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Summary

* The plant hormone auxin regulates many aspects of plant growth and development. Auxin

signaling involves hormone perception by the TRANSPORT INHIBITOR RESPONSE/AUXIN F-

BOX (TIR1/AFB)-Aux/IAA co-receptor system, and the subsequent degradation of the Aux/IAA
transcriptional repressors by the ubiquitin proteasome pathway. This leads to the activation of
downstream gene expression and diverse physiological responses. Here, we investigate how the
structural elements in the Aux/IAAs determine their function in Auxin perception and
transcriptional repression.

» We took advantage of the facile genetics of the moss Physcomitrella patens to determine the
activity of wild-type and mutant PplAAla proteins in a daux/iaa null background. In this way,
Aux/IAA function was characterized at the molecular and physiological levels without the
interference of genetic redundancy.

» We identified and characterized degron variants in Aux/IAAs that affect their stability and Auxin
response. We also demonstrated that neither the Aux/IAA EAR motif nor Aux/IAA
oligomerization is essential for the repressive function of Aux/1AA.

« Our study demonstrates how key elements within the Aux/IAA proteins fine tune stability and
repressor activity, as well as the long-term developmental outcome.
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Introduction

The plant hormone auxin regulates a wide range of processes during plant development and
response to the environment (Woodward & Bartel, 2005; Lavy & Estelle, 2016; Strader &
Zhao, 2016; Weijers & Wagner, 2016). Although the chemical structure of Auxin is quite
simple, the hormone triggers a complex set of downstream responses with different temporal
and spatial patterns (Bargmann et al., 2013). Many studies have been devoted to the
understanding of the mechanisms that produce this complexity at the cellular and molecular
level.

Based on our current knowledge, Auxin acts through a transcriptional de-repression
mechanism. The major repressors in the pathway are the Aux/indole-3-acetic acid (Aux/
IAA) proteins, which are also components of the Aux/IAA-TRANSPORT INHIBITOR
RESPONSE/AUXIN F-BOX (TIR1/AFB) co-receptor system for Auxin perception. The
TIR1/AFB proteins are F-box proteins and subunits of SKP1 CULLIN F-BOXT!R1/afb
(SCFTIRVAFBY ypiquitin protein ligases (E3s). In the presence of Auxin, SCFT!R1/afb
promotes the degradation of the Aux/IAAs, resulting in the activation of Auxin-responsive
gene transcription (Salehin et al.,, 2015; Lavy & Estelle, 2016). A number of genetic studies
have identified stabilized forms of Aux/IAAs that escape this degradation, revealing a core
degron motif within Aux/IAA Domain Il (Liscum & Reed, 2002). Structural studies later
confirmed that this domain is the interaction surface with TIR1 in the presence of Auxin
(Tan et al., 2007). There are 29 Aux/IAA proteins in Arabidopsis with varying stabilities. At
least some of this variation can be attributed to the degron sequence (Dreher et al., 2006;
Havens et al., 2012; Guseman et al., 2015; Pierre-Jerome et al., 2016). In addition, because
the Aux/IAA protein contributes to Auxin binding, changes in the degron sequence may
impact the affinity of the co-receptor pair for Aux. Indeed, we have demonstrated that
different co-receptor pairs exhibit distinct Ky values for Auxin (Calderon Villalobos et al.,
2012). Thus, variation in the degron sequence may affect the Auxin concentration at which
degradation occurs, as well as the rate of degradation.

The Aux/IAAs repress the activity of a family of transcription factors called AUXIN
RESPONSE FACTORSs (ARFs), which share homology with Aux/IAAs in their C-terminus
and are thought to control Auxin-responsive gene transcription. Repression may be achieved
by recruiting a co-repressor called TOPLESS (TPL) through the Aux/IAA EAR motif
(Weijers & Wagner, 2016). However, it is not clear whether Aux/IAA repression depends
solely on TPL function.

