a
direct reflection of how quickly the IAA is degraded.
Conserved sequences outside of the interaction domain
have recently been shown to impact the rate of degra-
dation of a number of substrates of the anaphase-
promoting complex (Williamson et al., 2011). While
similar sequences have not been identified in IAA pro-
teins, the fact that truncations have such varied degra-
dation rates clearly shows that additional residues play
a crucial role in modulating interaction with the ubiq-
uitin machinery (Fig. 3; Dreher et al., 2006). Identifica-
tion of IAA degradation rate determinants could be
accelerated by combining information from studies in
yeast, in vitro, and in plants.

By utilizing a small, data-driven model, we were
able to quantitatively characterize the complex degra-
dation behavior of each IAA|AFB pair in response to
auxin (Fig. 2). Mathematical modeling allowed us to
distinguish IAA and AFB contributions to degradation
and thereby demonstrate how auxin perception can be
tuned. We chose a small, empirical model because
large mechanistic models (Bridge et al., 2012) require
more parameters than could be identified from the
low-dimensional output available in our experiments.
Small models can nevertheless be quite useful. For
example, a new negative feedback loop was discov-
ered in yeast osmoadaptation using a small-model
approach (Mettetal et al., 2008). Similarly, our simple
model showed that unknown molecular interactions
beyond complex affinity are required to describe IAA
degradation dynamics. Moreover, small models such
as ours can provide a simple description of the input-
output properties of a module and facilitate the ra-
tional design of new systems in synthetic biology.

In this study, we have demonstrated the utility of port-
ing a pathway to an orthogonal organism to characterize

its function. As a single-celled eukaryote with con-
served cellular machinery, yeast provides a seminat-
ural context that facilitates the study of complex
signaling pathways. The rapid generation time, control
of insertion site and number, and high-throughput
methods for quantitative analysis, combined with the
absence of other known confounding factors like auxin
transport, auxin metabolism, and the coexpression of
AFB and IAA family members, make studies in yeast a
strong complement to plant studies. Given the obvious
artificiality of our system, it is quite promising that the
rank order of auxin-induced degradation rates paral-
lels the limited number of half-lives observed in plants
(Supplemental Table S1). The fact that the IAA28.T2
construct behaved as predicted when expressed in
seedlings (Fig. 3; Supplemental Fig. S8) also points to
overall conservation in degradation determinants be-
tween plant cells and engineered yeast. A full analysis
of the similarities and differences between the systems
will require more plant studies and likely better tools
for measuring dynamic behaviors in plants. Our het-
erologous system provides a new method to investi-
gate auxin signaling as well as suggests a means to study
the many other plant pathways that rely on ubiquitin-
mediated protein degradation.

MATERIALS AND METHODS

Yeast Methods

Yeast transformations were performed using a standard lithium acetate
protocol (Gietz and Woods, 2002) into MATa W303-1A or MATa W814-29B, a
gift from the Gottschling laboratory. Yeast Peptone Dextrose (YPD) and
Synthetic Complete (SC) medium supplemented with 80 mg mL21 adenine
were made according to standard protocols. All strains used in this study are
listed in Supplemental Table S9.

Strain Construction

IAAs, TIR1, and AFB were amplified from Arabidopsis (Arabidopsis thali-
ana) complementary DNA (Columbia ecotype) using the primers listed in
Supplemental Table S8. A partial attB1 site and Kozak sequence (AAA) were
added to the 59 end of each forward primer (59-AAAAAGCAGGCTTCAAA-
39), and a partial attB2 site was added to the 59 end of each reverse primer (59-
AGAAAGCTGGGTG-39). The remaining attB1 and attB2 sequences were
added with a second PCR using generic forward and reverse adapter primers
(59-GGGGACAAGTTTGTACAAAAAAGCAGGCT-39 and 59-GGGGACCA-
CTTTGTACAAGAAAGCTGGGT-39). Products were subcloned into a Gate-
way pDONR221 plasmid using a standard Gateway BP reaction (BP Clonase
II; Life Technologies). Each complementary DNA was fully sequenced and
then cloned into destination vectors with a standard Gateway LR reaction (LR
Clonase II; Life Technologies). IAAs were cloned into pGP4GY-ccdB (Trp se-
lection), and auxin receptors were cloned into pGP5G-ccdB (Leu selection;
K.A. Havens, N. Bolten, J.L. Nemhauser, and E. Klavins, unpublished data).
Approximately 300 ng of each plasmid was digested with PmeI and trans-
formed: pGP4GY-IAA into W303-1A, pGP5G-AFB into W814-29B. Integra-
tions were confirmed by PCR. Strains to be mated were coinoculated at low
density into YPD medium, grown overnight at 30°C, and struck out to single
colonies on SC-His-Trp to select for diploids.

IAA truncations were fused to an N-terminal YFP and C-terminal SV40
NLS repeat using Gly-Ala linkers (GAGAGAGAGAGP and GAGA, respec-
tively; Nishimura et al., 2009). The IAA17.T1 construct was synthesized with
partial EYFP and the complete NLS sequence (www.genewiz.com) and then
cloned into the pGP4GY-ccdB vector backbone via Gibson assembly (Gibson
et al., 2009). The cloning scheme is outlined in Supplemental Figure S7.
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Primers are listed in Supplemental Table S8. Gateway acceptor sites were
removed by this process. Further truncation constructs were amplified from
full-length IAA sequences and cloned in place of IAA17 using Gibson as-
sembly (Gibson et al., 2009).

The DII-VENUS plasmid was a gift from Teva Vernoux. The IAA28.T2-
VENUS plasmid was constructed by replacing the DII region of DII-VENUS
with the IAA28.T2 degron region using Gibson assembly (Gibson et al., 2009).

Flow Cytometry

YFP intensity measurements were taken with a BD Accuri C6 flow cy-
tometer with a CSampler plate adapter using excitation wavelengths of 488
and 640 nm and an emission detection filter at 533 nm (FL1 channel). A total of
10,000 events above a 400,000 FSC-H threshold (to exclude debris) were
measured for each sample at a flow rate of 66 mL min21 and core size of 22 mm
using the Accuri C6 CFlow Sampler software. Cytometry data were exported
as FCS 3.0 files and processed using the flowCore R software package and
custom R scripts to obtain the mean FL1-A value at each time point. The script
applies two polygon gates on the data to isolate single yeast cells. One gate
separates the total yeast population from debris on the SSC-A and FSC-A
channels. The second gate isolates single cells from cell aggregates (doublet
discrimination) via their higher FSC-H (peak height) to FSC-A (peak area)
ratio. Scripts are available upon request.

Degradation Assays

Cells were prepared by transferring a freshly grown colony from YPD
plates into SC. The cell density (in events mL21) was estimated using cy-
tometry data gated for yeast by a custom R script. Each culture was then
diluted to 0.5 events mL21 in 15 mL of SC. This dilution was split into du-
plicate 4-mL aliquots with the exception of controls. For IAA17 without
a YFP tag and YFP without an IAA, only a single 4-mL aliquot was pre-
pared. YFP-IAA17 was split into three aliquots to serve as an internal rep-
licate control within each experiment. Aliquots were incubated for 16 h at
30°C with shaking. At 16 h, duplicate aliquots of each strain were mixed and
split again into two tubes. Cultures were in log phase at the beginning of
each experiment (density measured in the cytometer at approximately 500
events mL21) and remained in log phase for the duration of each experiment
(Supplemental Fig. S2).

Measurements were taken at two time points prior to the addition of any
treatment. For each strain, one replicate was mock treated (95% [v/v] eth-
anol) and one replicate was treated with 10 mM indole-3-acetic acid (the
minimal concentration of auxin needed to promote complete IAA degra-
dation during log-phase growth of the yeast; Supplemental Figs. S1 and S2).
As soon as possible after the addition of auxin, fluorescence for the 0-min
time point was recorded. Subsequent measurements were acquired at
10-min intervals for the first 2 h after auxin addition and every 30 min
thereafter until the fluorescence level in most strains had plateaued (ap-
proximately 3.5 h). Controls were measured every hour for the duration of
the experiment.

Modeling and Quantitative Analysis

Modeling methods and quantitative analysis are described in Supplemental
File S1.

Microscopy

Yeast cells grown overnight in SC at 30°C were diluted 1:100 in SC, in-
cubated for 4 to 5 h, and then diluted 1:20 before loading onto a Y04D plate
(CellASIC). Using the CellASIC-ONIX microfluidic system and associated
software, cells were pulsed with a square wave of 10 mM auxin in SC medium
over a period of 2 h. An inverted Nikon Eclipse Ti microscope with a 603,
numerical aperture 1.4 oil objective was used to image the yeast cells at 5-min
intervals using a YFP-HYQ 535 bandpass filter (Nikon; excitation at 515 nm,
detection from 520 to 550 nm) and a CoolSNAP HQ2 14 bit camera. Image
processing was done with custom MATLAB scripts, available upon request.
Briefly, a segmentation algorithm was applied to bright-field images to pro-
duce a binary mask for each microcolony. This binary mask was then applied
to the YFP image to calculate the average YFP intensity value within the
colony. Background fluorescence level was estimated using the average

fluorescence of a 100- 3 100-pixel square away from the yeast colony and
subtracted from total fluorescence values.

Generation and Analysis of Transgenic Plants

Columbia ecotype plants were transformed using the floral dip method
(Clough and Bent, 1998). T1 plants were selected on 0.53 LS agar plates
containing 30 mg mL21 hygromycin B. Plates were stratified for 2 d, exposed to
light for 6 h, and then grown in the dark for 3 d following a modification of the
method of Harrison et al. (2006). Resistant seedlings were transferred to plates
containing no antibiotics and allowed to recover for an additional 3 d. DII-
VENUS seeds provided generously by Teva Vernoux were grown in identical
conditions to allow a direct comparison of the IAA28.T2 and IAA28.T2V
constructs in plants.

Plants were imaged using a Leica DMI 3000B microscope fitted with a Leica
long-working 203 HCX PL FLUORTAR objective and illuminated with a
Lumencor SOLA light source. Images were captured using Leica LAS AF
version 2.6.0 software and a Leica DFC 345FX camera. Seven independent
IAA28.T2 transformants were examined and compared with 10 DII-VENUS
seedlings. Fiji software was used to quantify fluorescence in a region of in-
terest centered on each image.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Addition of 10 mM auxin is sufficient for maximal
degradation of IAAs.

Supplemental Figure S2. Fluorescence levels decrease drastically as yeast
cells enter the stationary phase.

Supplemental Figure S3. AFBs do not have differential effects on basal
degradation of IAAs.

Supplemental Figure S4. AFB1 and AFB3 do not promote degradation of
IAA2.

Supplemental Figure S5. TIR1 is expressed at a similar level to AFB2.

Supplemental Figure S6. AFB2 expression is not rate limiting.

Supplemental Figure S7. Cloning scheme for domain II truncation con-
structs.

Supplemental Figure S8. Fluorescence accumulation differs between
IAA28 truncations in plants.

Supplemental Figure S9. Sample time-course IAA degradation data and
model fits of IAA14|TIR1.

Supplemental Figure S10. Sample dose-response data and model pre-
dicted dose response of IAA17|AFB2.

Supplemental Figure S11. Parameter variations study of the preferred
model.

Supplemental Table S1. Comparison of degradation rates, half-lives, and
affinities from yeast, in vitro, and plant studies.

Supplemental Table S2. Table of amino acids included in each IAA trun-
cation.

Supplemental Table S3. The residuals and the number of distinct param-
eters for all candidate models.

Supplemental Table S4. Estimated parameters for IAA|TIR1 pairs using
the preferred model interpretation.

Supplemental Table S5. Estimated parameters for IAA|AFB2 pairs using
the preferred model interpretation.

Supplemental Table S6. Estimated parameters for degron comparison
study using the preferred model interpretation.

Supplemental Table S7. Average, minimum, and maximum values of the
estimated parameters.

Supplemental Table S8. Oligonucleotides used in this study

Supplemental Table S9. Yeast strains used in this study.
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Supplemental File S1. Quantitative Analysis.
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1 Quantitative Analysis

1.1 Objectives and Approach

The primary objective of our quantitative analysis is to identify a small model, with as few parameters
as possible, that describes the differential degradation of IAA|AFB pairs observed in experiments. Having
few parameters avoids over-fitting, facilitates comparison among available pairs, and provides a guide for
the selection of parts during the rational design of new networks. A computationally intractable num-
ber of candidate models can be generated by, for example, various assumptions about the mechanism of
degradation and the many molecular species involved. Computational limits, therefore, require that we
limit the number of candidate models by employing current knowledge of the auxin signal pathway, basic
assumptions about protein synthesis, and simple input-output concepts.

We assess candidate models by fitting their parameters to the entire data set, analyzing their qualitative
fit, and then computing their residual fit. We fit our models to experimental data using the nonlinear
optimization function FindFit in Mathematica (Wolfram) where the cost function is defined as

J(θ(s), Ms) =
∑

i,j

∑

tm∈T

∥∥∥yij(tm) − ŷij(tm, θ(s)
ij ,Ms)

∥∥∥
2
, (1)

where i denotes the index of an IAA, j denotes the index of a AFB, s denotes the index of a model,
yij(tm) denotes the measured output at t = tm, T denotes the set of measurement times, θ(s)

ij denotes
the parameter vector for a model Ms and IAAi|AFBj , ŷij(tm, θij ,Ms) denotes the predicted output using
the model Ms and its parameter vector θij at t = tm, θ(s) denotes the union of all parameter vectors of
IAA|AFB pairs under the model Ms and

∥∥·
∥∥

2
denotes the 2-norm1 of the given vector. Following the

estimation, the residual of a model is defined as

G(Ms) =
∑

i,j

∑

tm∈T

1
dim yij

∥∥∥∥
yij(tm)−ŷij

“
tm,Ms,θ(s)∗

ij

”

yij(tm)

∥∥∥∥
2

(2)

where θ(s)∗ denotes the optimal estimated parameter vector obtained from minimizing the cost function
(1), and dim denotes the dimension of the vector (e.g. number of data points in the time course).

1.2 Model Development and Discrimination

Our approach is to develop candidate models with good qualitative fits, low residuals, and a small number
of parameters by incrementally increasing complexity via refinements that are based on known mechanisms.
In the model discrimination step, both quantitative and qualitative metrics of each model are evaluated. It
is true that quantitatively low residual is desired in general, however, the analytical metric takes precedence.
If a model is shown to be analytically incapable of fitting critical features of experimental observation, the
model is deemed structurally flawed, and is eliminated, even if the quantitative metric is relatively low.
Following are the two general qualitative features observed in the experimental data.

1
‚‚x
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p
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i=1 |xi|p
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1. Each degradation time-course includes an inflection point, such that the curve switches from concave
to convex (Figure 1C).

2. Each dose-response curve (steady-state fluorescence measurement vs auxin concentration) is nonlinear
(Supplementary Figure 1).

These two features were used as qualitative criteria to which all models were subjected to. The number
of parameters for the model is computed over all experimental data sets, such that the total number
of parameters equals the number of parameters in the model multiplied by the number of experiments
(i.e. the number of distinct IAA|AFB pairs). After a model has been selected, we reduced the total
number of parameters by assuming that some of the parameters can be consolidated for a specific group
of experiments.

1.2.1 M0

We first consider the synthetic yeast system as a grey-box with a single input (auxin) and a single out-
put (YFP intensity). Therefore, we propose the following model, M0, which is a combination of simple
synthesis/degradation dynamics and exponential decay:

d y(t)
dt

= k1 − k2 y(t) − k3 u(t) y(t), (3)

where t denotes time, y denotes the output, and u denotes the input. This model encodes the hypothesis
that the YFP-IAA fusion protein is subject to zeroth-order synthesis and first-order degradation, and that
the output degrades at a rate proportional to the input. The first two terms, k1 and k2 y(t), represent
the input-independent synthesis and degradation of the output, respectively. The last term represents the
degradation of output with the overall rate proportional to itself and the input. Thus, k1 is the synthesis
rate, k2 is the basal degradation rate, and k3 is the input mediated degradation rate.

This model has residual G(M0) = 49.31, and requires 144 distinct parameters (3 per IAA|AFB pair)
to fit the entire data set. The model has a closed form analytical solution,

y(t) =
k1

k2 + k3u

(
1 +

e−t(k2+k3u)k3u

k2

)
, (4)

which demonstrates the nonlinear relationship between u and the y∗, which is consistent with the qualitative
observation of the experimental data (Supplementary Figure 9, purple curve). However, the model cannot
capture the inflection of the curve (Supplementary Figure 9, purple curve). For a function to have change
in its convexity, the second derivative has to equal zero at some t > 0 (and that t is the inflection point).
However, M0 has second-order derivative,

d2y

dt2
=

k1k3u (k2 + k3u)
k2

e−t(k2+k3u) (5)

which shows that for all parameters k1, k2, k3 > 0 and u ≥ 0, d2y/dt2 > 0. This represents M0 is
fundamentally unable to capture one of the crucial features of the system.

1.2.2 M1

The inflection point and the related initial delay in the degradation curves suggest that the IAA degradation
mechanism comprises additional intermediate processes (e.g. formation of an intermediate species). To
model this feature, we add an internal state x. At this point, we do not assume that x is any specific
species or combination of species – just that it is formed and degraded. In particular, we assume that the
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rate at which x is synthesized is proportional to the input, and that x affects the non-basal degradation of
y. This second-order linear model, M1, is defined by

d x(t)
dt

= k1 u(t) − k2 x(t)

d y(t)
dt

= k3 − k4 y(t) − k5 x(t). (6)

The model has residual G(M1) = 81.68, and requires 240 distinct parameters (5 per IAA|AFB pair) to fit
the entire data set. The model captures the inflection point in time-course degradation curve (Supplemen-
tary Figure 9, blue curve). However, the dose-response predicted by M1 is qualitatively different from our
observations. Analytically, the steady-state solution of M1 has a closed form,

x∗ =
k1 u

k2

y∗ =
k3

k4
− k5 k1

k2 k4
u, (7)

which demonstrates that y∗ has a linear relationship to u. Furthermore, because of this linear relationship,
the model predicts that the steady-state fluorescence decreases indiscriminately with increasing amount
of input, to the point where negative fluorescence is predicted (Supplementary Figure 10, blue curve).
The fact that M2 makes predictions that starkly contradict physical constraints demonstrates that M1 is
qualitatively unfit for the given experimental data.

1.2.3 M2

Since the dose-response is nonlinear, we modify M1 by introducing a nonlinear term, making the degrada-
tion term dependent on y(t). This second-order nonlinear model, M2, is,

dx(t)
dt

= k1 u(t) − k2 x(t)

dy(t)
dt

= k3 − k4 y(t) − k5 x(t) y(t), (8)

which has a residual of G(M2) = 24.54 and requires 240 distinct parameters (5 per IAA|AFB pair) to fit
the entire data set. The steady-state of output predicted by M2 are,

x∗ =
k1 u

k2

y∗ =
k2k3

k2k4 + k1k5u
, (9)

which demonstrates a nonlinear relationship between y∗ and u, which satisfies one of the qualitative
features. There is no closed-form solution for the model because it is nonlinear, however, numerical
solution demonstrates that the model captures the inflection point in the predicted time-course curves
(Supplementary Figures 9 and 10, green curve).

1.2.4 M3

As mentioned before, the internal state x represents an unknown intermediate species (or combination of
species) that interacts with auxin input and the YFP-IAA output. It is feasible that more than a single
intermediate species is required to encompass the underlying dynamics. To investigate whether this might
be the case, we added a second internal state, z, as an intermediate state between x and y. This third-order
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nonlinear model, M3, is

dx(t)
dt

= k1 u(t) − k2 x(t),

dz(t)
dt

= k3 x(t) − k4 z(t),

dy(t)
dt

= k5 − k6 y(t) − k7 z(t) y(t), (10)

which has a residual of G(M3) = 33.30 and requires 336 distinct parameters (7 parameters per IAA|AFB
pair) to fit the entire data set. As in the case with M2, M3 captures the two qualitative features of the
system (Supplementary Figures 9 and 10, red curve). It is notable that the computed residual is larger
than G(M2), however, this is most likely the result of standard estimation error (e.g. non-optimal initial
condition or insufficient search space). Alternatively, M3 may represent a point at which the saturation of
model benefit gained by increasing model complexity is saturated.

1.2.5 Summary

We generated and evaluated four candidate models, M0,M1,M2, and M3, with respect to how well each
model captures the experimental observation, both quantitatively and qualitatively. M0 did not capture the
inflection observed in time-course degradation curves; M1 did capture the inflection, but did not capture the
nonlinear dose-response behavior; M2 captures both the time-course and dose-response data qualitatively;
and M3 matches these behaviors with comparable quantitative metric to M2. However, given the limitations
of the experimental dataset (time-course to auxin step-input and auxin dose response), M3, nor any more
complex models, may not provide verifiable insights to the system. Said differently, more complex models
may result in lower quantitative fit metric, however, to balance the estimation uncertainty associated with
higher complexity models, we require richer perturbation of the system that reveals the appropriately
higher complexity of the internal mechanism. Therefore, M2 is arguably the simplest explanation for the
observed phenomenon.

1.3 Parameter Reduction

Aside from M0, the model candidates considered in the previous section include one or more internal
states, x (and z), that are not readily associated with biological complexes. One way to approach this is
to consider the internal state simply as a mathematical necessity for fitting the experimental observation.
Another approach is to consider hypotheses as to what biological complex – that we know to exist in
the auxin-mediated IAA degradation pathway – can be associated with x, and examine whether these
hypotheses lend a useful quality to our model. One of the hypothetical interpretations of x is that it is a
complex formed between auxin and AFB. A simple description of the mechanism in which IAA degrades
in the presence of auxin and AFB is shown in Figure 1A, where auxin serves as a molecular glue, binding
with an AFB and allowing the protein to bind with IAA, further triggering the ubiquitylation of IAA.
Therefore, we postulate that x is a proxy of such a species.

Building on the hypothesis of model interpretation that x is a proxy of the auxin-bound AFB complex,
we associate each of the model parameters to the identity of the two different proteins, IAA and AFB.
Firstly, parameters k1 and k2 are rates associated with synthesis and degradation of auxin-bound receptor
protein, where the synthesis is directly proportional to the input. In which case, we further hypothesized
that these two parameters are dependent on the identity of AFB but are independent of the identity of the
co-expressed IAA. Secondly, analogous interpretations are given to k3 and k4; these are rates of synthesis
and basal (input-independent) degradation of IAA-YFP, and they are only dependent on the identity of
the IAA and not on the identity of the AFB. Finally, k5 is unique among the model parameters such
that it is dependent on the identities of both proteins. Mathematically, k5 is the rate constant for how
fast the output degrades, and such a degradation process is proportional to the amount of x and y in
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the system. One can then assign a biochemically feasible interpretation to the term, “when active AFB
and IAA interact, the IAA degrades at a rate proportional to k5”. As shown in Figure 1C, the unifying
feature of all IAA|AFB pairs is that they degrade when auxin is added to the system in varying degrees.
Such variation in degradation among the IAA|AFB pairs can serve as a unique identifier for each pair, and
we investigated whether a subset of parameters can serve as the quantitative identifier. Note that these
association of parameters to reaction rates are based on a possible interpretation of the model, and should
not be taken as a direct representation of a “true system”. The parameters may be crude amalgamations
of multiple biochemical processes but the resulting model is an elegant abstraction rid of unwieldy details.

