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Abstract
In axial organs of juvenile plants, the phytohormone auxin (indole-3-acetic acid, IAA) rapidly
allows cell wall loosening and hence promotes turgor-driven elongation. In this study, we used rye
(Secale cereale) coleoptile sections to investigate possible effects of IAA on the proteome of cells.
In a first set of experiments, we document that IAA causes organ elongation via promotion of
expansion of the rigid outer wall of the outer epidermis. A quantitative comparison of the
proteome (membrane-associated proteins), using two-dimensional difference gel electrophoresis
(2-D DIGE), revealed that, within 2 h of auxin treatment, at least 16 protein spots were up- or
down-regulated by IAA. These proteins were identified using reverse-phase liquid
chromatography electrospray tandem mass spectrometry. Four of these proteins were detected in
the growth-controlling outer epidermis and were further analysed. One epidermal polypeptide, a
small Ras-related GTP-binding protein, was rapidly down-regulated by IAA (after 0.5 h of
incubation) by −35% compared to the control. Concomitantly, a subunit of the 26S proteasome
was up-regulated by IAA (+30% within 1 h). In addition, this protein displayed IAA-mediated
post-translational modification. The implications of these rapid auxin effects with respect to signal
transduction and IAA-mediated secretion of glycoproteins (osmiophilic nano-particles) into the
growth-controlling outer epidermal wall are discussed.
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INTRODUCTION
Eight decades ago, the botanist Frits Went (1903–1990) demonstrated the existence of a
growth-promoting hormone, named auxin (indole-3-acetic acid, IAA), in developing oat
coleoptiles. Went’s thesis of 1928, which was published 7 years later in an international
journal (Went 1935), became a scientific classic, and his ‘oat coleoptile technique’ was soon
accepted as the standard procedure for bioassay of auxins. In the 1930s it was shown that
IAA increases the rate of elongation of excised, turgid coleoptile sections by altering the
mechanical properties of the cell wall (Went 1935; Heyn 1940).
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These studies led to the discovery that not all cell walls of the coleoptile display the same
mechanical properties. Biophysical analyses of axial plant organs demonstrated that the
thick, extension-limiting outer epidermal wall represents the structure of the organ that
determines the rate of elongation, whereas the thin-walled, turgid inner tissues provide the
driving force for growth (Kutschera 2001, 2003, 2008; Schopfer 2006). Hence, at least in
maize (Zea mays), auxin-induced coleoptile elongation is mediated via IAA-regulated wall-
loosening (and -stiffening) processes that are restricted to the peripheral organ wall
(Kutschera 2001, 2003; Schopfer 2006).

The biophysical basis of auxin-induced coleoptile growth has been elucidated in some
model plants such as maize. However, the biochemical process(es) that cause IAA-mediated
changes in the mechanical properties of the extension-limiting peripheral organ wall are not
yet clear (Schopfer et al. 2002; Cosgrove 2005; Kutschera 2006). The aims of this study
were to re-investigate the general hypotheses that auxin may (a) primarily act in the
epidermis of axial organs and (b) mediate wall expansion and thus stem elongation via the
enhancement (or reduction) in the rate of biosynthesis of so-called ‘growth-related proteins’
in cells of the outer tissue layer (Edelmann & Schopfer 1989; Edelmann et al. 1989, 1995;
Edelmann & Kutschera 1993; Schenck et al. 2010).

In order to detect possible hormone-induced changes, two-dimensional (2-D) difference gel
electrophoresis (DIGE), combined with mass spectrometry, was employed (Deng et al.
2007; Tang et al. 2008 a,b). We selected coleoptiles of etiolated rye (Secale cereale)
seedlings for our experimental analysis. This plant material has been used before to study
the cytological basis of auxin action (Edelmann & Kutschera 2002; Kutschera 2003;
Kutschera et al. 2010). However, the role of the outer epidermis with respect to IAA action
has not yet been analysed in this cereal species.