Extensive yeast two-hybrid studies have shown that the Aux/IAAs and ARFs form homo-
and heterodimers through their homologous C-terminal domains (Vernoux et al., 2011). A
recent structural study has proposed that the C-terminal region constitutes a PB1 (Phox and
Bem 1) domain (Korasick et a/., 2014). The interaction between PB1 domains involves a
conserved lysine residue and an acidic DxD/ExD (OPCA) motif (Fig. 1), which form two
complementary interaction centers. As each PB1 domain has both acidic and basic
interaction centers, the ARFs and Aux/IAA may form complex oligomers. The importance
of oligomerization has been addressed in two studies. In one case, the phenotype conferred
by overexpression of stabilized AtIAA16 was not maintained when either of the interaction
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centers was mutated to neutral alanine, indicating that, in this specific background, Aux/IAA
oligomerization is required for repression by stabilized AtIAA16 (Korasick et al., 2014). By
contrast, a similar study with AtIAA14 revealed that a mutant that was unable to form
oligomers was still able to function as a repressor (Pierre-Jerome et al., 2016). In both
instances, the gain-of-function nature of the stabilized Aux/IAA protein can be a
complicating factor.

Genetic studies of the Aux/IAA genes in Arabidopsis have been hampered by extensive
genetic redundancy amongst the family members (Overvoorde et al., 2005). Although
stabilized forms of Aux/IAAs produce clear phenotypes, the gain-of-function nature of these
mutations can complicate their analysis. Further, loss of Aux//AA gene function typically
does not confer a phenotype, limiting the genetic analysis of these genes (Overvoorde et al.,
2005).

By contrast, the maoss Physcomitrella patens has only three Aux/IAA genes (Lavy et al.,
2016). Recently, we have reported a Aaux/iaa null mutant that displays a strong Auxin-
constitutive phenotype. In this study, we used the facile genetics of Physcomitrella to
investigate the biological significance of conserved elements in the Aux/IAA proteins,
including the degron motif, the EAR motif and the conserved motifs in the C-terminus. The
results provide unique insights into the function of the Aux/IAAs, both as co-receptors and
repressors of Auxin signaling.

Materials and Methods

Moss strains and growth conditions

Wild-type ‘Gransden-2004’ and mutant £ patens strains were grown at 25°C under
continuous light at an intensity of 40-70 umol m=2 s~1. When grown for phenotypic and
gene expression analysis, BCD medium was used. When grown for propagation purposes,
BCDAT (BCD supplemented with 5 mM ammonium tartrate) was used.

Molecular cloning of gene expression constructs

To generate the construct for the expression of luciferase-tagged 1AAla, the following DNA
fragments were PCR amplified with primers containing the corresponding restriction
enzyme (RE) cutting sequences and cloned into the RE sites of the pBHRF2 backbone (Lavy
et al., 2016) by enzyme digestion and ligation: the luciferase-coding sequence was cloned
into the Pst/and Xbal sites; the cDNA of /AAZawas cloned into the PsA site; ¢. 1 kilo-base
(kb) of the genomic sequence upstream (5") and downstream (3”) of the /AAZagene coding
region was cloned into the Hinalll and Spel sites. This creates the /AAla 5
genomic:.clAA1a: luciferase:Hyg” (from backbone, with LoxP sites):IAAla 3 genomic
cassette for the expression of luciferase-tagged 1AAla in replacement of the native /AAIa
gene. To generate the constructs for the expression of the mutant versions of IAAla-
luciferase, site-directed mutagenesis was performed with the construct above containing
wild-type /AA1a. The primer sequences used for cloning and mutagenesis are listed in
Supporting Information Table S1.
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Moss transformation and screening of transgenic lines

Protoplast isolation and polyethylene glycol (PEG) -mediated transformation of the above
constructs into the /aalb /aa2 double mutant (Lavy et al., 2012) were performed as described
by Nishiyama et al. (2000). After 5 d of regeneration, transformants were moved to BCDAT
medium supplemented with 20 mg1~1 hygromycin for selection. The transformants that
survived selection were screened by PCR for the presence of both left and right transgene-
endogenous sequence junctions to verify the insertion of the transgene to the native locus.
Reverse transcription-polymerase chain reaction (RT-PCR) with a pair of primers flanking
an /AAlaintron was performed to confirm the replacement of genomic IAAla with the
clAAla-Luc transgene. The primer sequences are listed in Table S1.

