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Proteasome targeting of proteins in
Arabidopsis leaf mesophyili,
epidermal and vascular tissues

Julia Svozil, Wilhelm Gruissem and Katja Baerenfaller *

Plant Biotechnology, Department of Biology, Swiss Federal Institute of Technology Zurich, Zurich, Switzerland

Protein and transcript levels are partly decoupled as a function of translation efficiency
and protein degradation. Selective protein degradation via the Ubiquitin-26S proteasome
system (UPS) ensures protein homeostasis and facilitates adjustment of protein
abundance during changing environmental conditions. Since individual leaf tissues have
specialized functions, their protein composition is different and hence also protein
level regulation is expected to differ. To understand UPS function in a tissue-specific
context we developed a method termed Meselect to effectively and rapidly separate
Arabidopsis thaliana leaf epidermal, vascular and mesophyll tissues. Epidermal and
vascular tissue cells are separated mechanically, while mesophyll cells are obtained after
rapid protoplasting. The high yield of proteins was sufficient for tissue-specific proteome
analyses after inhibition of the proteasome with the specific inhibitor Syringolin A (SylA)
and affinity enrichment of ubiquitylated proteins. SylA treatment of leaves resulted in the
accumulation of 225 proteins and identification of 519 ubiquitylated proteins. Proteins
that were exclusively identified in the three different tissue types are consistent with
specific cellular functions. Mesophyll cell proteins were enriched for plastid membrane
translocation complexes as targets of the UPS. Epidermis enzymes of the TCA cycle
and cell wall biosynthesis specifically accumulated after proteasome inhibition, and in
the vascular tissue several enzymes involved in glucosinolate biosynthesis were found
to be ubiquitylated. Our results demonstrate that protein level changes and UPS protein
targets are characteristic of the individual leaf tissues and that the proteasome is relevant
for tissue-specific functions.

Keywords: protein level regulation, ubiquitylation, proteasome inhibition, leaf tissues, epidermis, mesophyll,
vasculature, Arabidopsis thaliana

Introduction

Plant organs are composed of different tissues that are specialized for particular biological
processes and the functionality of the organ is the sum of the functions of each of its tissue
types. Just as each Arabidopsis organ has its own functional proteome map (Baerenfaller
et al., 2008) we also expect that individual tissues have specific protein compositions for their
specific functions. In fully grown leaves, the main leaf tissue types are epidermis, mesophyll
and vasculature. In Arabidopsis, the epidermis is composed of stomata and trichomes that
are embedded in the single cell layer of pavement cells, which are covered with the waxy
cuticle. The adaxial and abaxial epidermal tissues enclose the palisade and spongy mesophyll,
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which represent the main photosynthetic capacity of the leaf.
Embedded in the mesophyll tissue is the vascular tissue, which
consists of phloem, xylem and cambial cells (Tsukaya, 2002).

Considering the specific functions of the different leaf
tissues their protein composition would be expected to vary,
however, leaf tissue-specific proteome information is currently
not available. Since the correlation of absolute protein and
transcript levels and their dynamic changes over time is
limited (Baerenfaller et al., 2008, 2012; Walley et al., 2013),
regulatory processes such as protein degradation likely influence
the composition of tissue-specific proteomes. The activity of
the ubiquitin-26S proteasome system (UPS) should therefore
have specific signatures for individual specialized tissues. We
previously identified changes in leaf protein composition after
proteasome inhibition and a large number of direct UPS targets
in leaves and roots (Svozil et al., 2014). However, the whole
organ information does not have the necessary resolution to
understand UPS function in a tissue-specific context because
by homogenizing organs functional protein signatures cannot
longer be attributed to individual tissues or cell types (Brandt,
2005).

To avoid this limitation and conserve specific information,
different techniques for the separation of tissues or cell types
have been developed. In plants, pollen and tissue culture cells
can be collected effectively because they are not attached to
other tissues. For example, it has been possible to obtain
enough Arabidopsis pollen for a large-scale proteomics study
(Grobei et al,, 2009). Trichomes and root hairs are other
specialized plant cells that can be easily collected for small-
scale proteomics experiments (Wienkoop et al., 2004; Marks
et al., 2008; Brechenmacher et al., 2009; Nestler et al., 2011;
Van Cutsem et al., 2011). Microcapillaries have also been used
to collect cell sap from epidermal cells (Wienkoop et al., 2004)
and vascular S-cells (Koroleva and Cramer, 2011) for proteomic
analyses. However, this method is restricted to accessible cell
types and soluble proteins only. Alternatively, single cell or tissue
types can be precisely excised from tissue sections using laser
capture microdissection, for example epidermal and vascular
cells of maize coleoptiles (Nakazono et al., 2003) and Arabidopsis
vascular bundle cells (Schad et al., 2005). For any other
approach of selecting specific cell types, the cells first need to be
released from their tissue context, which in plants requires the
degradation of cell walls to obtain protoplasts. Leaf mesophyll
and guard cell protoplasts can be easily collected and analyzed
(Zhao et al,, 2008; Zhu et al., 2009). Enrichment of guard
cell protoplasts expressing green fluorescent protein (GFP) has
been achieved using fluorescent activating cell sorting (FACS)
(Gardner et al., 2009). However, FACS of leaf protoplasts is
challenging because of the chlorophyll autofluorescence that can
interfere with the sorting process (Galbraith, 2007). Nevertheless,
FACS in combination with enhancer trap lines expressing GFP
specifically in the leaf epidermal, vasculature or guard cells has
allowed enrichment of the respective cell type (Gronlund et al.,
2012). FACS has also been employed for transcriptome and
proteome analysis of specific cell types in Arabidopsis roots
both under standard and stress conditions (Birnbaum et al.,
2003, 2005; Brady et al, 2007; Dinneny et al., 2008; Petricka

et al, 2012). Recently, a method of protoplasting followed
by sonication and manual separation of cotyledon epidermal
and vascular cells was reported for tissue-specific transcriptome
analyses (Endo et al., 2014). In general, however, single cell and
tissue type-specific high-throughput proteomics experiments are
challenging because of the availability of material and low protein
content of plants cells (Wienkoop et al., 2004; Koroleva and
Cramer, 2011).

To enable tissue-specific proteome analyses we developed a
rapid and effective method for the separation of the different leaf
tissue types (Meselect, mechanical separation of leaf compound
tissues). Here we report the specificity of the method in
separating leaf mesophyll, vasculature and epidermis tissues.
Using Meselect we generated tissue type-specific functional
protein maps and identified responses to inhibition of the
proteasome that account for the diverse composition of the
leaf tissue types. Because Meselect produces a high enough
yield of tissue-specific protein extracts for affinity enrichment
experiments, we found several tissue-specific UPS target proteins
that provide new insights into the role of protein degradation in
tissue functions.

Materials and Methods

Plant Growth and Inhibition of the Proteasome
Seeds of Arabidopsis thaliana ecotype Col-0 were stratified for
2 days in darkness at 4°C and afterwards grown in short
day conditions with 8h light and 16h darkness for 55 days
at 22°C, 70% humidity The proteasome was inhibited by
spraying the adaxial epidermis of leaves with 10 wM Syringolin
A in 0.02% (v/v) Tween 20. As a mock control leaves were
sprayed with 0.02% (v/v) Tween 20 only. The whole rosette
was treated 30-60 min before the end of the night period and
leaves were harvested 8 h after treatment. SylA was produced as
described in Svozil et al. (2014) and was kindly provided by R.
Dudler (University of Zurich, Switzerland). The experiment was
performed in three biological replicates.

