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One sentence summary (max 200 char):
IQD proteins integrate auxin and calcium signaling, two major signaling pathways, to control
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Abstract (max 250 words)

Geometry and growth and division direction of individual cells are major contributors to plant
organ shape and these processes are dependent on dynamics of microtubules (MT). Different
MT structures, like the cortical microtubules, preprophase band and mitotic spindle, are
characterized by diverse architectural dynamics (Hashimoto, 2015). While several MT binding
proteins have been identified that have various effects on MT stability and architecture, they
do not discriminate between the different MT structures. It is therefore likely that specific MT
binding proteins exist that differentiate between MT structures in order to allow for the
differences in architectural dynamics. Although evidence for the effect of specific cues, such
as light and auxin, on MT dynamics has been shown in recent years (Lindeboom et al., 2013;
Chen et al., 2014), it remains unknown how such cues are integrated and lead to specific
effects. Here we provide evidence for how auxin and calcium signaling can be integrated to
modulate MT dynamics, by means of IQD proteins. We show that the Arabidopsis IQD15-18
subclade of this family is regulated by auxin signaling, can bind calmodulins in a calcium-
dependent manner and are evolutionarily conserved. Furthermore, AtlIQD15-18 directly bind
SPIRAL2 protein in vitro and in vivo and modulate its function, likely in a calmodulin-dependent
way, thereby providing a missing link between two important regulatory pathways of MT

dynamics.
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Introduction

Plant organ shape is mainly controlled by the geometry of individual cells and the orientation
of their cell divisions and growth axes. All these processes are highly dependent on
microtubule (MT) dynamics that are part of the cytoskeleton of the cell (Lloyd and Chan, 2004).
Disruption of these MT dynamics can lead to severe defects ranging from altered vesicle
trafficking to misalignment of chromosomes during division and disordered division plane
orientation (Kimata et al., 2016). Furthermore, organization of the dynamic MTs at the cell
cortex dictates the direction of cell expansion by guiding cellulose synthase complexes. In
contrast, the architecture of the preprophase band (PPB) and spindle MTs appears more
stable, preceding the division plane and direction of chromosomal migration during division
(reviewed in Hashimoto, 2015). Interestingly, although MT binding proteins, such as KATANIN
(KTN; Luptovciak et al., 2017), SPIRAL2/TORTIFOLIA (SPR2; Buschmann et al., 2004; Shoji
et al., 2004; Yao et al., 2008; Nakamura et al., 2018), MICROTUBULE ASSOSCIATED
PROTEING65 (MAP65; Smertenko et al., 2004) have different effects on MT stability and
architecture, they do not discriminate between dynamic or more stable MTs and seem to
reside on all MT structures found in the cell, including the cortical MT (CMT), the PPB, and
the mitotic spindle. Hence it is likely that specific MT binding proteins exist that differentiate
between dynamic and stable MT structures in order to allow for these differences in
architectural dynamics.

Over the past years, several lines of evidence have shown that specific cues, such as
light and auxin are able to influence MT dynamics (Lindeboom et al., 2013; Chen et al., 2014).
However, it remains unclear how such cues could be integrated and lead to the required MT
orientation. A recent study of AUXIN RESPONSE FACTOR5/ MONOPTEROS (MP)
downstream target genes (Mdller et al., 2017), identified an overrepresentation of members
of the 1Q67-domain (IQD) family as being downregulated following impaired auxin response
in the early embryo. The founding member of the IQD family, AtlQD1, was shown to bind
Calmodulin (CaM), as well as several MT-associated proteins (Levy et al, 2005;
Birstenbinder et al., 2013). A recent systematic analysis of the AtIQD family revealed a
diverse array of protein localization and showed that at least some QD proteins can control
MT cytoskeleton topology (Burstenbinder et al., 2017). Thus, given that both auxin and
calcium modulate the MT cytoskeleton (Chen et al., 2014), it is possible that IQD proteins
mediate the influences of these signals on the cytoskeleton.

Here, we show that the /IQD15-18 subclade of Arabidopsis is evolutionarily conserved
throughout the Embryophytes, regulated by auxin and potentially acts as an integrator of
different signaling pathways. We further hypothesize that IQD15-18 control MT dynamics
through modulating SPR2 activity likely in a CaM dependent way and thereby providing a

missing link between these important regulatory pathways.
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97

98 Results

99
100 IQ67-domain gene family expression is under developmental and auxin control
101
102  Out of the 33 members in the Arabidopsis IQD gene family (Abel et al., 2005), a few were
103  reported to be misregulated in embryos in which auxin response was downregulated (Moéller
104 et al, 2017). To determine if /QD gene regulation is a significant output of auxin action, we
105 carefully examined the expression levels of the entire IQD gene family upon reduced auxin
106  signaling. Analysis of two published datasets (one performed on seedlings [Schlereth et al.,
107  2010] and the other on embryos [Moller et al., 2017]) revealed that expression of 13 members
108  (~40% of the family) is misregulated upon inhibition of auxin response (Figure 1A). Several
109 subclades appear to be co-regulated, as is evident from for example the /IQD15-18 clade, that
110 responds similarly in both datasets. To further dissect if IQD genes are a direct and rapid auxin
111 output, we assessed the effect of exogenous auxin application on the expression levels of this
112  subclade specifically. Both qPCR and analysis of promoter::n3GFP fluorescence intensity
113  after auxin treatment revealed a fast upregulation of /QD15 transcripts (Figure 1B-C),
114  indicating that this gene is likely a direct target of auxin signaling. Moreover, it was previously
115  shown that IQD 15 expression was reduced in a mp mutant background (Méller et al., 2017).
116  Diverse transcriptional response after auxin treatment was evident from qPCR analysis on the
117  other three IQD genes (Figure S1A). Indeed, putative ARF binding sites (AuxREs; Boer et al.,
118  2014) could be identified in close proximity of start codons of all four /QD genes (Figure S1B).
119  Taken together, this confirms that auxin is able to regulate the expression of IQD15 and its
120  close homologs.
121 The expression profile of the /QD15-18 subclade was determined by analysis of
122 promoter::n3GFP fusion lines throughout Arabidopsis developing embryos and primary root
123  meristems. Expression of /QD15 was observed from globular stage of embryogenesis and
124  stayed restricted to the vascular precursor cells (Figure 1D). In the postembryonic root,
125  expression was also mostly restricted to the vascular tissue and appeared strongest close to
126 the QC (Figure 1D). A similar expression pattern was observed for /IQD18 (Figure 1G),
127  although its expression was somewhat broader in the postembryonic root and expanded into
128  the ground tissue layers and the lateral root cap (Figure 1G). IQD16 showed a more dynamic
129  expression pattern as it was expressed from four-cell stage of embryogenesis in the
130  suspensor and later (from early heart stage onward) in the entire basal pro-embryo (Figure
131 1E). In the root, expression could be observed in all tissue types except for QC and columella
132  (Figure 1E), again expression appeared strongest closer to the QC. Finally, /IQD17 was found