MATERIALS AND METHODS
Plant material and growth measurements

Caryopses of rye (Secale cereale L. cv. Picasso) were soaked for 2 h in water and thereafter
germinated in moist standard potting soil (Pro-mix PGX, Premier Horticulture Ltd.,
Quakertown, PA, USA) in closed transparent plastic boxes (darkness, 25 ± 0.5 °C) for 3 d.
Experiments were carried out on 15-mm segments excised from the region 2 mm below the
tip of the coleoptile (Fig. 1A). After excision and removal of the enclosed primary leaf, the
segments (40 per experiment) were allowed to equilibrate for 1 h in distilled water in
darkness. Batches of 20 auxin-depleted segments were then transferred to Petri dishes
containing 10 ml of either distilled water or IAA solution (concentration: 10 μM) and
incubated on a shaker (50 rpm) for up to 4 h in the dark (25 ± 0.5 °C).

Growth measurements on individual segments were performed as described in Kutschera et
al. (2010), and the change in length (elongation response; unit: mm per segment) calculated.
The ‘split section test’ was performed as described in Kutschera et al. (1987).

Electron microscopy
Scanning electron micrographs of transverse sections of 3-d-old rye coleoptiles were
performed as described in Fröhlich & Kutschera (1994). For transmission electron
microscopy, small pieces of epidermal tissue were cut from the middle of 15-mm sections
that were treated for 1 h with IAA. Thereafter, the samples were fixed for 2 h in 2%
glutaraldehyde/phosphate buffer (50 mM, pH 7.2), washed and post-fixed for 3 h in 2%
OsO4 solution (w/v). Ultrathin sections were cut and electron microscopy performed as
described in Fröhlich et al. (1994).
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Sample preparation and extraction of microsomal proteins
Twenty auxin-depleted segments were incubated in IAA (10 μM) or distilled water
(control). After 0.5 to 2.0 h, the segments were removed from the Petri dish, blotted dry,
frozen in liquid nitrogen and stored at −80 °C. In a second set of experiments, 20 auxin-
depleted segments were incubated for 1 h in IAA (10 μM) as described above. At the end of
the incubation period, single segments were removed from the Petri dishes. Thereafter, one
strip of epidermal tissue was cut with a razor blade from the flat side of each coleoptile (Fig.
1B, C) and frozen in liquid nitrogen. About 0.12 g of epidermal tissue was collected per
experiment (± IAA). The frozen samples were stored at −80 °C. Microsomal proteins were
extracted as described in detail in Kutschera et al. (2010). The protein extract (microsomal
fraction) was dissolved in 2-D DIGE buffer (6 M urea, 2 M thiourea, 4% CHAPS) and
quantified using a Biorad protein assay.

Two-dimensional difference gel electrophoresis (2-D DIGE)
The 2-D DIGE experiments were carried out as described in Li et al. (2011). In brief, 20 μg
of microsomal protein (pH 8.5) from the samples (± IAA) was mixed with 80 pmol of Cy3
and Cy5 minimal dyes (± IAA, respectively), and incubated for 2 to 4 h in darkness on ice.
The protein labelling reaction was terminated by adding 0.5 μl lysine (10 mM) to the
mixtures. Thereafter, the Cy3- and Cy5-labelled microsomal proteins were combined and
used for isoelectrofocusing (IEF), which was performed as described in Li et al. (2011).
Cy3- and Cy5-labelled images were obtained using a Typhoon Trio scanner (GE Healthcare,
Piscataway, NJ, USA). Analysis of DIGE images was performed as previously described (Li
et al. 2011), based on four independent repeats for each auxin incubation experiment.

Analysis of protein spots and mass spectrometry
The mechanical removal of individual, dye-labelled proteins (‘spot picking’), subsequent in-
gel digestion by trypsin and reverse-phase liquid chromatography-electrospray tandem mass
spectrometry (LC-MS/MS) analyses were performed as previously described (Chalkley et
al. 2005; Kutschera et al. 2010).