Separation of the different Leaf Tissues with the
Meselect Method

After harvesting of the leaf, the TAPE sandwich method (Wu
et al., 2009) was applied to remove the abaxial epidermis from
the leaf. For this, the leaf was positioned between two tape stripes
and the tape facing the abaxial epidermis was removed. The
tape containing the abaxial epidermis was incubated for 15 min
in protoplasting solution (1% cellulase Onozuka RS (Yakult,
Japan), 0.25% macerozyme Onozuka R10 (Yakult, Japan), 0.4 M
mannitol, 10 mM CaCl,, 20 mM KCl, 0.1% BSA and 20 mM MES,
pH 5.7) under constant agitation at 50 rpm. During this process
spongy mesophyll cells adhering to the epidermis are released
into the solution, but the epidermis remains attached to the tape.
The tape including epidermis was washed twice in washing buffer
(154 mM NaCl, 125mM CaCl,, 5mM KCl, 5mM glucose, and
2mM MES, pH 5.7) and frozen in liquid nitrogen. After freezing,
the epidermis could be easily removed from the tape with pre-
cooled tweezers and scrapers. The epidermis was collected in a
pre-cooled mortar, ground, and the tissue powder was stored
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at —80°C until further processing. The remainder of the leaf
without the abaxial epidermis that was attached to the other tape
was incubated for about 1 h in protoplast solution, which releases
the palisade and spongy mesophyll cells into solution. The
mesophyll protoplasts were collected by centrifugation at 200 x g
for 2min at 4°C and washed twice with washing buffer. After
complete removal of the buffer, the protoplasts were frozen in
liquid nitrogen and stored at —80°C until further processing. The
tape with the remaining attached upper epidermal and vascular
tissue was immersed in cold washing buffer. The vascular tissue
network was removed with a tweezer, washed twice in washing
buffer, frozen in liquid nitrogen, and stored at —80°C until
further processing. The remainder of the tape with the attached
adaxial epidermis was discarded because the specificity of the
enrichment could not be confirmed for this tissue.

To verify the enrichment of different leaf tissues types the
Arabidopsis GAL4-GFP enhancer trap lines with specific GFP
expression in the epidermis (KC464), the vasculature (KC274)
and the and mesophyll (JR11-2) were used (Gardner et al., 2009)
(kindly provided by Alex Webb, UK). The leaves of the JR11-
2 line in the C24 ecotype background were too fragile for the
Meselect method. The line was therefore backcrossed four times
in the Col-0 ecotype background to yield sufficiently robust leaves
for the generation of the tissue type-specific protein preparations.

Preparation of the Tissue Type-Specific Protein
Extracts and Western Blot Analysis

For the preparation of the whole leaf and tissue type specific
protein extracts the frozen plant material was ground with a
mortar and pestle and proteins were extracted by incubation with
SDS bufter [4% SDS, 40 mM Tris-base, 5 mM MgCl,, 2x protease
inhibitor mix (Roche)] for 20 min at room temperature (RT).
Non-soluble material was pelleted by centrifugation at RT for
10 min at 16,200 x g. The supernatant was subsequently cleared
by ultracentrifugation at RT for 45 min at 100,000 x g. The SDS
extract of epidermal cells was processed quickly and could not be
stored, neither frozen nor at RT, since proteins will precipitate.

For mass spectrometry measurements, 50-150 g of protein,
depending on the tissue type, were subjected to SDS PAGE on
10% SDS gels. After electrophoretic separation of the proteins,
the proteins were stained with Coomassie brilliant blue R250 and
each lane was cut into 5 sections. Tryptic digest of the proteins
and extraction of the peptides was carried out as described (Svozil
etal., 2014).

For the Western Blots 15pg of each extract were
electrophoretically separated with SDS PAGE on 10% SDS
gels. After blotting, the nitrocellulose membranes were cut
horizontally in two halves. The lower parts were probed with
a-GFP (1:1000 dilution, Roche) and a-mouse antibodies (1:5000,
Roche), and the upper parts with a-HSP90 (1:3000, Agrisera)
and a-rabbit (1:3000, Roche) antibodies. After detection of the
immunofluorescence signal the membranes were stained with
Coomassie R250.

Affinity Enrichment Experiment
Frozen plant material was ground with a mortar and pestle.
Mesophyll tissue cells were collected from 8 to 10 leaves each

of three, vascular tissue of nine, and abaxial epidermal tissue
of four plants. Proteins from mesophyll cells were extracted as
described previously with a sequential extraction using native and
urea buffer (Svozil et al., 2014). Proteins from vascular tissue or
epidermal cells were extracted only with urea buffer. For the pre-
clearing step 500 g protein of mesophyll and vascular tissue in
a total volume of 700-1200 .1 and 400 pg protein of epidermal
tissue in a total volume of 1800l were each washed with
100 pl sepharose CL4B (Sigma-Aldrich). The remaining affinity
enrichment method was performed as described previously
(Svozil et al., 2014).

Mass Spectrometry Measurements

Mass spectrometry measurements were performed using a LTQ
OrbiTrap XL mass spectrometer (Thermo Fisher) coupled to a
NanoLC-AS1 (Eksigent) using electrospray ionization. For LC
separation a capillary column packed with 8 cm C18 beads with a
diameter of 3 um and a pore size of 100 A was used. Peptides
were loaded on the column with a flow rate of 500 nl/min for
16 min and eluted by an increasing acetonitrile gradient from 3%
acetonitrile to 50% acetonitrile for 60 min with a flow rate of 200
nl/min. One scan cycle was comprised of a survey full MS scan
of spectra from m/z 300 to m/z 2000 acquired in the FT-Orbitrap
with a resolution of R = 60,000 at m/z 400, followed by MS/MS
scans of the five highest parent ions. CID was done with a target
value of le4 in the linear trap. Collision energy was set to 28V,
Q value to 0.25, and activation time to 30 ms. Dynamic exclusion
was enabled at a duration of 120s.

Interpretation of MS/MS Spectra

The acquired raw spectra were transformed to mgf data format
and searched against the TAIR10 database (28, download on
January 17th, 2011) (Lamesch et al,, 2012) with concatenated
decoy database and supplemented with common contaminants
(71,032 entries) using the Mascot algorithm (version 2.3.02)
(Mascot Science). The search parameters used were: mass =
monoisotopic, requirement for tryptic ends, 2 missed cleavages
allowed, precursor ion tolerance = =£10ppm, fragment ion
tolerance = +0.8 Da, variable modifications of methionine (M,
PSI-MOD name: oxidation, mono A = 15.995) and static
modifications of cysteine (C, PSI-MOD name: jodoacetamide
derivatized residue, mono A = 57.0215). The diglycine tag that
remains attached to ubiquitylated peptides after tryptic digest was
not included as variable modification because we had previously
observed that the identification of peptide ubiquitylation sites
in complex peptide mixtures in which only a small portion
of the peptides carry the diglycine tag will result in unreliable
identifications (Svozil et al., 2014). Peptide spectrum assignments
with ionscore >30 and expect value <0.015, except those
of known contaminants, were filtered for ambiguity. Peptides
matching to several proteins were excluded from further analyses.
This does not apply to different splice variants of the same
protein or to different loci sharing exactly the same amino acid
sequence. All remaining spectrum assignments were inserted
into the pep2pro database (Baerenfaller et al., 2011; Hirsch-
Hoffmann et al., 2012). The false discovery rate (FDR) was
calculated by dividing the number of reverse hits by the number
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of true hits times 100%. It was 0.55% for the tissue-type
specific extracts and 1.6% for the affinity enrichments. The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://www.proteomexchange.
org) via the PRIDE partner repository (Vizcaino et al., 2013) with
the dataset identifiers PXD000941 and PXD000942. The data are
also available in the pep2pro database at www.pep2pro.ethz.ch.