133 to complement the expression of IQD75, and was expressed in the suspensor of the early
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globular embryo and the outer tissues of the epidermis and ground tissue (Figure 1F). While
similar expression was observed in the root, /IQD17 was excluded from the columella and QC
(Figure 1F). Expression could also be observed outside the context of the embryonic and
primary root (e.g. lateral roots and developing leaf primordia; Figure S2). Interestingly,
expression of /IQD15, -16 and -18 seems to coincide with regions of high auxin signaling and
the observed auxin gradient (Liao et al., 2015), consistent with their regulation by the auxin

signaling-pathway.
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Figure 1: IQD gene expression is under control of auxin signaling.

(A) Phylogenetic tree of Arabidopsis IQD proteins, rooted to AtlQD33, shows co-regulation of auxin
signaling in several subclades. a= >1.5 fold down in embryo array (Méller et al., 2017); b= >1.5 fold down
in seedling array (Schlereth et al., 2010); c= >1.2 fold up in seedling array (Schlereth et al., 2010). (B) Bar
diagram showing relative expression of IQD15 in Arabidopsis roots after exogenous auxin treatment for
indicated time. (C) Bar diagram showing relative GFP intensity of plQD15::n3GFP expressing root tips after
overnight auxin treatment (1 uM 2-4D). Error bars indicate SEM, n =3 (B) / 10 (C). (D-G) Expression pattern
of 1QD15-18 in globular and heart stage embryos and root tips, reveals expression in developmental
regions of high auxin signaling. Measuring bar = 10 yM.
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142  IQD proteins mark dynamic microtubule structures

143

144  We next generated translational fusion lines of the IQD15-18 subclade to investigate their
145  subcellular protein localization patterns. Proteins could be detected only within domains of
146  promoter activity in both embryos and roots, suggesting that proteins do not move outside
147  their expression domain (Figure 2A-C). Similar to previous reports (Burstenbinder et al., 2013,
148 2017), we observed proteins in strands resembling MT-structures and found these structures
149  to be sensitive to treatment with the MT-destabilizing drug oryzalin (Figures 2A-C). In addition
150 to being associated to CMT, IQD18 was also found to reside in the nucleus. Not all cells
151  showed nuclear localized IQD18 and this was especially clear in the postembryonic root where
152  this seemed to be correlated to the developmental age of the cell (Figure 2D), indicating
153 differential localization of IQD18 throughout the cell cycle. Further investigation into possible
154  cell cycle regulation on the localization of IQD18 protein was performed by treatment with
155  hydroxyurea (HU), that stalls the cell cycle in S-phase (Cools et al., 2010). The number of
156  cells with nuclear-localized QD18 protein was significantly increased after 15 hours of
157  treatment (Figure 3A-C), suggesting re-localization occurs before or during S-phase. Live
158 time-lapse imaging on roots revealed a reduction of IQD18-YFP signal at the lateral sides of
159 the cell to coincide with the appearance of nuclear-localized protein (Figure 3D, white
160 arrowheads; Movie 1). Given that the disappearance of IQD18 protein from the lateral sides
161  and reappearance in the nucleus occurs within minutes (Figure 3D), it is very likely that active
162  protein re-localization takes place. At later stages of the cell cycle, as the nuclear envelope
163 dissolves in (pro)metaphase, IQD18 protein dissipates throughout the cytoplasm, later
164  localizes to the newly forming cell plate, and can occasionally be observed in spots in the
165  daughter nuclei (Figure 3E-F and Movies 2 and 3). The dynamic localization of IQD18 was
166  observed in multiple cell types, indicating a cell type-independent regulation on localization of
167  1QD18 protein through the cell cycle.

168 As protein localization between the different members of this same subclade differs,
169  with only 1QD18 displaying nuclear accumulation, we were interested to know the ancestral
170 localization mode within this subclade. We investigated the occurrence of Arabidopsis thaliana
171 1QD15-18 (AtlQD) orthologues in a number of different species, including tomato, poplar, rice,
172  maize, and moss (Figure 4A). All analyzed monocot species possessed only a single copy of
173  this subclade, while all eudicots (with the exception of Medicago) had multiple, suggesting a
174  multiplication event of this subclade occurred in eudicots (Figure 4A). This would also suggest
175 the localization properties of a monocot orthologue to be similar to that of a common ancestor.
176  To test this, we generated a GFP protein fusion of the rice orthologue Os/QD74, which has up
177  to 61% similarity to the Arabidopsis genes and shares highly conserved domains (Figure S3).

