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Quantitative Proteomics Reveals Factors
Regulating RNA Biology as Dynamic Targets of
Stress-induced SUMOylation in Arabidopsis*□
S
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The ability of cellular organisms to cope with environmental
challenges requires the detection and immediate initiation of
defense responses designed to mitigate the damage inflicted
and enhance the organism’s ability to tolerate future insults.
For sessile organisms such as plants, robust stress responses
are fundamental to their survival in a wide range of adverse
environments (1, 2). Genetic and biochemical studies have
identified a plethora of input pathways and output responses
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for stress protection in both prokaryotes and eukaryotes.
Universally important is the synthesis of heat shock proteins
that minimize protein aggregation and stimulate protein refolding through intrinsic chaperone activities (3).
The stress-induced modification of intracellular proteins by
small ubiquitin-like modifier (SUMO)1 has recently emerged as
an additional line of defense in eukaryotes (4 – 6). Attachment
of the ⬃100-amino-acid SUMO protein is driven by an ATPdependent, three-step enzyme cascade, which in Arabidopsis
thaliana involves the E1 heterodimer (SAE2 together with either of two SAE1 isoforms), a single E2 SCE1, and at least two
E3s (SAP, MIZ1 (SIZ1), and MMS21/HYP2) (7–11). The end
result is the isopeptide linkage of one or more SUMO moieties
to accessible target lysine(s). Most commonly, a consensus
⌿KxE SUMO-binding motif is modified, where ⌿ represents a
bulky hydrophobic residue (12, 13). In some cases, the bound
SUMOs themselves are also substrates, which results in
poly-SUMO chains decorating the target (14, 15). Once generated, SUMO conjugates can be disassembled by a family of
deSUMOylating proteases that specifically cleave these isopeptide bonds, thus allowing SUMO to act reversibly (e.g.
Refs. 7, 16 –18).
Important with regard to stress protection are observations
that the abundance of SUMO conjugates rises dramatically
and reversibly when yeast, animals, and plants are exposed to
numerous environmental stresses (7, 19, 20). For example, a
substantial increase in conjugates assembled with the
SUMO1 and SUMO2 isoforms can be detected within minutes
after treating Arabidopsis seedlings to a relatively mild heat
shock (37 °C), and this can be subsequently reversed upon a
return to non-stress temperatures (7). Genetic studies have
demonstrated that SUMOylation is both essential for normal
cellular functions and critical for stress protection (8, 21–23).
For Arabidopsis in particular, mutants missing the SIZ1 E3
that drives most stress-induced SUMOylation (8) are hyper-

1

The abbreviations used are: FDR, false discovery rate; HSF, heat
shock transcription factor; iTRAQ, isobaric tag for relative and absolute quantitation; Ni-NTA, nickel–nitrilotriacetic acid; PSM, peptide
spectrum match; SILAC, stable isotope labeling of amino acids in cell
culture; SIZ1, SAP and MIZ1 SUMO E3 ligase; SUMO, small ubiquitinlike modifier; Ub, ubiquitin.
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The stress-induced attachment of small ubiquitin-like
modifier (SUMO) to a diverse collection of nuclear proteins regulating chromatin architecture, transcription, and
RNA biology has been implicated in protecting plants and
animals against numerous environmental challenges. In
order to better understand stress-induced SUMOylation,
we combined stringent purification of SUMO conjugates
with isobaric tag for relative and absolute quantification
mass spectrometry and an advanced method to adjust for
sample-to-sample variation so as to study quantitatively
the SUMOylation dynamics of intact Arabidopsis seedlings subjected to stress. Inspection of 172 SUMO substrates during and after heat shock (37 °C) revealed that
stress mostly increases the abundance of existing conjugates, as opposed to modifying new targets. Some of the
most robustly up-regulated targets participate in RNA
processing and turnover and RNA-directed DNA modification, thus implicating SUMO as a regulator of the transcriptome during stress. Many of these targets were also
strongly SUMOylated during ethanol and oxidative stress,
suggesting that their modification is crucial for general
stress tolerance. Collectively, our quantitative data emphasize the importance of SUMO to RNA-related processes
protecting plants from adverse environments. Molecular
& Cellular Proteomics 12: 10.1074/mcp.M112.025056, 449 –
463, 2013.
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before, during, and after a mild heat shock (37 °C), or following oxidative and ethanol stress, we identified a catalogue of
substrates that are robustly SUMOylated after environmental
challenges. Included are proteins critical for RNA processing,
stability, and export; proteins regulating RNA-directed DNA
modifications and heterochromatin condensation; transcription
factors that regulate the heat shock response; and a to-bedefined collection that becomes both SUMOylated and ubiquitylated. Taken together, our data point to the SUMO-mediated
control of numerous nuclear processes, especially those related
to RNA biogenesis and use, as vital for protecting plants during
stress and providing subsequent acquired tolerance.
EXPERIMENTAL PROCEDURES