Statistical Analyses and Selection Criteria

Proteins were quantified by normalized spectral counting
according to Svorzil et al. (2014) by calculating the expected
contribution of each individual protein to the samples total
peptide pool correcting the values using a normalization factor
that balances for the theoretical number of tryptic peptides
per protein and sample depth. The statistical analyses and
selection criteria were applied to each tissue type-specific dataset
separately. For the total protein extracts, proteins with a
minimum of 5 spectra within a tissue type were included in the
quantification. After filtering, the normalized spectral counts for
the proteins in each tissue type were re-normalized by scaling
the average to a value of 1. Proteins were considered changing
in abundance between SylA and mock treatment if the fold-
change of the average relative abundance over three biological
replicates was more than 1.5 and the corresponding p-value in
a paired t-test was smaller than 0.05, or if the fold change was
an outlier. As outliers we considered fold changes that were
higher than the upper adjacent values in boxplot statistics, which
correspond to the values of the largest observation that is less
than or equal to the upper quartile plus 1.5 times the length
of the interquartile range. The upper adjacent values were: 2.94
for the mesophyll, 2.55 for the vasculature and 6.05 for the
epidermis. Those proteins, which were identified in at least two
of the three biological replicates in one treatment and not at
all in the other treatment were also considered as changing in
abundance. Proteins considered to be exclusively identified in a
specific tissue type were detected with a minimum of 5 spectra
in the respective tissue type, but not at all in the other two
tissue types. In the affinity enrichment experiments we required
a minimum of 5 different spectra to call a protein identified.
With these data an index was calculated, where each protein
identification in the UBA-domain affinity enrichment counts +1
and each identification in the sepharose control counts -1 toward
the final index. As an example, an index of 2 either indicates
that the protein was identified in two of the three UBA affinity
enrichment replicates and never in the sepharose control, or that
it was identified in all three UBA affinity enrichment replicates
and only once in the sepharose control. For accepting a protein
to be ubiquitylated we required that the protein had a minimum
index of 2 and was either not detected at all in the sepharose
background control or was at least 5-fold enriched. Analyses were
done using the R algorithm (R Core Team, 2012) (Supplemental
Data Sheet 1).

Go Categorization

GO categorization was performed as described before (Svozil
et al, 2014) using the Ontologizer software (http://compbio.
charite.de/ontologizer) (Bauer et al., 2008) in combination with

the Arabidopsis annotation file considering aspect Biological
Process. Annotations with GO evidence codes IEA (Inferred
from Electronic Annotation) or RCA (Inferred from Reviewed
Computational Analysis) were excluded from analyses. As
background lists the organ-specific protein maps for leaves of the
pep2pro TAIR10 wos dataset were used (Baerenfaller et al., 2011).
Over-representation was assessed with the Topology-weighted
method and the p-values were corrected for multiple testing using
the Bonferroni method. GO categories with a p < 0.01 were
considered significant.

Results

Effective Separation of the Leaf Epidermal,
Vascular, and Mesophyll Tissues

We developed Meselect (mechanical separation of leaf
compound tissues) to specifically enrich the three main leaf tissue
types. The method first utilizes the TAPE sandwich approach
to separate the abaxial epidermis from the remainder of the
leaf (Wu et al.,, 2009). Any attached mesophyll cells are released
by rapid protoplasting, which leaves the epidermal cells intact.
The tape is flash-frozen and the epidermal cells are collected
from the tape with tweezers and scrapers. Mesophyll cells are
released from the remainder of the leaf by rapid protoplasting.
The vascular tissue embedded in the mesophyll tissue remains
intact during protoplasting and is then isolated with a tweezer.
To confirm the specificity of the enrichment we applied Meselect
to leaves of Arabidopsis lines that express GFP specifically
in epidermal, mesophyll and vascular tissues (Gardner et al,
2009) (Figure 1). In the tissue-type specific protein extracts of
leaves from the KC464 line, which expresses GFP exclusively
in the epidermis, the GFP protein was exclusively found in
the epidermal protein extract but not in the protein extract of
vasculature and mesophyll tissues (Figure 1A). Similarly, in the
tissue type-specific protein extracts of leaves of the KC274 line,
which expresses GFP only in the vasculature, GFP was specifically
enriched in the vasculature protein extract (Figure 1C). We
noticed small amount of GFP in the mesophyll but not the
epidermal protein extract. In the JR11-2 line backcrossed with
Col-0, GFP is expressed in the spongy mesophyll and GFP
was detected only the mesophyll protein extract, confirming
that both vasculature and epidermal protein extracts do not
contain mesophyll proteins (Figure 1E). Together, the Meselect
method effectively and efficiently separates the abaxial epidermal,
mesophyll and vascular leaf tissues.

Experimental Design to Detect Tissue-Specific
Proteins and differences in UPS Targeting in
Different Leaf Tissues

We adopted the workflow in Figure2 to investigate tissue-
specific differences in UPS targeting. For this we extracted total
proteins from the three tissues of mock-treated leaves or leaves
that were treated with Syringolin A (SylA), which specifically and
effectively inhibits the UPS (Groll et al., 2008; Svozil et al., 2014).
Together, we identified a total of 1799 distinct proteins and 1114
proteins that were identified with at least 5 spectra in at least one
tissue (Supplemental Table 1). Of these proteins only those were
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35
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FIGURE 1 | Specific enrichment of the epidermal, vascular and
mesophyll tissues using the Meselect method. The different

tissue types were separated using leaves of GAL4-GFP enhancer
trap lines with GFP expression specifically in the epidermal (A,B),
vascular (C,D) or mesophyll (E,F) tissue. The protein blots were
probed with antibodies against GFP (lower panels in A,C,E) and

T % i
o |
3 4

HSP90 (upper panels in A,C,E) as loading control, and
afterwards stained with Coomassie (B,D,F) to show protein
loading. The black lines indicate where the membranes were cut.
Lane 1, epidermal tissue proteins; 2, vascular tissue proteins; 3,
mesophyll tissue proteins; and 4, total leaf proteins. At the left,
the molecular weight is indicated.

considered to change in abundance if one of the following criteria
was met: (i) the fold-change between SylA and mock-treated
samples was >1.5 with a p < 0.05, (ii) the fold-change was large
enough to be considered an outlier according to boxplot statistics,
or (iii) the protein was identified in at least two of three biological
replicates in one condition but not another condition (Table 1,
Supplemental Table 2). Additionally, for tissue specificity we
required that the protein was not identified in the other tissues
(Table 1, Supplemental Table 3). In total, 225 distinct proteins
were found that had increased and 30 that had decreased in
the different leaf tissues after inhibition of the proteasome. As
discussed previously, reduced protein levels could result from
reduced transcription, translation or stabilization of the proteins
after SylA treatment, or from proteasome-independent protein
degradation (Svozil et al,, 2014). In contrast, the proteins that
increased after inhibition of the proteasome are likely targets
of the UPS or participate in pathways that respond to SylA
treatment.

