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 31 

We show that maize microsomes are capable of producing auxin and that two maize 32 

auxin biosynthetic proteins -ZmSPI1 and ZmTAR1- are ER-localised therefore linking 33 

auxin biosynthetic activity to the ER. 34 

35 
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Summary 36 

Auxin is a major growth hormone in plants and the first plant hormone to be discovered 37 

and studied. Active research over more than sixty years has shed light on many of the 38 

molecular mechanisms of its action including transport, perception, signal transduction 39 

and a variety of biosynthetic pathways in various species, tissues and developmental 40 

stages. 41 

The complexity and redundancy of the auxin biosynthetic network and enzymes 42 

involved raises the question how such a system, producing such a potent agent as 43 

auxin, can be appropriately controlled at all. 44 

Here we show that maize auxin biosynthesis takes place in microsomal as well as 45 

cytosolic cellular fractions from maize seedlings. Most interestingly, a set of enzymes 46 

shown to be involved in auxin biosynthesis via their activity and/or mutant phenotypes 47 

and catalysing adjacent steps in YUCCA-dependent biosynthesis are localised to the 48 

endoplasmic reticulum (ER). Positioning of auxin biosynthetic enzymes at the 49 

endoplasmic reticulum could be necessary to bring auxin biosynthesis in closer 50 

proximity to ER-localised factors for transport, conjugation and signalling and allow for 51 

an additional level of regulation by subcellular compartmentation of auxin action. 52 

Furthermore it might provide a link to ethylene action and be a factor in hormonal 53 

crosstalk as all five ethylene receptors are ER-localised. 54 

 55 

 56 

Introduction 57 

Auxin was the first major plant hormone to be discovered. Already Darwin proposed the 58 

existence of moving growth regulators (Darwin and Darwin, 1880). Kögl et al showed 59 

that auxin was present in plants and identified it as indole-3-acetic acid (Kögl et al., 60 

1934). As the major plant growth hormone auxin is responsible for processes such as 61 

fruit ripening, photo- and gravitropism, and senescence, it has various applications in 62 
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agriculture and horticulture such as the stimulation of root growth in cuttings and 63 

promotion of fruit production. 64 

Biosynthesis of auxin is especially complex due to the existence of multiple pathways. 65 

Depending on the organ, developmental stage or environment (Normanly and Bartel, 66 

1999; Östin et al., 1999), parallel tryptophan-dependent and -independent pathways 67 

(Woodward and Bartel, 2005; Kriechbaumer et al., 2006) may be differentially 68 

regulated, creating a metabolic network that changes dynamically to maintain 69 

homeostasis or supply IAA for local demands. Therefore finding a dominant 70 

biosynthetic pathway has proved rather difficult and integrating data from the variety of 71 

species studied in this respect is problematical (reviewed in Tivendale et al., 2014). 72 

 73 

YUCCA route in auxin biosynthesis 74 

Recent research especially focussed on the YUCCA route of auxin biosynthesis as 75 

knockout of YUCCA genes in Arabidopsis resulted in the first ever reported auxin 76 

depletion phenotype. YUCCA proteins are a family of flavin-dependent 77 

monooxygenases that catalyse the conversion of indole-3-pyruvic acid (IPA) to the 78 

auxin IAA (Mashiguchi et al., 2011; Kriechbaumer et al., 2012; Dai et al., 2013). 79 

 80 

Previous research has shown that one of the Arabidopsis YUCCA genes (YUCCA4) 81 

exists in two major splice isoforms. YUCCA4.2 features a C-terminal hydrophobic 82 

transmembrane domain (TMD). This TMD was shown to be inserted into the ER 83 

membrane with the remainder of the protein facing the cytosol (Kriechbaumer et al., 84 

2012). 85 

 86 

Subcellular localisation of auxin biosynthesis in maize 87 

Due to the intriguing subcellular localisation differences of YUCCA4 and potentially 88 

other YUCCA proteins in Arabidopsis (YUCCA6, Kim et al., 2007; YUCCA3, 5, 10, 11 in 89 
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silico prediction, Kriechbaumer et al., 2012), it is of interest to know if such subcellular 90 

distribution of auxin biosynthesis is also present in economically important plants such 91 

as maize (Zea mays). In contrast to the 11 YUCCA genes in Arabidopsis only two main 92 

YUCCA candidates are described in maize: sparse inflorescence1 (ZmSPI1, Gallavotti 93 

et al., 2008) and ZmYUC1 (LeClere et al., 2010). ZmYUC2 and ZmYUC3 have high 94 

similarity to ZmYUC1 and Arabidopsis YUCCA proteins but extremely low transcript 95 

levels (Bernardi et al., 2012). Whereas in Arabidopsis multiple YUCCA genes have to 96 

be knocked out to produce a phenotype, in maize a single YUCCA knockout causes 97 

strong phenotypic effects. The mutant spi1 shows severe developmental defects in the 98 

initiation of axillary meristems and lateral organs during vegetative and inflorescence 99 

development (Gallavotti et al., 2008). Especially interesting here is that even in a 100 

quadruple Arabidopsis yucca mutant the IAA levels are still 50% of WT levels 101 

(Stepanova et al., 2011) whereas the maize mutant defective endosperm 18 (de18), 102 

containing a mutation in ZmYUC1, only contains around 5% of WT IAA levels in the 103 

endosperm (Bernardi et al., 2012). The mutant endosperm also displays a lower cell 104 

number, smaller cells and impaired endoreduplication. It was therefore concluded that 105 

ZmYUC1 is crucial for normal endosperm development in maize. The spi1 mutation in 106 

a YUC ortholog is the result of a point mutation in the FAD-binding domain (Gallavotti 107 

et al., 2008). This mutation shows auxin deficiency phenotypes but mutant plants still 108 

have more than 80% of normal free IAA (Phillips et al., 2011).  109 

 110 

The enzymatic step before YUCCA, the conversion of tryptophan to IPA, is catalysed 111 

by tryptophan aminotransferases. The tryptophan aminotransferase of Arabidopsis 112 