In the previous section, when we fit candidate models to experimental data, all five of the M2 param-
eters,

θ(2)
ij = {k(i,j)

1 , k(i,j)
2 , k(i,j)

3 , k(i,j)
4 , k(i,j)

5 }, (11)

were allowed to vary, resulting in five different parameter values for each IAA|AFB pair2. This method,
which allowed us to easily compare candidate models, makes it difficult to compare the parameters of one
IAA|AFB pair to another. For example, suppose we want to directly compare the degradation rates of
IAA17|TIR1 and IAA17|AFB2, which have mean fitted k5 values of 0.034 and 0.21, respectively. The
large discrepancy in the two values suggests a large difference in the respective degradation dynamics, but
because each pair has other parameters that vary as well, the differences in k5 are not the only explanation
for the variation.

Therefore, we asked if some parameters may be common to a subset of the IAA|AFB pairs, and if con-
solidating these common parameters would reduce estimation uncertainty. This approach is often called
global curve fitting. A systematic generation of all possible global fitting hypotheses for parameter reduc-
tion (identifying all possible combinations of common parameters across the 48 IAA|AFB pair, and five
parameter model) would have been computationally expensive. Fortunately, the model interpretation pro-
vides a feasible guide as to which hypotheses are more likely than others, such as dividing the 48 pairs into
smaller subsets. With this estimation approach, we can reduce the variability caused by other parameters
and fairly compare parameter values. As mentioned before, k5 is unique to the identity of each IAA|AFB
pair, therefore, the parameter is the primary quantity of interest in comparing the differential degradation
among the pairs.

First of all, we address an extreme case of parameter reduction, where we only let k5 vary for all
IAA|AFB pairs, and fix the rest of the parameters to be the same across all pairs. We denote this
hypothesis H1, which provides an additional constraint on the optimization problem, defined by

minJ(θ(s),Ms) =
∑

i,j

∑

tm∈T

∥∥∥yij(tm) − ŷij(tm, θ(s)
ij , Ms)

∥∥∥
2
,

subject to k(i,j)
l = k(i′,j′)

l ∀i, i′ ∈ I, ∀j, j′ ∈ J , and l = 1, 2, 3, 4, (12)

where, I and J denote the sets of IAA and AFB indices, respectively, and l denotes the parameter in-
dex. The resulting parameter vector, θH1 , has 52 distinct parameters (4 + 48 per pair) and results in
G(M2, θH1) = 48.9. Thus, H1 reduces the cardinality of the parameter vector to the point where an
IAA|AFB pair has only one parameter that differs from another pair. However, because H1 makes both k3

and k4 be the same for all IAA|AFB pairs, it implies that the initial output value at t = 0 for all IAA|AFB
pairs are equal (yij(0) = k(i,j)

3 /k(i,j)
4 ). This is inconsistent with the experimental data where initial levels of

expression vary (Figure S4). Therefore, H1 is invalidated based on its conflict between the interpretation
of the model and the experimental data.

2k(i,j)
l denotes the kl value for IAAi|AFBj , where l = 1, 2, 3, 4, 5.
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Next, we propose an alternative hypothesis to H1 in which k1, k2, k3 and k4 are constrained, but across
a smaller subset of IAA|AFB pairs. For example, it was shown that the AFBs do not have differential effect
on basal dynamics of IAA (Supplementary Figure S4). Therefore, two IAA|AFB pairs with the same IAA
have a similar initial output - suggesting equal k3 and k4 values for these two pairs. For this hypothesis,
H11, we have the following optimization constraints.

subject to k(i,j)
l = k(i,j′)

l ∀j, j′ ∈ J , and l = 1, 2, 3, 4. (13)

The resulting parameter vector, denoted θH11 , has 144 distinct parameters, and results in G(M2, θH11) =
24.33. This decreased residual is a validation in which we let the model interpretation and the fundamental
details of the system guide our hypotheses generation. To verify this approach, we generated an alternative
hypothesis, H12, where IAA|AFB pairs with the same AFB, versus those with the same IAA (H11), have
equal k1, k2, k3 and k4. This hypothesis has the same cost function as Eq 13 but with the following
optimization constraint,

subject to k(i,j)
l = k(i′,j)

l ∀i, i′ ∈ I, and l = 1, 2, 3, 4. (14)

Note that H12 was not generated based on the model interpretation as H11, but was proposed as a counter
example to our approach. The resulting residual is G(M2, θH12) = 36.62, where θH12 has 56 distinct param-
eters. The increased residual validates our approach. Comparing H1,H11 and H12 suggests that 1) larger
numbers of distinct parameters tend to decrease the residual, and 2) when constraining the parameters
across a smaller subset of IAA|AFB pairs, the model interpretation serves as a helpful guide in generating
reasonable hypotheses.

The higher residuals of H1 hypotheses family also suggest that for any two IAA|AFB pairs, more than
one parameter ought to be allowed to vary (increasing degrees-of-freedom in the parameter estimation) to
fit both data sets. Therefore, we further investigate whether a specific grouping of experimental data and
parameter reduction hypotheses is possible. Each case of varying parameter (in addition to k5), k1, k2, k3

or k4, is denoted with H21,H22,H23 or H24, respectively (the four hypotheses are elements of the set H2κ,
where κ = 1, 2, 3, or 4). Each hypothesis, depending on the parameter allowed to vary, is associated with
data grouping that are supported by the model interpretation.

1. For H21 and H22, the additional parameter allowed to vary is dependent on the identity of AFB and
independent of the identity of the IAA. Therefore, IAA|AFB pairs are grouped by their IAAs (each
group containing two pairs, IAAi|TIR1 and IAAi|AFB2), resulting in 24 distinct groups. For each
group, the parameters are estimated under the constraint,

subject to k(i,j)
l = k(i,j′)

l ∀j, j′ ∈ J , l ∈ {1, 2, 3, 4}\{κ}, and κ = 1, 2. (15)

These hypotheses imply that a group of IAA|AFB pairs that have the same IAA have the same
basal synthesis and degradation rates (k3 and k4) of the output. Furthermore, they imply that the
variations among each group can be captured by varying k5 and k1 for H21, or k5 and k2 for H22.

2. For H23 and H24, the additional parameter allowed to vary is dependent on the identity of IAA and
independent of the identity of the AFB. Therefore, IAA|AFB pairs are grouped by their AFBs (each
group containing 24 pairs, IAAi|AFB, where i = [1, · · · , 24]), resulting in two groups. For each group,
the parameters are estimated under the constraint,

subject to k(i,j)
l = k(i′,j)

l ∀i, i′ ∈ I, l ∈ {1, 2, 3, 4}\{κ}, and κ = 3, 4. (16)

The hypotheses imply that a group of IAA|AFB pairs that have the same AFB has the same synthesis
and degradation rates of the internal state (k1 and k2). Furthermore, they imply that the variations
among each group can be captured by varying k5 and k3 for H23, or k5 and k4 for H24.
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Supplementary Table 3 shows the residuals and the number of distinct parameters for various hypothe-
ses investigated. Compared to H1 hypotheses, H2 hypotheses tend to have lower residuals, owing to the
larger degrees-of-freedom given in the estimation constraints. Additionally, H24 has the lowest residual
even with the lowest number of distinct parameters. This suggests that for any two IAA|AFB pairs, the
differential dynamics between the two can be captured through varying the basal rate parameters of IAA
and the input-mediated degradation by the AFBs (k5). These two dynamics, however, are independent of
one another as discussed previously (Results, Figure 2). Also, single parameter variation studies suggests
that a set of time-courses predicted by varying k3 or k4 have identical degradation profiles when normalized
to their initial conditions (Supplementary Figure 11, Supplementary Table 7). The simulation study is
also supported by experimental data of IAA1 and IAA1.1, where IAA1.1 is a codon-optimized version of
IAA1. This results in higher expression level for IAA1.1 relative to IAA1, which under the model inter-
pretation, is equivalent to increasing k3 and leaving other parameters the same. When the two curves
are normalized to their initial conditions (Supplementary Figure 9), the curves overlap closely. This is
reflected by the close k5 values of IAA1 and IAA1.1 (Supplementary Table 4 and 5).

The normalized degradation curves in Supplementary Figure 11 further provide two notable features of
the model. First, they suggest that the two parameter k3 and k4 are, in fact, dependent parameters that
can be consolidated into a single parameter by normalizing the output. The normalized version of M2 is

dx(t)
dt

= k1 u(t) − k2 x(t) (17)

dz(t)
dt

= k4 − k4 z(t) − k5 x(t) z(t), (18)

where z = y
y0

= k4
k3

y, the output normalized to its initial value. This procedure further reduces the number
of parameters to be estimated and decreases computational cost in estimation. The differences in the
estimated values of k5 are negligible between the two versions of model. A second notable feature of the
model is that the range of degradation profiles in experimental data can be fitted just as well by varying k1

instead of k5. This feature is not surprising as varying k1 increase the rate at which x increases, ultimately
having the same effect on the output. However, because of the way we interpret the model parameters, k1

is independent of the identity of IAA. This conflicts with our objective of identifying a degradation rate
parameter that are unique to each IAA|AFB pair. Therefore, we choose k5 as the single parameter that
captures the differential degradation range we observe among the IAA|AFB pairs.

1.4 Summary

Through iterative searches in model discrimination and parameter reduction, we identified a single param-
eter that captures the differential degradation exhibited by the family of IAA|AFB pairs. The reasoning
behind finding a single parameter is largely inspired by the engineering principles of modularity and com-
posable parts. For example, an electric circuit is composed of individual modular parts, such as resistors
and transistors. The function of the circuit is tunable by swapping out these modular parts, where the
electrical functionality of each type of modular part is specified by a number (i.e. a resistor is specified
by its resistance). Casting this principle on the auxin signaling pathway, we ask whether the IAA|AFB
pair degradation module (in the larger scheme of the auxin signal pathway) is a modular part, and if so,
whether the biological functionality of the module can be specified by a number. The functional feature
of the IAA|AFB module, degradation, demonstrates a large range of responses. Therefore, we hypothesize
that the number that specifies each IAA|AFB pair’s unique biological functionality is its degradation rate
(k5).

Now that we have a data-sheet of k5 for a large group of IAA|AFB pair, the hypothesis regarding
the modularity of these pairs must be verified. It will require an auxin synthetic network containing an
IAA|AFB pair, where the part can be easily replaced with another pair. Using a similar approach, a
succinct mathematical representation of such a network can be devised, and preferably, the k5 identified
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in this work will be a part of such a model. If a coherent function that maps the differential degradation
rates (caused by using different IAA|AFB pairs) and the differential outputs of the larger network can be
identified, it will allow us to test to what extent and under what context these pairs are modular. And if this
is not the case, the question remains whether there is another set of identifiable quantities for the IAA|AFB
pairs that is a better specification of their biological functionality and predictors of the composite network
output. Furthermore, the relationship between the k5 and the output of the network will illuminate the
core interactions within the network, aiding in increasingly accurate mathematical representations of the
synthetic network. These approaches will not only answer questions regarding the engineerability of auxin
signaling pathway, but also provide the basis for novel ways of system identification in biology.
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Supplementary Figure 1: Addition of 10µM auxin is sufficient for maximal degradation of IAAs. IAAs
with the slowest and fastest degradation rates for TIR1 (IAA6 and IAA17, respectively) and AFB2 (IAA15 and
IAA17, respectively) were treated with increasing concentrations of auxin. Fluorescence levels were measured
two hours after auxin treatment. Doses of 10µM and 20µM resulted similar levels of degradation. Error bars
represent ± one standard deviation between two experiments performed on different days.
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Supplementary Figure 2: Fluorescence levels decrease drastically as yeast cells enter stationary phase. (A)
Representative graphs of yeast growth over time of cells containing IAA1|TIR1 treated with mock (grey) or with
10µM auxin (black). (B) Fluorescence in the same cells over time. Red lines demarcate window of experimental
data collection.
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Supplementary Figure 3: AFBs do not have differential effects on basal degradation of IAAs. A sample
set of IAAs was co-expressed with mTIR1, TIR1, or AFB2. Fluorescence at steady state, prior to auxin
addition, was measured. These IAAs were chosen as they span the range of observed initial steady state
intensity values. The noYFP strain expresses an allele of IAA17 without a YFP fusion. Regardless of AFB
identity, initial fluorescence levels were indistinguishable for a given IAA. Strains were prepared as in Figure 1C.
Each experiment was normalized to the YFP—TIR1 expression level. Error bars are ± one standard deviation
between three experiments performed on different days.
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Supplementary Figure 4: AFB1 and AFB3 do not promote degradation of IAA2. IAA2 was co-expressed
with each of five receptor types. Fluorescence levels were measured after a 3-hour treatment with 20µM auxin.
Similar to mTIR1, AFB1 and AFB3 failed to exhibit degradation of IAA2. Error bars represent ± one standard
deviation between two replicates.
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Supplementary Figure 5: TIR1 is expressed at a similar level to AFB2. AFB-YFP constructs were singly
integrated into yeast, and their fluorescence intensities were compared using flow-cytometry. Error bars represent
one standard deviation, between three replicates.
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Supplementary Figure 6: AFB2 expression is not rate limiting. Additional copies of AFB (blue), TIR1
(green) or mTIR1 (red) were co-expressed with IAA6|AFB2 in diploid cells. These were compared to the
original IAA6|AFB2 strain (black line). The overlapping curves indicate that the degradation rates are similar,
implying that with IAA6, the effect of AFB2 is dominant relative to TIR1, and its activity is not increased with
additional copies of the gene.
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Supplementary Figure 7: Schematic of cloning strategy for domain II truncations. (A) IAA17.T1 was
synthesized with Gly-Ala linkers and a 2XSV40-NLS at the C-terminus. This fragment was amplified with
primers listed in Table S9 and cloned using Gibson assembly [3]. (B) Gibson assembly was then used to insert
other IAA truncations into the same NLS-containing plasmid backbone.
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Supplementary Figure 8: Yeast degradation experiments predict relative degradation rates in plants. Con-
sistent with the truncation degradation rates observed in yeast (Fig. 3B), hypocotyls and root tips of plants
expressing IAA28.T2-VENUS accumulated lower fluorescence levels than those expressing DII-VENUS (identical
to IAA28.T2V) [2]. Mean fluorescence intensity ± SEM values are shown with representative images.
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Supplementary Figure 9: Sample time-course IAA degradation data and model fits of IAA14|TIR1. Exper-
imental data are shown in black circles, and the fits are shown in purple, blue, green and red for M0, M1, M2

and M3 models, respectively.
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Supplementary Figure 10: Sample dose-response data and model predicted dose-response of IAA17|AFB2.
Experimental data are shown in black circles, and the fits are shown in purple, blue, green and red for M0, M1,
M2, and M3 models, respectively.
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Supplementary Figure 11: Parameter variations study of M2. Parameters of M2 are varied from 10% to
300% of the nominal (estimated) values for IAA17|AFB2. The range was chosen based on the demonstrated
range of estimated parameters shown in Supplementary Table 7. The trend demonstrated here is general for
all IAA |AFB pairs. The resulting degradation curves are normalized to its initial condition. The experimental
data are shown in black dots and the black arrows indicate the direction of parameter value increase.
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Supplementary Table 2: Table of amino acids included in each IAA truncation. The position of the conserved
13 amino acid domain II is included for comparison.

Truncation Domains Amino Acids
IAA1 IAA6 IAA28

Full Length (FL) DI-DIV 1-168 1-189 1-175
T1 D1 and DII 1-75 1-94 1-81
T2 DII + additional aa 41-75 62-94 43-81

T2V DII + additional aa NA NA 28-61
Conserved Core DII alone 55-67 70-82 48-60
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Supplementary Table 3: The residuals and the number of distinct parameters for M0,M1,M2 (including its
hypotheses), and M3.

Hypothesis G(M) Number of distinct parameters
for 48 IAA|Fbox pairs

H0 49.31 144
H1 81.68 240
H2 24.54 240
H21 32.29 168
H22 46.32 168
H23 48.11 102
H24 27.44 102
H3 30.63 336
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Supplementary Table 4: Estimated parameters for IAA|TIR1 pairs using H23.

Fbox IAA Replicate k1 k2 k3 k4 k5

TIR1 1 1 1.08E-01 9.22E-02 4.29E+00 3.14E-03 3.44E-02
TIR1 1.1 1 1.08E-01 9.22E-02 8.69E+00 3.14E-03 3.22E-02
TIR1 2 1 1.08E-01 9.22E-02 6.86E+00 3.14E-03 3.54E-02
TIR1 3 1 1.08E-01 9.22E-02 9.03E+00 3.14E-03 2.62E-02
TIR1 4 1 1.08E-01 9.22E-02 9.74E+00 3.14E-03 2.58E-02
TIR1 6 1 1.08E-01 9.22E-02 8.44E+00 3.14E-03 2.02E-02
TIR1 7 1 1.08E-01 9.22E-02 7.62E+00 3.14E-03 3.05E-02
TIR1 8 1 1.08E-01 9.22E-02 3.29E+00 3.14E-03 3.17E-02
TIR1 9 1 1.08E-01 9.22E-02 7.39E+00 3.14E-03 3.34E-02
TIR1 10 1 1.08E-01 9.22E-02 5.02E+00 3.14E-03 2.55E-02
TIR1 11 1 1.08E-01 9.22E-02 4.61E+00 3.14E-03 9.46E-03
TIR1 12 1 1.08E-01 9.22E-02 8.91E+00 3.14E-03 2.67E-02
TIR1 13 1 1.08E-01 9.22E-02 8.24E+00 3.14E-03 3.54E-02
TIR1 14 1 1.08E-01 9.22E-02 5.16E+00 3.14E-03 3.17E-02
TIR1 15 1 1.08E-01 9.22E-02 6.67E+00 3.14E-03 1.91E-02
TIR1 17 1 1.08E-01 9.22E-02 6.74E+00 3.14E-03 3.03E-02
TIR1 18 1 1.08E-01 9.22E-02 7.44E+00 3.14E-03 2.89E-02
TIR1 19 1 1.08E-01 9.22E-02 5.71E+00 3.14E-03 2.41E-02
TIR1 20 1 1.08E-01 9.22E-02 9.99E+00 3.14E-03 2.21E-03
TIR1 26 1 1.08E-01 9.22E-02 8.03E+00 3.14E-03 2.66E-02
TIR1 27 1 1.08E-01 9.22E-02 4.06E+00 3.14E-03 3.18E-02
TIR1 28 1 1.08E-01 9.22E-02 8.20E+00 3.14E-03 2.09E-02
TIR1 31 1 1.08E-01 9.22E-02 6.72E+00 3.14E-03 4.88E-03
TIR1 32 1 1.08E-01 9.22E-02 2.47E+00 3.14E-03 3.81E-03
TIR1 1 2 1.42E-01 1.72E-01 3.89E+00 3.19E-03 4.43E-02
TIR1 1.1 2 1.42E-01 1.72E-01 9.00E+00 3.19E-03 3.77E-02
TIR1 2 2 1.42E-01 1.72E-01 5.77E+00 3.19E-03 4.14E-02
TIR1 3 2 1.42E-01 1.72E-01 8.67E+00 3.19E-03 3.19E-02
TIR1 4 2 1.42E-01 1.72E-01 1.05E+01 3.19E-03 2.59E-02
TIR1 6 2 1.42E-01 1.72E-01 8.79E+00 3.19E-03 2.00E-02
TIR1 7 2 1.42E-01 1.72E-01 7.07E+00 3.19E-03 4.00E-02
TIR1 8 2 1.42E-01 1.72E-01 2.92E+00 3.19E-03 5.02E-02
TIR1 9 2 1.42E-01 1.72E-01 7.56E+00 3.19E-03 4.07E-02
TIR1 10 2 1.42E-01 1.72E-01 4.76E+00 3.19E-03 2.74E-02
TIR1 11 2 1.42E-01 1.72E-01 4.71E+00 3.19E-03 1.54E-02
TIR1 12 2 1.42E-01 1.72E-01 8.83E+00 3.19E-03 3.45E-02
TIR1 13 2 1.42E-01 1.72E-01 8.46E+00 3.19E-03 4.07E-02
TIR1 14 2 1.42E-01 1.72E-01 5.32E+00 3.19E-03 3.05E-02
TIR1 15 2 1.42E-01 1.72E-01 5.71E+00 3.19E-03 2.14E-02
TIR1 17 2 1.42E-01 1.72E-01 6.30E+00 3.19E-03 4.23E-02
TIR1 18 2 1.42E-01 1.72E-01 8.19E+00 3.19E-03 3.51E-02
TIR1 19 2 1.42E-01 1.72E-01 5.39E+00 3.19E-03 3.22E-02
TIR1 20 2 1.42E-01 1.72E-01 9.59E+00 3.19E-03 3.54E-03
TIR1 26 2 1.42E-01 1.72E-01 9.27E+00 3.19E-03 2.85E-02
TIR1 27 2 1.42E-01 1.72E-01 3.92E+00 3.19E-03 3.78E-02
TIR1 28 2 1.42E-01 1.72E-01 7.87E+00 3.19E-03 3.02E-02
TIR1 31 2 1.42E-01 1.72E-01 6.81E+00 3.19E-03 6.23E-03
TIR1 32 2 1.42E-01 1.72E-01 2.55E+00 3.19E-03 5.39E-03
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Supplementary Table 5: Estimated parameters for IAA|AFB2 pairs using H23.