Using the Meselect method the protein yield in the tissue
type-specific extracts was adequate for affinity enrichment
of ubiquitylated proteins from SylA-treated leaves using the
ubiquitin-binding UBA-domain (Sutovsky et al., 2005; Manzano
et al., 2008; Svorzil et al., 2014). To call a UBA affinity-enriched
protein identified we required a minimum of 5 spectra for the
protein in the respective tissue extract. We also calculated an
index, in which each protein identification in the UBA-domain
affinity enrichment counts +1 and in the sepharose control —1
for the final index. We accepted a protein to be ubiquitylated in
a tissue extract if it had a minimum index of 2 and was at least

5-fold enriched over the sepharose background control. Using
these criteria we identified a total of 519 ubiquitylated proteins in
the three different tissues (Table 1, Supplemental Table 4). When
comparing the tissue-specific ubiquitylated proteins with the
reported ubiquitylated proteins identified in whole leaves (Svozil
et al.,, 2014) we identified 161 proteins that are unique to the
leaf tissue-specific dataset (Figure 3). The vascular tissue extract
revealed the highest number of newly identified ubiquitylated
proteins. Together, the separation of leaf tissues indeed allows
the sampling of proteins that remain undetected in the whole
leaf context where they are masked by proteins from abundant
cell types. In the following, the datasets of proteins that are
ubiquitylated and/or accumulate in the mesophyll, vasculature
and epidermis after SylA treatment, as well as proteins identified
in only one of the three tissue extracts, will be analyzed in detail
for their tissue-type specific functions.

Proteins Identified in the Tissue-Specific Protein
Extracts have Specific Roles in the Respective
Tissues

Proteins Identified Exclusively in Mesophyll have
Functions in Photosynthesis

Among the 85 proteins that were only identified in the
mesophyll the GO categories that are most significantly over-
represented are photosynthesis, starch metabolic process and
cellular polysaccharide catabolic process. The proteins in
these categories comprise chloroplast proteases, components
of the photosystems, as well as proteins that facilitate the
incorporation of proteins into the photosystems and a
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treated samples Affinity enrichment of

ubiquitylated proteins with UBA
domain and sepharose as control

\

Protein fractionation with SDS PAGE
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Sample preparation for mass spectrometry
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Mass spectrometry measurements

v v

Conversion of the measurement files into .mgf format

v v

Peptide spectrum assignment with Mascot

v v

Upload of the data into the pep2pro database

FIGURE 2 | Schematic representation of the experimental workflow.

kinase that phosphorylates them (Table2). The proteins and Zeeman, 2012) (Table2), and include proteins such
involved in starch metabolic process can be classified into as INOSITOL MONOPHOSPHATASE FAMILY PROTEIN
two groups, starch biosynthesis and starch breakdown (Streb  (FBPase, AT1G43670) involved in cytosolic sucrose synthesis,
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TABLE 1 | Summary of the number of identified proteins in total protein extracts of epidermal, vascular and mesophyll tissues, and in ubiquitin affinity

enrichments of proteins from the respective tissue types.

Tissue Total protein extract Affinity purification
Proteins Proteins identified Exclusive for SylA Ubiquitylated Exclusive for
identified with >5 spectra each tissue type proteins each tissue type

Accumulation decrease

Epidermis 1105 713 113 107 9 140 23

Vasculature 1161 730 150 61 12 353 132

Mesophyll 768 465 85 86 9 175 80

Total 1799 1114 225 30 519

Epidermis

Mesophyll

Full leaf Vasculature

FIGURE 3 | Venn diagram displaying the number of identified proteins
in a whole leaf extract (Svozil et al., 2014) and in the epidermal,
mesophyll and vascular tissues.

the starch biosynthesis enzyme PHOSPHOGLUCOMUTASE
(PGM, AT5G51820) and the starch breakdown enzyme
PHOSPHOGLUCAN, WATER DIKINASES (GWD3,
AT5G26570). This indicates that starch metabolism is mostly
confined to the mesophyll tissue, although starch granules can
also be observed in guard cells (Stadler et al., 2003), which are
specialized cells in the epidermis.

Epidermis-specific Proteins Function in Defense and
Protection

The epidermis and cuticle form the outer barrier of the leaf to
the environment. Therefore it can be expected that proteins,
which are involved in cuticle formation and immunoprotection
are enriched in the epidermal tissue (Barel and Ginzberg,
2008; Kaspar et al., 2010; Yeats et al., 2010). Indeed, the over-
represented GO categories among the 113 proteins exclusively
identified in the epidermis include innate immune response,
immune response and immune system process, as well as lignin,
cutin, and cell wall pectin biosynthetic process (Table 3). The
proteins responsible for the over-representation of immune
response categories also included HSP90.1, which in addition to
its chaperone function is also required for the R-gene mediated

defense response (Takahashi et al., 2003). HSP90.1 was the only
defense-related protein that accumulated after SylA treatment.
This suggests that most of the identified defense related proteins
are not targeted by the proteasome under these conditions
and that the epidermal cells remain in a responsive state to
counteract biotic stress. The categories cutin biosynthetic process
and cell wall pectin biosynthetic process include proteins that were
also identified to accumulate after inhibition of the proteasome
(Table 3). These are the enzymes GLYCEROL-3-PHOSPHATE-
SN-2-ACYLTRANSFERASE (GPAT4, AT1G01610) important
for cutin biogenesis (Li et al., 2007; Yang et al, 2010),
DEFICIENT IN CUTIN FERULATE (DCF AT3G48720) that
catalyzes the feruloylation of w-hydroxy fatty acids, which are
one type of cutin monomers (Rautengarten et al., 2012) as well as
GALACTURONOSYLTRANSFERASE 1 (GAUT1, AT3G61130)
and 8 (GAUTS8/QUAI1, AT3G25140). GAUTI1 functions in
an enzymatic complex that catalyzes the elongation step of
homogalacturonan synthesis. GAUT8 may also function in
homogalacturonan synthesis, and it was suggested to work
in the hemicellulose pathway because gaut8 mutants have a
marked reduction in xylan synthase activity (Atmodjo et al.,
2013). GAUT1 and GAUT?7 are part of a complex that also
includes KORRIGAN 1 (KOR1, AT5G49720) (Atmodjo et al,
2011) that is involved in cellulose biosynthesis and my form
a link between cellulose and pectin biosynthesis and was also
identified to accumulate after SylA treatment. The functions
of the proteins identified exclusively in the epidermal protein
extract are therefore important for establishing the special
characteristics of the epidermal cell wall. Their accumulation
after treatment with SylA might either point to their involvement
in the general response to the treatment, or indicate that protein
degradation by the UPS is one way to regulate epidermal cell wall
composition.

The two cinnamyl alcohol dehydrogenases CAD7 and CAD9
that were identified with 94 and 168 spectra, respectively, are
involved in lignin biosynthesis (Sibout et al., 2005; Eudes et al.,
2006), but their enzymatic activities were reported to be either
low or non-detectable (Kim et al, 2007). GUS staining in
Arabidopsis showed that the expression or localization pattern
of CAD7 and CAD9 changes during development. They are
exclusively expressed in the vasculature of leaves in 2 week old
seedlings, but at a later developmental stage that corresponds to
the age of the leaves used in our experiments, they are localized in
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TABLE 2 | Proteins that were exclusively identified in the mesophyll tissue and that were assigned to the significantly over-represented GO categories

photosynthesis and starch metabolic process.