(TAA1) was shown to be responsible for rapid changes in IAA levels in shade 113 

avoidance (Stepanova et al., 2008; Tao et al., 2008). taa1 mutants display reduced 114 

auxin levels (Tao et al., 2008). ZmTAR1 (Chourey et al., 2010), ZmVT2 (Phillips et al., 115 

2011) and ZmTAR3 (ZmAlliin1, Bernardi et al., 2012) are named as TAA1 orthologs in 116 
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maize. vt2 mutants are severely impaired in vegetative and reproductive development 117 

in height and inflorescence and show reduced free IAA levels (Phillips et al., 2011). A 118 

double mutant of vt2 and spi1 had the same IAA reduction as a vt2 or spi1 single 119 

mutant indicating that ZmVT2 and ZmSPI1 act in the same pathway (Phillips et al., 120 

2011). 121 

 122 

Here we report on the finding that auxin biosynthetic activity using either tryptophan 123 

(Trp) or indole-3-pyruvic acid (IPA) as substrates can be found in the microsomal 124 

fraction of maize roots and coleoptiles. In accordance with that we show that at least 125 

three of maize auxin biosynthetic proteins are localised to ER membranes. This points 126 

towards a model of auxin function that involves ER-membrane localisation and 127 

subcellular compartmentation as an additional level of regulation. 128 

 129 

 130 

Results 131 

Bioinformatics analysis of enzymes in the maize YUCCA pathway 132 

In silico analysis of enzymes suggested to be involved in the YUCCA route of maize 133 

auxin biosynthesis predicted a potential N-terminal hydrophobic transmembrane 134 

domain (TMD) for ZmSPI1 and ZmTAR1 (Figure 1, Table 1). According to the algorithm 135 

TMHMM ZmSPI1 features an N-terminal TMD between the amino acid (aa) 20 and 42 136 

for membrane insertion with the C-terminus facing the cytosol. For ZmTAR1 the 137 

program predicts an N-terminal TMD between aa 13 and 35 with the C-terminal rest of 138 

the protein facing the cytosol (Figure 1, Table 1). Because N-terminal transmembrane 139 

helices could easily act as signal peptides, the algorithm SignalP4.1 was applied but 140 

predicted no signal peptides for ZmSPI1 or ZmTAR1 (Table 1). 141 
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ZmTAR3 features a hydrophobic N-terminal sequence with a strongly predicted signal 142 

peptide for transfer into the ER. According to SignalP4.1 a potential signal peptide 143 

cleavage could occur after aa 24 (Table 1). 144 

Another set of proteins in the YUCCA pathway of auxin biosynthesis (ZmYUC1 and 145 

ZmVT2) are predicted to be cytosolic and do not feature any hydrophobic domains. 146 

TMHMM indicates weak TMDs for these proteins but their probability calculations put 147 

them far below the cut-off threshold (Figure 1). 148 

 149 

Auxin biosynthetic activity in maize microsomes 150 

To test for auxin biosynthesis in or on microsomes a protocol to isolate active ER-151 

microsome fractions from maize coleoptiles (Col) and primary roots (PR) was carried 152 

out (adapted from soybean extraction, Abell et al., 1997).  153 

To determine the purity of the microsomal fraction a Western blot of both the 154 

microsomal and cytosolic fraction with antibodies raised against the cytosolic maize 155 

nitrilase 1 protein (ZmNIT1) was performed (Figure 2A). This antibody was shown to 156 

easily detect nitrilase 1 and 2 protein in various tissues in the range of ng/mg total 157 

protein (Park et al., 2003; Kriechbaumer et al., 2007). The microsomal fraction showed 158 

no detectable nitrilase protein. Furthermore to account for potential plasma membrane 159 

contamination the microsomal fraction and total protein extract were blotted with anti-160 

H+ATPase antibodies. This antibody recognises the plasma membrane protein 161 

H+ATPase in a variety of plants and fungi including Zea mays and Arabidopsis. A 162 

corresponding band could be detected in total protein extract but not in the microsomal 163 

fraction (Figure 2B). Contamination of the microsomal fraction with mitochondria was 164 

tested using anti-AOX1/2 antibodies. The alternative oxidases (AOX) are quinol 165 

oxidases located in the plant inner mitochondrial membrane. This mitochondrial marker 166 

protein could be detected in the total protein extract but not in the microsomal fraction 167 

(Figure 2B). 168 
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 169 

Enzymatic activity tests were performed with the microsome fractions, the cytosolic 170 

supernatant and total extract from maize coleoptiles or primary roots four days after 171 

germination. Respectively, the precursor tryptophan (Trp) and the intermediate in the 172 

YUCCA pathway (Figure 1) indole-3-pyruvic acid (IPA) were used as substrates. 173 

Assays in 100 mM Tris-HCl, pH 8.0, consisted of 20 µl plant extract, 1 mM NADPH, 174 

100 µM FAD and 100 µM Trp or IPA in a total volume of 100 µl, were incubated for 1 h 175 

in a 37ºC water bath. Controls with boiled protein were included and unspecific IAA 176 

conversion was deducted from the assays. After the incubation the assays were snap-177 

frozen in liquid nitrogen and IAA was extracted by ethyl acetate phase separation. IAA 178 

was quantified via HPLC in isocratic flow of 0.8 ml/min with a 40:60 mixture of buffer A 179 

(10% methanol, 0.3% acetate) and buffer B (90% methanol, 0.3% acetate). 180 

 181 

Auxin biosynthetic activity with Trp and IPA was found in microsomal as well as 182 

cytosolic fractions of maize coleoptiles and primary roots (Figure 3). The microsome 183 

fraction of the coleoptiles shows nearly half the activity with tryptophan as well as IPA 184 

compared to the corresponding cytosolic fraction (Figure 3A). In primary root tissue the 185 