Fbox IAA Replicate k1 k2 k3 k4 k5

AFB2 1 1 1.49E-01 1.18E-01 4.48E+00 3.63E-03 4.59E-02
AFB2 1.1 1 1.49E-01 1.18E-01 9.77E+00 3.63E-03 4.47E-02
AFB2 2 1 1.49E-01 1.18E-01 8.09E+00 3.63E-03 4.65E-02
AFB2 3 1 1.49E-01 1.18E-01 1.13E+01 3.63E-03 6.14E-02
AFB2 4 1 1.49E-01 1.18E-01 1.16E+01 3.63E-03 6.05E-02
AFB2 6 1 1.49E-01 1.18E-01 8.55E+00 3.63E-03 7.06E-02
AFB2 7 1 1.49E-01 1.18E-01 7.19E+00 3.63E-03 8.35E-02
AFB2 8 1 1.49E-01 1.18E-01 3.16E+00 3.63E-03 1.05E-01
AFB2 9 1 1.49E-01 1.18E-01 8.01E+00 3.63E-03 7.29E-02
AFB2 10 1 1.49E-01 1.18E-01 5.80E+00 3.63E-03 5.16E-02
AFB2 11 1 1.49E-01 1.18E-01 5.87E+00 3.63E-03 2.08E-02
AFB2 12 1 1.49E-01 1.18E-01 9.16E+00 3.63E-03 5.04E-02
AFB2 13 1 1.49E-01 1.18E-01 9.57E+00 3.63E-03 5.52E-02
AFB2 14 1 1.49E-01 1.18E-01 6.25E+00 3.63E-03 6.45E-02
AFB2 15 1 1.49E-01 1.18E-01 7.94E+00 3.63E-03 2.47E-02
AFB2 17 1 1.49E-01 1.18E-01 6.04E+00 3.63E-03 1.04E-01
AFB2 18 1 1.49E-01 1.18E-01 8.57E+00 3.63E-03 5.80E-02
AFB2 19 1 1.49E-01 1.18E-01 5.96E+00 3.63E-03 5.65E-02
AFB2 20 1 1.49E-01 1.18E-01 1.07E+01 3.63E-03 2.67E-03
AFB2 26 1 1.49E-01 1.18E-01 1.06E+01 3.63E-03 4.42E-02
AFB2 27 1 1.49E-01 1.18E-01 4.49E+00 3.63E-03 6.19E-02
AFB2 28 1 1.49E-01 1.18E-01 8.85E+00 3.63E-03 4.14E-02
AFB2 31 1 1.49E-01 1.18E-01 7.50E+00 3.63E-03 1.07E-02
AFB2 32 1 1.49E-01 1.18E-01 2.85E+00 3.63E-03 2.51E-03
AFB2 1 2 1.27E-01 8.77E-02 3.72E+00 3.25E-03 4.46E-02
AFB2 1.1 2 1.27E-01 8.77E-02 9.23E+00 3.25E-03 3.59E-02
AFB2 2 2 1.27E-01 8.77E-02 7.84E+00 3.25E-03 3.82E-02
AFB2 3 2 1.27E-01 8.77E-02 8.45E+00 3.25E-03 5.28E-02
AFB2 4 2 1.27E-01 8.77E-02 1.02E+01 3.25E-03 5.87E-02
AFB2 6 2 1.27E-01 8.77E-02 8.10E+00 3.25E-03 6.08E-02
AFB2 7 2 1.27E-01 8.77E-02 6.33E+00 3.25E-03 7.79E-02
AFB2 8 2 1.27E-01 8.77E-02 2.66E+00 3.25E-03 9.07E-02
AFB2 9 2 1.27E-01 8.77E-02 7.16E+00 3.25E-03 5.58E-02
AFB2 10 2 1.27E-01 8.77E-02 5.49E+00 3.25E-03 5.23E-02
AFB2 11 2 1.27E-01 8.77E-02 5.63E+00 3.25E-03 2.04E-02
AFB2 12 2 1.27E-01 8.77E-02 8.07E+00 3.25E-03 4.96E-02
AFB2 13 2 1.27E-01 8.77E-02 8.90E+00 3.25E-03 4.47E-02
AFB2 14 2 1.27E-01 8.77E-02 5.43E+00 3.25E-03 7.30E-02
AFB2 15 2 1.27E-01 8.77E-02 7.37E+00 3.25E-03 2.29E-02
AFB2 17 2 1.27E-01 8.77E-02 5.05E+00 3.25E-03 1.12E-01
AFB2 18 2 1.27E-01 8.77E-02 8.16E+00 3.25E-03 4.71E-02
AFB2 19 2 1.27E-01 8.77E-02 4.67E+00 3.25E-03 7.35E-02
AFB2 20 2 1.27E-01 8.77E-02 9.29E+00 3.25E-03 3.03E-03
AFB2 26 2 1.27E-01 8.77E-02 9.99E+00 3.25E-03 3.77E-02
AFB2 27 2 1.27E-01 8.77E-02 3.93E+00 3.25E-03 6.17E-02
AFB2 28 2 1.27E-01 8.77E-02 7.56E+00 3.25E-03 4.12E-02
AFB2 31 2 1.27E-01 8.77E-02 6.90E+00 3.25E-03 1.06E-02
AFB2 32 2 1.27E-01 8.77E-02 2.68E+00 3.25E-03 4.25E-03
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Supplementary Table 6: Estimated parameters for Degron comparison study using H23.

Fbox IAA Degron Replicate k1 k2 k3 k4 k5

TIR1 1 FL 1 1.08E-01 9.22E-02 6.51E+00 3.14E-03 3.98E-02
TIR1 1 T1 1 1.08E-01 9.22E-02 2.80E+00 3.14E-03 3.41E-02
TIR1 1 T2 1 1.08E-01 9.22E-02 4.92E+00 3.14E-03 1.10E-02
TIR1 6 FL 1 1.08E-01 9.22E-02 6.89E+00 3.14E-03 3.59E-02
TIR1 6 T1 1 1.08E-01 9.22E-02 5.53E+00 3.14E-03 3.22E-02
TIR1 6 T2 1 1.08E-01 9.22E-02 6.06E+00 3.14E-03 1.32E-02
TIR1 28 FL 1 1.08E-01 9.22E-02 5.81E+00 3.14E-03 1.70E-02
TIR1 28 T1 1 1.08E-01 9.22E-02 5.94E+00 3.14E-03 2.96E-02
TIR1 28 T2 1 1.08E-01 9.22E-02 7.22E+00 3.14E-03 3.16E-02
TIR1 28 T2V 1 1.08E-01 9.22E-02 8.39E+00 3.14E-03 6.79E-03
TIR1 1 FL 2 1.42E-01 1.72E-01 6.70E+00 3.19E-03 4.55E-02
TIR1 1 T1 2 1.42E-01 1.72E-01 2.82E+00 3.19E-03 4.44E-02
TIR1 1 T2 2 1.42E-01 1.72E-01 4.76E+00 3.19E-03 1.24E-02
TIR1 6 FL 2 1.42E-01 1.72E-01 7.73E+00 3.19E-03 4.62E-02
TIR1 6 T1 2 1.42E-01 1.72E-01 5.97E+00 3.19E-03 4.45E-02
TIR1 6 T2 2 1.42E-01 1.72E-01 6.57E+00 3.19E-03 1.81E-02
TIR1 28 FL 2 1.42E-01 1.72E-01 5.84E+00 3.19E-03 1.98E-02
TIR1 28 T1 2 1.42E-01 1.72E-01 5.99E+00 3.19E-03 3.50E-02
TIR1 28 T2 2 1.42E-01 1.72E-01 7.28E+00 3.19E-03 3.59E-02
TIR1 28 T2V 2 1.42E-01 1.72E-01 8.14E+00 3.19E-03 7.51E-03
AFB2 1 FL 1 1.49E-01 1.18E-01 7.13E+00 3.63E-03 9.16E-02
AFB2 1 T1 1 1.49E-01 1.18E-01 3.21E+00 3.63E-03 1.05E-01
AFB2 1 T2 1 1.49E-01 1.18E-01 4.91E+00 3.63E-03 2.35E-02
AFB2 6 FL 1 1.49E-01 1.18E-01 7.43E+00 3.63E-03 1.25E-01
AFB2 6 T1 1 1.49E-01 1.18E-01 6.03E+00 3.63E-03 1.82E-01
AFB2 6 T2 1 1.49E-01 1.18E-01 6.32E+00 3.63E-03 6.81E-02
AFB2 28 FL 1 1.49E-01 1.18E-01 6.21E+00 3.63E-03 4.02E-02
AFB2 28 T1 1 1.49E-01 1.18E-01 6.70E+00 3.63E-03 7.67E-02
AFB2 28 T2 1 1.49E-01 1.18E-01 7.84E+00 3.63E-03 7.03E-02
AFB2 28 T2V 1 1.49E-01 1.18E-01 8.97E+00 3.63E-03 1.97E-02
AFB2 1 FL 2 1.27E-01 8.77E-02 7.63E+00 3.25E-03 7.44E-02
AFB2 1 T1 2 1.27E-01 8.77E-02 3.15E+00 3.25E-03 8.17E-02
AFB2 1 T2 2 1.27E-01 8.77E-02 4.88E+00 3.25E-03 1.69E-02
AFB2 6 FL 2 1.27E-01 8.77E-02 7.14E+00 3.25E-03 1.30E-01
AFB2 6 T1 2 1.27E-01 8.77E-02 5.83E+00 3.25E-03 1.87E-01
AFB2 6 T2 2 1.27E-01 8.77E-02 6.10E+00 3.25E-03 7.32E-02
AFB2 28 FL 2 1.27E-01 8.77E-02 5.83E+00 3.25E-03 2.91E-02
AFB2 28 T1 2 1.27E-01 8.77E-02 6.68E+00 3.25E-03 5.88E-02
AFB2 28 T2 2 1.27E-01 8.77E-02 7.65E+00 3.25E-03 5.35E-02
AFB2 28 T2V 2 1.27E-01 8.77E-02 8.64E+00 3.25E-03 1.39E-02
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Supplementary Table 7: Average, minimum and maximum values of the estimated parameters in Supple-
mentary Tables 4 and 5.

average min (% of average) max (% of average)
k1 0.13 0.11 (82) 0.15 (138)
k2 0.12 8.8E-2 (74) 0.17 (195)
k3 6.98 2.47 (35) 11.6 (468)
k4 3.3E-3 3.1E-3 (95) 3.6E-3 (116)
k5 3.87E-2 2.2-3 (5.7) 0.11 (51)
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Auxin influences nearly every aspect of plant biology through
a simple signaling pathway; however, it remains unclear how
much of the diversity in auxin effects is explained by variation
in the core signaling components and which properties of these
components may contribute to diversification in response dynamics.
Here, we recapitulated the entire Arabidopsis thaliana forward
nuclear auxin signal transduction pathway in Saccharomyces cer-
evisiae to test whether signaling module composition enables tun-
ing of the dynamic response. Sensitivity analysis guided by a small
mathematical model revealed the centrality of auxin/indole-3-
acetic acid (Aux/IAA) transcriptional corepressors in controlling re-
sponse dynamics and highlighted the strong influence of natural
variation in Aux/IAA degradation rates on circuit performance.
When the basic auxin response circuit was expanded to include
multiple Aux/IAAs, we found that dominance relationships be-
tween coexpressed Aux/IAAs were sufficient to generate distinct
response modules similar to those seen during plant development.
Our work provides a new method for dissecting auxin signaling
and demonstrates the key role of Aux/IAAs in tuning auxin re-
sponse dynamics.

synthetic biology | signaling dynamics

Evolution depends on the plasticity of existing signaling path-
ways. The small molecule auxin is linked to signaling modules

that allowed plants to move to land, develop new organs, and re-
spond to the environment (1, 2). Despite the wide range of auxin
responses, the core auxin signal transduction pathway is quite
simple, involving a small number of components from perception
through transcription (Fig. 1A). Auxin triggers the rapid turnover
of Aux/IAA (IAA) proteins, which repress the activity of auxin
response factor (ARF) transcription factors through recruitment
of TOPLESS (TPL) corepressors (3, 4). Auxin receptors, auxin
signaling F-box (AFB) proteins, act as part of an E3 ubiquitin
ligase to catalyze the ubiquitination and subsequent degradation
of IAAs when auxin is present (5, 6). ARFs bound to auxin-
responsive cis-regulatory elements (AuxREs) are then free to
regulate the expression of auxin target genes, which include the
IAAs themselves (7–9).

How such a simple pathway can orchestrate the large number
of context-specific responses regulated by auxin is a long-stand-
ing question. Notably, each component in the auxin signaling
pathway belongs to a large gene family (2, 10, 11). In Arabidopsis,
there are 6 AFBs, 23 ARFs, and 29 IAAs. Functional divergence
between component family members could provide variation in
response to a generic auxin signal (12). Members of the ARF
family can be classified as transcriptional activators or repressors
(7, 8), and the role of repressor ARFs in regulating auxin sig-
naling is still a matter of debate (13). In addition, expression
studies of auxin-signaling gene families support the idea of an
“auxin pre-pattern” where certain combinations of coexpressed
components generate auxin circuits with distinct auxin response
capabilities (14, 15). However, owing to the high level of re-
dundancy and coexpression of auxin signaling component family
members, feedback, and interference from other signaling pathways
(16), the contributions of individual components to auxin circuit
behavior have remained elusive.

Here, we ported several variations of the auxin transcriptional
response pathway from Arabidopsis thaliana to Saccharomyces
cerevisiae. In so doing, we defined a minimal auxin response circuit
(ARC) sufficient to recapitulate auxin-induced transcription in a
heterologous context. Because no feedback was engineered into
these ARCs, they captured the dynamic potential of the simplest
forward response architecture. The ARC consists of five plant
components: an AFB, an IAA, TPL, an activating ARF tran-
scription factor, and an auxin-responsive plant promoter (Fig. 1).
The implementation of ARCs in yeast (ARCSc) relied on suc-
cessful interfacing of the ARC with other essential elements of
the yeast degradation and transcriptional machinery (Fig. 1B). This
modular, plug-in nature of the ARC, similar to what was observed
with auxin-induced degradation (17), highlights the likelihood that
the ARC could be implemented in a variety of other eukaryotic
contexts. The suite of ARC variants represented in the ARCSc

collection presented an opportunity to quantitatively investigate
the dynamic capabilities of the auxin response in isolation.
Auxin response pivots on relief of transcriptional repression,

yet neither expression of an IAA alone nor coexpression with
TPL repressed induction of the IAA19 promoter by activator
ARFs (Fig. 1C and SI Appendix, Fig. S1). A fusion of full-length
TPL with the ARF-interaction domain of IAA12 is able to fully
recapitulate the stabilized IAA12 mutant phenotype (3). Fol-
lowing this logic, we identified two TPL truncations (TPL-N100
and TPL-N300) that conferred repression in yeast when fused
to a full-length IAA. However, only repression by TPL-N100
(hereafter referred to as TPL) was relieved by auxin treatment
(Fig. 1C). In a yeast strain where we could simultaneously monitor
degradation of the TPL:IAA fusion and reporter activation, we
observed reporter activation dynamics similar to those observed in

Significance

Auxin is a simple small molecule, yet it elicits an enormous
variety of responses. How a single molecule can encode such
diverse and context-specific information is a long-standing
question. One hypothesis is that variation in auxin response
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test this, we transplanted the forward nuclear auxin signal
transduction pathway from plants into yeast. We found that
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cells where the TPL:IAA fusion was not labeled (Fig. 1D). Thus,
performance of ARCSc is consistent with the established model of
plant auxin signaling, with the exception that the TPL and IAA
components are acting as a single protein.
The expansion of the IAA gene family has been linked to the

increase in auxin signal complexity of land plants (2), suggesting

IAAs play an essential role in tuning the auxin response. To explore
the range of behaviors possible in a basic ARC configuration, we
therefore took advantage of the large number of naturally evolved
variants in the IAA gene family. We tested the impact of different
IAAs on response dynamics of ARCSc variants containing either
ARF19 or ARF7 using time-lapse flow cytometry (Fig. 2 and
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SI Appendix, Fig. S2). Our analysis focused primarily on IAAs
that display strong mutant phenotypes when stabilized by point
mutations that disrupt formation of the AFB–auxin–IAA complex
(18–23). Additional IAAs found in distinct subgroups in the IAA
family tree were also included (10). Circuits containing an IAA
missing the ARF interaction domain (IAA17deg) failed to repress
ARF activity, and thus indicated the maximum potential for re-
porter activation (Fig. 2). Yeast expressing IAA20, an IAA with
a substantially diverged degron sequence rendering it insensitive
to auxin, showed no reporter activation. Circuits with other IAAs
exhibited substantial differences in the initial repressed state, as
well as in the magnitude and rate of GFP reporter induction. The
induction curves for a given IAA with either ARF19 or ARF7
were qualitatively quite similar, suggesting that ARF7 and ARF19
have similar or overlapping functions. This interpretation is sup-
ported by genetic and phylogenetic analysis in plants (24–26). This
does not exclude the possibility that other ARF–IAA combina-
tions, or higher-order interactions between multiple components
from the ARF and IAA families, could generate additional diversity.
To quantify the differences in the behavior of ARCSc IAA

variants, we developed a small model that expands upon the
model used to quantify our degradation system (27). The present
model captures the overall flow of information while avoiding
reference to specific molecules and kinetic parameters that cannot
be measured and limiting the potential for overfitting (28, 29). In
our model the variable u represents the concentration of the ap-
plied auxin input and the variable g represents the GFP output of
the reporter (Fig. 3A). A lumped internal state, which combines
multiple reactions including the binding of auxin to the AFB re-
ceptor and related molecular machinery, is represented by x. IAA
protein levels are represented by y. The model has eight param-
eters (k1–8) that intuitively correspond to the biological processes
listed in Table 1. We tested the validity of this interpretation
numerically by evaluating fits of the data using different assump-
tions about which parameters change when different ARFs or
IAAs are used in the circuit (SI Appendix). Our analysis, and the

interpretation in Table 1, suggests varying the IAA corresponds to
tuning three parameters: expression level (k3), auxin-induced
degradation (k5), and ARF affinity (k8) of each IAA. The rest of
the parameters are independent of the changing components in
the circuit except for k7, which depends on which ARF is present.
To identify how IAA features influence the observed differ-

ences in response behavior, we defined two performance metrics:
the preauxin steady state g0 and the activation time ΔT (Fig. 3B).
The metrics were plotted against the estimated IAA dependent
parameter values for each variant to quantify the sensitivity of the
pathway to these parameters. The preauxin steady state g0 was
accurately predicted by k3 (expression level) and to a lesser extent
by k8 (ARF affinity), whereas, as the model suggests, k5 did not
reliably affect g0 (Fig. 3C and SI Appendix). In other words, the
“OFF” state of the circuit before auxin treatment is largely de-
termined by the amount of IAA present and only modestly af-
fected by the affinity of the IAA for the ARF. Experimentally, we
also confirmed that ARCs containing the high-expressing IAA1.1,
encoded by a yeast codon-optimized IAA1 (27), had a much lower
preauxin steady state than those with IAA1 (SI Appendix, Fig. S3).
In contrast, activation time ΔT was predicted with high accuracy by
k5 alone (Fig. 3D). This result indicates that natural variation in
IAA degradation rates—and not similar levels of variation in the
other parameters tested here—is sufficient to dramatically alter
the dynamics of auxin response.
We next engineered ARCSc variants with pairs of IAAs to test

the impact of competition between IAAs on auxin response
(Fig. 4A). This architecture was inspired by work suggesting that
sequential modules of ARF–IAA partners drive discrete stages in
the development of lateral roots (30–32). IAA28, IAA14, IAA12,
and IAA3 have all been implicated in lateral root development
(Fig. 4B). IAA28 regulates founder-cell specification (33) and
IAA14 subsequently drives the initial cell divisions (22). IAA12 is
involved in later divisions and outgrowth (30), and IAA3 has been
shown to be involved in emergence as well as negative regulation
of the IAA14 module (34). Limited expression studies available
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for IAA and ARF family members indicate that multiple family
members are often coexpressed in plant cells, raising the
question of how specificity or ordering is encoded (14, 15). Our
data and those of others suggest that multiple IAAs can interact
with and repress the same activator ARF (15). One attractive
hypothesis is that a hierarchy of ARC function is encoded by
a hierarchy of function within the IAAs themselves.
Although it was not possible to experimentally determine a

mechanism for this potential for hierarchical action, we were
able to test whether such a pattern can be simulated in a minimal
synthetic context. Toward that end, we generated ARCSc var-
iants expressing pairwise combinations of IAA3, IAA12, IAA14,
and IAA28. These competition strains made it possible to
characterize the impact of an additional IAA on the dynamics of
an ARC. Induction curves of ARCSc competition strains in-
dicated that transcriptional dynamics were largely biased toward
the IAA that acts in later developmental modules (Fig. 4C). The
12+14 and 12+3 circuits exhibited response dynamics similar
to that of a 12+12 circuit, whereas transcriptional dynamics of
14+28 circuits were nearly identical to a 14+14 circuit. The 14+3
transcriptional dynamics showed a high degree of variation from
one experiment to another, following response dynamics of either
14+14 or 3+3 circuits. This leads to a dominance hierarchy of 28 <
14, 3 < 12, which matches the proposed sequence of roles in lateral
root development.
The preferential response to one of the two coexpressed IAAs

suggests dominance relationships between IAAs could play a
role in the generation of sequential auxin responses. Novel dy-
namics created by heterodimers may also be a factor in some
cases, although the strong dominance of one IAA over another
makes this less likely for most of the examples tested here. The
dominance relationships uncovered here could explain how
transcriptional dynamics could be switched from one regime to
another over time. IAAs are among the earliest auxin response
genes (9), suggesting that differences in synthesis and degra-
dation rates among family members could lead to a dramatic
change in the cellular complement of IAAs after exposure to auxin.
In this way, IAAs may tune the intensity and duration of down-
stream transcriptional outputs similar to IκB repressors in the
mammalian NF-κB pathway (35, 36).
We hypothesized that dominance between IAAs could reflect

competition for two key interactions in the transmission of an
auxin signal: binding to the AFB and binding to the ARF (Fig.
4A). These interactions are approximately captured by the
parameters k5 (auxin-induced degradation rate) and k8 (ARF
affinity). In plants, where IAAs are strongly and differentially
auxin-induced, IAA expression level is also likely to play a criti-
cal role in determining which IAA drives transcriptional dy-
namics. However, because both IAAs in the yeast strains tested
here are expressed from the same strong constitutive yeast pro-
moters, we predicted that k3 (expression level) was unlikely to
have a significant role in determining dominance in our assays.
Indeed, we found only minor differences in expression levels
between coexpressed IAAs, and these small differences had no

correlation to dominance (SI Appendix, Fig. S4). Because all of
our rate estimates were obtained from experiments where only
a single IAA is expressed, these estimates cannot be directly
applied to predict competition outcomes in the more complex
setting of multiple coexpressed IAAs. Instead, we modified our
model to introduce two new parameters, α and β (SI Appendix),
which represent the relative contributions of the two competing
IAAs to the parameters k5 and k8, respectively. Thus, α and β

Table 1. Parameter interpretations

Parameter Biological interpretation

k1 Assembly of auxin-primed AFB receptor
k2 Basal degradation/dissociation of auxin-primed

AFB receptor
k3 IAA expression
k4 Basal degradation/dilution of IAA
k5 Auxin-induced degradation of IAA
k6 Basal degradation/dilution of GFP
k7 GFP expression
k8 ARF affinity of IAA B
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Fig. 4. IAA coexpression reveals dominance relationships between IAAs. (A)
Modified ARF19 circuits were built that contained pairs of IAAs (IAAx and
IAAy). (B) Schematic showing the simplified sequence of lateral root de-
velopment: founder cell specification, first cell division and patterning/out-
growth. Auxin response modules are proposed to be sequentially triggered
by degradation of the indicated IAAs. (C) One IAA could dictate the auxin
response dynamics of yeast cells expressing multiple IAAs. Comparisons are
shown between circuits containing two copies of the same IAA (colored
points) or one copy of each IAA (gray points). Model fits are shown as solid
lines. (D) α (AFB binding competiveness) or β (ARF binding competitiveness)
can affect the contribution of an IAA to ARC dynamics. Estimated α and β
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More details can be found in SI Appendix.
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describe which IAA is dominant in terms of its affinity to either
the AFB (α) or the ARF (β). IAAs that demonstrated clear
dominance in the behavior of the induction curve in mixed IAA
circuits had a higher α and/or β than the other coexpressed IAA
(Fig. 4D). It is worth noting that each of the original parameters,
as well as the derived α and β, encompass multiple rates con-
trolled by distinct biochemical mechanisms. Given the current
limits for experimental measurement of each of the constituent
rates within these composite parameters, it is impossible to
predict the dominance relationship of any IAA pair or to explain
observed dominance by an explicit molecular mechanism. In-
stead, these competition experiments serve to underline the
striking complexity possible with even relatively simple circuits
and generate a new hypothesis for sequential auxin circuit function
during development.
By transplanting auxin response into yeast and defining a small

mathematical model able to explain ARC dynamics, we were
able to rigorously test how auxin response is controlled and
tuned using only the core ARC components. When combined
with feedback and interactions with other pathways, such tuning
knobs likely have even more dramatic effects. By finding the
ARC tuning knobs, this approach generated hypotheses about
the evolution of natural ARC variants in plants, as well as showing
a path to engineer novel circuit behaviors in synthetic contexts.
The inherent modularity of the ARC lends itself to adding ad-
ditional layers of complexity and quantitative analysis of other
challenging features of auxin response, such as feedback or
higher-order complexes between ARFs and IAAs. Indeed, re-
cent structural studies indicate the potential for higher-order
ARF–IAA complexes than previously suspected (37–39). ARCSc

may be a useful tool for quantifying the impact of this structural
complexity on response dynamics. In addition, incorporation of
additional auxin-responsive promoters could expand the func-
tionality of our system and allow incorporation of combinatorial
control by multiple transcription factors. More generally, ARCSc

demonstrates how the reconstitution of eukaryotic pathways can
serve as a powerful companion to systems biology-driven studies
that generate predictions about functional signaling modules.