AGI Name Description GO category Function

AT1G50250 FtsH1 FTSH protease 1 Photosynthesis Protease

AT5G35220 EGY1 Peptidase M50 family protein

AT1G73060 LPA3 Low PSIlI accumulation 3 Incorporation of proteins in
AT4G01800  AGY1 Albino or glassy yellow 1 photosystems
AT2G45770 cpFTSY  Signal recognition particle receptor protein, chloroplast (FTSY)

AT1G08380 PSAO Photosystem | subunit O Photosystem components
ATCGO1010  NDHF NADH-Ubiquinone oxidoreductase (complex I), chain 5 protein

ATCGO1110  NDHH NAD(P)H dehydrogenase subunit H

AT1G15980 NDH48 NDH-dependent cyclic electron flow 1

AT5G01920 STN8 Protein kinase superfamily protein Phosphorylation of

photosystems

ATAG04020  FIB Fibrillin

Photoinhibition

AT1G43670 FBPase Inositol monophosphatase family protein Photosynthesis, Starch Conversion triose-P to sucrose
metabolic process

AT5G51820 PGM Phosphoglucomutase Starch metabolic process Starch biosynthesis

AT5G19220 APL1 ADP glucose pyrophosphorylase large subunit 1

AT2G41680 NTRC NADPH-dependent thioredoxin reductase C

AT5G03650 BE2 Starch branching enzyme 2.2

Starch breakdown

AT5G26570 GWDS3 Catalytics;carbohydrate kinases;phosphoglucan, water dikinases
AT3G52180 SEX4 Dual specificity protein phosphatase (DsPTP1) family protein
AT4G00490 BAM2 Beta-amylase 2

AT4G17090 BAM3 Chloroplast beta-amylase

trichomes and hydatodes (Kim et al., 2007). However, the analysis
of CAD7 and CAD? transcript accumulation over anatomy using
Genevestigator (Hruz et al., 2008) revealed that their highest
transcript levels were specifically detected in the translatome
of the leaf epidermis (Mustroph et al., 2009). Additionally, the
mRNAs of CAD7 and CAD9 and 20 additional epidermis-specific
proteins were classified into the epidermis-specific translatome
cluster (Mustroph et al., 2009) (Supplemental Table 3). The large
overlap between exclusively identified epidermal proteins and the
epidermis-specific translatome emphasizes that information on
translated transcripts or proteins is important to assess tissue
specific functions.

Comparison of Leaf and Root Epidermal and
Vascular Tissue Proteins Reveals Tissue- and
Organ-specific Processes

When comparing the identified leaf vascular tissue protein set
with the root vascular tissue proteins previously reported by
Petricka et al. (2012) we found an overlap of 365 proteins.
In the set of 920 proteins that were identified in the root
vascular tissue, but not in the leaf vascular tissue, GO biological
processes such as protein targeting to mitochondrion and fatty
acid B-oxidation were over-represented, corresponding well with
root as a heterotrophic organ. In contrast, the 365 proteins
that were identified in the leaf vascular tissue, but not in the

root vascular tissue, were assigned to glucosinolate biosynthesis,
processes related to photosynthesis, and response to light stimulus.
The latter two were also over-represented in the 505 proteins
that were identified in the leaf epidermis, but not in the root
epidermis. In addition, indole catabolic process and defense to
fungus were over-represented in the proteins identified in the leaf
epidermis, but not in the root epidermis. In contrast, the 506
proteins that were identified in the root epidermis, but not in the
leaf epidermis, were over-represented for fatty acid B-oxidation,
amino acid, and sterol biosynthesis, and thalianol metabolism.
Thalianol is a secondary metabolite that can be detected in
Arabidopsis roots (Field and Osbourn, 2008). This demonstrates
that the identified tissue type-specific proteins in different organs
correspond to the specific functions of the respective tissue type
and plant organ.

SylA-dependent Accumulating and Ubiquitylated
Proteins in the Mesophyll Reveal that
UPS-mediated Protein Degradation Modulates
Plastid Protein Composition

Altogether we found that more than 50% of the ubiquitylated
and more than 67% of the accumulating proteins detected
in the mesophyll are predicted to be localized in the plastid
according to SUBAcon in the SUBA3 database (Tanz et al.,
2013). Furthermore, three of the four most significantly
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TABLE 3 | Proteins that were exclusively identified in the epidermis and that were assigned to the significantly over-represented GO categories innate
immunity and immune response, as well as the categories related to cell wall biosynthesis lignin biosynthetic process, cutin biosynthetic process, and

cell wall pectin biosynthetic process.

AGI Name Accumulation  Description GO category Function
after SylA
AT3G15356 Legume lectin family protein Defense response, incompatible
AT4G16260 Glycosyl hydrolase superfamily protein interaction
AT1G02920 GSTF7 Glutathione S-transferase 7
AT3G04720 PR4 - Pathogenesis-related 4 Systemic acquired resistance
AT2G44490 PEN2 Glycosyl hydrolase superfamily protein Innate immunity, Immune Glucosinolate breakdown
AT5G44070 PCS1 Phytochelatin synthase 1 response
AT2G26560 PLA2A Phospholipase A 2A Balance between cell death and
defense signaling
AT5G52640 HSP90.1 + Heat shock protein 90.1 R-gene mediated resistance
AT3G11820 SYP121 Syntaxin of plants 121 Negative regulator of defense
pathways
AT4G37980 CAD7, ELI3-1, CADB1 Elicitor-activated gene 3-1 Innate immunity, Immune Hypersensitive response
response, Lignin biosynthetic  Lignin biosynthesis
process
AT4G39330 CAD9 Cinnamy! alcohol dehydrogenase 9 Lignin biosynthetic process Lignin biosynthesis
AT1G01610 GPAT4 + Glycerol-3-phosphate acyltransferase 4 Modification of cutin monomers
Cutin biosynthetic process
AT3G48720 DCF + HXXXD-type acyl-transferase family utin biosy o P
protein
AT3G25140 QUAT1, GAUT8 + Nucleotide-diphospho-sugar transferases Homogalacturonate biosynthesis
superfamily protein Cell wall pectin biosynthetic
AT3G61130 GAUTH ¥ Galacturonosyltransferase 1 process

In column “Accumulation after SylA” “+” indicates accumulation and “—” decreased protein amount after treatment with SylA.

over-represented GO categories of the proteins that accumulated
in the mesophyll after SylA treatment are protein targeting to
chloroplast, establishment of protein localization to chloroplast,
and protein localization to chloroplast. These categories
are also over-represented in the identified ubiquitylated
mesophyll proteins. Proteins of the plastid import complexes
that accumulated after SylA treatment are TRANSLOCON
COMPLEXES AT THE OUTER CHLOROPLAST ENVELOPE
MEMBRANE 75-11I (TOC75-111, AT3G46740), CHLOROPLAST
SIGNAL RECOGNITION PARTICLE 54  (cpSRP54,
AT5G03940), the translocase ALBINO 3 (ALB3; AT2G28800),
the chloroplast chaperone CHLOROPLAST HEAT SHOCK
PROTEIN 70-2 (cpHsc70-2, AT5G03940) and TRANSLOCON
COMPLEXES AT THE INNER CHLOROPLAST ENVELOPE
MEMBRANE 55 (TIC55, AT2G24820). TOC75-III is the
channel protein in the TOC complex and TIC55 is a component
of the redox regulon of the TIC complex (Kovics-Bogdan
et al, 2010). Stromal Hsp70 is important for the import of
precursor proteins (Su and Li, 2010), while the cpSRP consisting
of cpSRP54 and cpSRP43 facilitates the passage of imported
proteins through the stroma to the thylakoids (Falk and Sinning,
2010). The identified ubiquitylated mesophyll proteins included

the TOC complex protein TOC159 (AT4G02510), cpSRP43
(AT2G47450) and HEAT SHOCK PROTEIN 90.5 (HSP90.5;
AT2G04030). Since many of the accumulating and ubiquitylated
mesophyll proteins are associated with plastid import, we
compared the accumulating proteins with the set of proteins that
were decreased in a TOC159-deficient mutant and are therefore
putative TOC159-dependent substrates (Bischof et al., 2011). The
10 proteins in the overlap are likely proteins that are transported
via the plastid import machinery and whose pre-proteins are
targets of the UPS (Supplemental Table 2). Additional plastid-
localized proteins that accumulated after SylA treatment are
part of the plastid proteolysis system and include the proteases
ORGANELLAR OLIGOPEPTIDASE (OOP; AT5G65620)
and PRESEQUENCE PROTEASE 1 (PREP1; AT3G19170), as
well as proteins involved in chloroplast protein degradation,
namely the FtsH1 (AT1G50250), FtsH2 (AT2G30950), and
FtsH8 (AT1G06430) subunits of the FtsH membrane-bound
metalloprotease complex, the DEG2 (AT2G47940) subunit of
the Degradation of periplasmic proteins (Deg)/high temperature
requirement A (HtrA) protease, and the ClpB3 (AT5G15450)
subunit of the CLP proteases. Another subunit of the CLP
proteases, ClpP4 (AT5G45390) was found to be ubiquitylated.
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Together, the identification of the above proteins as accumulating
or ubiquitylated proteins suggests that these proteins are subject
to proteasome degradation and indicates that the UPS is involved
in modulating the protein composition in the plastid.