To remove the possible tandem repeats generated by homologous recombination, the
pActin:CRE plasmid was transformed into the confirmed lines above. This removes the
possible repeats as well as the hygromycin resistant marker. Therefore, the transformants
that cannot survive on hygromycin-containing medium were used for further analysis.

Phenotypic characterization

For phenotypic observations, small pieces of fresh protonemal tissue were inoculated on
BCD mock or 1-naphthaleneacetic acid (NAA)-supplemented medium and grown for 1
month into well-developed colonies. Photographs were taken for each colony and typical
representations are shown.

RNA isolation and quantitative RT-PCR

For the detection of tissue-specific Aux//AA gene transcripts, protonemal tissue was grown
on BCD plates with cellophane overlays for 3 wk. Leafy gametophores were cut from the
remaining filamentous tissue and the two types of tissue were collected individually for
RNA isolation. For the detection of Auxin-responsive marker gene transcripts, protonemal
tissue was grown on BCDAT plates with cellophane overlays for 1 wk. The colonies were
then transferred into liquid BCD medium containing either 10 uM IAA or the equivalent
amount of solvent (ethanol). After incubation under moss growth conditions, the colonies
were collected individually for RNA isolation.

Total RNA was isolated using an RNeasy Plant Mini Kit (Qia-gen); 500 ng of RNA were
reverse transcribed using the Superscript 111 First Strand cDNA Synthesis System (Life
Technologies, Waltham, MA, USA). A 20-ul RT reaction was diluted to a final volume of
200 pl; 4 pl of the diluted cDNA were used for detection by the CFX Connect™ Real-Time
PCR Detection System (Bio-Rad). The Auxin-responsive marker genes used have been
described in Lavy et al. (2016). Normalized expression (AAC(#) method) was calculated
using the Bio-Rad CFX manager software employing PpEF1aas a reference gene, and
plotted as relative values + SEM. Four biological replicates and four technical replicates
were included in each analysis. #test was used for statistical inference. The primer
sequences used are listed in Table S1.
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Luciferase-based degradation assay

Results

Fresh protonemal tissue blended in sterile water with a homogenizer was spread and grown
on BCDAT plates with cellophane overlays for 4 d. For each replicate of the transgenic line
of interest, two tissue samples of a fixed amount (25 mm x 25 mm area on the plate) were
taken and each was blended in 50 pl of 10 mM D-luciferin in a well of a 96-well plate, and
their chemiluminescence was measured by an ImageQuant LAS 4000 Mini biomolecular
imager (GE Healthcare Life Sciences, Marlborough, MA, USA) under super-resolution and
quantified by ImageJ. This serves as the time point 0 reference for mock/Auxin treatment.

After either IAA stock solution or an equivalent volume of the solvent was added to the
wells, the chemiluminescence was quantified in the same way at different time points. The
ratio of the signal strength of treated vs mock was calculated and normalized by the ratio of
time point 0 for adjustment of the difference in starting amount between the mock/treated
samples. The normalized ratio represents the fold signal that remains after the corresponding
time of Auxin treatment. The degradation curve was generated by plotting this normalized
ratio against the treatment time. Three replicates were used for each data point, and the error
bar represents the standard error (SE).

Tissue-specific expression pattern of the moss Aux/IAA genes reveals gene redundancy
and compensation at the molecular level

Auxin is known to play an important role in the vegetative growth of £ patens. At the
protonemal stage, Auxin promotes the differentiation of chloroplast-rich filaments, called
chloronemata, into elongated filaments with fewer chloroplasts, called caulonemata,
whereas, at the stage of leafy gametophore formation, Auxin promotes stem elongation and
rhizoid development (Ashton et al., 1979; Eklund et a/., 2010; Prigge & Bezanilla, 2010).
All three Physcomitrella Aux/1AA proteins possess the three conserved domains
characteristic of the Aux/IAA family (Fig. 1a). IAAla and IAA1b are 93% identical,
whereas both of these proteins are 69% identical to IAA2 (Prigge et al., 2010). In a recent
study, we have shown that the /aaZb jaa2 double mutant is indistinguishable from the wild-
type in appearance and Auxin response, indicating that /AAZais sufficient for normal
development (Lavy et al., 2016). To explore this issue further, we determined the expression
level of the three genes in protonemal filaments and gametophores in a wild-type and /aaZb
faa2line.