The digests were separated by nanoflow liquid chromatography using a 100-μm × 150-mm
reverse-phase Ultra 120-μm C18Q column (Peeke Scientific, Redwood City, CA, USA) at a
flow rate of 350 nl min−1 in a Dionex/LC Packing UltiMate NanoFlow high-performance
liquid chromatography system. Solvent A was water/0.1% formic acid, and solvent B was
acetonitrile/0.1% formic acid; peptides were eluted in a linear gradient from 5% to 25%
solvent over 30 min, followed by a short wash in 50% solvent B for 3 min. Half of each
digest (5 μl) was injected. The liquid chromatography eluate was coupled to a LTQ mass
spectrometer (LTQ, Thermo Scientific, San Jose, CA, USA) equipped with a nano-
electrospray ion source.

Peptides were analysed in positive ion mode and in information-dependent acquisition mode
to automatically switch between MS and MS/MS acquisition. Acquisitions on the Thermo
LTQ were done using a Triple Play method. This consisted of one survey scan at mass range
310–1400, using one 100 ms micro-scan with the AGC setting of 30 000. This was followed
by three pairs of zoom scans and CID scans. The zoom scan was over a 10 Da range with
one 50 ms micro-scan at an AGC setting of 3 000. The CID scans were one 100 ms micro-
scan at an AGC setting of 10 000. The survey and zoom scan were in profile mode, and the
CID scans in centroid mode. Peak lists were generated using an in-house script. Enzyme
specificity was set to trypsin, and the maximum number of missed enzyme cleavages per
peptide was set at one. The number of modifications was limited to two per peptide. Mass
tolerance was 0.6 Da for precursor and 0.6 Da for fragment ions. The peaklists were
searched using in-house Protein Prospector version 5.7.1
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(http://prospector2.ucsf.edu/prospector/html/misc/revhist.htm) (public version at
http://prospector.ucsf.edu) against a database that consisted of the Brachypodium protein
database, (ftp://ftpmips.helmholtz-muenchen.de/plants/brachypodium/v1.0/)
(http://files.brachypodium.org/Annotation/Bradi_1.0.pep.fa.gz), to which a randomised
version was concatenated. The database contained all entries for Brachypodium (64510
entries searched) (Vogel et al. 2010). Carbamidomethylation of cysteine was included as a
fixed modification; N-acetylation of the N-terminus of the protein, oxidation of methionine,
formation of pyro-Glu from N-term-glutamine were all allowed as variable modifications
(Tables 1, 2). CID peptide results were reported using a peptide false discovery rate of
0.45% according to concatenated database search results. In all protein identifications, a
minimal protein score of 22, a peptide score of 15 and a minimal discriminant score
threshold of zero were used for initial identification criteria. Maximum expectation values
(number of different peptides with scores equivalent to or better than the result reported that
are expected to occur in the database search by chance) for accepting individual spectra
were set to 0.05. For identification of possible phosphorylation sites, a second search was
performed allowing phosphorylation of serine, threonine or tyrosine as additional variable
modifications.

When several accession numbers in the database matched the same set of peptides
identified, the entries with the most descriptive name were reported. Individual isoforms of
proteins were reported according to the detection of peptides unique to their sequences. If
several isoforms shared the same set of peptides identified, they were all reported. Only
proteins with at least two peptides identified were further considered. In order to assign the
modification site for peptides containing post-translational modifications, the MS/MS
spectrum was reinterpreted manually by matching the observed fragment ions to a
theoretical fragmentation obtained using MS Product (Protein Prospector).

RESULTS
Elongation of coleoptile segments in response to auxin

Isolated 15-mm segments cut from the sub-apical region of the coleoptiles of 3-d-old
etiolated rye seedlings (Fig. 1A–C) continue to elongate in the absence of exogenous auxin
at a rate of 0.8 mm h−1. About 30 min after excision, this endogenous growth response in
water slows down and, within the subsequent 2 h, reaches a minimum. As Fig. 2 shows,
these auxin-depleted coleoptile sections display a rapid elongation response upon the
addition of IAA. We applied auxin at an optimal concentration of 10 μM. In response to this
external provision of IAA, the endogenous growth of the organ was re-established within ca.
15 min after hormone treatment. In the presence of IAA, a steady-state growth rate of ca. 1.0
mm h−1 was recorded over the subsequent 4 h, which was about 20% higher than that
measured in the intact, etiolated coleoptile (organ growth in situ).