Proteins that Accumulate in the Epidermis After
SylA Treatment Function in the Non-cyclic Flux
Mode of the TCA Cycle

In the list of proteins that accumulated in the epidermis after
SylA treatment, GO categories related to tricarboxylic acid
(TCA) cycle and cell wall biosynthesis were over-represented.
The plant TCA cycle produces not only reducing equivalents
and ATP, but also carbon skeletons for the synthesis of amino
acids (Millar et al., 2011; Nunes-Nesi et al., 2013). The non-
cyclic flux mode of the TCA cycle produces 2-oxoglutarate
as precursor for the amino acids glutamate and glutamine,
which are the products of nitrate assimilation (Sweetlove et al.,
2010). We found a remarkably high overlap in the epidermis
between proteins involved in the non-cyclic flux mode of the
TCA cycle and proteins that accumulated after SylA treatment
(Figure 4). In addition to mitochondrial proteins that are
directly involved in the TCA cycle, cytosolic proteins from
connected pathways also accumulated after SylA treatment.
This suggests that inhibition of the proteasome might deplete
the pool of free amino acids, thus leading to increased de
novo synthesis of glutamine and glutamate. Consistent with

this hypothesis, NITRITE REDUCTASE 1 (NIR1, AT2G15620),
which produces the ammonium required for the biosynthesis of
glutamine and glutamate in the plastid, and DICARBOXYLATE
TRANSPORT 2.1 (DiT2.1, AT5G64290), which transports
glutamate from the plastid into the cytosol in exchange for
malate (Renné et al., 2003), also accumulated after SylA
treatment. The two mitochondrial proteins NADPH:QUINONE
OXIDOREDUCTASE (AT3G27890) and a subunit of ATP
synthase (AT4G29480) are involved in metabolizing NADH and
FADH?2 and generating ATP, respectively, and are thus part of
the full TCA cycle. Their decrease after SylA treatment therefore
supports the hypothesis of the TCA cycle operating in a non-
flux mode in the epidermis. On the other hand, ATP:citrate
lyase (ACL), which utilizes citrate to produce acetyl-CoA and
thereby removes substrate from the non-cyclic flux mode TCA
cycle, accumulates after SylA treatment. Cytosolic acetyl-CoA is
required for the biosynthesis of a range of metabolites including
elongated fatty acids (Fatland et al., 2005). Increased levels of
ACL might therefore suggest an increased requirement for acetyl-
CoA after SylA treatment.

None of the described enzymes of the core TCA cycle
was identified to be ubiquitylated. However, CYTOSOLIC
NADP+-DEPENDENT ISOCITRATE DEHYDROGENASE
(CICDH, AT1G65930) and the enzymes of glutamate
metabolism, GLUTAMATE DEHYDROGENASE 1 and 2
(GDH1, AT5G18170; GDH2, AT5G07440), GLUTAMATE

Pyruvate
kinase

PEP ——— Pyruvate

— Accumulating protein
— Ubiquitylated protein

PPczl
DER Pyruvate
Pyruvate
> dehydrogenase Acetyl CoA + OAA
Acetyl CoA
ACLB
CS
- OAA Cltrate > Citrate
Glutamate | DiT2 A Aconltas\
Malate < » Malate "
Isocitrate > Isocnrate
Plastid FUM
Fumarate V
v 2- oxoglutarate > 2-oxoglutarate
Cytosol ‘Succinate“ v ¢
Glutamate « > Glutamate

Mitochondrium

FIGURE 4 | Schematic overview of the TCA cycle and associated
pathways. The enzymes that accumulated in the epidermis after SylA
treatment are indicated in their proposed subcellular compartment.
Reactions for which the corresponding enzyme did not accumulate after SylA
treatment are indicated by a dotted line, and those for which the
corresponding enzyme was ubiquitylated by a blue line. PPC2, PEP

carboxylase (AT2G42600); pyruvate kinase (AT5G56350); pyruvate
dehydrogenase, E2 subunit (AT3G13930); CS, citrate synthase
(AT2G44350); aconitase (AT4G35830); IDH, isocitrate dehydrogenase
(AT4G35260); FUM, fumarase (AT2G47510); ACLB-2, ATP:citrate lyase,
subunit B (AT5G49460) and ACLB-1 (AT3G06650); DiT2, dicarboxylate
transport 2.1 (AT6G64290); OAA, oxaloacetate; PEP, phosphoenolpyruvate.
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DECARBOXYLASE 2 (AT1G65960) and GLUTAMINE
SYNTHETASE 2 (AT5G35630), were ubiquitylated and are
therefore putative targets of the UPS.

The expression of GDH subunits was reported to be limited
to companion cells of roots and shoots for GDH1 and GDH2,
or only roots for GDH3 (Fontaine et al., 2012). However, we
identified GDH1 and GDH2 both in the affinity enrichments
and in total extracts of epidermis and vasculature, and GDH3
was identified in the total vasculature extract. These localization
data are supported by the cell-type specific leaf translatome
data (Mustroph and Bailey-Serres, 2010), which indicates that
the GDH subunit proteins are present in more tissues than
previously reported and that their levels and the subunit
composition of the GDH enzyme might be regulated by
the UPS.

Glucosinolate Biosynthesis Occurs Primarily in
the Vascular Tissue and is Regulated by UPS
Targeting

In vascular tissue protein extracts we identified an exceptionally
high number of 353 ubiquitylated proteins (Table 1). Apart
from various response pathways, the GO category glucosinolate
biosynthetic process was over-represented in this set of proteins.
This category was also over-represented in the list of proteins
that were exclusively identified in the vascular but not in
the epidermal or mesophyll tissue protein extracts (Table 4).
Glucosinolates are derived from different amino acids, including
methionine and phenylalanine. Depending on the amino acid
precursor, they are assigned to different groups. Here, we focus
on the biosynthesis of aliphatic glucosinolates, since the identified
ubiquitylated proteins mainly catalyze reactions in this pathway.

TABLE 4 | Proteins involved in glucosinolate metabolism identified in the tissue protein extracts and their ubiquitin affinity enrichments.