Our results revealed that, in wild-type moss, /AAZawas expressed at a similar level in
filaments and gametophores, whereas both /AAZband /AA2were expressed at a higher
level in gametophores relative to filaments (Fig. 1b). Interestingly, in the absence of /AA1b
and /AAZ, the level of /AAIatranscript was higher in gametophores relative to filaments
(Fig. 1c). Indeed, the level of /AAZatranscript in /aalb iaa2was roughly the same as the
sum of /AA1a, IAAIband I/AAZtranscripts in the wild-type line, in both gametophores and
filamentous tissue. This suggests that, in the absence of /AA1band /AAZ, IAAlaexpression
is up-regulated, compensating for the loss of the other two genes. As /AAZais Auxin
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regulated (Fig. S1), this probably reflects the activity of a negative feedback loop involving
the ARFs and the Aux/IAAs (Prigge et al., 2010; Salehin et al., 2015).

Because the /aalb j/aa2 line has a wild-type phenotype, it provides an excellent background
for further studies of Aux/IAA function. In the following experiments, we used homologous
recombination to generate a series of /aa1b iaaZ lines expressing wild-type and mutant
versions of IAAla (Fig. 2). These lines were used to study the function of Aux/IAA domains
without the interference of other native Aux/IAAs.

Studies of the Aux/IAA degron motif

Because the Aux/IAA degron is the interaction surface for the TIR1/AFB protein and Auxin,
it is a key element in Auxin signaling. In Arabidopsis, the canonical core degron sequence is
VGWPPVR, which is shared by multiple family members, including IAA7, 1AA14 and
IAA28. There are also several variants of this sequence, including VGWPPIG (IAA12) and
VGWPPVK (IAA29) (Fig. 1). All three moss Aux/IAA proteins have the VGWPPVK
degron, like AtIAA29. In an earlier study, we showed that the TIR1-1AA7 co-receptor had a
higher affinity for Auxin than TIR1-IAA12 /n vitro, and that this difference was determined
by the degron sequence (Calderon Villalobos et al., 2012). However, because neither the loss
of the JAA7or IAA12 genes results in a phenotype, it was not possible to test the
significance of this difference in Arabidopsis (Overvoorde et al., 2005).

To address this question, we generated luciferase-tagged Pp/AAla constructs with degron
motifs corresponding to AtIAA7 (IAA1a-luc?IVR), AtIAAL2 (IAAla-luc®9/C) and the
PplAAs (IAA1a-luc®IVK) (Fig. 2). Each construct was introduced into the jaalb iaa2
background by homologous recombination, replacing the endogenous /AAZagene.

The three lines showed a similar appearance when grown on medium without Auxin.
However, when grown on medium containing the Auxin NAA, both /AAZa-/uc?IVR and
IAAIa-luc?9!C displayed resistance relative to /AAIa-luc®IVK. In the wild-type (/AAla-
Juc®9VK) ' Auxin treatment resulted in reduced colony size, disruption of leafy gametophore
formation and increased brown-pigmented rhizoids, as expected (Ashton et a/., 1979). Each
of these effects was reduced in the other two lines. /AAZa-/luc?IVR showed increased leafy
gametophore formation and colony size when treated with NAA, relative to /AAIa-
Juc®9VK whereas 1AAIa-Iuc?9/C was even less sensitive to Auxin treatment, with near-
normal colony size and gametophore formation, even after treatment with 0.5 pM NAA. By
contrast, we have demonstrated previously that a line lacking all three Aux/IAAs (Aaux/iaa)
displays this phenotype in the absence of Auxin treatment (Fig. 3a) (Lavy et al., 2016).