Plant Materials and Quantitative Immunoblot Analysis—All experiments were conducted with the Arabidopsis thaliana Columbia-0
ecotype grown at 24 °C in liquid culture under continuous light (7, 41).
Heat, ethanol, and oxidative stress involved exposing the cultures to
37 °C, 10% ethanol, or 50 mM H2O2 for the indicated times. Total
protein was extracted from whole seedlings by pulverizing frozen
tissue in 2 ml/g fresh weight of 20% glycerol, 4% SDS, 10% 2-mercaptoethanol, and 125 mM Tris-HCl (pH 6.8). Immunoblots were conducted with anti-SUMO1 and anti-PBA1 antibodies as described
elsewhere (7). Quantitative immunoblotting was performed with the
IRDye 800CW secondary antibody, and this was followed by detection with the Odyssey imaging system (LI-COR Biosciences, Lincoln,
NE). Rabbit anti-SIZ1 antibodies were generated against a 6Histagged fragment (residues 59 –537) expressed recombinantly and
purified from the inclusion body fraction using the BugBuster Master
Mix (EMD Millipore, Darmstadt, Germany), and this was followed by
nickel–nitrilotriacetic acid (Ni-NTA) chromatography (Qiagen, Valencia, CA). The antibodies were purified via binding to the SIZ1 fragment
adhered to PVDF membranes and subsequent elution with 200 mM
glycine (pH 2.5). Proteins modified with both Ub and SUMO were
enriched through Ni-NTA chromatography from a transgenic line expressing a hexameric repeat of 6His-Ub (50). A pH 6.3 wash step was
included to help remove nonspecific binding proteins.
Protein Purification and iTRAQ Labeling—SUMOylated proteins
were enriched from 35 g of 6His-SUMO1-H89R sumo1–1 sumo2–1
seedling via the three-step affinity method (described previously),
which involves sequential Ni-NTA, anti-SUMO1 affinity, and Ni-NTA
chromatographic steps (41), and digested in solution with sequencing-grade trypsin (Promega, Madison, WI). Prior to purification, each
sample was spiked with 5 g of 6His-SUMO2 synthesized recombinantly and purified via Ni-NTA affinity chromatography (7). All subsequent steps were completed using Protein LoBind tubes (Eppendorf,
Hamburg, Germany). Tryptic peptides were acidified with 10% trifluoroacetic acid to a final concentration of 0.5%, desalted using C18
sold-phase extraction (Varion Omix tips, 70 g capacity), and dried
completely in vacuo. Peptides were resuspended in 33 l of the
dissolution buffer included in the 4-Plex iTRAQ kit (without SDS) and
conjugated with one of the four isobaric tags per the manufacturer’s
recommendations (AB Sciex, Framingham, MA). The tag order was
reversed among the biological replicates to avoid potential discrimination. The labeled samples were vacuum dried to ⬃50 l (half of the
original volume), mixed with 400 l water, and pooled. The mixed
samples were acidified, desalted via C18 sold-phase extraction, dried
in vacuo, and resuspended in 10 l of 95% water, 5% acetonitrile,
and 0.1% formic acid.
Liquid Chromatography–Electrospray Ionization–MS/MS Analysis—The
iTRAQ-labeled pools were fractionated via reversed-phase liquid chromatography (LC) (nanoAcquity, Waters, Milford, MA) and injected
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sensitive to various stresses, including heat, cold, drought,
flooding, high salt, and phosphate and nitrate starvation (9,
17, 24 –28); are hyposensitive to pathogens (29, 30); and have
altered signaling by the stress hormones abscisic acid and
salicylic acid (29 –33). Similar connections have been observed
in animals, including roles in anaerobic tolerance (34, 35) and
genotoxic stress (36). Numerous plant and animal pathogens
also have been shown to synthesize factors that promote infection by interfering with host SUMOylation (37, 38).
Studies on individual targets have implicated SUMO in a
variety of essential processes relevant to signal transduction,
the cell cycle, nuclear/cytoplasmic partitioning, ribosome biogenesis, DNA repair, and ubiquitin (Ub)-mediated protein
breakdown (4 – 6). For many targets, only a small proportion
needs to be SUMOylated to achieve maximal effect; this
“SUMO enigma” implies that SUMO addition does not activate/inactivate its targets per se but might drive cycles critical
for their action (e.g. assembly/disassembly of transcription
complexes, nuclear/cytoplasmic shuttling, or protein degradation) (4). Some of these activities are mediated through
SUMO-interacting motifs (SIMs) present within binding partners (39, 40). More recent proteomic studies on stress-induced SUMOylation found a strong emphasis on nuclear
targets, with their collective functions implying that SUMO
participates in stress protection by regulating chromatin architecture, the transcriptome, and protein quality control (15,
20, 41– 44). In Arabidopsis, the list of over 350 SUMO1/2
targets includes histones H1 and H2B, complexes involved in
DNA and histone modifications, various transcription factors
and co-activators/co-repressors, RNA-binding proteins, and
subunits of the nuclear pore complex, as well as various
components of the SUMO pathway (41). Similar classes of
regulators have been identified in interactome studies using
the Arabidopsis SCE1 E2 and the ESD4 deSUMOylating protease as baits (45).
Full appreciation of stress-induced SUMOylation clearly requires identification of the most robustly affected targets and
the ways in which their SUMOylation status changes during
and after stress. Such global quantification has recently become possible through advances in proteomic technologies,
including the stable isotope labeling of amino acids in cell
culture (SILAC) mass spectrometry (MS) approach (20, 42).
Although SILAC-MS has advantages for cell cultures that
permit facile protein labeling via the addition of isotopically
tagged amino acids to the growth medium, its use remains
challenging for intact organisms generally, and for plants in
particular, which naturally synthesize the full complement of
amino acids (46, 47). To overcome these difficulties, we combined a stringent purification method for SUMO conjugates
with the isobaric tag for relative and absolute quantification
(iTRAQ) method (48, 49) and an advanced SUMO-based normalization strategy to accurately measure the changes in
SUMOylation state for individual substrates in intact Arabidopsis plants under stress. By tracking SUMO1/2 substrates
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obtained at each of four heat stress time points (t ⫽ 0, 0.5, 1.5, and
4 h) together in solution with trypsin, and then aliquots were separately labeled with each of four iTRAQ reagents. The resulting reactions were pooled at varying ratios (1:8:2 and labeled with iTRAQ
reagents 114:115:117 (Ratio 1), and 1:16:4:1.5 and labeled with
iTRAQ reagents 114:115:116:117 (Ratio 2)) and then subjected to MS
quantification as described above, with the exceptions that the contaminants were not subtracted from the list and the peptides were not
normalized to the internal 6His-SUMO2 standard. iTRAQ-MS analysis
of spiked 6His-SUMO2 and 80 and 70 other Arabidopsis proteins
enriched during SUMO conjugate purification for Ratios 1 and 2,
respectively, were used to determine the mean fold-change values
and standard deviation (S.D.) for each dilution. A parallel MS analysis
was performed with samples purified from wild-type seedlings exposed to a 30-min 37 °C heat shock followed by a 30-min recovery.
This catalogue of 59 contaminants (supplemental Dataset S1) was
subtracted from those obtained using the 6His-SUMO1-H89R
sumo1–1 sumo2–1 line.
We analyzed the quantitative iTRAQ MS data using Excel workbooks developed in house to reconstitute channel measurements and
compute p values, FDR, and global mean changes between the
different conditions and/or time points. Because the raw data were
expressed as channel ratios, we reconstituted any missing channel
ratio by replacing it with 1 and then renormalizing all the channels by
the geometric mean across conditions (performed on each protein
separately). This process theoretically reduced the nuisance noise by
40% and allowed us to relate biological replicates and perform statistical analyses (e.g. t tests) on channel combinations. p values were
calculated using a two-tailed t test assuming equal variance for the
two compared groups. For the heat-stress time series, we compared
the first time point (t ⫽ 0) to each of the other time points individually.
For the multi-stress analysis, we compared each condition to all other
conditions including non-stressed samples, which provided us with a
list of proteins that changed significantly for each condition. FDRs
were determined one comparison at a time (e.g. t ⫽ 0 versus t ⫽ 0.5 h
separately from t ⫽ 0 versus t ⫽ 1.5 h) by estimating the total number
of non-changing proteins, estimating the number of false positives for
each p value, computing a raw FDR score, and then computing a final
FDR. The number of non-changing proteins was estimated by counting the number of proteins with a p value greater than 0.5 and
multiplying the result by 2. This result was multiplied by a given p
value to estimate how many false positives would be expected if that
p value were used as a criterion cut-off. The raw FDR divided this
product by the actual number of proteins with that p value or less.
Finally, we created the final FDR by converting the raw FDR to a
non-decreasing function of p.
Functional enrichments of SUMOylated proteins were determined
using the gene ontogeny (GO) Singular Enrichment analysis tool from
AgriGO with the Arabidopsis gene models (TAIR9) background reference, setting a p value cutoff of ⬍0.001. Possible SUMO-binding
sites were identified using the high-probability threshold in SUMOsp
2.0 (53). Heat maps were generated using Java TreeView.
RESULTS