Trp conversion in the microsomal fraction is nearly a quarter of the cytosolic activity 186 

and IPA turnover nearly double the Trp conversion (Figure 3B). To validate these 187 

results gas chromatography–mass spectrometry (GC-MS) was performed using 188 

2,4,5,6,7-pentadeuteriated IAA (Cambridge Isotope Laboratories, UK) as internal 189 

standard to account for losses in IAA during protein preparation and IAA purification 190 

(Figure S1 and S2). The samples were derivatized using ethereal diazomethane and 191 

the identity of derivatized IAA was confirmed by 130 and 189 fragmentation ions and 192 

normalized against the internal standard recognized by 135 and 184 fragmentation 193 

ions. Representative examples of GC-MS data traces for the conversion of Trp and 194 

IPA, respectively, to IAA in microsomal and cytosolic fractions are shown in Figure S1. 195 



9 

 

Boiled controls for the enzymatic conversion data shown are included (Figure S1). The 196 

internal standard used in the mass spectrometry analysis allows accounting for loss of 197 

IAA molecules during sample preparation. A comparison between GC-MS and HPLC 198 

data shows that approximately 50% of IAA could be lost during the analysis steps 199 

(Figure S2A) but the ratio between activity in the microsomal fractions compared to the 200 

cytosolic fractions are highly similar (Figure S2B). 201 

In summary his enzymatic data indicates that tryptophan-dependent auxin biosynthesis 202 

partly takes part on or in the endoplasmic reticulum (being the major component of 203 

microsomal fractions) and, as IPA is converted even to a higher extent, very likely via 204 

the YUCCA pathway. 205 

 206 

Subcellular localisation of auxin biosynthetic enzymes 207 

As auxin activity could be detected in both the cytosol and ER fractions one could 208 

predict the presence of auxin-producing enzymes in or on both compartments. 209 

Furthermore, as activity with the substrates Trp and IPA could be found in microsomes 210 

both a tryptophan aminotransferase as well as a YUCCA homologue should be 211 

present. Proteins of interest in this respect were, of course, enzymes with predicted TM 212 

domains and therefore with a potential ER membrane localisation. ZmTAR1 and 213 

ZmSPI1 feature TM domains with high probability, ZmYUC1 shows potential for a TMD 214 

but below the prediction cut-off (Table 1). 215 

Proteins of interest were fused to C-terminal YFP fluorescent tags, respectively, so as 216 

not to interfere with the predicted N-terminal TMDs. These fusion proteins were co-217 

expressed transiently in tobacco leaves with the ER marker GFP-HDEL (Figure 4, lane 218 

1-3) and visualised by confocal microscopy. As predicted by their domain structure both 219 

ZmSPI1 and ZmTAR1 (Figure 4, lane 1 and 2) localise indeed to the ER, whereas 220 

ZmYUC1 appears cytosolic (Figure 4, lane 3). Furthermore ZmYUC1 shows 221 

colocalisation with the plasma membrane marker LTI6b-GFP (Martinière et al., 2012; 222 
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Figure 4, lane 4). As a very weak TMD below the positive prediction threshold was 223 

predicted for ZmVT2 the N-terminal 200 aa of this protein were used for localisation 224 

studies. In coexpression with GFP-HDEL it was shown that as predicted ZmVT2 stays 225 

in the cytoplasm and does not localise to the ER (Figure 4, lane 5). However, the N-226 

terminus of ZmTAR3 featuring an N-terminal TMD and signal peptide clearly labelled 227 

the ER but also showed some larger bright punctae. To quantify the colocalisation of 228 

the auxin constructs and the ER marker HDEL Pearson's correlation coefficients in the 229 

colocalized volume (Rcoloc) were determined using the ImageJ software. In this analysis 230 

an Rcoloc of 1 indicates a perfect correlation with the ER marker, a value of 0 shows no 231 

correlation. As to be expected the ER-membrane proteins ZmSPI1, ZmTAR1 and 232 

ZmTAR3 showed with an Rcoloc of 0.4775, 0.6819 and 0.5837, respectively, far higher 233 

colocalisation coefficients than the cytosolic proteins ZmYUC1 and ZmVT2 with an 234 

Rcoloc of 0.0769 and 0.0438, respectively. 235 

 236 

ER-Membrane topology of ZmSPI1 and ZmTAR1 237 

To determine if the C-terminal enzymatic domains of ZmSPI1 and ZmTAR1 are 238 

residing in the ER lumen or the cytosol, a redox-sensitive fluorescent tag (roGFP2, 239 

Brach et al., 2009) was fused to the C-termini of both proteins. This special GFP form 240 

allows ratiometric quantification of the redox potential as disulphide bonds are formed 241 

between surface-exposed cysteine residues. This affects the ratio of excitation by 242 

wavelengths of 405 or 488 nm. For analysis the Matlab program Batch Ratio Analysis 243 

V1.3 (Dr M. Fricker, Oxford University; Schwarzländer et al., 2008) was used. A high 244 

fluorescence ratio at 405/488 nm (Figure 5, pseudo-coloured in red) would point to the 245 

protein facing the oxidizing environment of the ER lumen, whereas a low ratio (pseudo-246 

coloured in blue) indicates that it is located in the more reduced environment of the 247 

cytosol. ZmSPI1-roGFP2 and ZmTAR1-roGFP2 have excitation ratios of 0.36 and 0.33 248 

(Figure 5, lane 1 and 2), respectively. These ratios are closer to that of cytosolic 249 
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roGFP2 (0.17) (Figure 5, lane 3) than that of luminal roGFP2–HDEL (1.31) (Figure 5, 250 

lane 4), indicating that the C-termini of both ZmSPI1 and ZmTAR1 face the cytosol. 251 