178 Interestingly, in both rice and Arabidopsis roots, this protein localized in a pattern that was
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179  indistinguishable from that of AtlIQD18, with clear microtubule association, nuclear localization,
180 and similar behavior during the cell cycle (Figure 4B-D). This strongly suggests that AtlQD18
181 has retained its ancestral localization properties while other members of the subclade have
182  diversified.

183 Generally, MT-associated proteins mark both the highly dynamic cortical MT network
184  and seemingly more stable MT structures like the PPB and the mitotic spindle (e.g. Marc et
185 al, 1998; Bao et al., 2001; Buschmann et al., 2004; Smertenko et al., 2004). Interestingly,
186  none of the IQD proteins in the IQD15-18 clade in Arabidopsis, nor the rice OslQD14 protein
187  associated with either the PPB or the mitotic spindle (Figures 2, 3, 4 and S4 and Movies 1-3).

188  Thus, these proteins preferentially associate with dynamic MT structures.

Globular

Heart

aby

Root

Figure 2: 1QD proteins localize to microtubules in vivo.

Subcellular protein localization of IQD15 (A), -17 (B), and -18 (C), in globular and heart stage embryos and
root tips reveals oryzalin sensitive microtubule association within expression domain. White dashed line
represents embryo and root outline. (D) Dynamic protein localization of IQD18 in root tips suggests cell
cycle dependent subcellular localization. Measuring bar = 10 yM.
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Figure 3: Dynamic IQD18 protein localization is cell cycle dependent.
(A-C) Cell cycle arrest in S-phase (B) results in significantly increased
cells with nuclear localized QD18 protein, compared to control conditions
(A). n = 29; measuring bar = 10 yM. (D-F) Time-lapse imaging of IQD18
protein becoming nuclear in S-phase (D) and in endodermal (E) and
cortical cells (F) through division, reveals dynamic subcellular localization.
(G) Schematic representation of dynamic 1QD18 protein localization
through different phases of cell cycle.
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Figure 4: 1QD sequence and protein localization is evolutionarily conserved.

(A) Phylogenetic tree of land plants annotated with number of AtIQD15-18 co-orthologs per species,
shows multiplication occurring after monocot/dicot split. (B-D) Subcellular protein localization of
p35s::0slQD14:GFP in rice (B) and Arabidopsis (C) root tips and through cell division in Arabidopsis (D)
reveals identical localization as AtlIQD18. Measuring bar = 10 yM.

192
193  IQDs directly bind MT’s and interacts with Calmodulin and SPIRALZ2 in vivo

194

195  Association of proteins to MT can either be through direct protein-protein interaction or could
196 alternatively be bridged by MT-binding proteins. To determine if IQD15-18 represent
197  Microtubule-Associated Proteins (MAPs), we tested direct MT binding capabilities of AtIQD18
198 using an in vitro MT Binding Protein Spin-Down assay using recombinant AtlQD18 and
199  purified MT. This showed a clear co-sedimentation of recombinant AtIQD18 with MT (Figure
200 5A), similar to the positive control (MAP2). Together with similar results we obtained from
201 OslQD14 (Yang et al., 2018), this indicates an evolutionarily conserved property of IQD
202  proteins to directly bind MT.

203 We next used an in vivo approach to identify interaction partners of AtlQDs in different
204  developmental contexts. We performed several immunoprecipitation experiments followed by
205 tandem-mass spectrometry (IP-MS/MS) on siliques (embryo context) or roots of plants
206  expressing AtlQD15, -17, and -18 fusion proteins under control of their endogenous promoter.
207  As previously reported for IQD1 (Blrstenbinder et al., 2013), we found Calmodulin (CaM) and
208 Calmodulin-like (CML) proteins as well as Tubulin to associate with all three IQD proteins
209 tested (Figures 5B and S7, Table 1 and S1). We next used Yeast-Two-Hybrid (Y2H) and
210  Bimolecular Fluorescence Complementation (BiFC) to determine if interactions with these

21 CaM/CML proteins are based on direct protein-protein interactions. Y2H showed that both
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212  1QD17 and IQD18 directly interact with different CaM proteins (Figure S5). BiFC confirmed the
213  interaction between IQD18 and CaM1 (Figure S6), and furthermore showed that this
214  interaction occurs at MT structures (Figure S6A’ and B’). Since CaM proteins are not by
215 themselves known to interact with MTs (Burstenbinder et al., 2013), it is likely that IQD18
216  recruits CaM1 to MTs, a property that we also observed for OslQD14 (Yang et al., 2018).
217 In addition to confirming MT and CaM/CML interactions, our IP-MS/MS experiments
218 identified a range of novel IQD-interacting proteins. These included a Glycine-rich protein, a
219  kinesin, ANGUSTIFOLIA, and several members of the 14-3-3 type GF14 proteins (Figures 5B
220 and S7, Table 1 and S1). Interestingly, IQDs were also found to bind the SPIRAL2 (SPR2)
221  protein (Table 1). SPR2 was recently found to bind the minus-end of MT and is characterized
222 by its loss-of-function phenotype of spiraling tissues (Buschmann et al., 2004; Shoji et al.,
223  2004; Wightman et al., 2013; Nakamura et al., 2018; Leong et al., 2018). IQD18 and SPR2
224  proteins directly interacted in Y2H (Figure S8A) and BiFC assays showed that also these
225 interactions occurred at MT structures (Figure S8B).