The epidermis as the target tissue for auxin action
Experiments with excised coleoptile and stem segments from etiolated maize and pea
seedlings have shown that, when the turgid organs are split lengthwise through a medium
cut, the halves bend outwards due to the release of tissue tension (Kutschera et al. 1987). A
similar, tissue-specific response occurs when auxin-depleted rye coleoptile segments are
incubated in water. In the presence of IAA, the outside elongates in response to the
hormone, resulting in an inward bending of the split portions (Fig. 3A, B). This ‘split section
curvature test’ documents that the thick, extension-limiting outer wall of the outer epidermis
(Fig. 1B) displays a considerable elongation response to the added hormone, causing the
conspicuous inward curvature of the organ halves. It should be noted that, at the outer
epidermal wall of rye coleoptiles, IAA causes the appearance of osmiophilic nano-particles
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that are secreted via the Golgi system of the cells (Fig. 3C). These secretion products have
been characterised in detail in previous reports (Fröhlich et al. 1994; Edelmann & Kutschera
2002).

Taken together, the data of Fig. 3A–C document that the outer epidermis appears to be the
primary target tissue of IAA action in the coleoptile of etiolated rye seedlings. Hence, in the
proteomic studies described below, we first analysed the microsomal (i.e. membrane-
associated) proteins extracted from entire coleoptile sections and, in the second step, those
obtained from the outer epidermis.

Quantitative analysis of proteomic changes
The coleoptile of the rye seedling is composed of four tissue systems: outer epidermis,
mesophyll, vascular bundles (phloem, xylem) and inner epidermis (Fig. 1B, C). In the
regions above the vascular bundles, large dumbbell-shaped stomata are present (length 40–
50 μm; Fig. 1B). These specialised two-cell systems for the regulation of gas exchange are
lacking in the epidermal layer that covers the flat sides of the organ. On the inner epidermis
of the coleoptile, much smaller stomata were observed (length ca. 20 μm) and documented
using scanning electron micrographs (Fig. 1C).

In a first set of experiments, we incubated auxin-depleted segments for 0.5, 1.0 and 2.0 h in
IAA (10 μM) and, at the end of the corresponding time period, extracted microsomal
proteins for quantitative 2-D DIGE analyses. A comparison of the two-dimensional DIGE
maps (2 h ± IAA) revealed at least 16 protein spots that were up- or down-regulated by IAA
(Fig. 4). As Table 1 shows, the abundance ratios of these proteins varied between −1.35 and
+1.59, with positive values denoting up-regulated and negative values down-regulated
proteins (corresponding to red and green spots in Fig. 4).

In a second series of experiments we extracted microsomal proteins from epidermal tissue
isolated from 15-mm coleoptile segments incubated for 0.5 and 1.0 h in IAA. The
corresponding 2-D DIGE maps (± IAA) revealed four protein spots that were up- or down-
regulated by the hormone (Fig. 5A). The expression (i.e. abundance) ratios of these 16 and
four proteomic changes, respectively, are listed in Tables 1 and 2. All of these changes were
statistically significant (P-values < 0.05; n = 4 independent experiments).

Protein identification with tandem mass spectrometry and quantitative analysis
The 16 and four protein spots, respectively, that were up- or down-regulated by IAA, as
revealed and quantified by two-dimensional DIGE (Figs 4, 5), were subjected to protein
identification with tandem mass spectrometry (LC-MS/MS) analysis (Tang et al. 2008a,b).
A representative mass spectrum and the corresponding interpretation are shown in Fig. 6.
Based on the published protein database for the model grass Brachypodium distrachyon
(Vogel et al. 2010), the 16 spots differentially up- or down-regulated in the entire coleoptile
by IAA were identified (Table 1). In five of the 16 spots (Nos. 3, 6, 7, 13 and 16), two
different proteins were identified and listed in the corresponding column. It should be noted
that no up-regulated glycoproteins related to the extracellular osmiophilic nano-particles
(Fig. 3C) were discovered.