Quantifying Global Changes in SUMOylation during Heat
Stress—Prior non-quantitative studies documented the
changes in SUMOylation during and after a heat stress of
Arabidopsis seedlings and revealed a dynamic time course in
which heat (37 °C) rapidly induces the accumulation of
SUMO1/2 conjugates, and this increase is followed by a
slower decline after the seedlings are returned to their normal
growth temperature (24 °C) (7, 8) (Fig. 1A). In order to more
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online into an electrospray ionization (ESI) Fourier transform (FT)/iontrap mass spectrometer (LTQ Orbitrap Velos, Thermo Fisher Scientific, Waltham, MA). LC separation involved a 50 m ⫻ 365 m fused
silica capillary micro-column packed with 15 cm of 5-m-diameter
C18 beads (Western Analytical Products, Wildomar, CA) preceded by
a 5-cm trap column (75 m ⫻ 365 m, 5-m-diameter C18 beads).
Peptides were injected over 20 min at a flow rate of 1 l/min and
eluted over 180 min at a flow rate of 200 nl/min with a gradient of 5%
to 50% acetonitrile in 0.1% formic acid. Full-mass scans were performed in the FT orbitrap at 300 –1500 m/z at a resolution of 60,000,
and this was followed by ten MS/MS high-energy collisional dissociation (HCD) scans of the ten highest intensity parent ions at 45%
relative collision energy and 7500 resolution, with a mass range
starting at 100 m/z. Dynamic exclusion was enabled with a repeat
count of two over a duration of 30 s and an exclusion window of 90 s.
Database Searches, iTRAQ Quantification, and Bioinformatic Analysis—The acquired MS and MS/MS spectra were searched against
the A. thaliana ecotype Col-0 protein database (IPI database version
3.61, containing 37,185 entries) using the software package Proteome Discover 1.3. All raw spectra are available in the Peptide Atlas
database. Spectra to search were selected using the Spectrum Selector module, with the requirements of a mass between 400 and
5500 amu and a signal-to-noise cut-off of greater than 3, and were
searched using SEQUEST version 1.2 (Thermo Fisher Scientific).
Masses for both precursor and fragment ions were treated as monoisotopic. Oxidized methionine (⫹15.995 Da), carbamidomethylated
cysteines (⫹57.021 Da), and iTRAQ-labeled tyrosine (⫹144.102 Da)
were included as variable modifications. iTRAQ-labeled (⫹144.102
Da) N-terminal amino acids and lysine (in case of missed cleavages)
were included as static modifications. The database search also
allowed for up to two missed trypsin cleavages. Ion masses were
matched with a mass tolerance of 10 ppm for precursor masses and
0.1 Da/mz for HCD fragments. The data were filtered using a 5%
peptide false discovery rate (FDR) (51). To search for possible SUMO
and Ub footprints (QTGG or GG isopeptide linked to K, respectively
(41, 50)), the database search was modified to include (i) a cyclized
N-terminal glutamine (mass shift of 326.12 Da) for SUMO footprints,
(ii) a non-cyclized version of the SUMO footprint with an N-terminal
iTRAQ tag (total mass shift of 487.25 Da), and (iii) the Ub footprint
(GG) with an N-terminal iTRAQ tag (mass shift of 258.25 Da). These
data were filtered using a 1% peptide FDR.
iTRAQ quantification was determined using the Proteome Discoverer 1.2 software (Thermo Fisher Scientific). Each biological replicate
combined the data from three or four technical replicates. Only those
proteins detected by at least two unique peptides in each biological
replicate were included in the final analysis. The iTRAQ values calculated for each protein were derived from all protein-specific peptide
spectrum matches (PSMs) based on peak areas within a mass precision window of 20 ppm and a cutoff intensity of 3-fold over background, and they were expressed as a ratio relative to the values
calculated at t ⫽ 0. The raw quantitative numbers were adjusted using
the isotopic impurity values provided by the manufacturer for each
isobaric tag (114: ⫺1 ⫽ 0.58%, 0 ⫽ 94.52%, and ⫹1 ⫽ 4.9%; 115,
⫺1 ⫽ 0.59%, 0 ⫽ 94.77%, and ⫹1 ⫽ 4.64%; 116, ⫺1 ⫽ 1.38%, 0 ⫽
95.84%, and ⫹1 ⫽ 2.78%; and 117, ⫺1 ⫽ 2.13%, 0 ⫽ 95.18%, and
⫹1 ⫽ 2.69%) (52). All iTRAQ data, including rare situations in which
one or more of the iTRAQ reporter peaks were not identified (see
supplemental Dataset S2), were included in the final calculations of
fold change for individual peptides. Replacing absent peaks with a
minimal background intensity value did not change the catalogue of
targets, nor did it appreciably affect their quantification (data not
shown).
To validate the iTRAQ quantification, samples were generated by
mixing and digesting equal volumes of purified SUMO conjugates
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cultures were exposed to 37 °C. D, flow chart describing the protocol
used to quantify SUMO1/2 conjugates by means of iTRAQ MS along
with the method to adjust for sample-to-sample variation by spiking
with recombinant 6His-SUMO2.
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FIG. 1. SUMO1/2 conjugates rapidly accumulate in Arabidopsis
seedlings during heat stress. A, immunoblot analysis of SUMO1/2
conjugates from wild-type plants before and immediately after a
30-min heat shock at 37 °C followed by recovery at 24 °C. An antiPBA1 immunoblot is included to confirm equal protein loads. The
arrowhead and bracket locate free and conjugated SUMO1/2, respectively. B, measurement of free SUMO1/2 and their conjugates
before and after the heat shock in (A) via quantitative immunoblot
analysis. Each point represents the average of three biological replicates (⫾1 S.D.). C, temperature of the cultures during the heat shock
time course. The shaded areas in (B) and (C) highlight when the

accurately describe these kinetics, we employed a linear fluorescence-based immunodetection system to measure the
pools of free and conjugated SUMO1/2 (Figs. 1B, 1C). The
antibodies used recognize SUMO1 and SUMO2 well, but not
the other SUMO isoforms expressed in Arabidopsis (7). This
analysis showed that SUMO1/2 conjugate levels rise rapidly
upon a 30-min 24 °C to 37 °C up-shift and continue to rise
during the early recovery phase as the temperature returns to
normal, with the peak of SUMO1/2 conjugates representing a
⬃6-fold (⫾1.8 S.D., n ⫽ 3) increase. A parallel drop and
reappearance of free SUMO1/2 mirrored this rise, with the
trough representing a ⬃8-fold (⫾2.0 S.D., n ⫽ 3) decline (Figs.
1B, 1C). After a 3.5-h incubation at the non-stress temperature, the levels of SUMO1/2 conjugates and free SUMO1/2
almost returned to their pre-stress levels, illustrating the reversibility of the response.
Development of a Quantitative Proteomic Strategy to Monitor Changes in SUMOylation—Prior proteomic studies revealed that the high molecular mass collection of SUMO1/2
conjugates in Arabidopsis seedlings before and after heat
shock includes over 350 nuclear-enriched substrates, with
evidence that some are strongly SUMOylated by heat stress,
whereas others are only weakly affected or even deSUMOylated (41). To better appreciate the molecular consequences
of this stress-induced SUMOylation, we developed a quantitative proteomic method amenable to intact plants that would
help identify the most robustly regulated substrates (up or
down). In order to avoid the inherent difficulties of SILAC MS
(46, 47), we instead employed the iTRAQ labeling system to
measure the relative abundance of specific peptides via tandem MS (48, 49). This approach was combined with a threestep protocol to purify SUMO1 conjugates under stringent
denaturing conditions (6 M guanidine-HCl and 8 M urea) from
transgenic plants that were engineered to replace the two
essential SUMO isoforms involved in stress-induced SUMOylation (SUMO1 and SUMO2 (8)) with a 6His-SUMO1-H89R
variant designed for faithful genetic rescue, efficient purification, and better mapping of SUMO attachment sites (41).
Using the workflow illustrated in Fig. 1D, 7-day-old 6HisSUMO1-H89R sumo1–1 sumo2–1 seedlings grown in liquid
culture were collected before and after a 30-min up-shift from
24 °C to 37 °C (t ⫽ 0, 0.5, 1.5, and 4 h), and free SUMO1/2
and SUMO1 conjugates were then affinity purified. Comparisons utilizing protein staining and immunoblot analysis with
anti-SUMO1 antibodies confirmed that the final preparations
were highly enriched in SUMO1 conjugates and that the levels
of these conjugates reflected well their abundance in the
plants during the heat-stress time course (supplemental Fig.
S1A). Trypsinized peptides from each time point were labeled