Materials and Methods
Strain Construction. A library of IAAs was cloned downstream of a GPD
promoter in TRP1 integration vectors using a standard Gateway LR reaction
(LRClonase II; Life Technologies) and transformed into W814-29B MATa
strains (YKL381) containing pGP5G-AFB2 [AFB2 integration at LEU2, ex-
pression from the GPD promoter (27)]. ARFs were amplified from Arabi-
dopsis cDNA and subcloned into the Gateway pDONR221 plasmid using
a standard Gateway BP reaction (BP Clonase II; Life Technologies). Each ARF
was then subsequently cloned into pGP8A-ccdB (integration at HIS3, ex-
pression from the ADH1 promoter) and transformed into a W303-1A MATa
strain containing the pIAA19-GFP reporter integrated at URA3 (YKL12).
Strains containing AFB2 and an IAA were then mated to strains containing
the reporter and an ARF to generate the library of ARCSc variants. See SI
Appendix, Table S1 for strains used in this study.

Plasmid Construction. Arabidopsis genes were inserted into single integrating
derivatives of pAG Gateway vectors (27, 40) (SI Appendix, Fig. S5 and Table S2).
TRP1 targeting single integrating Gateway vectors (27) were further modified
to contain an N-terminal TPL repression domain (RD) for auxin response assays,
or an N-terminal YFP-RD tag to monitor the degradation of RD–IAA fusions.
Repression domains TPL-N100 and TPL-N300 were amplified from A. thaliana
Columbia ecotype cDNA. For the GFP auxin induction reporter plasmid, 300 bp
immediately upstream of the IAA19 start codon was amplified from

Arabidopsis gDNA and inserted upstream of GFP in the pAG306 (URA3, mul-
tiply inserting) targeting vector.

Yeast Methods. Standard yeast drop-out and yeast extract–peptone–dextrose
plus adenine (YPAD) media were used, with care taken to use the same
batch of synthetic complete (SC) media for related experiments. A standard
lithium acetate protocol (41) was used for transformations of digested
plasmids. All cultures were grown at 30 °C with shaking at 220 rpm.

Flow Cytometry. Fluorescence measurements were taken with a BD Accuri C6
flow cytometer and CSampler plate adapter using an excitation wavelength
of 488 and an emission detection filter at 533 nm. A total of 10,000 events
above a 400,000 FSC-H threshold (to exclude debris) were measured for each
sample and data exported as FCS 3.0 files for processing using the flowCore R
software package and custom R scripts (27).

Induction Assays. A freshly grown colony for each strain was inoculated in SC
and the cell density (in events per microliter) was estimated using cytometry
data gated for yeast by a custom R script (27). Each culture was then diluted
to 0.25 events per microliter in 12 mL of SC. This dilution was split into
duplicate 5-mL aliquots and incubated for 16 h. At 16 h, duplicate aliquots
were combined, mixed, and resplit into two tubes and initial measurements
taken in the cytometer (starting density was ∼200 events per microliter). For
each strain, one replicate was mock-treated [95% (vol/vol) ethanol] and one
replicate was treated with 10 μM indole-3-acetic acid. Immediately after
auxin addition, fluorescence for the 0-min time point was recorded and
subsequent measurements acquired at 10-min intervals for 5 h. Up to 12
strains were measured in parallel.

Steady-State Expression Measurements. A freshly grown colony was inoc-
ulated into 1 mL of SC in a 96-well plate and grown to stationary overnight.
The next morning each culture was diluted into fresh SC and fluorescence
measurements taken ∼6 h later.

Microscopy. Yeast cells grown overnight in SC at 30 °C were diluted 1:100 in
SC, incubated for 4–5 h, and then diluted 1:20 before loading onto a Y04D
plate (CellASIC). Using the CellASIC-ONIX microfluidic system and associated
software, cells were treated with 10 μM auxin in SC medium. An inverted
Nikon Eclipse Ti microscope with a 60×, numerical aperture and 1.4 oil ob-
jective was used to image the yeast cells at 1-h intervals using a YFP-HYQ
and CFP bandpass filter (Nikon) with a CoolSNAP HQ2 14-bit camera.

Expression Analysis. Yeast cells were grown in YPAD and collected at an OD of
0.9. RNA was extracted using the RiboPure RNA purification kit (Life Tech-
nologies). One microgram of RNA was used for cDNA synthesis using the
iScript cDNA Synthesis kit (Bio-Rad). Samples were analyzed using the iQ SYBR
Green Supermix (Biorad) reactions in a C100 Thermal Cycler fitted with a
CFX96 Real-Time Detection System (Biorad). Relative expression levels were
calculated using the formula (Etarget)

−CPtarget/(Eref)
−CPref (42) and normalized

to the ACT1 reference gene.

Quantitative Analysis. A gray-box modeling approach was used to identify
aminimal mathematical model for the auxin response characterized by ARCSc

variants. A more detailed description of the modeling and quantitative
analysis is found in SI Appendix. The annotated code and supporting data
are available for download at http://klavinslab.org/data.html.
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1 Quantitative Analysis

Model identification. The model mirrors the construction of the ARCSc (Supplementary Figure 6): Just as an

ARF and a promoter were added to the previously engineered AFB|IAA system, an additional equation for GFP

(represented by g) was added to the previously identified mathematical model of the AFB|IAA system [1] to obtain

the following.

ẋ = k1u� k2x

ẏ = k3 � k4y� k5xy

ġ = �k6g+
k7

1+ k8y

. (1)

The time-dependent variables u,x,y and g represent the concentration of auxin input, a lumped internal state (com-

bining the intermediate reactions involving the binding of auxin to the AFB receptor and related molecular machin-

ery), the IAA levels, and the GFP reporter, respectively. The parameters describe the synthesis of the internal state

(k1), the degradation and dilution of the internal state (k2), expression of IAA (k3), degradation and dilution of IAA

(k4), auxin-induced degradation of IAA (k5), degradation and dilution of GFP (k6), non-repressed expression of the

reporter (k7), and the repression on the reporter (k8). The first two equations in the model are identical to the model

of the AFB|IAA system reported previously [1]. The third equation captures the dynamics of GFP output – the basal

degradation and dilution rate, and the IAA dependent expression rate. Because IAAs bind with ARF and inhibit the

activation of GFP expression, the GFP expression rate is inversely proportional to the amount of IAA. The model is

not intended to be mechanistic. Nevertheless, even without additional terms modeling ARF dynamics, for example

by directly modeling the inhibitory effect of IAA on GFP expression, the model fits the wide range of GFP induction

responses (Figure 2). In fact, the addition of a species representing the concentration of ARF introduces uncertainty

to the parameter estimation that cannot be resolved because of the low number of observable outputs.

Parameter-Component dependency. The main question we answer in our analysis of the model is: which of

the parameters k1 through k8 are tuned by the choice of AFB or IAA. We call the proteins that make up the circuit,
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and in particular the ARF and IAA, components. As can be seen from the data, the auxin response clearly depends

on the choice of components. For those aspects of the dynamics that are independent of the changing components,

we expect that the model parameters associated with the components remain constant across ARCSc variants. For

example, k1 is a parameter associated with the choice of AFB [1] and when estimating the parameters of ARCSc

circuits, all with the same AFB variant, the value for k1 is constant for all members of the set. However, k3 is

associated with the choice of IAA; therefore, when estimating the parameters of ARCSc circuits with different IAAs,

we expect the parameter values to be different for each variant. This dependency implies that every dependent

parameter becomes a variable unique to an ARCSc variant (made up of unique constituent components), and the set

of these unique variables add to the dimension in which we compare ARCSc variants with one another. Since we seek

a small set of quantitative features for simpler comparison across ARCSc variants for parsimonious representation,

we aim to keep the number of dependencies small.

We use a matrix to represent the relationship between parameters (k1 through k8) and components (the ARFs and

IAAs). In particular, we define the m⇥n Boolean matrix A for m-parameters and n-components. Note that n refers

to the number of component types that compose the system, and not the number of interchangeable variants for a

given component type. Here m = 8 and n = 2. The entry a

i, j is 1 if the i-th parameter is dependent on the choice of

the j-th component, and is 0, otherwise.

To validate our interpretation of the parameters k1 through k8, we estimate A using pooled experimental data.

Note that there exist 2m⇥n candidates for A and each candidate is a hypothesis regarding the parameter-component

dependency. Some hypotheses perform better than others with respect to how well they fits the range of divergent

system behaviors across a set of system variants. These candidates tend to have more non-zero entries because each

non-zero entry effectively allows another degree-of-freedom for fitting experimental data. At the same time, the

candidates with more non-zero entries ultimately result in more unique variables per system variant. Therefore, we

search for an A that results in a low model-fit residual with small number of non-zero entries.

We implemented the model fitting and parameter-component matrix search in Mathematica. The code and

supporting data are available for download at http://klavinslab.org/data.html. Given that there are 216 possible
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candidate matrices for the 2-component ARCSc circuits and the 8-parameter model, directly examining all of the

candidates is prohibitively expensive in computational cost (approximately 2 hours per matrix using the NMinimize

function in Mathematica). Instead, we selectively choose and evaluate candidate matrices using a greedy search

algorithm (Supplementary Figure 7). The algorithm begins with 0-matrix (parent matrix) and searches a set of

candidate matrices that are generated by adding an additional 1 to each of the available positions (previously where

it was 0) (a set of child matrices). Among the set, the matrix with the lowest model-fit residual is chosen. The

process is iterated by updating the parent matrix with the best performer and generating a next set of matrices.

Though efficient, this approach sometimes fails to consider other candidate matrices that are nearly equivalent in

model-fit residual to the lowest value. Repeated searches from different initial conditions, however, gave the same

results in this case. Additionally, we observed a trend where the model-fit residual monotonically decreases with

increasing number of non-zero entries. We conjecture that this behavior will be observed in general, but no analytical

proof yet exists. Finally, it is notable that because of various uncertainties in measurement/experimental noise and

estimation errors, the residual eventually saturates at some low value and further addition of non-zero entries do not

decrease it further. We defined an arbitrary threshold at which point the iterative search for optimal A halts.

The optimal matrix A

⇤ (Supplementary Figure 7) suggests the following interpretations regarding the ARCSc and

the model parameter.

� The expression strength of IAA (k3) is one of the strongest determinants of the ARCSc response dynamics

as it was consistently chosen as the first non-zero entry in multiple iterations of greedy search algorithm.

Additionally, the parameter is dependent on the choice of IAA alone, and is independent of the ARF.

� The basal expression of GFP (k7) is dependent on the choice of ARF, but independent of the choice of IAA.

� Somewhat unexpectedly, the auxin-mediated IAA degradation (k5) is dependent on the choice of both IAA

and ARF. One hypothesis is that ARF and AFB compete for binding with IAA and when IAA is bound to

ARF, AFB cannot bind – inhibiting auxin-mediated IAA degradation.

� The affinity of IAA to ARF (k8) is dependent on the choices of IAA and ARF, which is consistent with the
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model interpretation.

The findings of parameter-component dependency identified here could have been obtained, to some degree,

through qualitative observation of ARCSc responses (e.g. The minimal dependency of k3 on the choice of ARF could

have been elicited from noticing that the preauxin steady state of ARCSc remains constant when a different ARF is

used). However, by using the approach discussed here, we investigated different hypotheses and determined that

not all of the model parameters need be varied to account for the range of dynamic responses in ARCSc. Using the

approach, we have identified a minimal set of quantities that identify the biological functions of ARCSc. Furthermore,

these values may be tuned by choosing the appropriate ARF and IAA.

Sensitivity Analysis. We defined two performance metrics to capture the overall behavior of the system: The

preauxin steady state and the activation time. These metrics enable quantitative comparisons among the ARCSc

variants (and may guide later rational engineering of synthetic gene networks using the synthetic system analyzed

here).

The preauxin steady state. The analytical expression for the preauxin steady state with u = 0 is

g0 =
k7k4

k6 (k4 + k3k8)
. (2)

Experimentally, it was shown that the maximal GFP intensity is dependent on the choice of ARF. Therefore, to

fairly compare preauxin steady states of GFP among the ARCSc variants with different ARFs, the values were

normalized by k7/k6, which corresponds to the maximal GFP expression rate when y is zero. Thus the normalized

value represents the relative fraction of the preauxin steady states of GFP with respect to the maximal GFP intensity

possible for the given ARF. Note that the relative rankings of IAAs in ARF19 and ARF7 are conserved for this

metric (Supplementary Figure 8).

Sensitivity analysis reveals how the preauxin steady state changes with a change in the model parameters (Figure

3C) – specifically k3,k5, and k8. Each parameter was varied one at a time from the minimum and the maximum

estimated values. The preauxin steady state depends on the synthesis rate of IAA and the affinity of IAA to ARF.

At the same time, because the preauxin steady state is measured before auxin is added to the system, the quantity
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is independent of the auxin-induced IAA degradation (k5). Therefore, the preauxin steady state does not vary as

k5 is changed, and the sensitivity analysis consistently predicts this behavior. The effect of varying k3 and k8 is

qualitatively equivalent – when either of the value is decreased, the preauxin steady state increases, and vice versa.

The activation time, DTt. We define the activation time as the difference in time between when 10% GFP

expression intensity (t10) and 90% GFP expression (t90) are reached. We set the initial state (refers to the preauxin

steady state GFP intensity) as the 0% and the final state (refers to the post-auxin steady state GFP intensity) as 100%.

The ODEs are solved to numerically approximate the activation time, because there is no analytical solution to the

model. As in the sensitivity analysis of the preauxin steady state, each parameter was varied between the minimum

and the maximum of the estimated parameter values from the data, while the other parameters are held constant

(Figure 3D). The most striking trend is that the activation time is predicted with high accuracy by k5 alone and that

k3 or k8 are poor predictors of the activation time. This suggests that when engineering a synthetic gene network

using the ARCSc circuit which requires faster/slower activation rate, it is far more advantageous to select an IAA

with a higher/lower k5 than one with a different k3 or k8.

The sensitivity analysis also suggests that varying k3 and k8 have similar effect on the DT . This raises the

possibility that these parameters are indistinguishable when the output measurement is limited to the variable g.

However, the ambiguity is resolved if the output measurements are extended to the variable y, because it allows us

to estimate k3 – the expression rate of IAA – independently of the k8. To achieve a similar effect, we pooled two

data sets - GFP induction data and YFP-IAA degradation data. Though the YFP-IAA degradation data is collected

from a variation of ARCSc circuit that lacks the plant promoter, it is a close approximation of the standard ARCSc

circuit. This condition allowed us to deduce the approximate range of k3 for ARCSc circuits. Though mathematically

indistinguishable in sensitivity, different IAAs with different k3 and k8 values have varying effects on the circuit

performance. In particular, the scatter plot of k3 and k8 shows little correlation, suggesting that the two parameters

are controlled independently within the IAA sequence and have partially independent roles in output dynamics

(Supplementary Figure 9). We hypothesize that k3 is determined by the transcriptional and translational efficiency

of the IAA in question, whereas k8 is determined by the affinity of the IAA for its target ARF.
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Competition of multiple IAAs. Instead of modifying the model structure and introducing new variables and

parameters to represent the secondary IAA, we reinterpret the standard model1. Specifically, the variable y was

interpreted as the effective IAA. This is because without engineering the multiple-IAA ARCSc to measure either or

both of the IAA dynamics, it is difficult to decouple the effects of individual IAAs. Therefore, we assume that there

exists a lumped species whose behavior is a combination of behaviors of the two IAAs.

As discussed, the characteristic features of an IAA in ARCSc are quantified by k3,k5 and k8. Similarly, we assume

the characteristic features of the effective IAA species of a mixed-IAA ARCSc are quantified by the same parameters.

We further hypothesize that k5 and k8 of the mixed IAA circuit are linear combinations of the parametric values

of each individual IAA with the weighting coefficient parametrized by a and b , respectively. These parameters

approximate the relative competitiveness in AFB- and ARF-binding of one of the two IAA in a mixed ARCSc

system. This relationship is written as follows.

k5,mixed-IAA = ak5,IAA
x

+(1�a)k5,IAA
y

(3)

k8,mixed-IAA = bk8,IAA
x

+(1�b )k8,IAA
y

. (4)

It was shown that mixed-IAA response dynamics often mimic the response of one of the individual IAA ARCSc

circuit more closer than the other. To determine whether this trend is bolstered by either a strong relative competi-

tiveness of AFB- or ARF-binding of a given IAA, we simulated the effect of varying a and b simultaneously. To

examine the preferential response dynamics of a mixed ARCSc system, we define a metric w , that quantifies how

closely the mixed ARCSc mimics the IAA
x

behavior, as follows.

w =

R
|g(q

xy

)�g(q
y

)|dt

R
|g(q

x

)�g(q
y

)|dt

, (5)

where g(q
xy

) is the response dynamics of a mixed ARCSc that co-expresses IAA
x

and IAA
y

. IAA
x

has near 0

dominance, when a and b are both zeros, and complete dominance when they are both ones. With a low b (e.g. b =

1The estimated parameters for the IAA-competition ARCSc variants are shown in the Supplementary Table 4.
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0, IAA
x

entirely loses the competition over ARF-binding to IAA
y

), IAA
x

can still dominate the response by having

a high relative competitiveness in AFB-binding (a). With a low a , IAA
x

cannot dominate even with maximum

b value. It is not surprising that competitiveness is better captured by a since a corresponds to k5 which affects

the auxin response much more than k8. Note that one cannot conclude from this analysis that a faster or slower k5

predicts competition. Rather, we simply use a to describe which of two IAAs dominate by showing which effective

k5 results from the competition.

References

[1] K. Havens et al., A synthetic approach reveals extensive tunability of auxin signaling. Plant Physiology. 160(1)

135-142 (2012).

8

65



Supplementary Figure 1: TPL co-expression with IAA14 does not inhibit ARF activation. Full length (FL) TPL was
either co-expressed with IAA14 (dark grey) or fused to IAA14 (light blue). Both constructs exhibited similar levels of
preauxin steady state GFP reporter activity as ARC strains with IAA14 alone (NO RD). The other RD constructs are
shown for reference. Error bars represent standard deviation (n=2).
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Supplementary Figure 2: Flow cytometry data for all ARCSc strains tested. In addition, data is shown for IAA17.t2
(grey), which lacks the ARF interaction domain, IAA1.1 (light blue square), which is a yeast codon-optimized version of
IAA1 and slr (blue square), which is an auxin-insensitive form of IAA14. The top panels show mock and auxin treated
data for each IAA in the presence of ARF19, while the bottom panels show the same IAAs in the presence of ARF7.
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Supplementary Figure 3: Preauxin steady state GFP reporter activity of IAA 1.1 is lower than that of IAA1 in ARF19
circuits. IAA1.1 is codon optimized for yeast. It has a higher expression level than IAA1, while maintaining a similar rate
of auxin-induced degradation [1]. Error bars represent standard deviation (n=2).
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Supplementary Figure 4: IAA expression levels do not correlate with dominance behavior in ARCSc competition strains.
qPCR was used to measure expression of each IAA present in replicate 12+3 or 14+28 strains. In both circuits, there were
only modest differences in expression between the IAAs found in each strain. Notably, the dominant IAA in each of these
competition circuits is not the IAA expressed at the highest level. Error bars represent standard error (n=3).
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Supplementary Figure 5: Assembly of pGP4GY-ccdB. The construction of pG4GY-ccdB illustrates the minimum
modifications needed to generate a single integrating derivative of a pAG vector. pG4GY-ccdB was generated in a
single Gibson reaction using four PCR products from a pAG template (pAG304GPD-EYFP-ccdB) and one from a yeast
chromosomal template. PmeI sites were inserted via PCR primer overhangs. The Gatewayr expression cassette region
(black) contains the ccdB counter-selectable marker and chloramphenicol resistance cassette flanked by attR recombination
sites to facilitate Gatewayr LR reactions. The second targeting domain (green) begins at the first bp on the chromosome
following the sequence homologous to the TRP1 selectable marker cassette (blue); the TRP1 coding region starts at bp +1.
This figure is not to scale.
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auxin IAA GFP
AFB | IAA ARF

u y g
dg
dt = − k6g + k7

1 + k8y

dx
dt = k1u � k2x

dy
dt = k3 � k4y � k5xy

A

B

Supplementary Figure 6: The block diagram of the ARCSc and its model. (A) The subcomponent, AFB|IAA, was
characterized previously. The ARF and GFP components were added here. The output of the first component (IAA),
interacts with the ARF and affects the system output (GFP). (B) The mathematical model is extended to encompass the
dynamics of the ARCSc by adding a third equation for the GFP dynamics. The block diagram illustrates the analogous
composition of both the physical system and the mathematical model identification presented.
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Supplementary Figure 7: Model-fit residual decreases with fewer constraints on parameter estimation. The increasing
number of non-zero entries in the Parameter-Component dependency matrix corresponds to fewer constraints on the
optimization of parameters to fit experimental data. The figure shows an instance of the greedy search algorithm, where
monotonically decreasing behavior is observed. We conjecture that this behavior will be observed in general, but no
analytical proof yet exists.
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Supplementary Figure 8: Preauxin steady state values of ARC variants. A total of 20 different ARCs – 2 different ARFs
in combination with 10 different IAAs – were evaluated. They are ordered according to GFP intensity in the ARF19
ARCs. For each ARCSc, two to four replicates were analyzed and the error bar shows one standard deviation among the
replicates.
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Supplementary Figure 9: k3 and k8 are not correlated. Scatter plot of k3 and k8 values are plotted for the 11 IAAs
assayed with ARF19. Two to four biological replicates were analyzed per ARC, and each point represents the mean of the
estimated parameter across replicates. The dashed lines indicate the mean of k3 and k8 across all IAAs.
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Supplementary Table 1: Yeast strains used in this study 
!
!