In a second series of experiments, four IAA-modulated, epidermal membrane-associated
proteins were identified and found to be identical to four of those detected in the entire,
IAA-treated coleoptile (Table 2). Two of these four epidermal proteins, the up-regulated 26S
protease regulatory subunit S10B (spots 11, 12, and 1, 2 in Figs 4 and 5 A, respectively) and
the down-regulated small Ras-related GTP-binding protein (spots 16 and 4 in Figs 4 and 5
A, respectively), were analysed in more detail. The promotive effect of IAA on the up-
regulated 26S-protease subunit (+30%) was detected after 1 and 2 h. In addition, our
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proteomic data indicate that this protein was modified post-translationally by the hormone,
since its basic forms increased while its acetic form decreased (data not shown). In intact
coleoptile segments, the inhibitory action of auxin on the down-regulated GTP-binding
protein (−35%) occurred 0.5, 1.0 and 2.0 h after the addition of IAA (Fig. 5B, C, D). The
same effect was detected in the epidermal cells removed from segments that were treated for
1 h with auxin (Fig. 5E) (n = 4 independent experiments each).

DISCUSSION
Inhibitor studies have shown that auxin-mediated cell wall loosening and turgor-driven
coleoptile elongation are dependent on (1) the steady biosynthesis of certain ‘growth-relate’”
polypeptides and (2) the secretion of not yet identified glycoproteins that are incorporated
into the extension-limiting outer epidermal wall (Kutschera et al. 1987; Edelmann &
Schopfer 1989; Edelmann et al. 1989, 1995; Fröhlich et al. 1994). The basic tenets of this
so-called ‘gene expression hypothesis’ of primary IAA action (1) have recently been re-
investigated by Schenck et al. (2010). Using hypocotyl sections cut from Arabidopsis
thaliana seedlings, these authors monitored IAA-mediated gene expression and organ
elongation during the early phase of hormone action. Although IAA-induced gene
expression (i.e. protein biosynthesis) is clearly imperative for sustained hormone-mediated
organ growth, the authors concluded that the initiation of cell elongation is not dependent on
‘global gene expression’ (Schenck et al. 2010).

In this study we focussed on the second aspect of the ‘auxin protein biosynthesis’ question
outlined above (2). Specifically, we addressed the question of whether IAA rapidly up- or
down-regulates certain proteins in the growth-controlling outer epidermis of the rye
coleoptile. These proteins may be related to the secretion of specific glycoproteins, as
visualised in the osmiophilic nano-particles (Fig. 3C), which are incorporated into the
peripheral organ wall (Kutschera et al. 1987; Hoffmann-Benning et al. 1994; Kutschera
2001, 2003; Edelmann & Kutschera 2002).

The effects of auxin on protein biosynthesis have been investigated in numerous studies
using entire coleoptile (or stem) segments as experimental material (Dietz et al. 1990).
However, as Fig. 1B, C show, this ‘simple’ model organ for auxin research is composed of
four tissue systems (outer and inner epidermis; mesophyll, vascular bundles). Moreover, in
the outer and inner epidermal cell layers, stomata of different size and shape are apparent, so
that protein extracts obtained from excised segments (± IAA) represent mixtures of at least
six different cell types with specific functions (i.e. sucrose transport in the phloem, gas
exchange via the stomata, etc.). A recent report has shown that stomatal movements are, at
least in part, caused by an elongation response of the guard cells (Meckel et al. 2007). These
novel data document that organ growth and CO2/water exchange with the environment are
interrelated processes. However, as pointed out by these authors, little is known about the
interaction between stomatal movements and cell elongation.

In this study, we first confirmed for the coleoptile of rye that the ‘epidermal growth-control
theory’ of primary auxin action, which was proposed two decades ago based on experiments
with etiolated maize seedlings (Kutschera et al. 1987; Kutschera & Niklas 2007), accounts
for the hormone-induced elongation response in Secale cereale (Fig. 3A, B). In a first set of
proteomic experiments, we identified auxin-mediated up- and down-regulated proteins in
intact coleoptile segments and thereafter searched for changes in these proteins detectable in
the outer epidermis (on the flat side of the coleoptile, i.e. the cell layer without stomata). In a
recent study we have shown that cessation of coleoptile elongation and loss of auxin
sensitivity in etiolated rye seedlings is associated with degradation of the vacuolar H+

ATPases (V-ATPases) of the cells (Kutschera et al. 2010). These electrogenic proton pumps
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are integral components of the tonoplast and membranes of the Golgi-dependent secretory
pathway. Here we document that, in entire coleoptiles, subunit A of a vacuolar proton
ATPase is up-regulated by +53% under the influence of IAA (spot 3 in Fig. 4; Table 1). This
finding indicates that the hormone may promote the biosynthesis of this membrane-
associated protein. However, in the growth-controlling outer epidermis, this IAA effect was
not detected. Hence, the significance of this proteomic change with respect to the regulation
of organ expansion is unclear.