SUMOylation during Stress

Molecular & Cellular Proteomics 12.2

FIG. 2. Accuracy of iTRAQ MS in quantifying the abundance of
Arabidopsis SUMO conjugates. A SUMO conjugate preparation
spiked with 6His-SUMO2 was generated by pooling samples purified
from all four time points during a 30-min heat shock time course (t ⫽
0, 0.5, 1.5, and 4 h) (see Fig. 1D) and then was labeled separately with
each of the four iTRAQ reporters (114, 115, 116, and 117) and mixed
at various ratios from 1- to 16-fold. The samples then underwent
iTRAQ-MS analysis. The left and right panels show the respective
quantification of 6His-SUMO2 and a collection of purified Arabidopsis
proteins (n ⫽ 70 and 80 for replicate samples). The experimental data
for the heterogeneous collection of proteins are presented as box
plots, with the boxes indicating the second and third quartiles, respectively, and the error bars encompassing 2 S.D. above and below
the mean. The dashed line in both panels reflects the expected fold
increases for the mixed samples.

made our corrected values for the relative rise in SUMO1/2
conjugates during heat stress slightly more conservative than
the measured values.
To help demonstrate that our quantitative strategy also
accurately described the fold changes for individual SUMO
conjugates during and after heat shock, we generated a
pooled sample that combined equivalent volumes from each
time point (t ⫽ 0, 0.5, 1.5, and 4 h). Aliquots of this sample
were individually labeled with each of the 114, 115, 116, and
117 iTRAQ reagents and then mixed at varying ratios up to
16-fold. The amounts of spiked 6His-SUMO2 and the heterogeneous collection of purified Arabidopsis proteins were
then measured via MS/MS based on the iTRAQ reporter quadruplets for all available daughter peptides. As shown in Fig.
2, the quantified amounts of recombinant 6His-SUMO2 and
the collection of endogenous proteins (70 and 80 from two
replicates) closely adhered to their actual amounts and gave
strikingly consistent mean values for changes ranging from
1.5- to 16-fold (S.D. ⫾ 0.2, 0.2, 0.7, 0.7, and 2.6, respectively).
In addition to the stringent purification protocol, multiple
steps were taken to reduce the number of false positives in
the final dataset and improve the quantification accuracy.
First, only those proteins quantified by two or more highconfidence SEQUEST-scored peptides in each of two biological replicates were included in the final dataset (Fig. 3A).
Second, any proteins also identified in a mock purification
using wild-type seedlings collected during the early recovery
phase after heat shock (t ⫽ 1.5 h), when endogenous SUMO1
conjugate levels are generally the highest, were considered as
nonspecific contaminants and were culled from the final dataset (supplemental Dataset S1). As evidenced by the presence of the known SUMO substrate TIC (detected by a SUMO
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separately with one of the four unique iTRAQ isobaric tags,
combined, and then analyzed via MS/MS in the HCD mode.
As designed (49), each of the iTRAQ-labeled peptides would
have the same parent mass but, upon MS/MS fragmentation,
would generate diagnostic ion quadruplets at 114, 115, 116,
and 117 m/z (supplemental Fig. S2D); the ratio of these ion
signals reflects the relative abundance of the peptide and,
thus, the parent protein at each time point.
The technical challenges associated with accurate iTRAQ
quantification typically involve variations in isobaric tag labeling efficiency, background interference during precursor ion
selection for complex samples, and the inconsistent preparation of each time point sample before mixing, which is especially problematic here given the three column steps
(sequential Ni-NTA, anti-SUMO1/2 affinity, and Ni-NTA
chromatography) that would be used to purify SUMO1 conjugates (52, 54). To help adjust for such variations, we developed an innovative normalization strategy that exploits 6HisSUMO2 as an internal control (Fig. 1D). Its use was made
possible by (i) the absence of SUMO2 in 6His-SUMO1-H89R
sumo1–1 sumo2–1 plants; (ii) its strong recognition by antiSUMO1 antibodies in addition to binding Ni-NTA (supplemental Fig. S2B), which enabled effective co-purification with
6His-SUMO1 and its conjugates generated in planta; and (iii)
the fact that despite SUMO2 being 93% identical to SUMO1
at the amino acid sequence level, its trypsinization generates
four unique peptides unequivocally identifiable via MS/MS
that could be used for iTRAQ quantification (supplemental
Figs. S2A, S2C, and S2D). Our strategy was to add an equal
amount of purified recombinant 6His-SUMO2 to each crude
extract before purification, iTRAQ-MS quantify the four unique
6His-SUMO2 peptides recovered in the final mixed sample,
and then use the combined averaged iTRAQ values from
these 6His-SUMO2 peptides to normalize the relative fold
changes of all SUMO substrates among the time points. Prior
measurements indicated that the amount of 6His-SUMO2
added to each sample (5 g) represented approximately onetenth of the total amount of 6His-SUMO1 (both free and
conjugated) extracted from 35 g of 6His-SUMO1-H89R
sumo1–1 sumo2–1 plants.
Importantly, by using consistent purification and labeling
techniques, we obtained relatively uniform measurements of
6His-SUMO2 in our time course samples that deviated by at
most 1.68-fold (supplemental Figs. S2C, S2D). Our best recoveries of 6His-SUMO2 typically coincided with the highest
levels of SUMO1 conjugates and the lowest levels of free
6His-SUMO1-H89R (t ⫽ 1.5 h), suggesting that the immunoaffinity recovery of free 6His-SUMO2 was dampened modestly by the greater competitive binding of free SUMO1 relative to SUMO1 conjugates. Despite their overall consistency,
subsequent use of the 6His-SUMO2 correction values ensured that no major biases were introduced during the purification and labeling steps, improved statistical comparisons
among technical and biological replicates, and, if anything,
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footprint (41)) in the mock dataset, it is possible that some
SUMOylated proteins were eliminated as contaminants.
Validation of Our Quantitative Proteomic Dataset—Using
the above quantitative iTRAQ-MS protocol, normalization
strategy, and identification criteria, we successfully determined the relative fold change in SUMOylation over a heatstress time course for 172 unique substrates; see supplemental Dataset S2 for the complete list and supplemental Fig. S4
for representative MS/MS spectra. The mean fold change for
heat-stress time points t ⫽ 0.5 and 1.5 h was significantly
greater than that for contaminant proteins or for SUMOylated
proteins isolated before or after the stress (t ⫽ 0 and 4 h (Fig.
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3E)). In fact, the change at peak accumulation calculated for
the sum of SUMOylated targets (⬃3.8-fold up) was close to
that measured by immunoblotting (Fig. 1B). Contributing to
this global increase, 112 out of 172 individual targets were
found to undergo a statistically significant (p ⬍ 0.05, FDR ⬍
0.07) change in SUMOylation during and soon after heat
stress (t ⫽ 0.5 or 1.5 h) (supplemental Dataset S2). Taken
together, these observations support a scenario in which the
SUMOylation status of most targets increases during stress.