 252 

To show that the tagged enzymes are indeed functional in planta and capable to 253 

contribute to auxin biosynthesis, the ER-localised proteins ZmSPI1-YFP or ZmTAR1-254 

YFP, respectively, were transiently expressed in tobacco leaf epidermal cells and auxin 255 

biosynthetic activity was quantified (Figure 6). To control for effects on auxin 256 

biosynthesis induced by the transformation event controls using an empty vector as 257 

well as a vector coding for the ER-marker GFP-HDEL were included. For these activity 258 

assays plant sections infiltrated with ZmSPI1 were tested with the enzyme’s substrate 259 

IPA. Protein extracts from leaves infiltrated with ZmSPI1 resulted in a significant 47% 260 

increase in activity (Figure 6A). For leaves infiltrated with ZmTAR1 Trp was used as a 261 

substrate and this overexpression resulted in a 39% increase in microsomal auxin 262 

activity compared to empty vector and GFP-HDEL controls (Figure 6B). Furthermore 263 

free IAA was measured in leaves infiltrated with ZmSPI1, ZmTAR1 or ZmYUC1, 264 

respectively, and compared to an empty vector control (Figure 6C). Expression of each 265 

of the three constructs increased the free IAA content significantly by 18, 10 and 14%, 266 

respectively. 267 

 268 

 269 

DISCUSSION 270 

Local auxin action 271 

Auxin controls developmental processes via gradients at the tissue level. These 272 

gradients are created by localised auxin biosynthesis as well as transport (Kramer and 273 

Bennett, 2006). To comprehend local auxin effects and gradient formation an 274 

understanding of where auxin biosynthesis occurs and how it is controlled is crucial. 275 
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The Arabidopsis YUCCA4.2 was the first auxin biosynthetic protein shown to have ER 276 

localisation with a transmembrane domain anchoring the protein into the ER membrane 277 

but its active enzymatic domain facing the cytosol (Kriechbaumer et al., 2012). 278 

Furthermore YUCCA6 has been shown to be non-cytosolic (Kim et al., 2006) and 279 

YUCCA3, 5, 10 and 11 feature TMDs or signal peptides (Kriechbaumer et al., 2012). 280 

Arabidopsis TAA1 does not feature any TMDs and is predicted to be cytosolic. The 281 

functional importance of this localisation remains so far unclear especially as this splice 282 

version is only detectable in flower tissue, but connecting auxin biosynthesis with the 283 

ER surface might allow closer proximity and therefore auxin transport into the ER for 284 

example for storage or an additional level of regulation. 285 

 286 

Maize has proven to be a useful tool for researching potential subcellular 287 

compartmentation. Other than Arabidopsis with 11 YUCCA genes, in maize, only 288 

sparse inflorescence1 (ZmSPI1, Gallavotti et al., 2008) and ZmYUC1 (LeClere et al., 289 

2010) are described as its main auxin producing enzymes; both producing strong 290 

phenotypes in planta showing their significance and contribution. Despite strong auxin 291 

phenotypes, IAA levels are hardly changed in Arabidopsis YUC overexpression 292 

(Stepanova et al., 2011) which raises the question as to whether the effects are due to 293 

other yet unidentified compounds or if accumulation is localised to certain tissues 294 

(Tivendale et al., 2014). Another influential factor could be the subcellular localisation 295 

and membrane anchoring of auxin biosynthetic enzymes. 296 

Auxin biosynthetic activity could be detected in microsomal fractions of both root and 297 

coleoptile tissue of young maize seedlings. It was shown that the “whole” biosynthetic 298 

pathway from Trp to IAA as well as the last step in the YUCCA pathway, IPA to IAA, 299 

takes place (Figure 3). The fact that both conversions are present is especially 300 

important as it has been previously reported that IPA easily degrades to IAA at room 301 

temperature (Koga et al., 1992). In this study it was observed that IPA is absolutely 302 
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unstable when dissolved in water but has to be made up freshly before each 303 

experiment and dissolved in ethanol or methanol. Interestingly when then mixed in with 304 

the boiled-control plant extracts IPA is stable with less than 5% unspecific conversion to 305 

IAA. After detecting the presence of YUCCA-dependent auxin biosynthetic activity in 306 

these microsomal fractions, the question about the corresponding enzymes linked to 307 

the ER compartment has been raised. Prediction algorithms pointed at ZmTAR1 and 308 

ZmSPI1 as potential candidates that have shown auxin activity and phenotypes 309 

(Gallavotti et al., 2008; Chourey et al., 2010) as well as potential TMDs capable of 310 

anchoring them to the ER (Figure1, Table 1). Both ZmTAR1 and ZmSPI1 were indeed 311 

shown to localise to the ER (Figure 4). Additionally ZmTAR3 which has only recently 312 

been described as a TAA1 homologue (Bernardi et al., 2012), features an N-terminal 313 

hydrophobic sequence including a signal peptide (Table 1) and also displays ER 314 

localisation. Both ZmTAR1 and ZmTAR3 are simultaneously expressed in developing 315 

endosperm coinciding with highest IAA levels at this specific developmental stage 316 

(LeClere et al., 2008; Bernardi et al., 2012). It was suggested that this is an indication 317 

of redundancy or that the resulting IPA is used for different pathways (Bernardi et al., 318 

2012); with ZmTAR1 facing the cytosol and ZmTAR3 predicted to cross the ER 319 

membrane due to its signal peptide this could indicate interesting aspects for fine-320 

tuning or indeed the use of IPA in two different pools. 321 

 322 

The ER localisation of maize proteins involved in auxin biosynthesis reported here as 323 

well as the previously shown ER localisation of Arabidopsis YUCCA4.2 (Kriechbaumer 324 

et al., 2012) indicates an additional level of subcellular compartmentation in auxin 325 

biosynthesis. Auxin action might not only be reliant on auxin levels and free versus 326 

conjugated auxin but furthermore its actual or relative concentration in different 327 

subcellular compartments. 328 

 329 
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Localisation of other aspects of auxin biology: transport, signalling and 330 

conjugation 331 

This ER localisation of auxin biosynthetic enzymes may well also be connected to other 332 

parts of auxin biology. A duality of localisation of proteins involved in auxin action other 333 

than its biosynthesis can be seen in auxin transport, signalling and conjugation (Figure 334 