As Tables 1 and 2 indicate, at least two proteins of interest were identified in both the intact
organ and the epidermal cells: an up- and a down-regulated protein, respectively (26S
protease regulatory subunit S10B, +30% after 2.0 h, and a small Ras-related GTP-binding
protein, −35% after 0.5 h of auxin treatment). The significance of these proteomic changes
for the initiation of cell elongation may be as described below.

It is well known that the evolutionary conserved central eukaryotic protease, the 26S
proteasome, degrades specific proteins via an ATP- and ubiquitin-dependent digestion
mechanism (Voges et al. 1999; Smalle & Vierstra 2004). In plants, this multi-catalytic
enzyme complex modulates organ growth through the selective removal of short-lived
regulatory proteins (Huang et al. 2006; Kurepa et al. 2009; Zhang et al. 2011). In hormone-
sensitive plant organs, the 26S proteasome is known to play a critical role in auxin signalling
by the degradation of AUX/IAA transcription repressors, and hence affects IAA-modulated
transcriptional regulation (Teale et al. 2006; Santner & Estelle 2010). Our data show that, in
epidermal cells, one subunit of this proteolytic complex (S10B, an ATPase) is rapidly up-
regulated by IAA and post-translationally modulated. We suggest that auxin regulates the
stability of components of its signalling pathway, but more work is required to further
support this interpretation.

In addition, we discovered a rapid effect of IAA on the down-regulation of a small Ras-
related GTP-binding protein in epidermal cells of the rye coleoptile. It has long been known
that small GTP-binding proteins are involved in vesicle-mediated protein transport from the
cytoplasm to the plasma membrane (Verma et al. 1994; Thiel & Battey 1998; Takai et al.
2001). Since auxin action on wall expansion in the grass coleoptile is related to the delivery
of glycoproteins via the Golgi-dependent secretory pathway (Kutschera 2001, 2003;
Edelmann & Kutschera 2002), we suggest that the rapid IAA-effect on the small Ras-related
GTP-binding protein is a causal link in an unknown chain of events that leads from auxin
perception to the rapid mechanical loosening and turgor-driven expansion of the growth-
controlling outer epidermal wall (Xu et al. 2010). The finding that these evolutionary, highly
conserved eukaryotic small GTP-binding proteins are required for Golgi-mediated vesicle
traffic supports this suggestion (Verma et al. 1994; Thiel & Battey 1998; Takai et al. 2001).
However, our quantitative proteomic analysis revealed no up-regulated glycoprotein in the
outer epidermis, indicating that IAA does not rapidly promote the biosynthesis of novel cell
wall components. As suggested previously (Kutschera 2003), IAA may stimulate the Golgi-
mediated secretion of osmiophilic wall material that is synthesised at a rate independent of
the auxin level within the cells.