The validity of the iTRAQ-MS dataset was supported by (i),
the strong overlap (82%) between two independent biological
replicates (Fig. 3A), (ii) significant enrichment for proteins
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FIG. 3. iTRAQ MS reproducibly quantified the relative SUMOylation state for 172 Arabidopsis targets. The conjugates were purified
from 6His-SUMO1-H89R sumo1–1 sumo2–1 seedlings before and immediately after a 30-min heat shock at 37 °C followed by recovery at
24 °C. A, Venn diagram showing the overlap of quantified proteins identified from two biological replicates. B, identified SUMO1/2 targets are
enriched for the consensus ⌿KxE SUMO binding site. The average number of high-probability sites per protein was compared for proteins
identified in both biological replicates, unique to each replicate, or found in contaminants purified from wild-type plants. C, D, reproducibility
of iTRAQ quantification for the SUMOylated proteins detected in both biological replicates. The log2 fold change of each target at t ⫽ 0.5, 1.5,
and 4 h was compared with that at t ⫽ 0. The lines of best-fit linear regression (red) and the corresponding R2 values are included. (C) and (D)
represent the analysis of 172 and 32 targets that met the PSM cutoffs of ⱖ2 and ⱖ20, respectively. E, Whisker plots showing the distribution
of fold change values for each time point. Blue boxes indicate 95% confidence intervals of the means, and lines encompass the range from
maximum to minimum values. F, Venn diagram illustrating the overlap between SUMO substrates quantified in this study as compared with
the more complete Arabidopsis catalogue detected via non-quantitative MS (41). G, comparison of SUMOylated proteins detected here via
iTRAQ MS versus those detected via non-quantitative MS based on the number of PSMs for each protein. Purple shades highlight the number
of proteins in each PSM bin that were among the 172 proteins quantified in our current study. The percent overlap between the two datasets
is stated above each bar. Data and statistical analysis for all targets can be found in supplemental Dataset S2.
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Effect of heat stress on representative SUMOylation targetsa
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bearing the consensus ⌿KxE SUMO-binding motif (2.29 sites
per protein (n ⫽ 172) versus 0.75 predicted for the contaminants (n ⫽ 59) (Fig. 3B), and (iii) strong overlap of this dataset
(78%) with that obtained previously for Arabidopsis seedlings
via non-quantitative MS (41) (Fig. 3F). Furthermore, the proteins identified here by iTRAQ MS were typically the most
common SUMO substrates identified non-quantitatively as
determined by PSM counts (Fig. 3G), indicating that our list of
172 targets likely provides excellent coverage of the major
SUMOylated proteins in Arabidopsis. We note that the 108
proteins unique to biological replicate 2 (supplemental Dataset S2) were also significantly enriched for the ⌿KxE motif
(2.12 sites per protein), suggesting that some of these proteins are also bona fide SUMO substrates (Fig.3B).
To help validate the quantitative values assigned to each
target, we compared the relative fold change of all 172 targets
before and after the 0.5-h heat stress for the two biological
replicates. As can be seen in Fig. 3C, significant correlations
were observed for the 0.5- and 1.5-h values (R2 ⫽ 0.81 and
0.58, respectively), with the correlation becoming weak as
expected after 4 h (R2 ⫽ 0.16) as the profile of SUMO conjugates returned to nearly pre-stress values. Some of the variance at 0.5 and 1.5 h could be explained by technical variability inherent in the iTRAQ-MS analysis. In support, when the
same iTRAQ-labeled sample was subjected to two independent MS runs, the calculated fold change values were imperfectly correlated, with R2 values of 0.88, 0.86, and 0.74 for the
t ⫽ 0.5, 1.5, and 4 h time points, respectively. We predicted
that the iTRAQ-MS quantification for individual targets would
become more precise if iTRAQ data from more PSMs were
included in the final calculations. This appears to be the case,
as tighter correlations among technical and biological repeats
were evident as the minimum PSM cutoffs were increased
from 2 to 20 for the biological replicates and from 2 to 7 for the
technical replicates (Figs. 3C and 3D, and data not shown).
Consequently, we recommend incorporating information on
PSM counts when judging the precision of iTRAQ-MS quantification for individual proteins.
Insights into Heat-induced SUMOylation Provided by Quantitative Proteomics—Whereas our prior, non-quantitative MS
study provided a glimpse into the dynamics of SUMOylation
during heat stress in Arabidopsis (41), this iTRAQ-MS study
provided a much richer appreciation of the process. As previously observed, the 172 substrates identified here are involved in diverse biological processes often associated with
the nucleus (Table I). Notably, we could generate quantitative
data for the entire collection of targets at all time points,
strongly suggesting that they were all SUMOylated both before and after heat stress. Although we sometimes failed to
detect an iTRAQ reporter peak above our cutoff value for
specific peptides at one or more time points during individual
MS/MS experiments, these rare absences only modestly affected the combined data from all peptides from a protein
assessed in all replicates (supplemental Dataset S2). As an

a
Unless marked otherwise, normalized fold changes at t ⫽ 0.5 and
1.5 h are significantly different from t ⫽ 0 h (p values ⬍ 0.05).
b
p values ⬎ 0.05 and ⬍ 0.1 for t ⫽ 0.5 and/or 1.5 h as compared
to t ⫽ 0 h.
c
p values ⱖ 0.1 for t ⫽ 0.5 and/or 1.5 h as compared to t ⫽ 0 h.

example, the quantification of the SUMO target IDN2 involved
a combination of 78 peptide identifications; 71 had a measureable iTRAQ reporter peak at all four time points, 6 had no
iTRAQ reporter peaks that met the cutoff threshold, and a
single peptide had significant 114, 115, and 116 peaks but
was missing the 117 peak. Another possible reason for widespread detection was precursor interference from impurities
that could artifactually add values to individual reporter peaks
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FIG. 4. Dynamics and functional analysis of SUMO substrates
during and after heat shock as quantified via iTRAQ MS. A, relative
changes in the SUMOylation status of 172 targets before and immediately after a 30-min heat shock at 37 °C followed by recovery at
24 °C. The values are illustrated by a heat map in which yellow
denotes an increase in SUMOylation and blue denotes a decrease.
The three tiers cluster proteins displaying a ⬎7-fold increase (Tier 1),
a 2- to 7-fold increase (Tier 2), or a ⬍2-fold increase (Tier 3) in
SUMOylation during the heat stress. B, GO functional enrichment for
the targets clustered in each tier as a function of the ⫺log2(p value).
C, the average number of high-probability ⌿KxE SUMO-binding sites
predicted per protein for each tier. The averages calculated for the
collection of 59 contaminants isolated from wild-type plants, for the
more complete Arabidopsis SUMOylome catalogue of 357 targets
identified by Miller et al. (41), and for the entire Arabidopsis proteome
were included for comparison.