226 SPR2 is an important regulator of MT dynamics, but no interactors or regulators have
227 so far been identified. To determine if the interactions revealed in 1QD IP-MS/MS are
228 representative of SPR2 protein function, we also carried out similar experiments with
229 p35S::SPR2:GFP (Shojietal., 2004). This revealed an overlapping interactome between IQDs
230 and SPR2, including several of the same CaMs/CMLs and 14-3-3 GF14 proteins (Table S1
231  and Figure S9). We did not find any IQD proteins, but might be due to their low protein
232 abundance and tissue specific expression, compared to ubiquitous SPR2 protein

233 accumulation.
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234
235  Calcium modulates the assembly of MT complexes

236

237  Given that 1QD proteins interact directly with several CaM/CML proteins, and that this
238 interaction likely recruits CaM/CML proteins to MTs, we asked if calcium would affect the IQD
239  protein interactome. We therefore performed independent IP-MS/MS experiments on roots of
240 alQD18-YFP line in high or low calcium conditions (by addition of either 100 mM CaCl. or 20
241 mM EGTA, respectively). Through statistical analysis, we identified several proteins that show
242  differential binding in either condition (Table 1 and S1 and Figure S10). Among these proteins,
243  we also found several CaM proteins that showed more prominent binding in low-calcium
244  conditions (Table 1). This suggests that calcium, presumably through binding to CaM/CML
245  proteins, modulates their ability to bind IQD proteins. We tested this directly by quantifying the
246  binding of recombinant IQD18 protein to CaM-containing beads in the presence of buffer,
247  EGTA or calcium. This showed that indeed, calcium increased the binding of IQD18 to this
248  generic model CaM protein, showing that IQD-CaM interactions can be modulated by calcium
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249 in a reconstituted in vitro system (Figure S11). Hence, the calcium-induced changes in
250 CaM/CML protein association in the IP-MS/MS experiments are likely also mediated by direct
251  effects of calcium on CaM/CML proteins. Importantly, not only the IQD-CaM/CML interactions
252  were affected by calcium and EGTA treatment, also the association of SPR2 was modulated
253 in these experiments (Table 1; Yang et al., 2018). This reveals new cellular effects of calcium
254  in plant cells: recruitment of CaM/CML to MTs, and modulation of the IQD-SPR2 association.
255

256  Nuclear localization of IQD proteins is important for proper calcium responses

257

258 Among the 1QD15-18 clade, 1QD18 is the most dynamic in its subcellular localization, a
259  property that is shared with its rice orthologue OslQD14 (Figures 3 and 4). It is likely that this
260 regulated localization is important for protein function, and we used a misexpression strategy
261 to alter IQD18 protein levels and localization. We first generated a line expressing this protein
262  under control of the strong meristematic RPS5A promoter (Weijers et al., 2001) and fused with
263 sYFP (pRPS5A::1QD18:sYFP; R18). This line showed similar localization patterns as
264  observed in the genomic fusion line, with CMT and nuclear localized protein, in both embryos
265 and root tips (Figure 6A). We did not observe any obvious phenotypic changes in these
266  misexpression lines in embryos nor in roots. We then cultured seedlings in EGTA to limit the
267 endogenous calcium levels. This treatment strongly inhibited root growth in wild-type plants,
268 and we found that R18 lines were more sensitive to EGTA-induced root growth inhibition
269  (Figure 6E).

270 We next exploited the increased sensitivity to EGTA as a measure for biological activity
271  of 1QD18 protein, and asked which subcellular localization is associated with activity. We
272  generated Arabidopsis lines expressing fusion proteins with three different localization tags to
273  alter the subcellular localization of the AtIQD18 protein. We made use of an N-terminal fused
274  myristoylation tag (MYR; Traverso et al, 2013) for membrane anchoring
275 (pRPS5A:MYR:IQD18:sYFP; MYR18), an N-terminal nuclear localization signal (NLS; Lange
276 et al.,, 2007) for increased nuclear targeting (pRPS5A::NLS:IQD18:sYFP; NLS18), and a C-
277  terminal nuclear export signal (NES; Gallagher and Benfey, 2009) for export out of the nucleus
278 (pRPS5A:IQD18:NES:sYFP; 18NES). All tags appeared to function properly, as we observed
279 increased subcellular localizations at the expected sites in all lines. Interestingly, while neither
280 the NLS or the NES conferred exclusive localization in- or outside the nucleus, membrane
281  anchoring by means of the MYR-tag seemed to fully localize AtlQD18 to the membrane and
282  completely abolished nuclear localization (Figure 6B-D).

283 Both lines with increased nuclear AtIQD18 (i.e. R18 and NLS18) showed EGTA
284  hypersensitivity, while lines with no or reduced nuclear-localized AtIQD18 (i.e. MYR18 and
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285 18NES), showed EGTA resistance (Figure 6E). This suggests that nuclear localization of this
286  protein is important for proper calcium responses in the root.

287 1QD15-18 genes are expressed most prominently in young, dividing tissues, which overlaps
288  mostly with the activity domain of the RPS5A promoter (Weijers et al., 2001). To misexpress
289 1QD18 outside of its normal expression domain, we next expressed AtlQD18 protein fused to
290 GFP, under control of the Cauliflower mosaic virus 35S promoter. Similar to what was
291 previously reported for AtlIQD16 (Burstenbinder et al., 2017), we observed strong phenotypes
292 in these lines (Figure 6F). Specifically, cotyledons showed strong spiraling (Figure 6G).
293 Interestingly, this phenotype strongly resembles the spiraling phenotype observed in mutants
294  that affect the MT cytoskeleton (Hashimoto, 2002), including SPR2 (Furutani et al., 2000;
295 Buschmann et al., 2004; Shoji et al., 2004). This suggests that IQD proteins control the MT
296  cytoskeleton, presumably through their interaction with SPR2.