AGI Name Description Process Tissue protein Affinity
extracts enrichments
o
& c8 £ c8
£ 23 g 23
3 S¢ 3 S¢
AT3G19710 BCAT4 Branched-chain aminotransferase4 Methionine chain 230 X 62 X
AT5G23010 MAM1 Methylthioalkylmalate synthase 1 elongation 156 X 69
AT4G13430 ATLEUCAH, IPMI LSU1 Isopropyl malate isomerase large subunit 1 140 X 39 X
AT2G43100 IPMI SSU2 Isopropylmalate isomerase 2 11 X
AT3G58990 IPMI SSU3 Isopropylmalate isomerase 1 17 X
AT5G 14200 IMD1,IPMDH1 Isopropylmalate dehydrogenase 1 257 X 80 X
AT3G49680 BCAT3 Branched-chain aminotransferase3 14 X 14 X
AT1G16410 CYP79F1 Cytochrome p450 79f1 Glucone core structure 102 X
AT4G13770 CYP83A1 Cytochrome P450, family 83, subfamily A, formation 146 X
polypeptide 1
AT1G78370 GSTU20 Glutathione S-transferase TAU 20 179 X 48 X
AT4G30530 GGP1 Gamma glutamyl peptidase 1 47 33
AT2G20610 SUR1 Tyrosine transaminase family protein, 182 X 60 X
superroot 1
AT2G31790 UGT74CA UDP-Glycosyltransferase superfamily 38 X 11 X
protein
AT1G74090 STbb, SOT18 Desulfo-glucosinolate sulfotransferase 18 37 X 20 X
AT1G18590 ST5¢, SOT17 Sulfotransferase 17 61 X 14 X
AT1G65860 FMO GSOX1 Flavin-monooxygenase glucosinolate Secondary side-chain 6 X
S-oxygenase 1 modification
AT1G62560 FMO GSOX3 Flavin-monooxygenase glucosinolate 13 X 15 X
S-oxygenase 3
AT2G25450 GS-OH 2-oxoglutarate (20G) and Fe(ll)-dependent 57 27 X
oxygenase superfamily protein
AT2G43910 ATHOL1 Harmless to ozone layer 1 Glucosinolate 16
AT5G26000 TGGH1 Thioglucoside glucohydrolase 1 degradation 1815 225
AT5G25980 TGG2 Glucoside glucohydrolase 2 515 99

Proteins were assigned to the different processes in glucosinolate biosynthesis and breakdown. In columns “Identified” and “Ubiquitylated” the numbers of spectra are indicated with
which the protein was identified. “x” indicates exclusive identification of the respective protein in the vascular protein extract.
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The biosynthesis of aliphatic glucosinolates involves three major
steps (Grubb and Abel, 2006; Sawada et al., 2009; Senderby
et al, 2010). The first step is methionine chain elongation,
which includes methionine deamination, repeated condensation,
isomerization, oxidative decarboxylation and transamination.
The proteins involved in this step were exclusively identified
in vascular tissue protein extract and in affinity enriched
ubiquitylated proteins from vascular tissue (Table 4, Figure 5).
In the second step the glucone core structure is formed,
which involves the incorporation of sulfur. All of the identified
enzymes of the core biosynthetic process except for GGP1
were also identified exclusively in the vascular tissue protein
extract or after affinity purification (Table4, Figure5). The
third and last step in glucosinolate biosynthesis is secondary
side chain modification. The identified enzymes in this process
were found to be ubiquitylated exclusively in the vasculature
tissue (Figure 5; Table 4). In summary, we identified most of the
enzymes that catalyze the core biosynthetic steps of glucosinolate
biosynthesis only in vascular tissue extracts and in affinity-
enriched ubiquitylated proteins from the vascular tissue.
Glucosinolate breakdown is catalyzed by myrosinases and
produces toxic isothiocyanates and nitriles and other reactive
products that are important in plant defense. Due to the toxicity
of the degradation products glucosinolates and myrosinases
are located in different cell types and only brought together
after tissue damage or transport of glucosinolates (Grubb and
Abel, 2006; Halkier and Gershenzon, 2006; Wittstock and
Burow, 2010). While we found a strong tissue-type specificity
in glucosinolate biosynthesis, the localization of the two
Arabidopsis myrosinases TGG1 and TGG2 is more widespread,
as they were identified in all tissue-specific protein extracts
with highest levels in the epidermis, and also as ubiquitylated

proteins (Table 4). This broad expression pattern of the TGG1
and TGG2 proteins corresponds very well with their transcript
translation data in the Arabidopsis translatome atlas (Mustroph
and Bailey-Serres, 2010), although previous studies had found
their expression to be limited to guard cells and phloem myrosin
cell idioblasts (Koroleva et al., 2000; Andréasson et al., 2001;
Husebye et al., 2002; Thangstad et al., 2004; Zhao et al., 2008).

Following myrosinase action, the S-adenosyl-l1-methionine-
dependent methyltransferase HARMLESS TO OZONE LAYER
1 (ATHOL1) converts thiocyanate to methylthiocyanate
(Nagatoshi and Nakamura, 2009). ATHOL1 was the only
protein in the glucosinolate pathway that accumulated after SylA
treatment. Together, the large number of identified ubiquitylated
enzymes suggests that glucosinolate synthesis and metabolism
are tightly controlled by the UPS.

Discussion

Cellular processes and responses that are analyzed in the total
leaf context cannot reveal the contribution of specific tissues.
We therefore developed a method to effectively separate different
leaf tissues and to investigate tissue-specific processes and the
response to treatment of the leaf with SylA, which inhibits
the proteasome. The Meselect method described here is an
effective, high-yielding method to separate mesophyll, epidermal
and vascular tissues. We demonstrated that the resulting tissue
type-specific protein extracts had essentially no contaminations
from other tissues. Since the separation of the three tissues takes
only approximately 1h, it provides a clear advantage over other
methods such as FACS. In addition, Meselect does not require
the use of specific fluorescent reporter lines and is therefore
compatible with experimental workflows using wild type or

A Methionine chain elongation

B Glucone formation

NOSO,

C Side chain modification

NOSO;

FIGURE 5 | Schematic overview of the aliphatic glucosinolate
biosynthesis consisting of methionine chain elongation (A), glucone
formation (B) and side chain modification (C), displaying the proteins
that were exclusively identified in the vascular but not in the epidermal
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\\s COOH \\S/X\\ﬁ/k\COOH
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1.) Deamination: BCAT4

2.) Condensation: MAM1,

3.) Isomerisation: IPMI LSU1, IPMI SSU2, IPMISSU3
4.) Oxidative decarboxylation: IPMDH1,

5.) Transamination: BCAT3

1.) Oxidation: CYP79F1,

2.) Oxidation: CYP83A1

3.) Conjugation: GSTU20,
4.) Sulfur donor step: GGP1
5.) C-S cleavage: SUR1

6.) Glucosylation: UGT74C1
7.) Sulfation: SOT17, SOT18

or spontaneous

- S-oxygenation: FMO GSOX1,
FMO GSOX3,

- Branching: ,

- Dioxygenation: GS-OH

or mesophyll tissue extracts (green), that were exclusively identified as
ubiquitylated in the vascular but not in the epidermal or mesophyll
tissue extracts (blue), or both (red). In brown the proteins that were not
exclusively identified in vasculature and in gray those that were not identified.
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any transgenic plants. Meselect furthermore allows the isolation
of the three different tissues from the same leaves, permitting
comparisons between the tissue types and the elucidation of
tissue type-specific processes. Employing the Meselect method
reduced the complexity of the total leaf protein samples and
therefore increased the sensitivity of the analysis. Our approach
resulted in the identification of proteins that were exclusively
found in the respective tissue types, of proteins that accumulated
after SylA treatment and of proteins that are ubiquitylated. Based
on the resulting protein lists we could assign specific processes
and UPS targets to each of the three tissues.

The proteins identified in the tissue-type specific extracts
are indicative of specific functions of the respective tissue.
For example, proteins exclusively identified in mesophyll
are related to photosynthesis as well as starch and sugar
metabolic processes, and proteins in the epidermis function in
defense and leaf protection. The tissue localization of other
proteins that we detected in several tissue types, e.g., GDH
subunits, CAD7/CAD9 and TGG1/TGG2 corresponded with the
localization information in the cell-type specific leaf translatome
atlas (Mustroph and Bailey-Serres, 2010). These proteins are
therefore more ubiquitously expressed than previously reported.
This supports our view that tissue-specific protein expression
data enhance our understanding of tissue-specific processes and
that tissue-type specific protein localization cannot be inferred
from transcript expression data only.