To determine whether Auxin resistance was accompanied by changes in Auxin-regulated
gene expression, we determined the transcript level of three Auxin-regulated genes by
quantitative PCR. Our results showed that, in both mock- and Auxin-treated conditions,
expression of the marker genes in /AAZa-luc®VR and IAAIa-Iuc?9'C lines was lower than
in the wild-type. In addition, the expression of these genes was lower in /AAZa-/luc?9/C than
in JAA1a-luc?9VR (Fig. 3b), consistent with their phenotypes.
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We then checked whether these defects were related to differences in IAAla degradation.
IAAla-luc protein levels were determined by measurement of chemiluminescence at
different time points after mock or Auxin treatment. The normalized ratio, which is the
chemiluminescence from the Auxin-treated sample relative to the mock sample, was plotted
against the treatment time (Fig. 3c). We found that, with 0.2 pM 1AA, 1AAla-lucded!G
remained stable, whereas IAA1a-luc?3VR degraded more slowly than 1AAla-lucdedVK, At
20 UM 1AA, the IAAla-luc?9!C Jevel began to decrease, but much more slowly than for the
other two proteins. Thus, the difference in Auxin binding observed in vitro appears to result
in a corresponding shift in the concentration of Auxin required to promote degradation.

AtlIAA29 has the same degron as the moss Aux/IAAs (degVK). Based on previously
published yeast two-hybrid data, IAA29 has a relatively low Auxin affinity. In moss, this
degron contributes to a higher rate of Auxin-induced degradation than degVR or deglG,
suggesting that the behavior of AtIAA29 is a result of features outside of the degron.

The EAR motif is not essential for Aux/IAA function

Aux/IAA repression is thought to require recruitment of the co-repressor TPL through an
interaction with the EAR motif. The EAR domain is conserved in the moss and Arabidopsis
Aux/1AA proteins (Fig. 1a), and previous yeast two-hybrid assays have shown that the moss
Aux/IAAs interact with two moss TPL proteins through the EAR domain (Causier et al.,
2012). We utilized our PplAAla-luc system to study the role of the EAR motif /7 vivo. We
generated an EAR motif-deleted Po/AA12%¢" transgene and introduced this into Aiaalb
iaa2 plants by homologous recombination. In addition, we verified that IAAaZea" does not
interact with moss TPLs in a yeast two-hybrid assay (Fig. S2a).

Phenotypic characterization showed that the ZAA1a2€ line displayed increased
caulonemata formation and reduced numbers of leafy gametophores relative to the wild-
type, consistent with a reduction in /AA1a% repression. However, the appearance of the
mutant was clearly different from the Aaux/iaa line, suggesting that IAA1a2€a" retained some
function. Further, when treated with different concentrations of Auxin, /AA1a2¢ displayed
an increasingly severe Auxin phenotype that correlated with the Auxin level (Fig. 4a). We
then checked the expression level of the Auxin-responsive marker genes in the mutant and
wild-type lines (Fig. 4b). In the absence of external Auxin, the JAA1a2€2" mutant had a
higher level of Auxin-responsive gene transcription than the wild-type. Moreover, external
Auxin treatment resulted in increased gene expression relative to the mock condition, which
correlated with the phenotypes above and suggested that IAA1a2" is still able to repress
transcription.

When aligning the moss and Arabidopsis Aux/IAA sequences, we discovered another
leucine-rich region between Domains | and Il in PplAAla (LKVHL) which is similar to the
EAR motif. We generated another transgenic line expressing a version of IAAla lacking
both the EAR motif and this second EAR-like sequence (/AA1gA¢arAear-like) This line was
similar to the ZAA1a2€ line in appearance (Fig. 4a), indicating that the EAR-like sequence
did not contribute to repression.
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These results indicate that one or more EAR-independent repression mechanisms exist in the
moss Auxin signaling pathway. As complete knockout of /AAIain the Aaux/iaanull
background results in fully constitutive Auxin responses, these mechanisms must be
mediated by some elements within the IAAla protein.