297 Together, these results strongly indicate that IQD proteins are a new class of proteins
298 that can directly bind and affect MT. With a wide array of interacting proteins, they could

299 function as integrator of signals, regulating MT dynamics.
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Figure 6: Nuclear localization of AtlQD18 is important for proper calcium signaling and misexpression leads to spr2-like
phenotypes.

(A-E) Misexpression and mislocalization of AtlQD18 by means of RPS5A promoter (A) and myristoylation (B; MYR), nuclear localization
(C; NLS), and nuclear export (D; NES) tags, results in altered calcium signaling and reveals a role for nuclear localization in this
process (E). (F-J) Overexpression of AtlQD18 results in spr2-like phenotypes of spiraling cotyledons (G) compared to wild-type (F) and
stretched and less complex cotyledon pavements cells (I-J). Measuring bar = 10 uM.
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302 Discussion

303

304  Auxin has a profound effect of the organization of the CMT is plant cells, however, how auxin
305 mechanistically effects and generates potential for dynamic MT organization, remains
306  unknown. Here we provide evidence for a missing link that can connect auxin signaling to
307  downstream MT modulators, through an evolutionarily conserved subclade of the IQD family
308 as integrator of different signals. While we were unable to find single loss of function mutants
309 that showed altered development, likely due to redundant action of the studied subclade (data
310  not shown), mutations in the single rice orthologue have significant effects on grain size and
311 quality (Yang et al., 2018), showing the importance of this protein family for development.
312  Recent studies on the family of IQ67-domain proteins (Burstenbinder et al., 2017; Sugiyama
313 etal, 2017) have shed light on their potential to alter MT stability and organization in different
314  contexts. We show that the subclade of AtIQD15-18 genes is transcriptionally regulated by
315 auxin signaling and that these genes are expressed in the developmental regions that
316  correspond to high signaling. Furthermore, we show that the IQD proteins can directly bind to
317  CaM and MT in vitro and that they preferentially localize to the dynamic CMT structures, in
318 vivo. The interaction between 1QD and CaM was found to be modulated by calcium.
319 Interestingly, co-overexpression of a CaM with OslQD14 was recently found to suppress IQD
320 function and restore its phenotype (Yang et al., 2018). This suggests that calcium signaling is
321  able to control the interactions of IQD proteins and thereby modulate their function. Calcium
322  signaling was in turn found to be dependent on correct localization of IQD proteins, as altering
323  the nuclear localization properties of IQD18 resulted in impaired responses. Although the
324  precise role of nuclear-localized IQD protein remains unclear, this could involve parts of the
325  nuclear calcium signaling (Charpentier and Oldroyd, 2013), as for example interactions with a
326  nuclear ion channel were also observed (Table S1). Moreover, we identified novel 1QD-
327 interacting proteins, including the MT minus-end binding protein SPR2. We were able to
328 confirm that this is a direct interaction and also that this interaction can be modulated by
329  calcium, which suggests an auxin-calcium-IQD-SPR2 pathway could be controlling MT
330 dynamics. In our efforts to confirm IQD-SPR2 interaction we identified novel interactors of
331  SPRZ2, including a phosphatase and a kinase, in addition to an overlapping interactome
332 between IQD and SPR2 (Table S1). Considering that phosphorylation was proposed as a
333  regulatory mechanism for SPR2 (Wightman et al., 2013), this provides valuable insights for
334  future research directions on the regulation of this protein.

335 We propose a model for how auxin mediates MT dynamics and organization, through
336 the action of IQD proteins (Figure 7). Through (slow) transcriptional regulation on the
337  expression of IQD genes, auxin potentiates control on the MT organization. Calcium levels

338 are well known to increase after an auxin peak (Monshausen et al., 2011; Monshausen, 2012)
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339  and this will mediate fast auxin-dependent regulation on MT organization: In resting conditions
340  (low calcium concentrations), IQD proteins bind to SPR2 and thereby inhibiting its function to
341  stabilize MT minus ends (Nakamura et al., 2018; Leong et al., 2018), leading to higher stability
342  of the MT structure (less dynamicity). In an event of an auxin peak, calcium levels will rise
343 leading to higher affinity between CaM and IQD (Yang et al., 2018 and this study), which will
344  free SPR2 to bind MT minus ends and thereby increasing stability of branching MT and
345 increasing dynamicity of the MT architecture. This model is further supported by the finding
346  that overexpression of CaM represses IQD function, as shown by a rescue of the spr2-like
347  phenotype (Yang et al., 2018). Under normal physiological conditions, these processes will be
348  highly coordinated and slight differences in concentration of signaling molecules will locally
349  affect binding affinities between the different components and thus have a fine-tuned effect on
350  MT organization. In this way, IQD proteins contribute to the integration of signals from both
351 auxin and calcium signaling to modulate the MT dynamics and architecture, affecting for
352 example rice grain size and quality (Yang et al., 2018). What remains unclear and will be
353 interesting for future studies, is how the cell cycle-dependent subcellular localization of these
354  proteins contributes to this process, what function these proteins play during Arabidopsis
355 development, as well as how the diverse localization of the Arabidopsis IQD15-18 proteins

356  are integrated in a redundant function.