Strain  Genotype  Figure 
W303-1A  MATa leu2-3,112 trp1-1 can1-100 ura3-1 his3-1,115 ybp1-1 
W814-29B  MATα ade2-1 trp1-1 can1-100 ura3-1 leu2-3,112 his3-1,115 
YKL381  MATα LEU2:pGPD-AFB2 
YKL388  MATa HIS3:pADH1-ARF19   URA3:pIAA19-GFP 
YKL714  MATa HIS3:pADH1-ARF7  URA3:pIAA19-GFP 
NY477  MATa HIS3:pADH1-ARF19   URA3:pIAA19-Cerulean-stop 
NY1205  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA3 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-Cerulean-stop Figure 1 
YKL1808  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-YFP-TPL-N100-IAA3  his3- 

1,115/HIS3:pADH1-ARF19 Figure 1 
YKL1718  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 his3-1,115/HIS3:pADH1-ARF19 ura3- 

1/URA3:pIAA19-GFP trp1-1/TRP1:pGPD-IAA14 Figure 1,S1 
YKL1717  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 his3-1,115/HIS3:pADH1-ARF19 ura3- 

1/URA3:pIAA19-GFP trp1-1/TRP1:pGPD-TPL-N300-IAA14 Figure 1,S1 
YKL 1706  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA14 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure 1, 2, S2 
YKL1560  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA12 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1564  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA28 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1562  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA3 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure 1, 2, S2 
YKL1563  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA19 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1567  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA20 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1561  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA1 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure S2,S3 
YKL1568  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA1.1 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure S2,S3 
YKL1566  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA17.T2 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1720  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA5 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure S2 
YKL1722  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA8 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1707  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA17 his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1565  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA14.SLR his3- 

1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure S2 
NY520  MATa/MATα his3-1,115/HIS3:pADH1-ARF7 ura3-1/URA3:pIAA19-GFP leu2-3,112/LEU2:pGPD- 

AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA14 Figure 2, S2 
YKL1569  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA12 his3- 

1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1573  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA28 his3- 

1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1571  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA3 his3- 

1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1572  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA19 his3- 

1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1576  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA20 his3- 

1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure 2, S2 
YKL1570  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA1 his3- 

1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure S2 
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YKL1577  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA1.1 his3- 
1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure S2 

YKL1574  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA14.SLR his3- 
1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure S2 

YKL1723  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA5 his3- 
1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure S2 

YKL1725  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA8 his3- 
1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure 2, S2 

NY524  MATa/MATα his3-1,115/HIS3:pADH1-ARF7 ura3-1/URA3:pIAA19-GFP leu2-3,112/LEU2:pGPD- 
AFB2 trp1-1/TRP1:pGPD-TPL-N100-IAA17 Figure 2, S2 

YKL1575  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA17.T2 his3- 
1,115/HIS3:pADH1-ARF7  ura3-1/URA3:pIAA19-GFP Figure 2, S2 

NY653  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA14/TRP1:pGPD-TPL- 
N100-IAA14 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4 

NY665  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA28/TRP1:pGPD-TPL- 
N100-IAA28 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4 

NY659  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA12/TRP1:pGPD-TPL- 
N100-IAA12 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4 

NY897  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA3/TRP1:pGPD-TPL- 
N100-IAA3 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4 

NY654  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA12/TRP1:pGPD-TPL- 
N100-IAA14 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4 

NY658  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA14/TRP1:pGPD-TPL- 
N100-IAA12 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4 

NY655  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA28/TRP1:pGPD-TPL- 
N100-IAA14 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4, S4 

NY663  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA14/TRP1:pGPD-TPL- 
N100-IAA28 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4, S4 

NY657  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA3/TRP1:pGPD-TPL- 
N100-IAA14 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4 

NY893  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA14/TRP1:pGPD-TPL- 
N100-IAA3 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4 

NY662  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA3/TRP1:pGPD-TPL- 
N100-IAA12 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4, S4 

NY894  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 TRP1:pGPD-TPL-N100-IAA12/TRP1:pGPD-TPL- 
N100-IAA3 HIS3:pADH1-ARF19  URA3:pIAA19-GFP  Figure 4, S4 

NY551  MATa/MATα his3-1,115/HIS3:pADH1-ARF19 ura3-1/URA3:pIAA19-GFP trp1-1/TRP1:pGPD- 
TPL leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-IAA14 Figure S1 

NY903  MATa/MATα leu2-3,112/LEU2:pGPD-AFB2 trp1-1/TRP1:pGPD-TPL-IAA14 his3- 
1,115/HIS3:pADH1-ARF19  ura3-1/URA3:pIAA19-GFP Figure S1 
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Supplementary Table 2:  Primers used in this study 
!

 Primers to clone ARFs into pDONR   
prKL419: ARF7 F  AAAAAGCAGGCTTCAAAATGAAAGCTCCTTCATCAAATGG 
prKL268: ARF7 R  AGAAAGCTGGGTGTCACCGGTTAAACGAAGTGG 
prKL437: ARF19FW  AAAAAGCAGGCTTCAAAATGAAAGCTCCATCAAATG 
prKL438: ARF19RV  AGAAAGCTGGGTGTTACTATCTGTTGAAAGAAGCTGC 

!
 Adapter primers used to increase the att sites on cloned ARF PCR product   
prKL52: adapter attB1 F  GGGGACAAGTTTGTACAAAAAAGCAGGCT 
prKL53: adapter attB2 R  GGGGACCACTTTGTACAAGAAAGCTGGGT 

!

 Primers for Gibson assembly of pGP4G-TPL-N100-ccdB   
prNL1386: tctagaactagtggatcccccgggacaaaATGTCTTCTCTTAGTAGAGAGCTCG 
prNL1376: 
TPLRD1_R_adapt  AGAAAGCTGGGTGTTAATCCTTCACTAGTATATCCACAGC 
prNL1481: eYFPspacer_F   GGTGGACCAGGTGGTGGACATC 
prKL771:Ampr_split_F  GTTCGCCAGTTAATAGTTTGCGCAACG 
GPD+pBlueScript_R  gatccactagttctagaatccgtcgaaactaagttctggtg 
prKL559:Ampr_split_R  ATCGGAGGACCGAAGGAGCTAACC 

!
PCRs fused in Gibson 
prNL1386 with prNL1376 using A.t. cDNA as template 
prNL1481 with prKL559 using pGP4G-ccdB as template 
prKL1390 with prKL771 using pGP4G-ccdB as template 

!
 Primers for Gibson assembly of pGP4G-TPL-N300-ccdB   
prNL1386:  tctagaactagtggatcccccgggacaaaATGTCTTCTCTTAGTAGAGAGCTCG 
prNL1377: 
TPLRD2_R_adapt 

AGAAAGCTGGGTGTTAAGAATCTGCTGACGGGTAGTCTAAAGAA 
GCATT 

prNL1481: eYFPspacer_F   GGTGGACCAGGTGGTGGACATC 
prKL771:Ampr_split_F  GTTCGCCAGTTAATAGTTTGCGCAACG 
prNL1390: 
GPD+pBlueScript_R  gatccactagttctagaatccgtcgaaactaagttctggtg 
prKL559:Ampr_split_R  ATCGGAGGACCGAAGGAGCTAACC 

!
PCRs fused in Gibson 
prNL1386 with prNL1377 using A.t. cDNA as template 
prNL1481 with prKL559 using pGP4G-ccdB as template 
prKL1390 with prKL771 using pGP4G-ccdB as template 
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Supplementary Table 3. Estimated parameters of Auxin Response Circuits
IAA RD ARF rep k1 k2 k3 k4 k5 k6 k7 k8

1.1 TPLRD1 7 1 0.138 0.103 1.320 0.003 0.011 0.007 43.294 0.004
1.1 TPLRD1 7 2 0.138 0.103 1.945 0.003 0.012 0.007 43.294 0.004
1.1 TPLRD1 7 3 0.138 0.103 1.348 0.003 0.013 0.007 43.294 0.005
1.1 TPLRD1 7 4 0.138 0.103 1.542 0.003 0.013 0.007 43.294 0.005
3 TPLRD1 7 1 0.138 0.103 0.801 0.003 0.083 0.007 43.294 0.009
3 TPLRD1 7 2 0.138 0.103 1.332 0.003 0.056 0.007 43.294 0.006
3 TPLRD1 7 3 0.138 0.103 1.307 0.003 0.082 0.007 43.294 0.006
3 TPLRD1 7 4 0.138 0.103 2.527 0.003 0.069 0.007 43.294 0.004
5 TPLRD1 7 1 0.138 0.103 0.070 0.003 0.032 0.007 43.294 0.007
5 TPLRD1 7 2 0.138 0.103 0.107 0.003 0.046 0.007 43.294 0.007
5 TPLRD1 7 3 0.138 0.103 0.146 0.003 0.012 0.007 43.294 0.004
5 TPLRD1 7 4 0.138 0.103 0.102 0.003 0.006 0.007 43.294 0.008
8 TPLRD1 7 1 0.138 0.103 0.120 0.003 0.063 0.007 43.294 0.006
8 TPLRD1 7 2 0.138 0.103 0.122 0.003 0.047 0.007 43.294 0.009
8 TPLRD1 7 3 0.138 0.103 0.192 0.003 0.024 0.007 43.294 0.004
8 TPLRD1 7 4 0.138 0.103 0.078 0.003 0.056 0.007 43.294 0.013
12 TPLRD1 7 1 0.138 0.103 1.608 0.003 0.012 0.007 43.294 0.007
12 TPLRD1 7 2 0.138 0.103 1.531 0.003 0.017 0.007 43.294 0.006
12 TPLRD1 7 3 0.138 0.103 1.546 0.003 0.012 0.007 43.294 0.006
14 TPLRD1 7 1 0.138 0.103 1.033 0.003 0.127 0.007 43.294 0.005
14 TPLRD1 7 2 0.138 0.103 0.669 0.003 0.055 0.007 43.294 0.009
14 TPLRD1 7 3 0.138 0.103 1.158 0.003 0.078 0.007 43.294 0.006
14 TPLRD1 7 4 0.138 0.103 1.011 0.003 0.109 0.007 43.294 0.006
17 TPLRD1 7 1 0.138 0.103 0.771 0.003 0.042 0.007 43.294 0.005
17 TPLRD1 7 2 0.138 0.103 1.308 0.003 0.046 0.007 43.294 0.004
17 TPLRD1 7 3 0.138 0.103 0.843 0.003 0.023 0.007 43.294 0.005
19 TPLRD1 7 1 0.138 0.103 1.728 0.003 0.013 0.007 43.294 0.004
19 TPLRD1 7 2 0.138 0.103 2.656 0.003 0.011 0.007 43.294 0.003
19 TPLRD1 7 3 0.138 0.103 1.820 0.003 0.011 0.007 43.294 0.004
19 TPLRD1 7 4 0.138 0.103 1.617 0.003 0.009 0.007 43.294 0.006
20 TPLRD1 7 1 0.138 0.103 0.575 0.003 0.000 0.007 43.294 0.007
20 TPLRD1 7 2 0.138 0.103 1.122 0.003 0.000 0.007 43.294 0.004
20 TPLRD1 7 3 0.138 0.103 1.043 0.003 0.000 0.007 43.294 0.006
20 TPLRD1 7 4 0.138 0.103 1.008 0.003 0.000 0.007 43.294 0.006
28 TPLRD1 7 1 0.138 0.103 0.363 0.003 0.025 0.007 43.294 0.003
28 TPLRD1 7 2 0.138 0.103 0.419 0.003 0.047 0.007 43.294 0.004
28 TPLRD1 7 3 0.138 0.103 0.361 0.003 0.025 0.007 43.294 0.004
1 TPLRD1 19 1 0.138 0.103 0.413 0.003 0.013 0.007 62.284 0.003
1 TPLRD1 19 2 0.138 0.103 0.364 0.003 0.010 0.007 62.284 0.003

1.1 TPLRD1 19 1 0.138 0.103 2.750 0.003 0.008 0.007 62.284 0.003
1.1 TPLRD1 19 2 0.138 0.103 2.974 0.003 0.010 0.007 62.284 0.004
3 TPLRD1 19 1 0.138 0.103 1.584 0.003 0.035 0.007 62.284 0.007
3 TPLRD1 19 2 0.138 0.103 1.570 0.003 0.038 0.007 62.284 0.007
5 TPLRD1 19 1 0.138 0.103 0.096 0.003 0.050 0.007 62.284 0.008
5 TPLRD1 19 2 0.138 0.103 0.087 0.003 0.039 0.007 62.284 0.009
8 TPLRD1 19 1 0.138 0.103 1.080 0.003 0.050 0.007 62.284 0.002
8 TPLRD1 19 2 0.138 0.103 0.909 0.003 0.043 0.007 62.284 0.003
12 TPLRD1 19 1 0.138 0.103 2.096 0.003 0.011 0.007 62.284 0.005
12 TPLRD1 19 2 0.138 0.103 2.288 0.003 0.011 0.007 62.284 0.006
14 TPLRD1 19 1 0.138 0.103 1.185 0.003 0.040 0.007 62.284 0.005
14 TPLRD1 19 2 0.138 0.103 0.680 0.003 0.060 0.007 62.284 0.009
14 TPLRD1 19 3 0.138 0.103 0.587 0.003 0.053 0.007 62.284 0.010
14 TPLRD1 19 4 0.138 0.103 0.820 0.003 0.055 0.007 62.284 0.007
14 TPLRD1 19 5 0.138 0.103 0.725 0.003 0.054 0.007 62.284 0.008
17 TPLRD1 19 1 0.138 0.103 1.288 0.003 0.027 0.007 62.284 0.006
17 TPLRD1 19 2 0.138 0.103 1.975 0.003 0.033 0.007 62.284 0.004
19 TPLRD1 19 1 0.138 0.103 1.970 0.003 0.013 0.007 62.284 0.006
19 TPLRD1 19 2 0.138 0.103 1.617 0.003 0.015 0.007 62.284 0.007
20 TPLRD1 19 1 0.138 0.103 1.412 0.003 0.000 0.007 62.284 0.005
20 TPLRD1 19 2 0.138 0.103 1.415 0.003 0.000 0.007 62.284 0.005
28 TPLRD1 19 1 0.138 0.103 0.955 0.003 0.011 0.007 62.284 0.003
28 TPLRD1 19 2 0.138 0.103 0.703 0.003 0.010 0.007 62.284 0.004
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Supplementary Table 4. Estimated parameters of competition Auxin Response Circuits
Primary'''''
IAA

Secondary'
IAA ARF rep k1 k2 k3 k4 k5 k6 k7 k8

3 3 19 1 0.138 0.103 4.670 0.003 0.007 0.007 99.1 0.005
3 3 19 2 0.138 0.103 4.636 0.003 0.007 0.007 99.1 0.005
3 3 19 3 0.138 0.103 5.273 0.003 0.005 0.007 99.1 0.004
3 3 19 4 0.138 0.103 5.701 0.003 0.008 0.007 99.1 0.004
3 12 19 1 0.138 0.103 7.068 0.003 0.005 0.007 99.1 0.003
3 12 19 2 0.138 0.103 5.841 0.003 0.006 0.007 99.1 0.005
3 12 19 3 0.138 0.103 8.371 0.003 0.004 0.007 99.1 0.003
3 12 19 4 0.138 0.103 8.754 0.003 0.004 0.007 99.1 0.003
3 14 19 1 0.138 0.103 3.985 0.003 0.011 0.007 99.1 0.004
3 14 19 2 0.138 0.103 7.883 0.003 0.012 0.007 99.1 0.002
3 14 19 3 0.138 0.103 5.368 0.003 0.006 0.007 99.1 0.003
3 14 19 4 0.138 0.103 3.874 0.003 0.009 0.007 99.1 0.005
3 28 19 1 0.138 0.103 6.198 0.003 0.008 0.007 99.1 0.003
3 28 19 2 0.138 0.103 6.621 0.003 0.007 0.007 99.1 0.003
3 28 19 3 0.138 0.103 6.211 0.003 0.007 0.007 99.1 0.003
3 28 19 4 0.138 0.103 6.236 0.003 0.008 0.007 99.1 0.003
12 12 19 1 0.138 0.103 6.024 0.003 0.003 0.007 99.1 0.003
12 12 19 2 0.138 0.103 6.762 0.003 0.002 0.007 99.1 0.003
12 14 19 1 0.138 0.103 6.736 0.003 0.007 0.007 99.1 0.003
12 14 19 2 0.138 0.103 6.501 0.003 0.007 0.007 99.1 0.003
12 14 19 3 0.138 0.103 5.094 0.003 0.004 0.007 99.1 0.003
12 14 19 4 0.138 0.103 6.984 0.003 0.005 0.007 99.1 0.003
12 28 19 1 0.138 0.103 8.364 0.003 0.005 0.007 99.1 0.002
12 28 19 2 0.138 0.103 3.474 0.003 0.004 0.007 99.1 0.003
12 28 19 3 0.138 0.103 5.068 0.003 0.005 0.007 99.1 0.003
12 28 19 4 0.138 0.103 5.128 0.003 0.004 0.007 99.1 0.003
12 28 19 5 0.138 0.103 6.171 0.003 0.004 0.007 99.1 0.003
14 14 19 1 0.138 0.103 3.718 0.003 0.014 0.007 99.1 0.004
14 14 19 2 0.138 0.103 5.717 0.003 0.016 0.007 99.1 0.003
14 28 19 1 0.138 0.103 4.869 0.003 0.011 0.007 99.1 0.002
14 28 19 2 0.138 0.103 3.423 0.003 0.014 0.007 99.1 0.004
14 28 19 3 0.138 0.103 3.412 0.003 0.009 0.007 99.1 0.003
14 28 19 4 0.138 0.103 3.237 0.003 0.012 0.007 99.1 0.004
28 28 19 1 0.138 0.103 6.099 0.003 0.003 0.007 99.1 0.002
28 28 19 2 0.138 0.103 2.369 0.003 0.004 0.007 99.1 0.006

79



! 1!

Chapter 4 

 

Molecular Basis of Auxin Nuclear Signaling 

 

Edith Pierre-Jerome, Britney L. Moss, Amy Lanctot, Amber Hageman and 

Jennifer L. Nemhauser 

 

Abstract 

Auxin regulated transcription pivots on the interaction between the AUXIN/INDOLE-3-

ACETIC ACID (Aux/IAA) repressor proteins and the AUXIN RESPONSE FACTOR 

(ARF) transcription factors. Recent structural analyses of ARFs and Aux/IAAs have 

raised fundamental questions about the nature of the functional complexes driving auxin 

transcriptional responses. To parse the nature and significance of ARF-DNA and ARF-

Aux/IAA interactions, we analyzed structure-guided variants of synthetic Auxin 

Response Circuits (ARCs) in the budding yeast Saccharomyces cerevisiae. Among our 

key findings was that ARFs exhibit promoter-specific activity and require dimerization at 

two distinct domains for full transcriptional activation. We also found that monomeric 

Aux/IAAs can repress ARF activity in both yeast and plants, and that there may be a bias 

in the orientation of these interactions. This type of systematic, quantitative structure-

function analysis is not currently possible in plants, and was critical for discrimination 

between the multiple competing models currently proposed for auxin response. 
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Introduction  

 The plant hormone auxin regulates critical events in development, defense and 

metabolism, largely by orchestrating transcriptional changes. AUXIN RESPONSE 

FACTOR (ARF) transcription factors can be activated by auxin-induced degradation of 

AUXIN/INDOLE-3-ACETIC ACID repressors (Aux/IAAs, hereafter referred to as 

IAAs)[1]. Across flowering plants, ARFs and IAAs belong to large protein families [2]. 

Differences in the spatial distribution throughout the plant [3, 4] and the intrinsic function 

[5-8] across members of both families have led to a model where ARF-IAA complex 

composition defines context-specific auxin responses [9, 10]. However, the large size of 

both protein families, co-expression of multiple ARFs and IAAs within a cell, and 

numerous possible homo- and heterotypic interactions [1] have made testing this model 

quite challenging. 

 Recent structural studies have led to new models for ARF-IAA interactions and 

guided the engineering of critical genetic tools for probing the functional relevance of 

ARF-IAA complex composition. ARFs and IAAs interact through a conserved C-

terminal domain shared by most members of each family [11]. This fold, originally called 

the III/IV domain, has been re-classified as a Phox and Bem1p (PB1) domain based on its 

structure [12-14]. The PB1 domain facilitates ARF-ARF and IAA-IAA interactions in 

yeast two-hybrid (Y2H) and in vitro assays [4, 15, 16], though the functional relevance of 

these homotypic interactions is not well established. Both ARF and IAA PB1 domains 

fold into two oppositely charged faces (“head” and “tail”), leading to potential 

oligomerization via head-to-tail electrostatic interactions [12-14]. Indeed, purified PB1 
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domains aggregate in large clusters in vitro. Whether these higher order complexes exist 

in plants, and what their biological relevance may be, remains unknown. 

 In addition to the interactions mediated by the PB1 domain, ARFs can dimerize 

through an N-terminal domain flanking the B3 DNA binding motif [17]. Dimerization 

through this domain is critical for the DNA binding and in vivo function of ARF5. The 

structure of an ARF5 DNA binding domain homodimer was solved bound to ER7, a short 

stretch of DNA containing inverted repeats of Auxin Response Elements (AuxREs). This 

structure revealed that each isolated domain contacted one of the AuxREs, suggesting 

that spacing and orientation of ARF binding sites contribute to the binding specificity of 

different ARFs. In vitro DNA binding studies supported this model, as DNA binding by 

ARF1 and ARF5 were differentially sensitive to the number of nucleotides between 

AuxREs [17]. These results add yet another dimension to possible models of auxin 

signaling, as the functional significance of multiple dimerization domains within full-

length ARF proteins has not yet been determined. 

 Answering the many questions, old and new, about the functional molecular unit 

of auxin signaling requires a modular, quantitative assay that can fill in the wide gap 

between work in vitro and in plants. In the work described here, we assayed a number of 

synthetic Auxin Response Circuits in Saccharomyces cerevisiae (ARCSc) [18] to 

rigorously test current models of auxin-regulated transcription. ARCSc are user-defined 

circuits comprised of select IAA, ARF, and promoter sequences, combined with defined 

auxin input levels. ARCSc allowed direct, quantitative assessment of the functional 

importance of homo- and heterotypic interactions between auxin signaling components, 

while eliminating confounding factors like feedback or interference by other pathways. 
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Using this system, we demonstrated that ARFs exhibit promoter-specific activation 

activity and require dimerization at two distinct domains for effective transcriptional 

activation. Moreover, we discovered that IAA-IAA dimerization is unlikely to be of 

major biological significance, as it has little impact on the rate of auxin-induced 

degradation or the effectiveness of IAAs as repressors.  