7). 335 

Pinformed (PIN) auxin efflux carriers are localised at the plasma membrane (PIN1-4 336 

and PIN7) and mediate directional cell-to-cell auxin transport whereas PIN5 (Mravec et 337 

al., 2009) and PIN8 (Dal Bosco et al., 2012) are ER localised. PIN5 is suggested to 338 

transport auxin from the cytosol into the ER (Mravec et al., 2009) but PIN5 gain of 339 

function also results in decreased free IAA and an increase in conjugated auxin. It was 340 

recently suggested that intercellular auxin transport is even regulated by PIN5-341 

dependent auxin transport between the ER and the cytoplasm (Wabnik et al., 2011). 342 

Like PIN5 the PILS2 and PILS5, members of a recently discovered transporter family, 343 

increase auxin conjugation but decrease nuclear auxin signalling presumably by auxin 344 

transport in to the ER where it is inaccessible for nuclear signalling (Barbez et al., 345 

2012). Furthermore PILS2 and PILS5 influence the ratio between free and conjugated 346 

IAA suggesting a role for these protein in regulating auxin metabolism (Barbez et al., 347 

2012). Together, PIN5, PILS2 and PILS5 increase auxin compartmentation between the 348 

cytosol and the ER whereas the pollen specific PIN8 decreases compartmentation 349 

antagonistically. 350 

 351 

Colocalisation and interaction studies between ER localised auxin biosynthetic 352 

enzymes and the transporters PIN5, PIN8, PILS2 and PILS5 would elucidate potential 353 

functional interfaces between auxin biosynthesis and signalling. With PIN5 and 8 and 354 

PILS2 and 5 altering the auxin conjugation rates and thereby linking transport to 355 
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metabolism, it could be speculated that auxin conjugation might happen in the ER 356 

(Barbez and Kleine-Vehn, 2013). 357 

 358 

Of further interest in the potential of subcellular compartmentation and in understanding 359 

of the mechanism of such will therefore be the location of auxin conjugation and 360 

deconjugation. In Arabidopsis amidohydrolases have been shown to contribute free 361 

IAA to the auxin pool during germination (Rampey et al., 2004). In Arabidopsis ILR1-362 

like amidohydrolases 3 (ILL3) has a strong prediction for a secretory signal peptide 363 

(TargetP possibility: 0.965), ILL2 features an ER retention signal (Bitto et al., 2009) and 364 

ILL1, ILL4 and ILL5 are predicted to contain a signal peptide and a C-terminal ER 365 

retrieval sequence (reviewed in Ludwig-Müller, 2011). The maize homologue has a very 366 

low and uncertain prediction for such (TargetP possibility: 0.262). 367 

 368 

Its counterpart, the auxin conjugase GH3 is predicted to be cytosolic in both maize and 369 

Arabidopsis and has been shown to be localised in the cytosol in Physcomitrella 370 

patiens (Ludwig-Müller et al., 2009). Nonetheless, cytosolic activity of GH3 has not yet 371 

been shown and the possibility of ER localised GH3 proteins or other proteins with 372 

conjugating functions in higher plants cannot be excluded (Ludwig-Müller, 2011; Barbez 373 

and Kleine-Vehn, 2013). Further investigation of which enzymes exactly are involved 374 

into this process as well as their subcellular localisation and the location of auxin 375 

conjugation and deconjugation will be of invaluable interest. 376 

It has to be mentioned though that during germination in the tissue used in this study 377 

the main source of free IAA is the hydrolysis of IAA-inositol-arabinose and IAA-inositol-378 

galactose. These compounds accumulate in the kernel during kernel development via 379 

the formation of IAA-glucose, transesterification to IAA-inositol and further glycosylation 380 

to IAA-inositol-arabinose and IAA-inositol-galactose (Labarca et al., 1965; Ueda and 381 

Bandurski, 1974; Bandurski, 1980). In maize the enzyme responsible for the first step 382 
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in this conjugation is coded by the iaglu gene (Szerszen et al., 1994). TargetP 383 

prediction for iaglu homologues in maize and Arabidopsis is inconclusive; the algorithm 384 

PSORT predicts a cytosolic localisation with a certainty of 0.450.  385 

 386 

Functional protein complexes 387 

Metabolic functions of all higher organisms have to be strictly coordinated. Organellar 388 

compartmentalization is an important mechanism for this on a cellular level. Most 389 

cellular processes are carried out by interacting proteins assembled as multiprotein 390 

complexes. Metabolons, functional multi-enzyme complexes held together by 391 

noncovalent binding typically with stabilisation via membrane or cytoskeletal anchoring, 392 

can add to this on a molecular scale. Metabolons allow substrate channelling, a direct 393 

passing on of the product from an enzymatic reaction to act as substrate for the next 394 

biosynthetic step. This increases substrate concentration and turnover rates, prevents 395 

diffusion and metabolic interference, and is advantageous for instable or toxic 396 

intermediates (reviewed in Møller, 2010). Such complex coordination has been shown 397 

for protein translocases found in ER, chloroplasts and mitochondria (Jarvis et al., 1998; 398 

Werhahn et al., 2001; Van den Berg et al., 2004). Here the C-terminal TMD operates as 399 

assembly signal to form multimer complexes. 400 

Metabolons have been shown for various enzymatic pathways in secondary 401 

metabolism such as the synthesis of phenylpropanoids (Stafford, 1974) or flavonoids 402 