Microtubule Microtubule
Low Auxin High Auxin
Low Ca? High Ca?*
Less stable More stable

QD branching MT branching MT
SPR2 i i
Low dynamic High dynamic
architecture architecture
Unstable Stable
minus end minus end
357 Figure 7: Proposed model for IQD function on MT dynamics
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359  Methods

360  Genome mining and phylogenetic tree assembly

361  Multiple sequence alignment was performed on protein sequences of all (full length)
362  Arabidopsis 1QD proteins, and a phylogenetic tree was assembled using only non- gap
363  generating sequences, using MAFFT (Katoh and Standley, 2013) and AtIQD33 was used to
364  root the tree. Protein sequences of AtlQD15-18 were used as query in a BLAST to find related
365  proteins in transcriptome databases of different species (i.e. Solanum lycopersicum, Medicago
366  truncatula, Populus trichocarpa, Arabidopsis Iyrata, Brassica rapa, Oryza sativa,
367  Brachipodium distachyon, Zea mays, Selaginella moellendorfii, and Physcomitrella patens).
368 Reciprocal BLAST on Arabidopsis protein database was used to filter the recovered hits and
369 only those hits that resulted in AtlIQD15-18 as top hits were kept.

370

371 Plant materials and growth conditions

372  Previously described plant lines expressing p35S::SPIRAL2:GFP (Shoji et al., 2004) and
373 p35S::0slQD14:GFP (Yang et al., 2018) were used. Seeds were surface sterilized and grown
374  on 2 MS (Duchefa) plates under standard continuous light growth conditions at 21°C following
375  aone to four-day stratification at 4°C. Arabidopsis ecotype Columbia-0 was used as wild-type
376  control in all cases. Chemical and hormone treatments were performed by either germinating
377  seeds on supplemented media or transferring seedlings from normal media to supplemented
378 media and continuing growth for indicated time.

379

380  Cloning and plant transformation

381  Promoter fragments (up to 5 kb upstream of start codon), translational genomic fusions
382  (promoter fragment plus coding genomic fragment) and coding sequences (CDS) were
383  amplified from genomic DNA (promoter and genomic) or root cDNA (CDS) using PCR and
384  Phusion Flash master mix (Thermo Scientific) or Q5 DNA polymerase (New England BioLabs)
385 and the primers described in Table S2. PCR products were cloned into the pPLV4 v2
386  (promoter) or pPLV16 (genomic) vectors using Ligation Independent Cloning (LIC; De Rybel
387 etal.,2011; Wendrich et al., 2015a). For misexpression and mislocalization coding sequences
388 were cloned into pPLV28 using LIC (De Rybel et al, 2011; Wendrich et al., 2015a) or
389 pDONR221 using Gateway cloning (Karimi et al., 2007) and different mislocalization tags were
390 added during PCR using primers listed in Table S2. All constructs were confirmed by Sanger
391  sequencing and transformed into Arabidopsis Col-0 wild-type plants through Agrobacterium
392 mediated transformation. At least three independent transformants were checked and
393 representative pictures are shown.

394

395  Microscopic analysis
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396 Confocal Laser Scanning Microscopy (CLSM) was performed, as described previously
397 (Llavata et al., 2013; Wendrich et al., 2015b), on Leica SP5 and SP8X (CLSM) systems. Five-
398 day-old seedling roots were stained with propidium iodide (PI) for 2 minutes and imaged by
399 excitation at 488nm or 514nm and detection 600-700nm (Pl). Embryos were examined by
400 isolating ovules and fixing them in a 4% paraformaldehyde / 5% glycerol in PBS solution
401  containing 1.5% SCRI Renaissance Stain 2200 (R2200; Renaissance Chemicals, UK), before
402  extruding embryos and imaging R2200 at 405nm excitation and detection between 430-
403 470nm. GFP, YFP and RFP were respectively imaged by excitation at 488nm, 515nm or
404  561nm and detection at 500-535nm, 535-600nm or 600-700nm.

405

406  RNA extraction and qRT-PCR

407 RNA was extracted from five-day-old Arabidopsis seedlings or seedling roots using TriZol
408 (Invitrogen) and subsequently subjected to column purification using an RNeasy Plant kit
409 (Qiagen) following manufacturer’'s instructions. Normalized amounts of RNA were used to
410  synthesize cDNA using an iScript kit (Bio-rad). Relative expression of target genes was
411 measured by quantitative-real-time-PCR (qPCR), the primers listed in Table S2, and
412  expression values were normalized against ACTIN2 and EEF1, using gBase software
413  (Hellemans et al., 2007).

414

415  Yeast-Two-Hybrid (Y2H)

416 Interaction of AtlIQD17, AtlQD18 and SPR2 (or CaM1/2/3) was detected by standard yeast
417  two-hybrid analysis following the manufacturer’s instructions (Clontech). cDNAs encoding
418 1QD18, SPR2, CaM1 were subcloned into pGBKT7 and pGADT7 vector, resulting in the fusion
419  of IQD18-AD, SPR2-AD, CaM1-AD, SPR2-BD and CaM1-BD respectively (AD, activating
420 domain; BD, binding domain). Yeast transformants were spotted on the restricted SD medium
421  (SD-Leu/-Trp, short as SD-L/T) and selective medium (SD-Leu/-Trp/-His/, short as SD-L/T/H).
422

423  Bimolecular fluorescence complementation (BiFC)

424  For BiFC (Bimolecular Fluorescence Complementation) assay, cDNAs encoding /QD18,
425  SPR2 or CaM1 were cloned into p35S:YFPN or p35S:YFPC vector by gateway LR reaction,
426 resulting in constructs expressing 1QD18-cYFP, SPR2-nYFP, CaM1-nYFP, respectively.
427  Resultant constructs with control blank vectors were co-expressed in N. benthamiana leaves
428 and yellow fluorescence was observed by Leica SP8 confocal microscope using an argon
429 laser excitation wavelength of 488 nm after infiltration for 3 days.