(52, 54). However, our ability to detect with high accuracy
both 6His-SUMO2 and a large collection of Arabidopsis proteins present in predefined amounts suggests that this interference is not prevalent for most proteins in our dataset (Fig.
2). Support for the idea that the quantitative data likely represent changes in SUMOylation occurring in planta was also
provided by analysis of the set of 46 contaminants. Whereas
the levels of SUMO conjugates often changed significantly
during the heat-stress time course, levels of the contaminants
remained relatively static (Fig. 3E and supplemental Fig. S3A).
For example, 95% of the contaminant population was unaffected by the heat stress and displayed fold changes only
between 0.44- and 1.537-fold after 30 min of the stress (supplemental Fig. S3A).
Consistent with the global increase in SUMOylated proteins
during heat stress (⬃6-fold (Fig. 1B)), the SUMOylation state
of most targets increased; 113 proteins experienced a ⱖ2fold increase in SUMOylation after either 0.5 or 1.5 h, 32 of
which increased by ⬎7-fold to as much as 17-fold (Fig. 4A).
Although cluster analysis based on kinetics failed to bin the

456

Molecular & Cellular Proteomics 12.2

Downloaded from https://www.mcponline.org by guest on December 2, 2020

Ti
er

1

2

1
Ti
er
2
ta Tie
m r
SU ina 3
n
M
O ts
y
Pr lom
ot e
eo
m
e

Tier 3

-3 -2 -1 0

SUMO-binding sites
(avg per protein)

3

SUMOylated collection into coherent groups, we noticed in
repeated trials that the SUMOylation of some targets rose and
fell sharply after heat shock, whereas others retained their
SUMO tags longer upon return to the non-stress temperature
(see Fig. 5 and Table I for examples).
Strikingly, the list of SUMOylated targets most strongly
up-regulated by heat shock (⬎7-fold) were significantly enriched in proteins either known or predicted by GO annotations to participate in processes related to RNA, including
RNA splicing, transport, and turnover and RNA-dependent
DNA modification (Tier 1: Figs. 4A and 4B, Table I). Notable
examples were the RNA splicing/degrading/helicase proteins
RSP35, RSP41, PRH75, U2AF65A, SDN3, STA1, and NUCL1; the RNA binding proteins LA1 and CCR2; and the RNAdependent DNA methylation-related protein IDN2. Non-RNArelated factors experiencing strong increases in SUMOylation
state (⬎7-fold) after heat stress included the heat shock transcription factor HSF2A, a previously identified SUMO target
known to be important for establishing long-term acquired
thermotolerance (27, 41, 55). Also among the Tier 1 targets was
an Arabidopsis ortholog of the mammalian SIM-containing DNA
gyrase MORC involved in heterochromatin condensation and
transcriptional repression (56, 57), the POLD3 DNA polymerase
core subunit, and the histone-binding protein NRP1.
The collection of moderately up-regulated targets (7- to
ⱖ2-fold) were enriched for a more diverse range of functions
primarily associated with the nucleus (Tier 2: Figs. 4A and 4B,
Table I). Included were factors involved in chromatin maintenance (e.g. PKL, ADA2A, GCN5, and KU80), as well as several
DNA polymerase subunits (TFIIB and TFIIS) and a host of
transcription factors and co-regulators (e.g. HSFA1E, PHR1,
SEU, BET9, GTE3, and TOPLESS). In addition to the strongly
affected targets, we identified a suite of proteins whose
SUMOylation status was unaltered by heat shock (Tier 3: Fig.
4A). Although it is possible that some in the Tier 3 collection
are contaminants, the facts they were often detected by high
PSM counts, they were enriched for the ⌿KxE SUMO-binding
motif (1.37 motifs per protein, compared with 0.75 for contaminants (Fig. 4C)), and/or they or their likely orthologs were
identified previously as SUMO targets in Arabidopsis and
other organisms (e.g. SUVR1, SUVR2, SAE2, and SCE1 (20,
41)) argue that they are real SUMO substrates. The robust
constitutive SUMOylation of some targets suggests that their
modification is regulated by a SUMO E3 and/or deSUMOylating
protease not shared with the heat-stress-regulated targets.
In contrast to the above examples, we discovered three
Arabidopsis proteins whose SUMOylation status dropped
significantly during heat stress (⬎2-fold). Of most interest
was the histone H2B protein encoded by the At4g16420
loci, which experienced a ⬃2-fold drop in SUMOylation
state soon after heat stress (0.5 h) but rebounded after a
3.5-h recovery (Table I). In agreement, mammalian histone
H2B was recently reported to be similarly deSUMOylated
after heat stress (20)
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Identification of SUMO1 Binding Sites—The H89R substitution engineered into the 6His-SUMO1-H89R variant was
designed to simplify MS identification of SUMO1/2 binding
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FIG. 5. SUMOylation of SIZ1 and the ubiquitylation of SUMO1/2
targets increase dramatically and reversibly during heat shock.
Seedlings were collected before and immediately after a 30-min heat
shock at 37 °C (shaded areas) followed by recovery at 24 °C. A,
relative changes in the SUMOylation status for SIZ1, SAE2, and SCE1
as quantified via iTRAQ MS. SIZ1-K100 represents SIZ1 peptides
bearing a SUMO footprint at K100. B, change in the SUMOylation
status of SIZ1 as determined via immunoblot analysis of total protein
extracts with anti-SIZ1 antibodies. The arrowhead identifies the
SUMO-SIZ1 conjugate. Immunoblot analysis with anti-PBA1 antibodies was used to confirm equal protein loading. Sample from a nonstressed siz1–2 seedling was included to identify SIZ1. C, increases in
the abundance of Ub⫹SUMO1/2 conjugates. Ub conjugates were
purified from 6His-UBQ-expressing plants by means of Ni-NTA chromatography and were subjected to immunoblot analysis with antiSUMO1 antibodies. Protein extracts enriched via Ni-NTA chromatography from wild-type plants at t ⫽ 1 h were included as a control. The
region of the gel containing free 6His-Ub is also shown. D, relative
changes in the abundance of Ub⫹SUMO1 conjugates in 6HisSUMO1-H89R sumo1–1 sumo2–1 plants first enriched for SUMO1
and then quantified via iTRAQ MS. iTRAQ values for all Ub peptides
and the Ub peptide bearing a Ub footprint at K48 are shown (Ub-K48).
When possible, the average fold change values for two independent
biological replicates were included.