(Hrazdina and Wagner, 1985; Winkel-Shirley, 2001). Enzymes producing cyanogenic 403 

glucosides in sorghum have been found to form a metabolons in ER domains (Winkel, 404 

2004). In the ER lipid micro-domains have been shown to allow for metabolons 405 

assembly (Zajchowski and Robbins, 2002). Such rafts can even move metabolons 406 

around in an actin-guided way if under pathogen attack (Chuong et al., 2004). It is a 407 

possibility that metabolon formation allows production of the basic structures and 408 

depending on developmental stage, tissue or stress situation additional enzymes could 409 
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be recruited to the metabolons for specific structural alterations or add regulatory 410 

effects on the production line (Jørgensen et al., 2005). 411 

 412 

Conclusions 413 

All these findings reveal a formerly unanticipated way of regulating cellular 414 

homeostasis of biosynthetic, signalling and transport compounds by their subcellular 415 

compartmentalization. 416 

In summary, we suggest a model where auxin biosynthesis via the YUCCA pathway is 417 

not only purely cytosolic but also linked to the ER membrane (Figure 7). Interestingly 418 

also auxin transporters of the PIN and PILS family and enzymes for hydrolysis of 419 

conjugated IAA can be found on and in the ER. Furthermore various links between 420 

auxin and ethylene signalling and biosynthesis have been described and with all five 421 

ethylene receptors ER localised (Grefen et al., 2008) such close proximities could 422 

potentially be important for hormonal crosstalk. 423 

 424 

The question of a functional importance of such membrane anchoring of the 425 

Arabidopsis YUCCA4.2 as well as the maize ZmSPI1 and ZmTAR1 remains open. So 426 

far no phenotypes for Arabidopsis yucca4 (neither the cytosolic form 4.1 nor the ER-427 

localised form 4.2) mutants or other single knockout mutants have been reported. 428 

Maize spi1 on the other hand is severely affected in vegetative and inflorescence 429 

development (Gallavotti et al., 2008) despite mutant plants retaining more than 80% of 430 

normal free IAA levels (Phillips et al., 2011). A loss of function in the cytosolic protein 431 

ZmYUC1 results in impaired in endosperm development with reduction of mass and 432 

free IAA as well as smaller cells at a lower number and compromised 433 

endoreduplication in this tissue (Bernardi et al., 2012). Of interest would be if the 434 

removal of the TM anchor (ZmSPI1) or addition of such anchor to ZmYUC1 would 435 

change these phenotypes or the capacity of auxin production. 436 
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 437 

Possible benefits to the plant could be an additional level of regulation by subcellular 438 

compartmentation between cytosol and ER. The ER anchoring of auxin biosynthetic 439 

enzymes would bring them in close proximity to the transporters and signal proteins 440 

and maybe even conjugating or deconjugating enzymes to swop between active and 441 

active auxin molecules adding an additional level of regulation. 442 

Especially in the maize system with two enzymes in consecutive steps (ZmTAR1 and 443 

ZmSPI1) of auxin biosynthesis anchored to the ER membrane, it might allow the 444 

enzymes to work in close proximity or even form metabolons hereby allowing metabolic 445 

channelling and enhancing productivity. 446 
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Experimental procedures 447 

Cloning of expression plasmids 448 

Primers were obtained from MWG Biotech. Q5 high-fidelity DNA polymerase (New 449 

England Biolabs) was used for all polymerase chain reaction reactions. Genes of 450 

interest were cloned into the modified binary vector PB7YWG2 containing a C-terminal 451 

YFP (Karimi et al., 2005). Vectors containing for maize genes ZmYUC1 and ZmTAR1 452 

were kindly provided by Professor Prem Chourey; full-length ZmSPI1 and the N-termini 453 

of ZmTAR3 (aa 1-155) and ZmVt2 (aa 1-140) were synthesised by MWG Biotech with 454 

codon optimisation.  455 

 456 

Plant material and transient expression in tobacco leaves 457 

For Agrobacterium-mediated transient expression, 5-week-old tobacco (Nicotiana 458 

tabacum SR1 cv Petit Havana) plants grown in the greenhouse were used. Transient 459 

expression was induced and detected according to Sparkes et al. (2006). In brief, each 460 

expression vector was introduced into Agrobacterium strain GV3101 by heat shock. A 461 

single colony from the transformants was inoculated into 5 ml of YEB medium (per litre: 462 

5 g of beef extract, 1 g of yeast extract, 5 g of sucrose and 0.5 g of MgSO4・7H2O) 463 

supplemented with 50 μg/ml spectinomycin and rifampicin. After overnight shaking at 464 

25°C, 1 ml of the bacterial culture was pelleted by centrifugation at 2,200 × g for 5 min 465 

at room temperature. The pellet was washed twice with 1 ml of infiltration medium (50 466 

mM MES, 2 mM Na3PO4・12H2O, 0.1 mM acetosyringone and 5 mg/ml glucose) and 467 

then resuspended in 1 ml of infiltration buffer. The bacterial suspension was diluted to a 468 

final OD600 of 0.1 and gently pressed through the stomata on the lower epidermal 469 

surface using a 1 ml syringe. Transformed plants then were incubated under normal 470 

growth conditions for 48 h. Images were taken using a Zeiss LSM510 Meta laser 471 

scanning confocal microscope with 40x or 63x oil immersion objectives. For imaging of 472 
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GFP/YFP combinations, samples were excited using 458 and 514 nm laser lines in 473 

multi-track mode with line switching. Images were edited using the LSM510 image 474 

browser. For ratiometric imaging plant infiltration was performed as described above 475 

and ratiometric imaging of roGFP2 was performed as described by Wang et al. (2011). 476 

Data was analysed using the program Batch Ratio Analysis V1.3 (Dr M. Fricker, Oxford 477 