Both monomeric and oligomeric Aux/IAAS repress transcription in moss

In addition to the EAR motif, it has been proposed that Aux/IAA oligomerization through
the C-terminal PB1 domain is required for repression. To explore this possibility, we
generated an /aalb iaa2line expressing a mutant IAAla protein in which key amino acids in
the basic (K362) and acidic (D435 and D439) centers of the PB1 domain were replaced with
alanine (J/AA12/OPCA). Yeast two-hybrid assay showed that these mutations disrupted
IAAla self-interaction as well as interaction with ARFs, as expected (Fig. S2b). Phenotypic
characterization revealed that the /AA1a% 9PCA line had an Auxin constitutive phenotype
similar to that of the Aaux/iaa null mutant, with stunted, undifferentiated and leafless
filaments. It was also completely insensitive to exogenous Auxin with respect to both
morphology and gene expression (Fig. 5a,b). Therefore, the three conserved amino acids in
the IAAla PB1 domain are required for its repressive function /n vivo. This result confirms
that the repressive function of the Aux/IAA protein is totally dependent on interactions
involving the PB1 domain.

We then characterized a line carrying a mutation in only one of the two interaction centers,
IAA12K352A  pgain, yeast two-hybrid assays confirmed that this single mutation disrupts the
IAAla self-interaction, but not the ability to interact with an ARF protein (Fig. S2¢). When
grown on medium without Auxin, the /AA1aX362A mutant exhibited increased Auxin-
related phenotypes relative to wild-type plants, including increased branching of
caulonemata filaments, reduced leafy gametophores and darker brown-pigmented rhizoids.
The expression level of the Auxin-responsive genes also indicated hypersensitivity to Auxin,
correlating with the phenotypes (Fig. 5a,b).

These results confirm that oligomerization of the Aux/IAAs contributes to repressive
function, as reported previously (Korasick et al., 2014; Pierre-Jerome et al., 2016). However,
the phenotype of PplAA1aK362A is much less severe than that of the Aaux/iaa mutant. When
grown on Auxin medium, the PolAA1a562A mutant displays a further increase in rhizoid
formation, the complete elimination of leafy gametophores and induction of marker gene
expression, indicating that an IAAla monomer represses transcription. These results are
consistent with an earlier study in Arabidopsis (Pierre-Jerome et al., 2016), and demonstrate
that, although Aux/IAA oligomerization is required for full activity as an Auxin signaling
repressor, an Aux/IAA protein that is unable to oligomerize is also able to act as a repressor
of the pathway.

Discussion

The clear Auxin-related phenotypes and reduced Aux//AA gene redundancy make
Physcomitrella an excellent system for the study of Auxin signaling. The fact that the
Aux/1AA proteins in moss and Arabidopsis share conserved structural motifs makes it
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possible to combine the insights gained from previous Arabidopsis studies with the
advantage of a simple genetic background in moss.

Our analysis indicates that the three members of the moss Aux//AA family function
redundantly. Although the 1AAla/b proteins are only 70% identical to IAA2, the loss of
IAA1band IAAZhas little effect on phenotype. Further, we found that the expression of
IAA1aincreased when the other two genes were deleted. As all three genes are regulated by
Auxin and the ARF proteins, this compensation probably reflects negative feedback
regulation of the Aux/IAA genes. Compensatory behavior may also partially explain the
apparent redundancy of the Aux//AA genes in Arabidopsis (Overvoorde et al., 2005).

The Aux/IAA proteins have two major roles in Auxin signaling; they function in Auxin
perception as part of the co-receptor complex, and they act to repress transcription through
an interaction with the ARF proteins. A number of studies have established that variation in
the Aux/IAA degron sequence affects the stability of the protein (Dreher et al., 2006; Pierre-
Jerome et al., 2013), and that this variation has an important role in the plant (Guseman et
al., 2015). In addition, in a previous study, we have shown that different Arabidopsis AFB—
Aux/IAA co-receptor pairs have distinct affinities for Auxin /n vitrothat are largely
determined by the Aux/IAA protein (Calderon Villalobos ef a/., 2012). In particular, we
found that the Ky of TIR1-IAATY for Auxin was 10-fold lower than that of TIR1-IAA12, and
that much of this difference was determined by variation in the degron motif. We proposed
that the difference in Ky might act to expand the effective concentration range of the
hormone. However, it was difficult to test this idea in Arabidopsis because of redundancy in
the Aux/IAA family. The results described here reveal that differences in Auxin affinity
between the IAA7 and IAA12 co-receptors are likely to have biological significance. At low
Auxin levels (0.2 pM), IAAla-luc?edVR is degraded, implying that the AFB-1AAla-lucdedVR
co-receptor pair, analogous to AFB-IAA7, binds Auxin at this concentration. By contrast,
IAAla-lucded!C is stable, suggesting that AFB—IAAla-luc?ed'S, analogous to AFB-IAA12,
has a lower affinity for Aux. As Auxin levels increase (20 pM), the AFB—IAA1a-lucde9!G-
Auxin complex forms and degradation commences. Thus, in cells expressing both of these
proteins, the active hormone concentration range is increased, relative to just one isoform.
Importantly, these lines also differ in their Auxin transcriptional response and in long-term
developmental outcomes. Although further studies in Arabidopsis are required to establish
the importance of differences in Auxin affinity, our results suggest that co-receptor pairs
with distinct biochemical properties can contribute to the complexity of Auxin signaling.