sites by reducing the length of the SUMO footprint generated
after trypsinization from 25 residues to just the short QTGG
sequence isopeptide linked to a non-cleaved lysine (41).
Whereas standard MS/MS analyses previously detected a
number of footprints with the signature K⫹343 or K⫹326 m/z
fragmentations (QTGG, in which Q was unmodified or cyclized, respectively (41)), SEQUEST searches of the iTRAQ-MS
spectra were much less successful. One complication we
found is that the N-terminus of the SUMO1-H89R footprint
also reacts with the isobaric tag in addition to the N-terminus
of the target peptide. Unfortunately, searches for such dual
iTRAQ-modified peptides yielded little improvement, suggesting that the isobaric tags sufficiently complicate database
searches, possibly by adding new fragmentation patterns that
cannot be interpreted by standard MS analysis software. Despite these problems, we successfully quantified the abundance of a few SUMO1 linkages during heat stress, the most
notable of which was SUMO1 linked to K100 of SIZ1 detected
previously (41) (supplemental Fig. S5A). We also quantified a
Ub footprint (K⫹GG, 114 m/z) peptide involving the modification of Ub itself at K48 as a signature for the presence of
K48-linked poly-Ub chains in our SUMO conjugate preparations (supplemental Fig. S5B). The presence of these Ub
chains could reflect SUMO targets in which lysines other than
those directly SUMOylated became poly-ubiquitylated, or targets in which the bound SUMO moieties themselves provided
the initiation sites for assembling poly-Ub chains.
Confirmation of SUMOylation Targets—Components of the
SUMO system itself are commonly found in the proteomic
catalogs of SUMOylated proteins (20, 58, 59), which for Arabidopsis currently include the E1 subunit SAE2, the SCE1 E2,
the SIZ1 E3, and the ESD4 SUMO protease (41). Our quantitative dataset revealed that the SUMOylation state of SIZ1,
but not SAE2 and SCE1, within the conjugation pathway
strongly increases after heat stress (⬃7-fold up), and this was
supported by the iTRAQ-MS analysis of the tryptic peptide
containing the SUMO1-H89R footprint (QTGG) at K100, as
well as several other non-modified SIZ1 peptides (Fig. 5A). To
help confirm this result, we generated antibodies against SIZ1
and used them to probe crude extracts obtained from wildtype seedlings exposed to the heat-stress time course. As
shown in Fig. 5B, a new species recognized by anti-SIZ1
antibodies at the appropriate mass for a SUMO1/2-SIZ1 conjugate was detected 30 min after the start of the heat-stress
time course but was absent before or after, in line with the
sharp rise and fall determined by iTRAQ MS.
Quantitative iTRAQ-MS analysis of a tryptic peptide containing the Ub footprint (GG) at K48, as well as other Ub
peptides, supported previous MS studies showing that a subset of SUMOylated proteins also become robustly ubiquitylated during heat stress (20, 41, 42). Levels of these Ub
peptides in Arabidopsis rapidly increased ⬃5- to 6-fold after a
30-min treatment at 37 °C and then slowly declined upon
return to 24 °C (Fig. 5D). To confirm this response, we ex-

SUMOylation during Stress

ploited a transgenic Arabidopsis line expressing 6His-Ub (50)
to enrich by Ni-NTA chromatography for Ub conjugates during the heat shock time course and then assayed for the
abundance of Ub⫹SUMO conjugates in these preparations
by means of immunoblot analysis with anti-SUMO1 antibodies. In agreement with prior studies (41, 60), the total Ub
conjugate pool rose only modestly upon heat stress, in contrast to the strong increase in SUMO1/2 conjugates (supplemental Fig. S6). Ub⫹SUMO conjugate levels observed immunologically after purification also rose substantially after heat
stress with the overall kinetics congruent with the iTRAQ-MS
values for the Ub-K48 footprint and other Ub peptides
(Fig.5C).
SUMOylation Response to Ethanol and Oxidative Stress—A
number of other stressful conditions are known to induce the
accumulation of SUMO conjugates in Arabidopsis and other
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eukaryotes, including high concentrations of ethanol and
H2O2 (7, 41, 44, 61, 62). To examine whether a similar collection of targets also becomes strongly SUMOylated under
these stresses, we directly compared, by means of iTRAQ
MS, the profile of conjugates that accumulated after a continuous 2-h exposure to 37 °C, 10% ethanol, or 50 mM H2O2.
Preliminary studies revealed that these conditions are not
lethal to liquid-grown Arabidopsis seedlings based on their
ability to remain viable and resume growth after a return to
24 °C, or after the medium is exchanged for one missing the
chemical. As was seen with heat treatments, 7-day-old 6HisSUMO1-H89R sumo1–1 sumo2–1 seedlings treated with either chemical strongly increased their levels of SUMO1 conjugates as determined via immunoblot analysis, with their
overall profiles of conjugates indistinguishable from those
seen after heat treatment (Fig. 6A). Following affinity purifica-
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FIG. 6. Comparison of the SUMOylation status of Arabidopsis targets affected by heat, ethanol, or oxidative (H2O2) stress using
iTRAQ MS. A, immunoblot analysis showing the rise in SUMO1/2 conjugates in seedlings exposed continuously to 37 °C, 10% ethanol, or 50
mM H2O2. Crude extracts subjected to SDS-PAGE were probed with anti-SUMO1 or anti-PBA1 (loading control) antibodies. B, reproducibility
of the fold increase for the collection of 174 SUMOylated proteins between two biological replicates subjected continuously to 2 h of each
stress. The log2 fold change represents the relative value at the end of the stress as compared with that at t ⫽ 0. The line of best fit linear
regression (red), along with the corresponding R2 value, is included in each panel. C, Whisker plots show the range of fold change values
detected for each condition. Blue boxes indicate 95% confidence intervals of the means, whereas lines show the range between maximum and
minimum fold change values. D, Volcano plots comparing the stress-specific fold change values for heat, ethanol, and H2O2 to all other values
(both stressed and non-stressed) relative to the levels of FDR confidence in quantification value. Several proteins displaying significant
stress-specific changes are indicated. Data and statistical analysis for all targets can be found in supplemental Dataset S3.
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FIG. 7. An initial heat shock dampens the rise in SUMOylation
following subsequent exposure to heat, ethanol, or H2O2 stress.
Seedlings were exposed to an initial heat shock for 30 min at 37 °C
and allowed to recover at 24 °C for 3.5 h before the second stress.
Total protein extracts were subjected to immunoblot analysis with
anti-SUMO1 antibodies and anti-PBA1 antibodies (loading control).
A, seedling exposed to a second heat shock at 37 °C. B, C, seedlings
exposed to a second stress of 10% ethanol (B) or 50 mM H2O2 (C) for
2 h. For comparison, samples from seedlings exposed to ethanol or
H2O2 for 2 h without a prior heat shock were included on the right
lanes of each gel. Arrowheads and bracket locate free and conjugated
SUMO1/2, respectively.