430

431  Recombinant Expression of AtIQD18 and microtubule spin down assay
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432 Coding sequence of AtlIQD18 was amplified by PCR (primers IQD18-COLD-P1/2) and
433  subcloned into pCold-HF for expression of IQD18-His fusion protein. After confirmation by
434  sequencing, the construct was transformed into E. coli BL21(DE3) cells and expression of the
435 fusion protein was induced by adding isopropyl--D-thiogalactoside (IPTG; final concentration
436 1mM) at 16°C overnight. Cells were lysed by sonication in lysis buffer (50 mM NaH2PO., 300
437 mM NaCl and 10 mM imidazole, pH 8.0) and AtlIQD18-His protein was purified using Ni-NTA
438 His Bind Resin (Novagen) according to the manufacturer’s protocols.

439 In vitro microtubule-binding assay was performed using Microtubule Binding Protein
440  Spin-down Assay Kit (Cytoskeleton). Briefly, 5 pug purified AtlIQD18-His, MAP2 (positive
441  control) and BSA (negative control) proteins were respectively incubated with 10 ug
442  prepolymerized bovine brain tubulin in general tubulin buffer (80 mM PIPES, pH 7.0, 2 mM
443  MgClz, and 0.5 mM EGTA) containing 20 uM taxol. Following centrifugation at 100,000 x g,
444  both soluble and pellet fractions were analyzed by SDS-PAGE and Coomassie Brilliant Blue
445  staining.

446

447  Calmodulin binding assay

448  Calmodulin binding assay were performed as described before (Levy et al., 2005) with some
449  modifications.

450 For expression of CaM4-GST, a full-length cDNA fragment encoding the CaM4 was
451  cloned into pDEST-GST using Gateway (Invitrogen). The recombinant CaM4 protein was
452  expressed in BL21(DE3) at 30 °Cfor 4 h by induction with 1 mM IPTG. Bacterial cells were
453  harvested and sonicated in Lysis buffer (50mM Tris-HCL, 150mM NaCl). After centrifugation,
454  the supernatant was used for incubating with GST agroase.

455 Aliquots of 100 pL of CaM4-GST beads, pre-equilibrated with Lysis buffer, were mixed
456  with 500 uL of bacterial supernatant supplemented with 2 mM CaClI2 or 5 mM EGTA and
457 incubated for 1 h at 4 °C under gentle shaking. CaM4-GST beads were sedimented by
458  centrifugation and washed four times with 500 pL of Lysis buffer, followed by a final wash with
459 100 pL of the same solution. The bound proteins were eluted by boiling the beads for 2 min in
460 100uL of 4x SDS sample buffer. Proteins of the total extract, the initial supernatant, the last
461  wash, and the pellet fraction were analyzed by SDS-PAGE and western blot by His antibody.
462

463  Immunoprecipitation followed by tandem mass-spectrometry (IP-MS/MS)

464 IP-MS/MS was performed, as previously described by Wendrich et al. (2017), on up to 3 grams
465 of siliques and five-day-old seedling roots of transgenic Arabidopsis plants harboring
466 translational fusion constructs of plQD15::glIQD15:sYFP, plQD17:glQD17:sYFP,
467 plQD18:glQD18:sYFP, and whole seedlings harboring p35S::SPR2:GFP (Shoji et al., 2004).

468 The same material from Col-0 wild-type plants was collected as control sample. Each sample
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469 was performed in triplicate for follow-up statistical analysis. Calcium and EGTA treatments
470 were performed by respectively adding 100 mM and 20 mM during the protein extraction
471 phase.

472

473  Image processing and measurements

474  All image measurements were performed using ImageJ software and this software was also
475  used for further processing of images. Brightness and contrast levels were globally adjusted
476 and images were cropped and placed on a matching background for ecstatic reasons.

477
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491

Table 1: Overview of selected protein groups identified through IP-MS/MS
Selected identified main protein groups are shown, ratios were calculated compared to the wild-type control and p-values by means of a
Student’s t-test (n=3); Stickiness is calculated from the occurrence of the identified protein group among an unpublished dataset of 86
independent IP-MS/MS experiments; ND = Not Detected; NA = Not applicable