Interestingly, many of the identified ubiquitylated and
SylA-dependent accumulating proteins in the mesophyll are
localized to the plastid. Cytosolic precursors of plastid-localized
proteins are known to be degraded by the proteasome
following ubiquitylation (Shen et al., 2007a,b; Lee et al., 2009,
2013). A direct interaction between the transit peptide and
the 26S proteasome has been reported for certain plastid-
localized proteins that may target plastid protein precursors
for degradation if they are not imported (Sako et al., 2014).
We therefore suggest that the ubiquitylated and SylA-dependent
accumulating proteins we identified are pre-proteins that
would normally be ubiquitylated and degraded in the cytosol.
Furthermore, plastid import complexes themselves seem to be
substrates of the UPS because E3 ligase SP1 associates with TOC
complexes and mediates the ubiquitylation and degradation of
TOC subunits such as TOC159 (Ling et al., 2012). We identified
TOC159 and additional proteins associated with plastid transport
to be ubiquitylated or accumulating after SylA treatment. UPS-
mediated protein degradation might therefore modulate plastid
protein composition not only by the degradation of cytosolic
precursor proteins, but also by reorganization of the protein
import machinery.

The UPS may also affect plastid protein homeostasis by
degrading enzymes of the plastid proteolysis system involved in
transit peptide cleavage and recycling, protein maturation and
degradation (Adam et al., 2006; Van Wijk, 2015). After import,
transit peptides of plastid-localized proteins are cleaved off in
the stroma and are subsequently degraded by proteases including
PREP1 and OOP (Richter and Lamppa, 1998; Kmiec and Glaser,
2012), which accumulated after inhibition of the proteasome.
Protein homeostasis in the chloroplast depends on protein

degradation systems of the FtsH complex, the Clp protease
system, and additional proteases (Adam et al., 2006; Van Wijk,
2015). For example, the soluble protease DEG2 in cooperation
with FtsH subunits is involved in repair of photosystem II by
degrading the D1 reaction center protein that is damaged by
light and needs to be replaced (Zaltsman et al., 2005; Kato et al.,
2012). ClpB3 was shown to be essential for normal chloroplast
development (Lee et al., 2007; Singh and Grover, 2010). It has
also been reported that the UPS targets the precursors of the
plastid proteases FtsH1 and ClpP4 for degradation (Shen et al.,
2007a,b). Our finding that several proteins of the chloroplast
protein degradation systems accumulated after SylA treatment
suggests that the UPS is involved in plastid protein homeostasis
by controlling the cytosolic accumulation of precursor proteins
that themselves have proteolytic activities.

Glucosinolate biosynthesis and metabolism is an excellent
example for tissue type-specific localization of proteins.
Glucosinolates are sulfur-containing secondary compounds
that participate in plant defense. Upon mechanical wounding
of leaves, glucosinolates are hydrolysed by myrosinases
that produce various toxic breakdown products, especially
isothiocyanates and nitriles (Grubb and Abel, 2006; Halkier
and Gershenzon, 2006). Because of the toxicity of glucosinolate
breakdown products glucosinolate biosynthetic enzymes and
myrosinases should not co-localize. While glucosinolates are
mainly stored in vascular S-cells, myrosinases were reported
to be expressed in guard cells and in idioblasts, which are
located in the phloem parenchyma (Koroleva et al., 2000;
Andréasson et al., 2001; Husebye et al., 2002; Thangstad et al.,
2004; Grubb and Abel, 2006; Zhao et al., 2008; Wittstock
and Burow, 2010). Correspondingly, we identified most of
the aliphatic glucosinolate biosynthesis enzymes specifically
in vascular tissue extracts. In contrast to previous reports of
results from promoter:GUS expression constructs (Husebye
et al,, 2002; Thangstad et al., 2004), we detected the myrosinases
TGG1 and TGG2 in all tissue types with highest levels in
the epidermis. In Arabidopsis, vegetative rosette leaves are
the major site of aliphatic, methionine-derived glucosinolate
biosynthesis and storage (Andersen et al., 2013). Accordingly,
we found the GO category glucosinolate biosynthetic process
over-represented for proteins that were identified in the leaf,
but not in the root vasculature (Petricka et al., 2012). As many
of the glucosinolate biosynthetic enzymes were found to be
ubiquitylated, the levels of these enzymes seem to be controlled
by the UPS. Further experiments are required to clarify if
targeted degradation regulates the tissue-type specific protein
expression of the glucosinolate biosynthetic enzymes and their
increased accumulation after the plant defense response has been
triggered.

In the epidermis we found that many proteins of the non-
cyclic flux mode of the TCA cycle accumulated after inhibition of
the proteasome. In normal and carbon starvation conditions the
TCA cycle drives ATP synthesis by the oxidation of respiratory
substrates. Also, energy and stress signaling are thought to
converge because under conditions of carbon deprivation,
protein degradation is a key process for recycling cellular
molecules (Baena-Gonzdlez and Sheen, 2008). Furthermore,
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UPS-mediated protein degradation has an important role in
adaptation to carbon and nitrogen availability (Kang and Turano,
2003; Sato et al., 2011). However, in the non-cyclic flux mode,
the TCA cycle can provide C skeletons for the biosynthesis of
the primary amino acids glutamine and glutamate as well as
other metabolites (Sweetlove et al., 2010). One of the functions
of the proteasome system is to maintain the free amino acid
pools that are needed for protein synthesis through continuous
degradation of proteins (Vierstra, 1996; Zhang et al., 2014).
Complete recycling of amino acids first involves the partial
cleavage of proteins by the UPS followed by further degradation
to free amino acids by various endo- and exopeptidases (Book
et al., 2005). Inhibition of the proteasome therefore may deplete
the pools of free amino acids. It was suggested that the supply
of free amino acids is linked to the rate of proteolysis and
that low amino acid supplies are monitored in the cell by the
increasing levels of uncharged tRNAs (Vierstra, 1996). Depleted
pools of free amino acids after proteasome inhibition may
therefore lead to enhanced de novo synthesis of the primary
amino acids glutamine and glutamate through activation of the
non-cyclic flux mode of the TCA cycle. The mode of the TCA
cycle might therefore switch between providing 2-oxoglutarate
for amino acid synthesis or consuming 2-oxoglutarate for the
provision of pyruvate, depending on the metabolic status of the
cell and the availability of carbon, nitrogen, and amino acids.
The coordination of carbon and nitrogen metabolism involves
the inter-conversion of keto acids and amino acids, which
is catalyzed by the enzyme glutamate dehydrogenase (GDH)
(Melo-Oliveira et al, 1996; Forde and Lea, 2007; Miyashita
and Good, 2008). We found that the GDH subunit proteins
are present in all three leaf tissues and that they are possible
targets of the UPS. In addition, CICDH that converts isocitrate
to 2-oxoglutarate in the cytosol was also ubiquitylated. For
darkened leaves, citrate is known to be catabolized through the
TCA cycle, but in illuminated leaves, some of the produced citrate
is exported from the mitochondrium to the cytosol, bypassing
the mitochondrial aconitase and isocitrate dehydrogenase steps,
to produce 2-oxoglutarate via cytosolic reactions (Hanning and
Heldt, 1993; Lee et al., 2010). The ubiquitylation of the cytosolic
enzymes for glutamate and glutamine synthesis indicates that the
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