University; Schwarzländer et al., 2008) 478 

 479 

ER microsome preparation 480 

All steps were performed on ice or 4oC unless indicated otherwise. Coleoptile (5 g) or 481 

primary root tissue (4 days after germination) were ground in liquid nitrogen using a 482 

mortar and pestle and homogenised in approximately 4 ml of buffer A (25 mM TEA-483 

HOAc pH7.5, 50 mM KOAc pH7.5, 5 mM Mg(OAc)2, 0.25 M sucrose, 4 mM DTT). 4 ml 484 

of buffer B (100 mM TEA-HOAc pH7.5, 20 mM EDTA) was added and the suspension 485 

was incubated on ice for 10 min. Afterwards the homogenate was spun at 1,000 g for 486 

10 min. The resulting supernatant was poured over cheese cloth into a fresh tube. That 487 

extract was spun again at 4,500 g for 25 min. In ultracentrifuge tubes the 8 ml 488 

suspension were layered on 4 ml of sucrose cushion (buffer C: 25 mM TEA-HOAc 489 

pH7.5, 25 mM KOAc pH7.5, 2 mM Mg(OAc)2, 0.5 M sucrose, 4 mM DTT). This was 490 

spun for 90 min at 93,000 g (swing-out rotor; SW41) for 90 min. The final pellet was 491 

resuspended in 200 µl buffer D (25 mM TEA-HOAc pH7.5, 0.25M sucrose, 1 mM DTT) 492 

using a glass rod and a 2 ml Potter-Elvehjem homogeniser. Freshly prepared 493 

microsomes were used for enzymatic assays. 494 

 495 

IAA quantification 496 

Enzymatic activity tests with microsomal and cytosolic fractions were carried out in 100 497 

mM Tris-HCl, pH 8.0, using 20 µl plant extract, 1 mM NADPH, 100 µM FAD and 100 498 
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µM Trp or IPA in a total volume of 100 µl. After incubation for 1 h in a 37ºC water bath 499 

the assays were snap-frozen in liquid nitrogen and IAA extracted by ethyl acetate 500 

phase separation (Park et al., 2003; Kriechbaumer et al., 2007). In brief: The pH of the 501 

sample was adjusted higher than 9.5 with 1 M Na2CO3, and the sample was then 502 

extracted with 400 µl ethyl acetate. The aqueous lower phase was recovered, 200 µl 503 

water were added and the partitioning procedure was repeated and again the aqueous 504 

phase was recovered and combined with the aqueous phase from the first partitioning 505 

step. The collected aqueous phase was acidified with acetic acid to a pH below 2.5 and 506 

partitioned twice with addition of 400 µl ethyl acetate for each step. The organic phases 507 

were collected and the liquid evaporated using a speed-vac (Centrivap, Labconco). 508 

The dried substances were re-dissolved in 100% methanol and analysed via HPLC 509 

with a reverse-phase column (Apollo C18, 250 mm x 4.6 mm, 5 µm, Grace). IAA was 510 

quantified via a HPLC system (Waters 600E) in isocratic flow of 0.8 ml/min with a 40:60 511 

mixture of buffer A (10% methanol, 0.3% acetate) and buffer B (90% methanol, 0.3% 512 

acetate). Peaks were identified by comparison with the standard substances with 513 

respect to retention time and UV spectrum using both a UV monitor (Waters 486) as 514 

well as a fluorescence monitor (Waters 470). 515 

 516 

IAA produced in tobacco leaves after infiltration with ZmSPI1-YFP, ZmTAR1-YFP and 517 

ZmYUC1-YFP constructs was isolated and quantified as described above 518 

 519 

Quantification of IAA by GC-MS 520 

IAA produced in the reactions was purified by HPLC as described above. 2,4,5,6,7-521 

pentadeuteriated IAA (Cambridge Isotope Laboratories, UK) was included as internal 522 

standard. HPLC fractions collected in Eppendorf tubes were completely dried under 523 

vacuum and dissolved in 20 µl of methanol. Then 50 µl ethereal diazomethane (Sigma-524 

Aldrich) was added to each sample for derivatization. The mixture was kept at room 525 
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temperature for 30 min in a fume hood. Three pin holes were made on the top of each 526 

Eppendorf tube and the tubes were set to dry in a speed-vac (Centrivap, Labconco) for 527 

10 min. The remaining solution in the Eppendorf tubes was blown off with a gentle 528 

stream of pure N2 gas. The derivatized samples were dissolved in 5 or 10 µl of pure 529 

methanol and 1 µl of the solution was injected to GC-MS (CP-3800, Saturn 2200, 530 

Varian) in the split-less mode. The identity of derivatized IAA was confirmed by 130 and 531 

189 fragmentation ions and normalized against the internal standard recognized by 135 532 

and 184 fragmentation ions. The signals obtained in the quantification were all in the 533 

linear range that was established with external standards. The peak area of 130 534 

fragmentation ion was integrated and used for the determination of the amount of IAA 535 

produced. 536 

 537 

Western blotting of microsomal and cytosolic fraction 538 

100 μg of total protein extract, the cytosolic and microsomal fractions, respectively, 539 

were separated on a 12% (v/v) SDS-PAGE gel, transferred to a nitrocellulose 540 

membrane, and probed with maize nitrilase-specific antibodies (1:400), anti-H+ATPase 541 

antibodies (1:1000, Agrisera) or anti-AOX1/2 antibodies (1:1000, Agrisera), 542 

respectively. The membrane was further incubated with anti-rabbit immunoglobulin G 543 

conjugated with Cy5, and the signal was detected with a fluorescence scanner using a 544 

red fluorescence filter. 545 

 546 

Supplementary material: 547 

Supplementary Figure 1: GC-MS chromatogram traces for IAA. 548 

Supplementary Figure 2A: Comparison of GC-MS and HPLC analysis for enzymatic 549 

conversion of Trp and IPA to IAA. 550 

Supplementary Figure 2B: Ratios of auxin activity in microsomal and cytosolic fractions 551 

compared in GC-MS and HPLC data.  552 
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Tables: 

Table 1: In silico prediction of transmembrane domains (TMD) with the computational 

algorithms TMHMM and prediction of signal peptides (SP) with SignalP4.1 

(http://www.expasy.org/tools/). 