Bait
p/QD15::1QD15:sYFP p/QD17:1QD17:sYFP p/QD18::1QD18:sYFP
Tissue Roots Siliques Roots Siliques Roots Roots/Mock Roots/Calcium Roots/EGTA Siliques
Main protein Ratio p- Ratio p- Ratio p- Ratio p- Ratio p- Ratio p- Ratio p- Ratio p- Ratio p- Stickiness
(group) value value value value value value value value value
5.60E- 4.99E- 1.90E- 3.50E- 5.00E- 1.32E- 3.77E- 9.11E- 7.28E-
YFP 75.51 o4 512.89 s 6474.63 04 897.78 o7 1105.62 pac 606.71 53 154.04 o4 429.51 05 636.98 % NA
lQD15 2165.67 6"3‘;5 1044.99 1'2)(7’5 ND ND ND ND ND ND ND ND ND ND ND ND ND ND 3.49%
1.52E- 1.92E- 3.81E- 2.51E- 4.56E- 3.55E- 5
QD17 ND ND ND ND | 43529.76 08 7313.65 o7 11.96 0.11 13.03 03 10.07 03 26.78 o4 2277.96 o 6.98%
1.52E- 6.47E- 2.86E- 1.87E- 1.71E- 8.88E- )
QD18 ND ND ND ND | 43529.76 o8 ND ND | 19745.71 s | 288342 04 2304.25 05 7293.64 06 3671.33 08 5.81%
y 1.21E- 2.28E- 4.61E- 1.09E- 1.28E- 3.87E- 8.76E- 2.80E- 2.66E- 3
Calmodulin-like13 | 136.35 06 109.46 P 1470.01 08 367.55 o 1603.52 07 358.48 o4 160.36 04 653.44 04 80.86 Pt 17.44%
Calmodulin-like14 ND ND ND ND ND ND 150.09 7'3175 140.25 1"3‘;5 23.86 1"3‘25 2.07 0.53 43.81 B'E)EE' ND ND 16.28%
Calmodulin ND ND ND ND 27.31 0.16 ND ND 2.81 5.03E- | 4 o7 0.42 0.84 053 | 2033 [ "5 wp ND 26.74%
(family) 03 04
Kinesin-like
Calmodulin- ND ND ND ND ND ND ND ND 356 | 3O7E ND ND ND ND ND ND ND ND 3.49%
binding protein 05
ZWICHEL
TUBULIN A 6.81E- 1.30E- 7.74E- 1.76E- 9.04E- 9.76E- 3
(family) ND ND 16.00 0.16 25.58 0.1 528.53 03 19.84 o1 5.41 03 30.61 04 8.46 04 286.56 03 62.79%
TUBULIN B 5.40E- 1.20E- 5.71E- 3.41E- 1.01E- 2.08E- 4.38E- 119E- S
(family) 11.41 0.11 12.74 02 150.43 04 844.72 08 122.50 06 27.20 02 100.57 03 68.35 93 297.41 08 44.19%
14-3-3 GF 14 9.20E- 2.97E- 1.02E- 6.57E- 1.03E- 1.65E- 6.52E- 3.32E- S
(tamily) 14.70 0.11 17.08 02 508.29 05 1137.99 09 302.59 o7 52.16 03 17.60 03 41.93 o4 369.72 08 40.70%
Glycine-rich
uncharacterized | 116.77 | ®%6E | nD ND | 140014 | 594E- [ ND ND 7840 | 8%E | 474 0.37 483 | VTAE | og75 [ BOSE- 1 p ND 17.44%
*rotein 06 10 06 03 05
2.80E- 1.88E- 3.24E- 1.37E- 3.66E- 2.45E- 4.80E- 5
SPIRAL2 ND ND ND ND 123.90 e 22.91 09 573.63 07 37.55 02 31.00 o 117.65 e 13.44 06 6.98%
1.52E- 7.13E- 5.80E- 4.66E- 2.19E- 3.57E- 2.36E- 5
ANGUSTIFOLIA ND ND ND ND 3307.45 s 2218.24 08 1099.45 09 61.66 o 102.10 04 159.95 o5 180.20 pat 16.28%
. 3.32E- 2.52E- 1.91E- 2.33E- 3.47E- 7.27E- 3
ACTIN (family) 10.71 0.30 ND ND 31.50 0.15 | 112.94 02 145.38 o 4.30 02 7.03 o 8.21 o4 36.57 02 45.35%
Protein kinase ND ND ND ND 2944.88 1"3;5 986.50 5'%‘;’5 1092.15 1"825 ND ND ND ND ND ND 119.75 B'gE;E' 15.12%
BIG Auxin 1.50E- 1.05E- 5.52E- 1.24E- 1.35E- S
rensporier ND ND ND ND 15.08 o4 162.35 0 50.72 o8 1.80 0.39 3.25 P 3.55 o 12.32 0.12 12.79%
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Figure S1: Potential for auxin regulation on IQD genes. (A) Bar diagram
showing relative expression of AtlQD16-18 transcripts in Arabidopsis
roots after exogenous auxin treatment for indicated time. (B) Schematic
representation of genomic regions of AtlQD15-18. Blocks represent
exons, lines connection the blocks represent introns. Red lines indicate
possible auxin responsive elements close to the translational start site.
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Figure S2: AtIQD expression in lateral root (top) and leaf
primordia (bottom), reveals strong expression of AtlQD15, -16
and -18 in young lateral root primordia and weak expression of
AtlQD17. AtlQD16 and -18 expression could also be observed
in developing leaf primordia of 6-day-old seedlings. Measuring
bar =10 pM.
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Figure S3: Multiple sequence alignment of AtiQD15-18 and OslQD14 protein sequences.
Conserved amino acids are indicated by semicolons and asterisks indicate highly conserved amino acids.
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Figure S4: OslQD14:GFP and TUAG:RFP protein localization in Arabidopsis root cells.
Preprophase band is marked by TUA6:RFP (magenta), note GFP signal is excluded from RFP signal.
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Figure S5: Yeast-Two-Hybrid assays showing yeast growth on selection media (SD-LTH),
indicating direct interaction of AtlQD17 and AtIQD18 with CaM1-3.
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Figure $6: Bimolecular Fluorescence Complementation assays showing direct interaction of AtlQD18
and CaM1 in tobacco leaf cells. A" and B’ show surface view of pavement cells, revealing binding of
AtlQD18-CaM1 complex at cortical microtubules. Measuring bar = 10 yM.
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Figure S8: AtlQD18 and SPIRAL2 interact directly at the MT. (A) Yeast-Two-Hybrid
assays showing yeast growth on selection media (SD-LTH), indicating direct interaction
between AtlQD18 and SPR2, but not between SPR2 and CaM1-3 or AtlQD17. (B) Bimo-
lecular Fluorescence Complementation assays showing direct binding between AtiQD18
and SPR2. Middle panel shows surface vies of pavement cell, revealing binding of
AtlQD18-SPR2 complex at cortical microtubules. Measuring bar = 10 pM.
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Figure S9: Volcano plot showing significantly enriched proteins in SPR2
IP-MS/MS experiment on whole seedlings. YFP protein is indicated as a
yellow dot and bait protein as green dot. Non-significant and low-ratio
proteins are indicated in grey.
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Figure S11: Western blot after pull down experiment using recombinant AtiQD18-His
proteins and CaM1-agarose beads, showing increased binding between AtiQD18 and CaM
after calcium treatment.
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