Based on previous studies, it is thought the Aux/IAA repression requires oligomerization
and recruitment of the co-repressor TPL through the EAR domain (Szemenyei et al., 2008;
Korasick et al.,, 2014). Because the moss system allows us to directly test the function of
different Aux/IAA domains in the native context, we are able to obtain a more sophisticated
understanding of Aux/IAA activity. Our results show that both the EAR motif and
oligomerization contribute to repression, but neither are essential. Indeed, it is possible that
Aux/IAA binding to ARF is sufficient for repression. Consistent with this model, a recent
study has shown that activity of the Arabidopsis ARF protein MONOPTEROS requires
binding of SWI/SNF chromatin remodeling ATPases (Wu et al., 2015). Further, the
accumulation of the stabilized Aux/IAAs AXR3 and BDL reduces this interaction,
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suggesting that Aux/IAAs may repress transcription simply by binding to the ARF and
inhibiting SWI/SNF binding. TPL may then sustain repression through chromatin
modification, perhaps by recruiting histone deacetylases (Szemenyei et al., 2008).

Our results are also reminiscent of a recent study of the SMAX1-LIKE (SMXL) family of
proteins (Liang et al., 2016). The SMXLs are repressors of strigolactone signaling that are
degraded in response to the hormone strigolactone (Lumba et a/., 2017). Because the
SMXLs have an EAR domain, it has been proposed that they are transcriptional repressors.
However, like the moss Aux/IAAs, the EAR domain contributes to SMXL function, but is
not essential, suggesting that SMXLs either repress transcription through a different
mechanism and/or repress the strigolactone response independently of their effects on
transcription (Liang et al., 2016).

The complexity of the Aux/IAA gene family has hampered genetic studies of this important
group of genes. By generating Physcomitrella lines that have a single mutant copy of the
IAA1agene, we have addressed the function of various subdomains within the protein. Our
results provide a novel and more nuanced view of Aux/IAA function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The Arabidopsis and moss auxin/indole-3-acetic acid (Aux/IAA) proteins share conserved

elements in all three functional domains. Blue box, the EAR motif in Domain I; green box,
the core degron motif in Domain Il; red box, K and OPCA motifs in the PBI domain, which
are highly conserved not only among Aux/IAAs, but also among the AUXIN RESPONSE
FACTOR (ARF) transcription factors. (b) Expression of the three Aux//AA genes in moss
filaments and leafy gametophores determined by quantitative PCR. (c) Aux/IAA expression
in jaalb jaa2 double knockout mutant. Black, gametophores (gam); white, remaining
filaments (fil). Normalized expression (AAC(#) method using PpEF1aas a reference gene) is
plotted as relative values. Error bars represent + SEM. ‘@’ indicates that the difference
between two tissues is significant at £< 0.05 (Student’s t-test), n=4.
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Domain II
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C-terminal PB1 Domain

PB1-basic
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LVAIYM

PBl-acidic
YEDHEGDSML
YEDHEGDSML
YEDHEGDSML
YEDHEGDSML
YEDHEGDSML
YEAHAGASML
YEDHEGDSML

The mutant Physcomitrella PplAAla proteins described in this study. Red text indicates site

of an amino acid substitution. (=) represents deleted residue.
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Page 14

Characterization of natural variation in the Physcomitrella auxin/indole-3-acetic acid (Aux/