Protein TMHMM    SignalP4.1 

ZmSPI1 N-term TMD (aa 20-42) No SP predicted. 

ZmTAR1 N-term TMD (aa 13-35) No SP predicted 

ZmTAR3 N-term TMD (aa7-29) Signal peptide, cleavage site between aa 24 / 25 

ZmYUC1 no TMD predicted No SP predicted 

ZmVT2 no TMD predicted No SP predicted 
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Figure legends: 

 

Figure 1: Predicted transmembrane domains (TMD) in the amino acid sequence of 

auxin biosynthetic proteins catalysing the conversion of Trp to IPA (left: ZmTAR1, 

ZmTAR3 and ZmVT2) and the following enzymatic step from IPA to IAA (right: ZmSPI1 

and ZmYUC1), respectively. Shown is a hydrophobicity plot using the prediction 

software TMHMM on the ExPASy server (http://www.expasy.org/tools/) with the 

potential TMD in red. 

 

Figure 2: Immunoblot analysis of microsomal fractions. 

A) Immunoblot analysis of nitrilase proteins in maize microsomal (M) and cytosolic (C) 

fraction. Western blots of 100 µg of protein from each fraction were probed with diluted 

(1:400) anti-ZmNIT1 antibodies recognizing both maize nitrilases. 

B) Immunoblot analysis of plasma membrane H+ATPase proteins and mitochondrial 

alternative oxidases (AOX1/2) in maize total protein extract (T) and microsomal (M) 

fraction. Western blots of 100 µg of protein from each fraction were probed with diluted 

(1:1000) antibodies. 

 

Figure 3: Enzymatic conversion of Trp (grey bars) and IPA (white bars) to IAA by 

microsomal (Micro) fractions, cytosolic (Cyt) fractions or total plant extract from A) 

maize coleoptiles (Col) and B) primary roots (PR) 4 days after germination. Standard 

errors and percentages normalised to total plant extract are indicated. n=2 (2 biological 

samples with 3 replica each. 

 

 

Figure 4: Transient expression and localisation of auxin biosynthetic proteins in tobacco 

leaf cells. 
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Coexpression with the ER luminal marker GFP-HDEL is shown for ZmSPI1YFP (1), 

ZmTAR1 (2) and ZmYUC1 (3). ZmYUC1 was also coexpressed with the plasma 

membrane marker LTI6b (4). The N-termini containing the sequence of potential TMDs 

of ZmVT2 (5) and ZmTAR3 (6) were also compared to expression patterns of GFP-

HDEL. 

 

Figure 5: Ratiometric redox assays for roGFP2-tagged ZmSPI1 (lane 1) and ZmTAR1 

(lane 2). The ratio of 405 and 488 nm excitation is determined by the redox state of 

roGFP2. In blue: cytosolic environment; in red: ER luminal environment. Cytosolic 

roGFP2 (lane 3) and the ER lumen marker roGFP2–HDEL (lane 4) were used as 

controls for ER and cytosol localisation, respectively. The mean 405 nm/488 nm ratio is 

indicated on the right for each construct. 

 

Figure 6: Functional assays for tagged auxin biosynthetic enzymes. 

A) Enzymatic conversion of IPA to IAA by protein extracts from tobacco leaves 

transiently expressing ZmSPI1 or ZmVt2. Data is presented in % normalised to the 

control. Standard errors are indicated. n=3 (3 biological samples with 2 technical replica 

each). ∗ p<0.05. 

B) Enzymatic conversion of Trp to IAA by protein extracts from tobacco leaves 

transiently expressing ZmTAR1. Data is presented in % normalised to the control. 

Standard errors are indicated. n=3 (3 biological samples with 2 technical replica each). 

∗ p<0.05. 

C) Total IAA content from tobacco leaves transiently expressing ZmSPI1, ZmTAR1 or 

ZmVt2 compared to control plants expressing an empty vector. Data is presented in % 

normalised to the control. Standard errors are indicated. n=3 (3 biological samples with 

2 technical replica each). ∗ p<0.05. 
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Figure 7: Dual compartmentation schematics for auxin function. Auxin biosynthesis 

(various TAR and YUCCA homologues localised to cytosol or ER), signalling (TIR1), 

conjugation (GH3, ILL), and transport (PIN, PILS) take place in cytosol and ER-linked. 
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Supplementary Figure 1 
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Supplementary Figure 1:  
GC-MS chromatogram traces for IAA. 
GC-MS traces for the conversion of Trp and IPA, respectively, to  
IAA by microsomal (Micro) fractions, cytosolic (Cyt) fractions from 
coleoptiles (Col). A boiled control for each conversion is included. 
The red arrow points out the IAA peak. 
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Supplementary Figure 2A:  
Comparison of GC-MS and HPLC analysis. 
Enzymatic conversion of Trp and IPA to IAA by microsomal  
(Micro) fractions, cytosolic (Cyt) fractions from coleoptiles (Col) 
or primary root (PR) tissue. The comparison of quantitative  
results using GC-MS (black bars) or HPLC with fluorescence  
detector (white bars) is shown. Standard errors are indicated.  
n=2 derived from at least two independent biological samples.  
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Supplementary Figure 2B:  
Ratios of auxin activity in microsomal and cytosolic fractions  
compared in GC-MS (black bars) and HPLC (white bars) data. 
Data is presented in % normalised to the IAA production in the 
cytosolic fractions. 