 

Results 

ARF activity is promoter-specific 

 Several lines of inquiry, including recent structural studies, suggest that 

specificity in auxin responses reflect differences in ARF-DNA interaction. Using flow 

cytometry, we quantified the activity of a panel of ARFs, which included five activator 

ARFs (ARF5, ARF6, ARF7, ARF8, ARF19) and a repressor ARF (ARF2), on the native 

Arabidopsis IAA19 promoter (pIAA19::Venus; Fig. 1A). As observed previously [18], 

ARF7 and ARF19 were effective activators of the pIAA19::Venus reporter. Though 

pIAA19 has five AuxREs within 300 nucleotides of the transcriptional start site, ARF8 

was the only other ARF that activated Venus expression. These results suggest that the 

presence of AuxREs alone is not sufficient for ARF activity. 
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Fig 1. ARF transcription factors exhibit promoter-specific activity 
(A) Comparison of ARF activity on the pIAA19::Venus reporter in yeast using flow cytometry. 
Each yeast strain contains the same reporter construct and differs only by the ARF expressed (2, 5, 
6, 8, 7 or 19). “0” indicates absence of an ARF transcription factor. ARF expression levels are not 
correlated with activity (SI Fig. 1). Vertical lines in the reporter schematic indicate the location of 
an ARF binding site (AuxRE) in the native IAA19 promoter (SI Fig. 1). The proximal site (A1) 
marks the insertion site of the AuxRE array variants in the following panels. (B) Comparison of 
ARF activity on the DR5::Venus fluorescent reporter in yeast. Five tandem repeats of the DR5 
sequence replaced the pIAA19 sequence upstream of the A1 site. (C) Comparison of ARF 
activity on the ER7::Venus fluorescent reporter in yeast. The ER7 sequence containing an 
inverted pair of AuxREs was inserted in the middle of the A1 site in a pIAA19 reporter construct 
where all of the native AuxREs were mutated. (D) Comparison of ARF activity on the 
P3(2x)::Venus fluorescent reporter in yeast. A tandem repeat of the P3 sequence was inserted in 
the middle of the A1 site in a pIAA19 reporter construct where all the native AuxREs were 
mutated. Data is shown as Tukey box plots. The box in each column demarcates the first and 
third quartiles of all data. The inner band indicates the median with notches providing 95% 
confidence intervals around this value. Whisker lines span 1.5-times the inter-quartile range.  
Limits were set on the Cartesian coordinates to facilitate comparison across samples.   
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 To distinguish between differences in activation strength and differences in 

affinity for different AuxRE configurations, we tested the same panel of ARFs against 

additional synthetic promoters. To limit any potential influence from flanking sequences, 

we generated promoter variants in the context of a mutated IAA19 promoter where all of 

the AuxREs were rendered non-functional (SI Fig. 1). Into this ARF-insensitive promoter, 

we inserted previously characterized AuxRE arrays with variable number, spacing and 

orientation of sites [19]. The DR5 construct of direct AuxRE repeats has been used for 

decades to monitor auxin transcriptional effects in plants. Consistent with transient 

protoplast activation assays [20-22], all of the activator ARFs could activate a promoter 

containing a DR5-derived element in yeast (Fig. 1B). The strength of activation did vary, 

with ARF19 being the most active and ARF6 the least active.  

 Next, we introduced ER7, which is the pair of inverted AuxRE repeats utilized for 

the ARF DNA binding domain structural studies [17], as well as early biochemical assays 

[16]. Only ARF19 and ARF8 exhibited measurable activity on the ER7-containing 

promoter, and this effect was minimal in both cases (Fig. 1C). Notably ARF5, which has 

been shown to bind to this exact sequence in vitro, showed no activity. We then 

introduced tandem repeats of the P3 element [P3(2x)], which combines direct and 

inverted repeats and was used as a target for early biochemical binding assays and 

transient expression studies in protoplasts [16, 23]. Each P3 element is composed of an 

ER7 sequence separated from an additional AuxRE site by three nucleotides. Introduction 

of the P3(2x) element resulted in a dramatic increase in activation potential of ARF19, 

more than double the activity observed with the native pIAA19 (Fig. 1D). Strikingly, 

ARF5, which was nearly completely inactive on the native pIAA19 and ER7 variant, 
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activated the P3(2x)-containing promoter to similar levels as ARF19. Our data illustrate 

that the spacing and number of AuxREs can determine the strength and specificity of 

ARF activity.  

 

ARFs activate as dimers 

 Working upstream from ARF-DNA interactions, we assessed the impact of 

homotypic interactions between ARFs on transcriptional activity. To maximize the 

sensitivity of these assays, we focused on the most active ARF-promoter combination: 

ARF19 and the P3(2x)::Venus reporter. To begin this analysis, we confirmed that ARF19 

activity required the homologous residues identified as critical for ARF5 DNA binding 

(DB) and N-terminal dimerization (DD) [17]. As expected from the ARF5 data, the 

H138A (db1) and R188A (db2) DNA binding mutations resulted in the total loss of 

ARF19 activity (Fig. 2A, SI Table 1). G247I (dd1), which caused the most severe 

disruption of dimerization in ARF5, resulted in a complete loss of ARF19 activation 

activity. The A250N (dd2) and A255N (dd3) mutations retained modest levels of ARF19 

activity, consistent with the observation that these mutations do not completely disrupt 

ARF5 dimerization [17]. 
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Fig 2. ARFs activate as dimers 
(A) ARF19 requires an intact PB1 domain for full activity. Activation of the P3(2x)::Venus 
fluorescent reporter by ARF19 variants in yeast. Asterisks above the ARF19 schematic indicate 
relative positions of point mutants. DB = DNA binding. DD=dimerization domain. AD= 
activation domain. PB1= C-terminal interaction domain. See SI Table 1 for specific residues that 
were mutated in each domain. Relative protein levels across the mutants were similar (SI Fig. S2). 
(B) PB1 mutations decrease DNA-binding by ARF19. Enrichment of 4xFLAG-ARF19 WT, 
double PB1 (ok), and DNA binding mutant (db1) at the P3(2x) locus. Results from three 
independent replicates are shown normalized to the enrichment of the wild-type ARF19. Error 
bars represent standard error. Relative activity of FLAG tagged ARFs was similar to untagged 
strains (SI Fig. 2). (C) Activity of ARF19 single PB1 mutants is rescued by co-expressing 
mutants with complementary interfaces to allow dimerization in the PB1 domain (D = k +o).  
 
  

 Next, we probed the impact of PB1 interactions on ARF19 activity. To do this, we 

engineered homologous mutations into ARF19 that were previously shown to 

compromise one or both PB1 interaction surfaces in ARF7 [13]. Specifically, we 

generated the following ARF19 variants: K962A (k) to disrupt the positively charged face 

(head), a double mutation D1012A and D1016A in the OPCA motif (o) to disrupt the 

negatively charged face (tail), and all three mutations in combination to disrupt 

interactions at both faces (ok) (Fig. 2A). Each mutant expressed on its own lack a 

complementary interface required for PB1 domain interactions, so each variant should 

provide a similar level of transcriptional activation representing the efficacy of an ARF19 

PB1 monomer. Indeed, all variants exhibited similar and strongly diminished activity on 

the P3(2x)::Venus reporter when compared to wild-type ARF19 (Fig. 2A). Early in vitro 

studies using truncated ARFs indicated that PB1 interactions might be required to 

stabilize ARF binding to DNA [16]. We hypothesized that the observed reduction in 

transcriptional activation activity of ARF19 PB1 mutants might reflect reduced binding 

to the P3(2x) promoter. Chromatin immunoprecipitation assays supported this 

interpretation (Fig. 2B). ARF19 DNA binding was significantly reduced when the PB1 
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domain was mutated, although this reduced binding was still substantially stronger than 

what was observed when the DNA-binding domain was mutated.  Thus, self-interaction 

at both the N-terminal DNA binding domain and the C-terminal PB1 domain are required 

for full ARF19 function. 

 The multimerization potential of the PB1 domain has led to speculation about the  

composition of the minimal functional unit needed for ARF action. While monomers 

showed a strong reduction or complete loss of activity, we wanted to test the activation 

potential of ARFs limited to dimers. To do this, we compared expression of the 

P3(2x)::Venus reporter in yeast transformed with either two copies of wild-type ARF19, 

two copies of either the o or k mutants, or a circuit containing one k and one o variant 

(Fig. 2C). We expected that wild-type ARF19 had the capacity to form dimers or higher 

order complexes, while o or k mutants were likely dimerized within the DNA binding 

domain but monomeric at the PB1 domains. A mixed k and o population allowed for 

dimerization at the DNA binding domain and only a single (dimer) interaction at the PB1 

domain. As observed in yeast expressing only a single copy of the ARF19 variants, the 

monomeric PB1 mutants exhibited diminished activity on the P3(2x)::Venus reporter (Fig. 

2C). Notably, the reconstituted PB1 dimer showed nearly the same activity as wild-type 

ARF19. This finding provides evidence that ARF dimers are functional, and that ARFs 

do not require higher-order complexes for efficient transcriptional activation.  

 

IAAs can function as monomers  

 Continuing upstream in auxin response, we turned to the question of how many 

IAAs are required to effectively repress ARF activity. A number of models have been 
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proposed for ARF-IAA stoichiometry that depend upon the relative importance of 

different aspects of IAA function. In previous work, we demonstrated the importance of 

auxin-induced IAA degradation rate in tuning cellular sensitivity to auxin [18, 24, 25]. In 

the circuits examined here, IAA PB1 interactions had modest or no influence on IAA 

degradation rates (SI Fig. 3), supporting biochemical evidence that IAAs have only weak 

affinity for homotypic PB1 interactions compared to the strength of heterotypic 

interactions with ARF PB1 domains [12].  

 Multiple modes of IAA repression have been suggested by previous work. 

Structural studies suggest a potential mode of repression where IAAs directly interfere 

with ARF dimerization via occupation of ARF PB1 interaction surfaces [14]. Expression 

of an IAA alone has little impact on ARF activation in yeast [18]. This observation 

suggests that any insulating activity provided by ARF-IAA binding plays a minor role in 

repression, at least in conditions where both proteins are expressed at similar levels. In 

addition to potentially disrupting ARF-ARF interactions, IAAs repress transcription 

through the recruitment of TOPLESS (TPL) co-repressors [26]. As a member of the 

Groucho/Tup1 family of co-repressors, TPL likely recruits other components of the 

repression machinery and/or blocks co-activator binding once recruited to a DNA target 

site [26-28]. Co-expression of TPL with an IAA has no effect on reporter expression in 

ARCSc, but TPL:IAA fusions are effective repressors of ARF activity [18].  

 While a single PB1 interface is sufficient for ARF-IAA interaction in yeast two-

hybrid and in vitro assays [12-14], there is conflicting evidence for whether this limited 

interaction is sufficient for repression [13, 14]. Through TPL:IAA fusions, we can 

directly measure the impact of each PB1 face on IAA repression strength. An N-terminal 
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fusion of the first 300 amino acids of TPL to IAA3 (TPLN300:IAA3) strongly represses 

ARF19 activity in a PB1-dependent manner (Fig. 3A). Mutations on both PB1 interaction 

surfaces of IAA3 (ok) showed a similar loss of repression ability as a complete PB1 

deletion (ΔPB1). The single interface PB1 IAA mutants (k and o) maintain repression of 

ARF19, albeit with reduced strength. Similar results were observed for IAA14 and IAA7 

(SI Fig. 4).  

 To further validate this observation, we transformed Arabidopsis seedlings with 

an auxin-insensitive form of IAA14 (solitary root, slr) expressed from its own promoter. 

The pIAA14::slr transgenic plants largely recapitulate the phenotype of the slr mutant, 

where the initiation of nearly all lateral roots is inhibited (Fig. 3B). Single PB1 slr 

mutants maintain the ability to repress lateral root formation, in contrast to the large 

number of lateral roots made by plants expressing slr variants with both faces of the PB1 

domain mutated. Together with the yeast assays, these results verify that an IAA 

monomer only able to interact with a single ARF PB1 surface can effectively repress 

ARF activity. This IAA-mediated repression is effective despite the fact that the target 

ARF can still form a homotypic dimer with a second ARF. 
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Fig 3. IAAs can function as monomers 
(A) Repression of ARF19 activity on the P3(2x)::Venus reporter by IAA3 fused to the TPLN300 
fragment. Single PB1 mutants (k and o) maintain the ability to repress while the double mutant 
(ok) exhibits a complete loss of repression. Similar results were observed for IAA7 and IAA14 
(SI Fig. 4).  
(B) Single PB1 mutants (k and o) maintain the ability to repress ARF activity in plants. Lateral 
root density was measured in pIAA14::slr PB1 mutant lines. Each point represents the data from 
an independent T1 transgenic plant. The black horizontal line indicates the median root density 
for each genotype. 
(C) IAA3 single PB1 mutants (k and o) can repress ARF19 PB1 monomers and dimers. Mutation 
of the k PB1 interface significantly reduces the repressive capability of IAA3 on the activity of an 
ARF19 PB1 dimer.  
(D) Relief of TPLN300:IAA3 and IAA14 mediated repression in response to auxin treatment. 
Auxin responsiveness of single PB1 mutants (k and o) differs between IAAs. 
Yeast strains were imaged using fluorescence microscopy 4 hrs after exposing to either an auxin 
(10 µM) or mock (95% EtOH) treatment. Flow cytometry was used to quantify fluorescence (SI 
Fig. 4).  
 
 
 To further refine the functional stoichiometry of ARF-IAA complexes, we 

assayed IAA repression strength when the PB1-mediated interaction potential of both the 

IAA and ARF partner were limited. IAA3 single PB1 mutants repressed almost as well as 

wild-type IAA3 when the ARF PB1 monomer had a complementary interaction surface 

(Fig. 3C; IAA3 k |ARF19 o; IAA3 o|ARF19 k). The IAA3 k mutant was a less effective 

repressor than the IAA3 o mutant in circuits where ARF19 PB1 variants were capable of 

self-dimerization, similar to what was seen in wild-type ARF19 circuits. This difference 

suggests that while either face is sufficient for repression, the positive (K) IAA PB1 

interface may be the preferred surface for heterodimerization with an ARF. The 

functional relevance of this bias is further supported by a similar difference in repression 

strength seen in PB1 mutants expressed in plants (Fig. 3B). 

 

ARF-IAA affinity tunes auxin sensitivity 

 Effective auxin signaling requires a sensitive balance between the strength of  

IAA interactions with ARFs and with auxin receptors. One measure of this balance is the 
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ease with which repression can be reversed following auxin exposure. By adding auxin to 

the TPL:IAA yeast strains, we could test whether loss of ARF affinity resulting from 

mutations in a single surface of the PB1 domain increased auxin sensitivity. This effect 

was exactly what we observed. Auxin could relieve repression of TPLN300-IAA k or o 

mutants (Fig. 3D), whereas repression is maintained when TPLN300 is fused to a wild-

type IAA [18]. The relative affinity of the IAA PB1 mutant constructs for ARF19 could 

also be visualized by tracking their cellular localization (SI Fig 5). While fluorescence of 

YFP-IAA3 was diffuse throughout the cell when expressed alone, the addition of ARF19 

strongly enhanced nuclear localization of the florescent signal. This is in contrast to the 

YFP-IAA3 PB1 mutants where localization remained diffuse even in the presence of 

ARF19.  

 Auxin sensitivity assays further supported a bias for the IAA K face for repression 

of ARF activity. While the o and k mutations in IAA3 were both moderately auxin-

sensitive, there was a marked contrast in the auxin response of the IAA14 single PB1 

mutants (Fig. 3D). The IAA14 k variant was quite sensitive to auxin, resulting in an 

almost total reversal of repression, whereas the strain expressing the IAA14 o variant 

exhibited only a modest response to auxin. IAA7 PB1variants followed a similar pattern 

as those observed for IAA14 (SI Fig. 4).  

 Why fusion of the TPLN300 domain to wild-type IAAs renders them auxin-

insensitive is difficult to answer; however, a further truncation of TPL to the first 100 

amino acids (TPLN100) leads to weaker but auxin-reversible repression [18]. Consistent 

with previous results, TPLN100:IAA3 repressed reporter activation (SI Fig. 6) albeit less 

stringently than the equivalent strains expressing TPLN300:IAA3 fusions. In contrast to 
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the results with TPLN300, all of the PB1 variants behaved like the PB1 deletion and 

could not repress ARF19 activity. As the TPLN300 and TPLN100 fusions are expressed 

at similar levels (SI Fig. 6), the difference in the sensitivity of repression activity to PB1 

mutations may reflect different modes of repression enacted by the different TPL 

truncations. A recent structure of the N-terminal portion of TPL suggests that this result 

likely reflects the loss of a second TPL dimerization domain in the N100 fragment [28].   

 

Discussion 

 To understand plants, one must understand auxin. The simple structure of the 

nuclear auxin signaling pathway, and its reliance on highly conserved and modular 

aspects of eukaryotic biology, has enabled remarkable progress towards this ambitious 

goal [29]. Synthetic recapitulation of auxin response in yeast provides a uniquely liminal 

testbed for sorting through the many competing models suggested by computational, in 

vitro and in planta experiments. Even an answer for the most straightforward question of 

what is the minimal functional unit of auxin signaling has been elusive. Synthetic auxin 

response circuits spanning promoter to receptor in yeast (ARCSc) have made it possible to 

quantitatively and systematically scrutinize the requirements for auxin response. In this 

process, we have validated some of the predicted structure-function connections, called 

others into question, and generated a new minimal model of auxin signaling (Fig. 4). 
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Fig 4. A minimal model of auxin 
nuclear signaling 
 
(A) ARFs dimerize in both the N-
terminal dimerization domain (DD) 
and the PB1 domain for robust 
transcriptional activation.  
(B) Spacing and orientation of 
ARF binding sites likely drive 
conformation of the flexible middle 
region (MR). Secondary 
interactions in the PB1 domain 
may also contribute to 
conformation of the MR and 
stabilize an ARF dimer on the 
DNA.  
(C) A single PB1 interaction 
allows for IAA-mediated 
repression of ARF activity. While 
either PB1 interface is capable of 
binding to an ARF, the positive (K) 
IAA surface may be preferred for 
heterodimerization with an ARF.  
 

   

 

 

 

 

 

 

 

 

 

 

96



! 18!

 The strength and specificity of ARF activation is defined by promoter architecture. 

We quantified the activation strength of all activator ARFs on a panel of promoters, 

including one native promoter and several synthetic promoters used as field standards. 

The flexibility of ARF binding to direct or inverted repeats suggests that binding site 

orientation may drive differential conformation of the flexible middle-region, potentially 

leading to the recruitment of specific co-activators [30, 31]. Extensive bioinformatic 

analysis of transcriptome experiments reveals a surprising lack of AuxRE arrays in many 

early auxin response genes [32]. Rather, promoters of auxin-regulated genes are often 

enriched with binding sites for other transcription factors, often in proximity to an 

AuxRE [33-35]. Both bHLH and MYB transcription factors have been shown to interact 

with ARFs through the PB1 domain [36, 37]. Coupled with proximal binding sites to the 

ARFs, PB1-mediated interactions between an ARF and another transcription factor may 

provide the same enhanced binding we observed in ARF-ARF PB1-driven dimers. This 

would account for ARF dimer binding of single AuxRE sites as well as the integration of 

regulatory control from other signaling pathways.  

 The potential for oligomerization via PB1 domains has led to a large number of 

competing and complex models to explain auxin responses. The current study provides 

strong evidence that IAAs can repress as monomers, greatly simplifying the models that 

need to be considered. We have demonstrated that an IAA with a single PB1 interface 

can repress ARF activity, despite the associated decrease in affinity for the ARF. The 

differential auxin sensitivity of single PB1 mutants in different IAAs may therefore be 

indicative of basal differences in affinity for ARF19. Similar reasoning could account for 

the seemingly contradictory data from in planta repression assays [13, 14]. Some IAAs 
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may have such low basal affinity for one or more ARFs that further compromise of this 

interaction potential through a PB1 mutation renders them poor competitors for wild-type 

IAAs expressed in the same cells.  

 The mechanistic details of IAA-mediated repression remain elusive. Our data 

indicate that interaction between an IAA and an ARF is required but not sufficient for 

repression of ARF activity. TPL is essential for repression by an IAA in yeast, just as in 

plants. The requirement for a TPL:IAA fusion in yeast, along with the differences in 

strength and auxin reversibility of TPLN300 and TPLN100 repression, highlight the 

potential for multiple modes of TPL action. Much like the yeast Tup1 co-repressor, the 

N-terminal domain of TPL assembles into a tetramer and the C-terminal WD40 repeats 

likely fold into bladed propeller structures [28]. Thus, TPL recruitment would result in a 

large protein scaffold that could generate a multimeric complex of diverse transcriptional 

co-factors. These larger protein complexes could stabilize ARF-IAA interactions at the 

expense of ARF-ARF dimers, which would explain why IAAs expressed without TPL 

fusions are poor repressors in yeast. It is also possible that binding of the IAA repressor 

to the ARF could lead to conformational changes in the flexible middle region of the 

ARF that blocks recruitment of co-activators [31, 38]. Phosphorylation of the middle 

region in ARF7 and ARF19 has been shown to inhibit IAA interaction [39], indicating 

that signal integration from other pathways may take advantage of a link between an IAA 

interaction and the activity of the ARF middle region.  

 The nuclear auxin response pathway is a simple, robust and tunable circuit that 

underlies almost every aspect of plant growth and development. If considered in isolation, 

the simplicity of the circuit seems incongruous with the diverse repertoire of responses 
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elicited by auxin. It is becoming ever more apparent, however, that auxin does not work 

alone. Our work in synthetica has demonstrated the baseline for auxin response, which 

can now be used as a breadboard for testing additional layers of regulation. For example, 

a wealth of transcriptome data [32, 40] can now be re-evaluated and used to generate 

hypotheses about the likelihood of binding by a specific ARF through integration of cell-

type specific expression maps of auxin signaling components [3] and binding site 

preferences from protein binding arrays [17]. ARCSC provides a resource to rapidly test 

these hypotheses and inform experimental designs in planta. Our minimal experimental 

model would also facilitate further mathematical modeling by limiting the number of 

species that need to be included. By integrating studies in plants, in vitro, in silico and in 

synthetica we can uncover how evolution has tinkered with the auxin nuclear pathway to 

accommodate innovations in plant life.  
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Materials and Methods 

Strain Construction 

ARFs were driven by the yeast ADH1 promoter and integrated at the HIS3 locus into a 

W303-1A MATa strain containing a pIAA19::Venus reporter variant integrated at URA3. 