IAA) degron motif. (a) The developmental phenotypes of PolAAla-luc/Aaux/iaalines

expressing wild-type and mutant IAAla proteins grown on BCD medium with different
auxin (1-naphthaleneacetic acid, NAA) levels, with the Aaux/iaa null mutant as a control.
Leafy gametophore formation, which indicates resistance to external auxin, is blocked in
IAA12789VK on 0.1 M NAA, but still occurs in LAA1a%9VR (red arrow); /AA1a%9/C is
resistant to higher NAA concentrations relative to the other two lines. (b) Quantitative PCR
analysis of auxin-responsive marker genes in the wild-type and mutant lines treated with
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mock () or 10 uM IAA (+) for 1 h. White and black, /AA1a%9VK: yellow, /AA1a%€9VF;
green, /AA1a%9/G: darker colors represent 10 uM IAA-treated samples. Normalized
expression (AAC(#H) method using PpEF1aas a reference gene) is plotted as relative values.
Error bar represents + SEM. ‘a’ indicates that difference from /AA1a%9VK is significant at P
<0.05 (Student’s #test), 7= 4; ‘b’ indicates that difference between /AA1a%9VK and
IAA19%91G is significant at 2 <0.05 (Student’s #test), 7= 4. (c) /n vivo degradation curve of
different IAAla versions on 0.2 uM and 20 uM IAA treatments measured by luciferase
chemiluminescence. The normalized luminescence ratio (treated : untreated) at each time
point is plotted. Error bar represents + SE. (d) Comparison of normalized ratio from (c) at
550 s of IAA treatment. ‘a’ indicates that difference between mutants and wild-type is
significant at P<0.5 (Student’s £test), 7= 3. ‘b’ indicates that difference from /AA1a%9VR
is significant at 2 <0.05 (Student’s £test), n= 3.
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The EAR motif in the Physcomitrella auxin/indole-3-acetic acid (Aux/IAA) contributes to
repression, but is not essential. (a) The developmental phenotypes of the PolAA1a-lucAéar/
Aaux/iaa mutant relative to the wild-type and Aaux/iaa null mutant grown on medium
supplemented with different levels of auxin. /AAZa-lucde? displays reduced leafy
gametophore formation on unsupplemented medium relative to the wild-type, but is much
more robust than the null mutant, and retains responsiveness to auxin treatments. (b)
Quantitative PCR of auxin-responsive marker genes in the above lines treated with mock and
10 uM 1AA for 1 h. White and black, /AAZa-luc, pink, IAAIa-luc?ee’; gray, Aaux/iaa null
mutant; darker colors represent 10 pM IAA-treated samples. Normalized expression (AAC(D)
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method using PpEFIaas a reference gene) is plotted as relative values. Error bar represents
+ SE. ‘a’ indicates that difference from /AAZa-lucis significant at 2 <0.05 (Student’s &
test), n=4. ‘b’ indicates that difference from Aaux/iaa is significant at £ < 0.05 (Student’s &
test), n=4. ‘s’ indicates that difference between conditions is significant at 7 < 0.05
(Student’s t-test), n=4.
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Fig. 5.

Tt?e PB1 domain plays an essential role in auxin/indole-3-acetic acid (Aux/IAA) function in
Physcomitrella, but oligomerization is not required for repression. (a) The developmental
phenotypes of K'and gpcasingle and double mutants relative to the wild type and daux/iaa
null mutant grown on medium with different auxin levels. (b) Quantitative PCR of auxin-
responsive marker genes in the above lines treated with mock and 10 uM IAA for 1 h. White
and black, JAAZa-luc, blue, IAA1a-luck352A; purple, IAA1a-luc<OFCA; gray, Aaux/iaa null
mutant; darker colors represent 10 UM IAA-treated samples. Error bar represents + SE. ‘@’
indicates that difference from /AAZa-/ucis significant at # <0.05 (Student’s #test), 7= 4.
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‘b’ indicates that difference from daux/iaa is significant at £ <0.05 (Student’s £test), n=4.
‘s’ indicates that difference between conditions is significant at £ <0.05 (Student’s £test), 77
=4,
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