In summary, the results of this study indicate that auxin signalling and action in the growth-
controlling epidermis of the rye coleoptile are interconnected processes, but more work is
required to further corroborate this general conclusion.
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Fig. 1.
Photograph of a 3-d-old etiolated seedling of rye (Secale cereale) and an excised 15-mm
coleoptile section, after removal of the enclosed primary leaf (A). In the scanning electron
micrograph of cross-sections of the coleoptile, four different tissue systems are indicated (B,
C). IE = inner epidermis, with small stomata (black and white arrowheads), OE = outer
epidermis with large stomata in the region above the vascular bundles (white arrowheads),
ME = mesophyll, VB = vascular bundle (phloem and xylem). Bars = 0.5 cm in A; 100 μm in
B and C. The white arrow in B points to the flat region of the coleoptile from which
epidermal peels were isolated for protein extraction.
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Fig. 2.
The elongation response of excised 15-mm sections of etiolated rye coleoptiles to added
auxin (IAA, concentration: 10 μM). One hour after cutting (= time zero), batches of ten
coleoptile sections were either incubated in the absence (−IAA) or presence (+IAA) of auxin
and the elongation response recorded. Data represent means of six independent experiments.
The standard errors of the means (± SEM) are not shown because they are smaller than the
size of the symbols. v = average rate of growth.
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Fig. 3.
Effect of auxin (IAA, concentration: 10 μM) on the growth of split coleoptile sections, 15
mm in length, that were cut from 3-d-old etiolated rye seedlings (see Fig. 1). (A, B). After
24 h of incubation in the presence (+IAA) or absence (−IAA) of auxin, large differences are
apparent in the three representative organ segments depicted here. IAA causes an inward
curvature of the split halves via a selective promotion of the elongation of the growth-
limiting outer epidermal wall. Transmission electron micrograph of a cross-section of an
epidermal cell from an IAA-treated rye coleoptile segment (incubation time: 1 h; auxin
concentration: 10 μM). (C). Note the electron-dense osmiophilic nano-particle in the
periplasmic space between the plasma membrane and the cytoplasm. C = cytoplasm, E =
etioplast, M = mitochondrion, N = osmiophilic nano-particle, OEW = outer epidermal wall,
P = plasma membrane, V = vacuole. Bars = 1 cm (A, B); 0.5 μm (C).
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Fig. 4.
Effects of auxin (IAA) on the proteome of rye coleoptile, as revealed with two-dimensional
DIGE analysis of microsomal proteins. Segments, 15 mm in length, were incubated for 2 h
in the presence or absence of auxin (± IAA, concentration: 10 μM). Thereafter, membrane-
associated proteins were extracted and labelled with Cy3 dye (−IAA) or C5 dye (+IAA).
The labelled microsomal proteins were mixed and separated on the first dimension with 24-
cm, pH 3 to pH 10, NL IPG strips, and thereafter on a second dimension with a 10%
polyacrylamide SDS-PAGE gel. The images were analysed with a Typhoon Trio scanner
and superimposed. Protein spots up-regulated in the presence of IAA appear in red, and
those down-regulated in green. Spots that are unaffected by the hormone are yellow.
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Fig. 5.
Effects of auxin (IAA) on the proteome of the outer epidermis in rye coleoptile segments, as
revealed by two-dimensional DIGE analysis of microsomal proteins (A). Coleoptile
segments were incubated for 1 h in the presence or absence of auxin (± IAA, concentration:
10 μM). At the end of the incubation period, epidermal strips were cut from the flat side of
the organ segments, as indicated in Fig. 1B. The down-regulated protein spot no. 4 occurs in
intact coleoptile segments incubated for 0.5 (B), 1.0 (C) and 2.0 h (D) in IAA and, in an
independent second experiment, after 1.0 h of auxin treatment in epidermal cells (E). As in
Fig. 4, protein spots that are up-regulated in the presence of IAA appear in red, and those
down-regulated in green. Proteins that are not affected by the hormone are yellow.
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Fig. 6.
Tandem mass spectrum of a triple-charged precursor ion with mass per charge ratio (m/z) of
754.5048, observed during the LC-MS/MS analysis of the tryptic digest of spot 16 (see Fig.
4). Database searching identified this spectrum as corresponding to the peptide spanning
residues 80–98 of the small Ras-related GTP binding protein of Brachypodium (theoretical
mass of the triple protonated peptide would be 754.6821; measured mass error −0.18 Da).
Fragment ions labelled as yn are C-terminal fragment ions, where the number corresponds to
the number of amino acids present. Ions labelled as bn are N-terminal ions containing the
indicated number of amino acids. The fragments observed are annotated on the peptide
sequence as angled marks. Amino acids in the sequence are indicated using their one-letter
abbreviations: C*, carbamidomethyl cysteine; M*, oxidised methionine; MH2-SOCH4

2+,
side-chain loss of oxidised methionine from precursor ion.
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