Haploid strains were assayed to measure activity of different promoter-ARF 

combinations. To maintain consistency across circuits of increasing complexity, ARF19 

variant strains containing the P3(2x)::Venus reporter were mated to a MATα W814-29B 

strain containing the AFB2 auxin receptor integrated at LEU2 (YNL 175) for measuring 

activity of ARF19 point mutants. For strains containing two genomically integrated 

copies of ARF19, the second copy of ARF19 was introduced at the HIS3 locus of 

YNL175 prior to mating. IAAs were expressed from the yeast GPD promoter and N-

terminally tagged with either a TPLN300 or TPLN100 fragment for repression assays or 

YFP for degradation assays as described previously [18]. IAAs were integrated at the 

TRP1 locus into a MATα W814-29B strain containing the AFB2 auxin receptor 

integrated at LEU2. For repression assays, IAA strains were then mated to W303-1A 

MATa strains containing an ARF19 variant and the P3(2x)::Venus reporter. See Table S2 

for a complete list of strains used in this study.  

Plasmid Construction 

ARF and Aux/IAA point mutants were generated in pDONR vectors through Gibson 

assembly [41]. Integrating yeast expression vectors were then generated through 

Gateway® cloning as previously described [18, 42]. For biochemical assays, epitope tags 

(4x-FLAG or 4x-MYC) were introduced as N-terminal fusions upstream of 

recombination sites in the HIS3 targeting single integrating Gateway® vector [42] prior 
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to an LR reaction to introduce the ARF19 variant. The 300 bp native IAA19 promoter 

sequence was ordered as a gBlock® gene fragment from Integrated DNA Technologies, 

Inc. (IDT) with a G->A mutation introduced at the second position of each AuxRE site 

(Figure S1). Gibson assembly was used to swap the mutated pIAA19 gene fragment for 

the native IAA19 promoter sequence upstream of the Venus coding sequence in a URA3 

single integrating Gateway® vector. AuxRE arrays were ordered as oligos or gBlock® 

gene fragments with Gibson overhangs to introduce the sequences into the mutated 

pIAA19::Venus reporter construct. See Table S3 for oligo and gene fragment sequences.  

Yeast Methods 

Yeast transformations were performed using a standard lithium acetate protocol [43] into 

MATa W303-1A or MATα W814-29B (gifts from the Gottschling laboratory). Yeast 

Peptone Dextrose (YPD) and Synthetic Complete (SC) medium were made according to 

standard protocols and supplemented with 80 mg mL-1 adenine. MATa and MATα strains 

were mated by co-inoculating strains at low density into YPD medium, growing 

overnight at 30°C with shaking at 220rpm, streaking out to single colonies on SC plates 

lacking the appropriate amino acids to select for diploids, and isostreaking on YPD plates 

before glycerol stocking. 

Flow Cytometry 

Fluorescence measurements were taken with a custom BD Accuri™ SORP flow 

cytometer with a CSampler 96-well plate adapter using an excitation wavelength of 514 

nm and an emission detection filter at 545/35 nm. A total of 20,000 events above a 

40,000 FSC-H threshold (to exclude debris) were measured for each sample. Data was 

exported as FCS 3.0 files and processed in R using the flowCore, plyr, and ggplot2 
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software packages and custom scripts. Scripts and full datasets are available upon request.  

ARF activity and IAA repression assays 

A freshly grown colony was inoculated in 500 µl of SC media and grown at 30°C with 

shaking at 375 rpm in 2000 µl Eppendorf™ Deepwell™ Plates 96. After 16 hours of 

growth, cultures were either diluted 1:100 (haploid strains) or 1:200 (diploid strains) into 

fresh SC media. Fluorescence measurements were taken after 6 hours of additional 

growth. For auxin response assays, diluted cultures were grown for two hours before 

addition of 10µM auxin (indole-3-acetic acid) or mock treatment (95% [v/v] ethanol). 

Fluorescence measurements were taken after 4 hours of additional growth. The data for at 

least three independent replicates were pooled and plotted for each strain.  

YFP-IAA expression and dose response assays 

YFP-IAA strains were grown as described above. Basal YFP-IAA expression was 

measured in haploid strains lacking the presence of an auxin receptor. For dose response 

assays, diploid strains co-expressing the AFB2 auxin receptor and a YFP-IAA variant +/- 

ARF19 or ARF3 were diluted 1:200 into 4 separate wells containing 500 µl of fresh SC 

media. After 2 hours of additional growth, an auxin dose (0.05,.05, or 5 µM indole-3-

acetic acid) or mock treatment (95% [v/v] ethanol) was added to one of the 4 identical 

wells for each strain. To compensate for differences between basal YFP-IAA expression 

levels, dose response fluorescence measurements were normalized by subtracting 

background autofluorescence and dividing by fluorescence levels of mock treated strains.  

Western blotting 

Yeast were grown overnight in 25-50 mL liquid YPD at 30°C with shaking at 225 rpm 

overnight. The next morning cultures were diluted to OD = 0.2 into fresh YPD media and 
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grown until OD=1.0-1.5. Cells were then pelleted at 4°C, rinsed once with TBS, and flash 

frozen in liquid nitrogen. Cell pellets were lysed by glass bead disruption in lysis buffer 

containing protease inhibitors [44]. Whole cell lysate protein concentrations were 

determined by Bradford assay, and equivalent amounts of protein were loaded onto 4-

20% TGX gel (Bio-Rad). Anti-GFP (Sigma) was used to probe for YFP-tagged 

Aux/IAAs, anti-Myc was used to probe for Myc-ARF variants, and anti-PGK1 (Abcam) 

was used as a loading control. 

Chromatin Immunoprecipitation 

Yeast were inoculated in liquid YPD and grown at 30°C with shaking at 225 rpm. After 

18 hrs of growth, cultures were diluted 1:50 in fresh YPD to a final volume of 200 mL. 

Four hours post-dilution, cells were treated with 20 mL of fix solution (11% 

formaldehyde, 0.1 M NaCl, 1 mM EDTA, 50 mM Hepes-KOH) for 20 min at room 

temperature with shaking. Cultures were further treated with 36 mL 2.5 M glycine for 5 

minutes to quench the cross-linking. Cells were then pelleted at 4°C, washed twice with 

ice cold TBS and flash frozen in liquid nitrogen. Cells were lysed in breaking buffer 

containing 100mM Tris pH 8.0, 20% glycerol and 1 mM PMSF prior to sonication. 

Samples were processed in a Bioruptor® Plus sonication device at 50% for 25 cycles. The 

supernatent following centrifugation (to pellet cellular debris) was used for the IP 

reaction. Anti-FLAG M2 (Sigma) coupled to Protein G Dynabeads (Life Technologies) 

were used to probe for FLAG-tagged ARF19 variants. Following elution from the beads, 

samples were incubated overnight at 65°C to reverse cross-links. DNA was purified using 

a Qiaquick PCR purification kit (Qiagen). qPCR for three independent replicates was 

performed using iQ SYBR Green Supermix (Biorad) in a C100 thermocycler fitted with a 
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CFX96 Real-Time Detection System (Biorad).  

Generation and Analysis of Transgenic Plants 

A 2 kb fragment of the IAA14 promoter [45] was cloned into pGREEN Gateway® 

compatible vectors. PB1 mutations were introduced through Gibson assembly in pDONR 

vectors containing the coding sequence for slr. Constructs were transformed into Col-0 

wild-type plants using the floral dip method [46]. T1 seeds of transgenic plants were 

sown on 0.5x LS, 0.8% phytoagar plates supplemented with Kanamycin. Plates were 

stratified at 4°C for 2 days, and grown in continuous light conditions for 7 dpg. 

Following selection, transformants were transplanted to plain 0.5x LS, 0.8% phytoagar 

plates and grown vertically in continuous light. Plants were imaged at 14 dpg using an 

EPSON V500 scanner and root density was measured in ImageJ. Primary roots were 

traced using a Wacom Intuos Pro Medium tablet.  

Microscopy 

Yeast strains were grown overnight at 30°C with shaking at 220 rpm in SC medium. 

Overnight cultures were diluted 1:200 and grown for an additional 4.5 hours. Yeast 

samples were assembled on glass coverslips with 1% agarose pads placed over the 

cultures. Strains were immediately visualized using a Leica DMI 3000B microscope 

fitted with a Leica 100× N-PLAN 1.25 oil objective and illuminated with a Lumencor 

SOLA light source. Images were captured using Leica LAS AF version 2.6.0 software 

and a Leica DFC 345FX camera.  

 

 

 

104



! 26!

Acknowledgements 

We thank Takato Imaizumi and Eric Klavins for careful reading of our manuscript; 

Richard Gardner and Toshio Tsukiyama for guidance on ChIP assays; members of the 

Nemhauser and Imaizumi Labs for helpful discussions and Jake Wegesin for the graphics 

shown in Figure 4. 

 

References 

1. Wang R, Estelle M. Diversity and specificity: auxin perception and signaling 

through the TIR1/AFB pathway. Curr Opin Plant Biol. 2014;21:51-8. Epub 2014/07/18. 

PubMed PMID: 25032902; PubMed Central PMCID: PMC4294414. 

2. Chapman EJ, Estelle M. Mechanism of auxin-regulated gene expression in plants. 

Annu Rev Genet. 2009;43:265-85. PubMed PMID: ISI:000273580300012. 

3. Rademacher EH, Moller B, Lokerse AS, Llavata-Peris CI, van den Berg W, 

Weijers D. A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR 

gene family. Plant J. 2011;68(4):597-606. PubMed PMID: ISI:000297514900003. 

4. Vernoux T, Brunoud G, Farcot E, Morin V, Van den Daele H, Legrand J, et al. 

The auxin signalling network translates dynamic input into robust patterning at the shoot 

apex. Mol Syst Biol. 2011;7. PubMed PMID: ISI:000293351900004. 

5. Weijers D, Benkova E, Jager KE, Schlereth A, Hamann T, Kientz M, et al. 

Developmental specificity of auxin response by pairs of ARF and Aux/IAA 

transcriptional regulators. Embo J. 2005;24(10):1874-85. PubMed 

PMID:ISI:000229587500011. 

105



! 27!

6. Dreher KA, Brown J, Saw RE, Callis J. The Arabidopsis Aux/IAA protein family 

has diversified in degradation and auxin responsiveness. Plant Cell. 2006;18(3):699-714. 

PubMed PMID: ISI:000236004900017. 

7. Muto H, Watahiki MK, Nakamoto D, Kinjo M, Yamamoto KT. Specificity and 

similarity of functions of the Aux/IAA genes in auxin signaling of arabidopsis revealed 

by promoter-exchange experiments among MSG2 IAA19, AXR2/IAA7, and 

SLR/IAA141. Plant Physiol. 2007;144(1):187-96. PubMed PMID: ISI:000246356300016. 

8. De Smet I, Lau S, Voss U, Vanneste S, Benjamins R, Rademacher EH, et al. 

Bimodular auxin response controls organogenesis in Arabidopsis. P Natl Acad Sci USA. 

2010;107(6):2705-10. PubMed PMID: ISI:000274408100062. 

9. Lokerse AS, Weijers D. Auxin enters the matrix - assembly of response 

machineries for specific outputs. Curr Opin Plant Biol. 2009;12(5):520-6. PubMed 

PMID: ISI:000271137200002. 

10. Rademacher Eike H, Lokerse Annemarie S, Schlereth A, Llavata-Peris Cristina I, 

Bayer M, Kientz M, et al. Different auxin response machineries control distinct cell fates 

in the early plant embryo. Dev Cell. 2012;22(1):211-22.  

11. Guilfoyle TJ, Hagen G. Getting a grasp on domain III/IV responsible for Auxin 

Response Factor-IAA protein interactions. Plant Sci. 2012;190:82-8. Epub 2012/05/23.  

PubMed PMID: 22608522. 

12. Han M, Park Y, Kim I, Kim EH, Yu TK, Rhee S, et al. Structural basis for the 

auxin-induced transcriptional regulation by Aux/IAA17. Proc Natl Acad Sci U S A. 

2014;111(52):18613-8. Epub 2014/12/17. PubMed PMID: 25512488; PubMed Central 

PMCID: PMC4284525. 

106



! 28!

13. Korasick DA, Westfall CS, Lee SG, Nanao MH, Dumas R, Hagen G, et al. 

Molecular basis for AUXIN RESPONSE FACTOR protein interaction and the control of 

auxin response repression. Proc Natl Acad Sci U S A. 2014;111(14):5427-32. Epub 

2014/04/08. PubMed PMID: 24706860. 

14. Nanao MH, Vinos-Poyo T, Brunoud G, Thevenon E, Mazzoleni M, Mast D, et al. 

Structural basis for oligomerization of auxin transcriptional regulators. Nat Commun. 

2014;5:3617. Epub 2014/04/09. PubMed PMID: 24710426. 

15. Kim J, Harter K, Theologis A. Protein-protein interactions among the Aux/IAA 

proteins. P Natl Acad Sci USA. 1997;94(22):11786-91. PubMed PMID: 

ISI:A1997YD50600010. 

16. Ulmasov T, Hagen G, Guilfoyle TJ. Dimerization and DNA binding of auxin 

response factors. Plant J. 1999;19(3):309-19. PubMed PMID: ISI:000082537000008. 

17. Boer DR, Freire-Rios A, van den Berg WA, Saaki T, Manfield IW, Kepinski S, et 

al. Structural basis for DNA binding specificity by the auxin-dependent ARF 

transcription factors. Cell. 2014;156(3):577-89. Epub 2014/02/04. PubMed PMID: 

24485461. 

18. Pierre-Jerome E, Jang SS, Havens KA, Nemhauser JL, Klavins E. Recapitulation 

of the forward nuclear auxin response pathway in yeast. Proc Natl Acad Sci U S A. 

2014;111(26):9407-12. Epub 2014/07/01. PubMed PMID: 24979769; PubMed Central 

PMCID: PMC4084466. 

19. Hagen G, Guilfoyle T. Auxin-responsive gene expression: genes, promoters and 

regulatory factors. Plant Mol Biol. 2002;49(3-4):373-85. PubMed PMID: 

ISI:000175105500009. 

107



! 29!

20. Tiwari SB, Hagen G, Guilfoyle T. The roles of auxin response factor domains in 

auxin-responsive transcription. Plant Cell. 2003;15(2):533-43. PubMed PMID: 

ISI:000181008700018. 

21. Ulmasov T, Hagen G, Guilfoyle TJ. Activation and repression of transcription by 

auxin-response factors. P Natl Acad Sci USA. 1999;96(10):5844-9. PubMed PMID: 

ISI:000080246500094. 

22. Ulmasov T, Murfett J, Hagen G, Guilfoyle TJ. Aux/IAA proteins repress 

expression of reporter genes containing natural and highly active synthetic auxin 

response elements. Plant Cell. 1997;9(11):1963-71. Epub 1997/12/24. PubMed PMID: 

9401121; PubMed Central PMCID: PMC157050. 

23. Ulmasov T, Hagen G, Guilfoyle TJ. ARF1, a transcription factor that binds to 

auxin response elements. Science. 1997;276(5320):1865-8. Epub 1997/06/20. PubMed 

PMID: 9188533. 

24. Moss BL, Mao H, Guseman JM, Hinds TR, Hellmuth A, Kovenock M, et al. Rate 

motifs tune Auxin/Indole-3-Acetic Acid degradation dynamics. Plant Physiol. 

2015;169(1):803-13. Epub 2015/07/08. PubMed PMID: 26149575; PubMed Central 

PMCID: PMC4577399. 

25. Guseman JM, Hellmuth A, Lanctot A, Feldman TP, Moss BL, Klavins E, et al. 

Auxin-induced degradation dynamics set the pace for lateral root development. 

Development. 2015;142(5):905-9. Epub 2015/01/31. PubMed PMID: 25633353; PubMed 

Central PMCID: PMC4352979. 

108



! 30!

26. Szemenyei H, Hannon M, Long JA. TOPLESS mediates auxin-dependent 

transcriptional repression during Arabidopsis embryogenesis. Science. 

2008;319(5868):1384-6. PubMed PMID: ISI:000253712900042. 

27. Wong KH, Struhl K. The Cyc8-Tup1 complex inhibits transcription primarily by 

masking the activation domain of the recruiting protein. Gene Dev. 2011;25(23):2525-39.  

28. Ke J, Ma H, Gu X, Thelen A, Brunzelle JS, Li J, et al. Structural basis for 

recognition of diverse transcriptional repressors by the TOPLESS family of corepressors. 

Science Advances. 2015;1(6).  

29. Pierre-Jerome E, Moss BL, Nemhauser JL. Tuning the auxin transcriptional 

response. J Exp Bot. 2013;64(9):2557-63. Epub 2013/05/01. PubMed PMID: 23630231. 

30. Melcher K. The strength of acidic activation domains correlates with their affinity 

for both transcriptional and non-transcriptional proteins. J Mol Biol. 2000;301(5):1097-

112. PubMed PMID: 10966808. 

31. Wu MF, Yamaguchi N, Xiao J, Bargmann B, Estelle M, Sang Y, et al. Auxin-

regulated chromatin switch directs acquisition of flower primordium founder fate. Elife. 

2015;4. Epub 2015/10/16. PubMed PMID: 26460543; PubMed Central PMCID: 

PMC4600763. 

32. Bargmann BO, Vanneste S, Krouk G, Nawy T, Efroni I, Shani E, et al. A map of 

cell type-specific auxin responses. Mol Syst Biol. 2013;9:688. Epub 2013/09/12. PubMed 

PMID: 24022006; PubMed Central PMCID: PMC3792342. 

33. Berendzen KW, Weiste C, Wanke D, Kilian J, Harter K, Droge-Laser W. 

Bioinformatic cis-element analyses performed in Arabidopsis and rice disclose bZIP- and 

MYB-related binding sites as potential AuxRE-coupling elements in auxin-mediated 

109



! 31!

transcription. Bmc Plant Biol. 2012;12:125. Epub 2012/08/03. PubMed PMID: 

22852874; PubMed Central PMCID: PMC3438128. 

34. Ulmasov T, Liu ZB, Hagen G, Guilfoyle TJ. Composite structure of auxin 

response elements. Plant Cell. 1995;7(10):1611-23. Epub 1995/10/01. PubMed PMID: 

7580254; PubMed Central PMCID: PMC161020. 

35. Walcher CL, Nemhauser JL. Bipartite promoter element required for auxin 

response. Plant Physiol. 2012;158(1):273-82. Epub 2011/11/22. PubMed PMID: 

22100645; PubMed Central PMCID: PMC3252081. 

36. Shin R, Burch AY, Huppert KA, Tiwari SB, Murphy AS, Guilfoyle TJ, et al. The 

Arabidopsis transcription factor MYB77 modulates auxin signal transduction. The Plant 

Cell Online. 2007;19(8):2440-53.  

37. Varaud E, Brioudes F, Szecsi J, Leroux J, Brown S, Perrot-Rechenmann C, et al. 

AUXIN RESPONSE FACTOR8 regulates Arabidopsis petal growth by interacting with 

the bHLH transcription factor BIGPETALp. Plant Cell. 2011;23(3):973-83. PubMed 

PMID: ISI:000289884200015. 

38. Zhang F, Yao J, Ke J, Zhang L, Lam VQ, Xin XF, et al. Structural basis of JAZ 

repression of MYC transcription factors in jasmonate signalling. Nature. 

2015;525(7568):269-73. Epub 2015/08/11. PubMed PMID: 26258305; PubMed Central 

PMCID: PMC4567411. 

39. Cho H, Ryu H, Rho S, Hill K, Smith S, Audenaert D, et al. A secreted peptide 

acts on BIN2-mediated phosphorylation of ARFs to potentiate auxin response during 

lateral root development. Nat Cell Biol. 2014;16(1):66-76. Epub 2013/12/24. PubMed 

PMID: 24362628. 

110



! 32!

40. Lewis DR, Olex AL, Lundy SR, Turkett WH, Fetrow JS, Muday GK. A kinetic 

analysis of the auxin transcriptome reveals cell wall remodeling proteins that modulate 

lateral root development in Arabidopsis. Plant Cell. 2013;25(9):3329-46. Epub 

2013/09/21. PubMed PMID: 24045021; PubMed Central PMCID: PMC3809535. 

41. Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA, 3rd, Smith HO. 

Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat Methods. 

2009;6(5):343-5. Epub 2009/04/14. PubMed PMID: 19363495. 

42. Havens KA, Guseman JM, Jang SS, Pierre-Jerome E, Bolten N, Klavins E, et al. 

A synthetic approach reveals extensive tunability of auxin signaling. Plant Physiol. 

2012;160(1):135-42. Epub 2012/07/31. PubMed PMID: 22843664; PubMed Central 

PMCID: PMC3440190. 

43. Gietz RD, Woods RA. Transformation of yeast by lithium acetate/single-stranded 

carrier DNA/polyethylene glycol method. Methods Enzymol. 2002;350:87-96. Epub 

2002/06/21. PubMed PMID: 12073338. 

44. Gerace E, Moazed D. Coimmunoprecipitation of proteins from yeast. Methods 

Enzymol. 2014;541:13-26. Epub 2014/03/29. PubMed PMID: 24674059; PubMed 

Central PMCID: PMC4370295. 

45. Fukaki H, Tameda S, Masuda H, Tasaka M. Lateral root formation is blocked by 

a gain-of-function mutation in the SOLITARY-ROOT/IAA14 gene of Arabidopsis. Plant 

J. 2002;29(2):153-68. PubMed PMID: ISI:000173685000004. 

46. Clough SJ, Bent AF. Floral dip: a simplified method forAgrobacterium-mediated 

transformation ofArabidopsis thaliana. The Plant Journal. 1998;16(6):735-43. 

  

111



! 33!

 SI Figures  

SI Fig. 1  

A) ARF activity is not correlated to expression level.  Expression of YFP:ARF fusion 
constructs are shown compared to yeast strains expressing no YFP (0) or YFP alone.  The 
mean from three replicates is shown with error bars representing standard deviation.  
B) Mutation of AuxRE sites in the IAA19 promoter abolishes ARF19 activity. Red 
asterisks indicate location of G -> A mutations introduced into the 300 bp native IAA19 
promoter sequence used for reporter constructs.  
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SI Fig. 2 

A) Western blot of 4xMYC tagged ARF19 and mutant variants. Differences in ARF19 
mutant variant activity are not due to differences in protein levels. 
B) FLAG tagged ARF19 variants used in ChIP assays exhibit similar relative activation 
of the P3(2x)::Venus reporter as untagged constructs in Fig 2A. The mean from three 
replicates is shown with error bars representing standard deviation.  
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SI Fig. 3 

A) Auxin dose response of YFP tagged IAA3 and IAA7 +/- ARF19. There is no 
difference in auxin-induced degradation between WT and ok YFP strains for both IAA3 
and IAA7. ARF19 has only a modest effect on the auxin-induced degradation of IAA3 
and no effect on IAA7. Fluorescence of YFP-WT and YFP-ok IAA strains in the 
presence of the AFB2 auxin receptor was measured 30 min post-auxin treatment. 
Fluorescence levels were normalized to mock treatment levels to compensate for 
differences in basal expression levels of IAAs.  
B) Basal expression levels of YFP- IAA PB1 variants. PB1 mutations have little to no 
effect on the expression of IAA3 but the o and ok mutations decrease levels of both IAA7 
and IAA14.  
C) Western blot of YFP-IAA WT and ok variants. The ok mutations result in only a 
modest decrease of protein level compared to WT. 
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SI Fig. 4 

A) Repression strength and auxin sensitivity of TPLN300:IAA3 PB1 mutant variants. 
Each strain was exposed to a 10 µM auxin or mock (95% EtOH v/v) treatment for 4 
hours prior to fluorescence measurements using flow cytometry.  
B) Repression strength and auxin sensitivity of TPLN300:IAA14 and TPLN300:IAA7 
PB1 mutant variants are similar. 
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SI Fig. 5 

Localization of YFP tagged IAA3 WT and PB1 mutants in the presence of ARF19. Wild-
type IAA3 localization becomes strongly nuclear while localization remains diffuse when 
a PB1 face is compromised.  
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SI Fig. 6 

A) Repression strength and auxin sensitivity of TPLN100:IAA3 PB1 mutant variants. 
Each strain was exposed to a 10 µM auxin or mock (95% EtOH v/v) treatment for 4 
hours prior to fluorescence measurements using flow cytometry. 
B) Western blot of YFP-TPL:IAA3 strains. Protein levels between TPLN100:IAA3 and 
TPLN300:IAA3 are similar. Grey wedge represents amount of total protein loaded (L-to-
R: 30, 15, 7.5, 3.75 µg total protein). Asterisks mark a non-specific band.  
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SI Table 1. Positions of ARF19 and IAA3 mutations 
 

ARF19 mutation Corresponding 
ARF5 mutation* 

ARF 5 
complementation 

phenotype* 

IAA3 mutation 

DNA-Binding   
H138A (db1) H170A Small, bushy flower 

defects 
- 

R188A (db2) R220A Flower defects, 
sterile 

- 

Dimerization   
G247I (dd1) G279I Small plants, small 

fruits, sterile 
- 

A250N (dd2) A282N Flower defect, 
sterile 

- 

A255N (dd3) A287N Curled leaves, 
flower defect 

- 

PB1 domain 
K962A (k) - - K96A (k) 

D1012A,D1016A(o) - - D151A, D155A(o) 
!
* Boer DR, Freire-Rios A, van den Berg WA, Saaki T, Manfield IW, Kepinski S, et al. 
Structural basis for DNA binding specificity by the auxin-dependent ARF transcription 
factors. Cell. 2014;156(3):577-89. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

118



! 40!

SI Table 2. Yeast strains used in this study  
   
   

Strain Description Figure 

215 pGP6_pIAA19_UbiVenus-stop 1 

2197 pGP6_DR5_UbiVenus-stop 1 

2198 pGP6P3_2x_UbiVenus-stop 1 

2531 W303-1A ADE2+, pGP6ER7_UbiVenus-stop 1 

1986 pGP6_mpIAA19_UbiVenus_stop S1 

211 8A-ARF19, pGP6-pIAA19-Ubi-Venus-Stop 1 

2200 pGP6DR5_UbiVenus-stop, pGP8A-ARF19 1 

2201 pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19 1,2 

2532 pGP8A-ARF19, pGP6ER7_UbiVenus-stop 1 

2068 pGP8A-ARF19, pGP6_mpIAA19_UbiVenus_stop S1 

1909 pGP6-pIAA19-Ubi-Venus-Stop, 8A-ARF7 1 

2578 pGP6DR5_UbiVenus-stop, 8A-ARF7 1 

2406 pGP6P3_2x_UbiVenus-stop, pGP8A_ARF7 1 

2605 W303-1A ADE2+, pGP6ER7_UbiVenus-stop, 8A-ARF7 1 

2597 pGP6-pIAA19-Ubi-Venus-Stop, 8A-ARF5 1 

2576 pGP6DR5_UbiVenus-stop, 8A-ARF5 1 

2407 pGP6P3_2x_UbiVenus-stop, pGP8A_ARF5 1 

2604 W303-1A ADE2+, pGP6ER7_UbiVenus-stop, 8A-ARF5 1 

2598 pGP6-pIAA19-Ubi-Venus-Stop, 8A-ARF6 1 
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2627 pGP6DR5_UbiVenus-stop, 8A-ARF6 1 

2601 pGP6P3_2x_UbiVenus-stop, 8A-ARF6 1 

2606 W303-1A ADE2+, pGP6ER7_UbiVenus-stop, 8A-ARF6 1 

2599 pGP6-pIAA19-Ubi-Venus-Stop, 8A-ARF8 1 

2602 pGP6P3_2x_UbiVenus-stop, 8A-ARF8 1 

2607 W303-1A ADE2+, pGP6ER7_UbiVenus-stop, 8A-ARF8 1 

2596 pGP6-pIAA19-Ubi-Venus-Stop, 8A-ARF2 1 

2574 pGP6DR5_UbiVenus-stop, 8A-ARF2 1 

2408 pGP6P3_2x_UbiVenus-stop, pGP8A_ARF2 1 

2603 W303-1A ADE2+, pGP6ER7_UbiVenus-stop, 8A-ARF2 1 

2678 8A-ARF8_pGP6DR5_UbiVenus-stop 1 

2320 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19 2 

2456 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_k 2 

2457 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_o 2 

2458 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_ko 2 

2459 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF7 2 

2460 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF5 2 

2461 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF2 2 

2462 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_A287N 2 

2463 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_A282N 2 

2464 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_G279I 2 
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2465 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_R220A 2 

2466 5G-AFB2 | pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_H170A 2 

2507 pGP6P3_2x_UbiVenus-stop, pGP8A-3xFlag-GS-ARF19 2,S2 

2508 pGP6P3_2x_UbiVenus-stop, pGP8A-3xFlag-GS-ARF19_ko 2,S2 

2509 pGP6P3_2x_UbiVenus-stop, pGP8A-3xFlag-GS-ARF19_H170A 2,S2 

2441 
pGP5G-AFB2, 8A-ARF19 | pGP6P3_2x_UbiVenus-stop, pGP8A-
ARF19 2 

2444 
pGP5G-AFB2, 8A-ARF19_k | pGP6P3_2x_UbiVenus-stop, 
pGP8A_ARF19_k 2 

2445 
pGP5G-AFB2, 8A-ARF19_o | pGP6P3_2x_UbiVenus-stop, 
pGP8A_ARF19_o 2 

2446 
pGP5G-AFB2, 8A-ARF19_k | pGP6P3_2x_UbiVenus-stop, 
pGP8A_ARF19_o 2 

2310 
5G-AFB2, 4GTPLN300-IAA3_k | pGP6P3_2x_UbiVenus-stop, pGP8A-
ARF19 3,S4 

2311 
5G-AFB2, 4GTPLN300-IAA3_o | pGP6P3_2x_UbiVenus-stop, pGP8A-
ARF19 3,S4 

2312 
5G-AFB2, 4GTPLN300-IAA3_ko | pGP6P3_2x_UbiVenus-stop, 
pGP8A-ARF19 3,S4 

2316 
5G-AFB2, 4GTPLN300-IAA3 | pGP6P3_2x_UbiVenus-stop, pGP8A-
ARF19 3,S4 

2317 
5G-AFB2, 4GTPLN300-IAA3_t1 | pGP6P3_2x_UbiVenus-stop, 
pGP8A-ARF19 3,S4 

2447 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_o | pGP5G-AFB2, 8A-
ARF19_k, 4GTPLRD2-IAA3_K96 3 

2448 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_o | pGP5G-AFB2, 8A-
ARF19_o, 4GTPLRD2-IAA3_K96 3 

2449 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_o | pGP5G-AFB2, 8A-
ARF19_k, 4GTPLRD2-IAA3_opca 3 

2450 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_o | pGP5G-AFB2, 8A-
ARF19_k, 4GTPLRD2-IAA3_ko 3 

2451 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_o | pGP5G-AFB2, 8A-
ARF19_k, pGP4G-TPLN300-IAA3.T1 3 

2547 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_o | pGP5G-AFB2, 8A-
ARF19_o, 4GTPLRD2-IAA3_ko 3 

2548 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_o | pGP5G-AFB2, 8A-
ARF19_o, pGP4G-TPLN300-IAA3 3 
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2549 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_o | pGP5G-AFB2, 8A-
ARF19_k, pGP4G-TPLN300-IAA3 3 

2550 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_k | pGP5G-AFB2, 8A-
ARF19_k, 4GTPLRD2-IAA3_ko 3 

2551 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_k | pGP5G-AFB2, 8A-
ARF19_k, 4GTPLRD2-IAA3_opca 3 

2552 
pGP6P3_2x_UbiVenus-stop, pGP8A_ARF19_k | pGP5G-AFB2, 8A-
ARF19_k, pGP4G-TPLN300-IAA3 3 

2436 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19 | 5G-AFB2, 4GTPLRD2-
IAA14_KO 3,S4 

2435 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19 | 5G-AFB2, 4GTPLRD2-
IAA14_OPCA 3,S4 

2434 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19 | 5G-AFB2, 4GTPLRD2-
IAA14_K115 3,S4 

2608 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19 | 5G-AFB2, 4GTPLRD2-
IAA14 3,S4 

449 4GY-ARF2 S1 

451 4GY-ARF5 S1 

452 4GY-ARF6 S1 

453 4GY-ARF7 S1 

454 4GY-ARF8 S1 

455 4GY-ARF19 S1 

2060 pGP6-pIAA19-Ubi-Venus-Stop, pGP8A_4xMyc_ARF19 S2 

2063 pGP6-pIAA19-Ubi-Venus-Stop, pGP8A_4xMyc_ARF19_H170A S2 

2065 pGP6-pIAA19-Ubi-Venus-Stop, pGP8A_4xMyc_ARF19_G279I S2 

2252 pGP6-pIAA19-Ubi-Venus-Stop,pGP8A_4xMyc_ARF19_ko S2 

4 4GY-IAA3 S3 

1694 pGP4GY-IAA3-OPCA S3 

1695 pGP4GY-IAA3-KO S3 
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1732 4GY-IAA3_K96 S3 

19 4GY-IAA14 S3 

1691 pGP4GY-IAA14-K115 S3 

1692 pGP4GY-IAA14-OPCA S3 

1693 pGP4GY-IAA14-KO S3 

6 4GY-IAA7 S3 

1862 pGP4GY-IAA7-K S3 

1863 pGP4GY-IAA7-OPCA S3 

1864 pGP4GY-IAA7-KO S3 

47 5G-AFB2|4GY-IAA3 S3 

49 5G-AFB2|4GY-IAA7 S3 

1776 5G-AFB2 | pGP4GY-IAA3-KO S3 

1876 5G-AFB2 | pGP4GY-IAA7-KO S3 

2323 5G-AFB2, 8A-ARF19 | 4GY-IAA3 S3 

2327 5G-AFB2, 8A-ARF19 | 4GY-IAA7 S3 

2562 5G-AFB2, 8A-ARF3 | 4GY-IAA3_WT S3 

2564 5G-AFB2, 8A-ARF3 | 4GY-IAA7_WT S3 

2114 8A-ARF19|4GY-IAA3_KO S5 

2113 8A-ARF19|4GY-IAA3_OPCA S5 

2112 8A-ARF19|4GY-IAA3_K96 S5 

2155 8A-ARF19|4GY-IAA3 S5 
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47 5G-AFB2|4GY-IAA3 S5 

2438 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19 | 5G-AFB2, pGP4G-
TPLN100-IAA3_k S6 

2439 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19 | 5G-AFB2, pGP4G-
TPLN100-IAA3_o S6 

2440 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19 | 5G-AFB2, pGP4G-
TPLN100-IAA3_ko S6 

2318 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19|5G-AFB2, 4GTPLN100-
IAA3 S6 

2319 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19|5G-AFB2, 4GTPLN100-
IAA3_t1 S6 

2239 pGP5G-AFB2, pGP4GYTPLN300-IAA3 S6 

496 5G-AFB2, 4GY-TPLRD1-IAA3 S6 

2315 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19|5G-AFB2, 4GTPLN300-
IAA7 S4 

2314 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19|5G-AFB2, 4GTPLN300-
IAA7_ko S4 

2313 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19|5G-AFB2, 4GTPLN300-
IAA7_o S4 

2437 
pGP6P3_2x_UbiVenus-stop, pGP8A-ARF19 | 5G-AFB2, 4G-TPLN300-
IAA7_k S4 
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SI Table 3. Oligos used in this study

mIAA19

DR5

ER7

P3(2x)

2122 ARF19_A287N_R
2121 ARF19_A287N_F
2120 ARF19_A282N_R
2119 ARF19_A282N_F
2118 ARF19_G279I_R
2117 ARF19_G279I_F
2116 ARF19_R220A_R
2115 ARF19_R220A_F
2114 ARF19_H170A_R
2113 ARF19_H170A_F
2112 ARF19_OPCA_R
2111 ARF19_OPCA_F
2110 ARF19_K_R
2109 ARF19_K_F
2100 IAA14_OPCA_R
2099 IAA14_OPCA_F
2098 IAA14_K115_R
2097 IAA14_K115_F
2096 IAA7_OPCA_R
2095 IAA7_OPCA_F
2094 IAA7_K128_R
2093 IAA7_K128_F
2092 IAA3_OPCA_R
2091 IAA3_OPCA_F
2090 IAA3_K96A_R
2089 IAA3_K96A_F

GCACCATCCATACTTACTGCCACATAGATTCCTTGACCCTCATGCT
GCAGTAAGTATGGATGGTGCACCATACTTGAG

GGCACCATCTTTGGCCTCGTAGCTTGGCACATACTCAGAGC
GCCAAAGATGGTGCCTGGATGCTCGTTGGCGAT
GTCCATGGAGACCGCCACCAAGCCGGCTCCG

GCGGTCTCCATGGACGGTGCTC
AGCACCATCTTTGGCTTCATAAGTAGGCACAAAGTCTGAACCTTTATATCC

GAAGCCAAAGATGGTGCTTGGATGCTCATTGGTGATGTTCC

GCGGTTTCCATGGATGGAGCTCCTTAT

CTGTGGTAAGCAAGTGTGCTTTTGGTTGGCCTCGATAGATATGTCT
GCACACTTGCTTACCACAGGTTGGAGC

GTACAGAGAATCCACCAGCAGTGCTTGTGTCACTTGCAGTAAGAGTCTT
GCTGGTGGATTCTCTGTACCGCGT

AGCGTTTTCGTGAGCGGTGTAGACGAGTTTCCAATCAGAG
GCTCACGAAAACGCTATTTTACTAGTTGGTGATGATCCTTGGGAAGAG

CTCGTTTTTGAACCGCTGTATATGTTCGCATTCGTTGAGTCTGATT
GCGGTTCAAAAACGAGGGTCAGTAGGTAGAT

GGCACCATCTTTGGCCTCGTAGCTTGGAACATACTCAGAACTGTTC
GCCAAAGATGGTGCCTGGATGCTCGTTGGTGATGTC
ATCCATGGAAACCGCCACAAAGGCGACGGTTCCTC

ATCATACTTGCAGCTGCAGCTCATGCTAAT

Synthesized oligos for promoter variants

cgccagggttttcccagtcacgacAAACAGCACCAAACTTATATCTCTCATGTGACCGATCACCGCATCC
TCAGTTGACCTATCTCTGCCCCCACTTTATCTCCCCACACAAACTGAATAACAAGAAGAAGAAGA
CTTTAGATATCAAATGACTCCACGTATCGATATTGGATTGGTTTTCATTGGTTGTATCGTGTGGAC
CAACGAAGCAACATATAAAAAGCACGACGCGGTGCCATTACTACAATAAGAGAAGTGTAGGAG
AAGAAAGTTCTCATTTCATAATTGTATCAAATTGTGAGAGGAAAAAAAGAAGTTCAAGAAaaaatg
tctaaaggtgaagaattattc
agggttttcccagtcacgacCCCGGGccttttgtctcccttttgtctcccttttgtctcccttttgtctcccttttgtctcccttttgtctcccttttgtctcc
cttttgtctcCCCGGGAGCAAGATCAAGATGTTTTC
cgccagggttttcccagtcacgacAAACAGCACCAAACTTATATCTCTCATGTGACCGATCACCGCATCCTC
AGTTGACCTATCTCTGCCCCCACTTTATCTCCCCACACAAACTGAATAACAAGAAGAAGAAGAC
TTTAGATATCAAATGACTCCACGTAtgtctcccaaagggagacaTCGATATTGGATTGGTTTTCATTGGTT
GTATCGTGTGGACCAACGAAGCAACATATAAAAAGCACGACGCGGTGCCATTACTACAATAAGA
GAAGTGTAGGAGAAGAAAGTTCTCATTTCATAATTGTATCAAATTGTGAGAGGAAAAAAAGAAGT
TCAAGAA
cgccagggttttcccagtcacgacAAACAGCACCAAACTTATATCTCTCATGTGACCGATCACCGCATCCTC
AGTTGACCTATCTCTGCCCCCACTTTATCTCCCCACACAAACTGAATAACAAGAAGAAGAAGAC
TTTAGATATCAAATGACTCCACGTAtgtctcccaaagggagacaacttgtctctgtctcccaaagggagacaacttgtctcT
CGATATTGGATTGGTTTTCATTGGTTGTATCGTGTGGACCAACGAAGCAACATATAAAAAGCACG
ACGCGGTGCCATTACTACAATAAGAGAAGTGTAGGAGAAGAAAGTTCTCATTTCATAATTGTATC
AAATTGTGAGAGGAAAAAAAGAAGTTCAAGAA

Primers for targeted mutagensis using Gibson Assembly
AAGGGCTACTATTGGCATTATTATGAGCTGCAGCTGCAAGTATCC

AATAATGCCAATAGTAGCCCTTTTACCATCTTCT
CATGAGCTGCAGCGTTAAGTATCCCAATGTGCATACTGTCGCT

AACGCTGCAGCTCATGCTAATGCC
CTGCAGCTGCAAGTATGATAATGTGCATACTGTCGCTGGATATGAC
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PERSPECTIVE 
 

Evolution as Tinkering 
 
 

“Evolution does not produce novelties from scratch. It works with what already exists, 

either transforming a system to give it new functions or combining several systems to 

produce a more elaborate one.”  

– Francois Jacob 

 

When I started graduate school, the Auxin Synthetic Biology (AuxSynBio) project was 

just getting off the ground. I knew right away that I had to be a part of this project.  It was 

ambitious, new and exciting.  I don’t think I even really appreciated how risky an 

undertaking it was until much later, when I was writing the manuscript describing the 

recapitulation of the entire pathway.  I was always sure it was going it work, because 

getting the whole auxin pathway in yeast was only the first step.  Five years and countless 

hours of cytometry later, I feel incredibly fortunate to have been here at the beginning 

and participate in the evolution of ARCSc. In building the pathway from perception to 

transcription, we were able to identify the minimal requirements for a transcriptional 

auxin response and generate a system that can be used to interrogate the underlying 

molecular mechanisms.  

 

Why repress a repressor?  

 

Auxin signaling, like many other regulatory pathways, pivots on the repression of a 

repressor. Robustness and tunability in auxin signaling is likely due in large part to the 

multifaceted IAA repressors. Auxin sensitivity, response dynamics and feedback are all 

directly mediated by the IAAs.  In order to relay an auxin signal, an IAA must be able to 

interact with an AFB receptor, an ARF transcription factor and a TPL co-repressor.  Each 

interaction is mediated through a different domain, each of which has the potential to 

vary across the large IAA gene family. Our work and that of many others has 

demonstrated that IAAs vary in their affinity for an AFB receptor, resulting in a range of 

degradation rates in response to auxin. In recapitulating the entire pathway, and only 
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allowing the identity of the IAA to vary between circuits, we were further able to 

demonstrate that IAA degradation rate tunes the rate of gene activation.   

 

While preferential interactions between IAAs and ARFs have been posited as a source of 

specificity in auxin response, the only distinction appears to be that IAAs predominantly 

interact with the activator ARFs.  Why this is the case when almost all ARFs contain the 

PB1 interaction domain is still unclear, as is the role of the repressor ARFs in general.  

The crystal structures of the IAA and ARF PB1 domains and the incorporation of 

additional ARFs into our yeast system may help shed new light.  For example, the 

different auxin responses observed for PB1 mutants of IAA3 and IAA14 may actually be 

a reflection of a difference in affinity for ARF19.  We have also seen some evidence that 

degradation of an IAA can be slowed by the presence of an ARF.  Identifying which 

ARFs and IAAs are co-expressed within a cell would also help limit the number of 

interactions to characterize to those most likely to be of biological significance.  

 

My work characterizing the behavior of the simplest forward response architecture and 

defining the molecular interactions involved also lays the groundwork to pursue the 

incorporation of additional layers of complexity. I have already shown that introducing a 

second IAA into an auxin response circuit typically results in an induction curve 

characteristic of one of the IAAs when expressed alone.  It would be interesting to revisit 

this work when exploring potential differences in ARF affinity between IAAs.  In 

addition, the new promoter variants and ARFs that are now functional in yeast may be 

only the tip of the iceberg.  With stronger promoters and ARF specific activity, it may 

now be feasible to generate layered circuits that incorporate feedback.   

 

What is repression?  

 

While I have been able to demonstrate that we understand the broad strokes of the auxin 

response circuit by recapitulating the pathway in yeast, it is also clear that many details of 

the underlying molecular mechanisms have yet to be resolved. In particular, the 

mechanisms underlying IAA mediated repression (and relief of repression in response to 
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auxin) are still poorly understood.  As a result, engineering IAA mediated repression of 

ARF activity was one of the biggest hurdles in recapitulating the auxin pathway in yeast.  

Our circuits therefore rely on a TPL:IAA fusion to connect auxin perception to 

transcription. I soon recognized, however, that our system could be used as a simple 

functional assay of TPL repression to try and identify the domain critical for repression as 

well as conserved interactions with transcriptional co-factors that may mediate that 

repression.  While there is a lot left to do there, insight into TPL recruitment and 

repression is likely key to understanding transcriptional regulation by auxin and 

numerous other signaling pathways.   

 

In their paper describing the lac operon, Jacob and Monod state, “The remarkable 

similarity of induction and repression suggests that the two effects represent different 

manifestations of fundamentally similar mechanisms.” Therefore in order to understand 

repression, we need to understand activation. In terms of auxin signaling, asking how 

ARFs activate may shed light into how they are repressed when TPL is recruited by the 

IAAs. ARCSc would facilitate further interrogation of how promoter architecture 

influences ARF activity.  Coupled with biochemical assays, it might be possible to 

distinguish ARF affinity for a certain DNA sequence from the ability of an ARF to 

recruit additional transcriptional factors.  While we tend to think of proteins primarily in 

terms of their modular domains, it is likely that the flexible middle region, which ascribes 

an ARF its transcriptional ability, is influenced by the interactions occurring in the well-

characterized domains that flank it.   

 

I have many more questions to ask, but the ones I am most excited about are relevant for 

much more than auxin signaling.  That’s the beauty of molecular biology.  

 

“Almost all aspects of life are engineered at the molecular level, and without 

understanding molecules we can only have a sketchy understanding of life itself. All 

approaches at a higher level are suspect until confirmed at the molecular level.” 

-Francis Crick, What Mad Pursuit 
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