per protein for the full list of 174 targets), suggesting that
these proteins are in fact SUMO substrates and not stressspecific contaminants (supplemental Figs. S7A, S7C, and
S7D).
A prominent feature of heat-stress-induced SUMOylation in
Arabidopsis is its striking memory, whereby seedlings exposed to a second heat stress soon after the first will not
up-regulate SUMOylation, although they will do so after many
hours of recovery (7) (Fig. 7A). To further explore whether
SUMOylation induced by ethanol or H2O2 stress is controlled
by the same signaling system, we tested whether the refractory period induced by heat also impacted plants when applied as a second stress. Indeed, when wild-type plants were
subjected to a 30-min 37 °C heat shock followed by a 3.5-h
recovery period and then subsequently exposed for 2 h to
ethanol or H2O2, the second response was substantially attenuated relative to that for naïve seedlings exposed for 2 h to
ethanol or H2O2 alone (Figs. 7B, 7C). Therefore, although
subtle differences in the SUMOylation response after heat,
ethanol, and H2O2 are evident, the overall list of affected
targets and at least some aspects of the signaling system
underpinning these modifications are shared.
DISCUSSION

Mounting evidence indicates that SUMO is a crucial posttranslational modifier that is essential for eukaryotes and key
to their survival during stress. Using advanced proteomics
combined with the iTRAQ method for quantification, we described kinetically how the SUMOylation state of an extensive
list of Arabidopsis proteins is affected by heat, ethanol, and
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tion and iTRAQ labeling in the presence of the 6His-SUMO2
standard (Fig. 1D and supplemental Fig. S1B), the relative
abundance of individual SUMO1 conjugates was directly
compared with their abundance in control seedlings. Only
those targets identified by two or more peptides in each
biological replicate were included in the subsequent analysis.
Using the criteria established above, we successfully compared the levels of 174 SUMO substrates before and after the
three treatments. Supporting experimental reproducibility,
quantification values were positively correlated between biological repeats of the same stress conditions (R2 ⫽ 0.78, 0.73,
and 0.61 for heat versus heat, EtOH versus EtOH, and H2O2
versus H2O2, respectively) (Fig. 6B). In general, heat, ethanol,
and H2O2 induced an overall increase in SUMOylation; the
mean fold change of each stress condition was significantly
elevated relative to the non-stress condition and to the fold
change values of contaminants (Fig. 6C and supplemental
Fig. S3B). Collectively, the SUMOylation status of 77% of the
identified targets (134 total) was statistically affected by one
or more stresses relative to the non-stressed condition
(FDR ⬍ 0.05), with most strongly up-regulated. As shown by
the heat maps and cross comparisons in Fig. 6D and supplemental Figs. S7A and S7B, a core group of SUMO targets was
similarly affected by all stress treatments, and a smaller subset of targets showed stress-specific regulation. In fact, the
linear regression R2 values revealed that for the core group
comprising 86% of targets, correlations existed between the
heat and ethanol, heat and H2O2, and ethanol and H2O2
datasets (R2 ⫽ 0.65, 0.53, and 0.53, respectively (supplemental Fig. S7A)). As with heat stress, there was an enrichment for
proteins known or predicted to be involved in RNA biology
(supplemental Dataset S3). Individual examples of proteins
strongly SUMOylated by all three stresses include transcription factors (e.g. HUA2, SEU, and HAG1), the POLD3 DNA
polymerase core subunit, the PRH75 RNA helicase, and the
SUMO E3 SIZ1.
We also found a subset of SUMO targets that appeared to
be differentially regulated by the three stresses, with a number
showing statistically significant up-regulation relative to all
other conditions (Fig. 6D). Chief among these targets were
IDN2, LA1, and STA1, which were more affected by heat
stress; the PHR1, BLH7, and UNE1 transcription factors and
the Arabidopsis response regulators ARR1 and ARR2, which
were more affected by ethanol; and ascorbate peroxidase,
which was selectively SUMOylated upon H2O2 treatment (Fig.
6D and supplemental Fig. S7B). The effect on ascorbate
peroxidase is particularly noteworthy given its role in oxidative
stress protection, which involves catalyzing the cytosolic
breakdown of H2O2 (63). An additional analysis directly comparing treatments in pairs found 23 proteins that were more
than 2 S.D.s from the mean fold change ratio (supplemental
Fig. S7B). These outliers overlapped with the targets identified
in the volcano plot analysis and were significantly enriched for
the consensus ⌿KxE SUMO-binding site (2.7 versus 2.5 sites
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regions into heterochromatic regions during stress (57). Previous studies have connected SUMOylation to mRNA export,
including the findings that the major plant SUMO protease
ESD4 is localized to the Arabidopsis nuclear pore and that the
esd4-1 null mutant displays increased nuclear RNA retention
(16, 69, 70). Our proteomics datasets offer a collection of
dynamically affected RNA-binding SUMO substrates that
might be responsible for this retention.
Another potentially important mechanism by which SUMOylation could affect stress tolerance is the activation of heat
shock transcription factors (HSFs) and other transcriptional
regulators/co-regulators. We identified three HSFs as being
SUMO targets (41; this report); principal among these is
HSFA2, whose SUMOylation state rapidly increased ⬃10-fold
following heat stress. Prior studies with related HSFs in mammalian cells showed that their heat-shock-stimulated
SUMOylation affects binding to their cognate promoter elements, although the direction of the response remains in
question (71–73). Given the role of HSFA2 in the establishment of acquired thermotolerance, it is tempting to speculate
that its SUMOylation not only is involved in basal stress
tolerance (7, 28), but also serves as a guard against future
insults (27).
It is interesting to note that stress also induces the ubiquitylation of a subset of Arabidopsis SUMO targets. Prior MS
analyses revealed that SUMO1 itself is a substrate and that
K48-poly-Ub chains become prevalent in the SUMO1/2 conjugate pool, indicating that at least some Ubs are attached as
poly-Ub chains, with the added possibility that these chains
are directly linked to previously bound SUMO1/2 moieties
(41). The transient accumulation of Ub⫹SUMO1/2 conjugates during heat stress and the likely presence of poly-Ub
chains linked internally via K48 might reflect the action of the
SUMO1/2 moieties as secondary degrons in stimulating the
Ub/26S proteasome-mediated turnover of proteins following
stress. The increase in ubiquitylated SUMO conjugates seen
after treating mammalian cells with the proteasome inhibitor
MG132 is consistent with this proteolytic role (42). Several
SUMO-dependent Ub E3s that drive this dual modification
have been described in yeast and mammals (74, 75), likely
orthologs of which are encoded within the Arabidopsis
genome.
Of particular importance to understanding the functions of
SUMO is an appreciation of the mechanism(s) underlying its
stress-induced up-regulation. Toward this end, our data provide several new insights. First, based on the highly overlapping sets of targets robustly SUMOylated upon heat, ethanol,
and H2O2 exposure, it appears that a common signal transduction pathway is used to activate SUMOylation in response
to these stresses. Given such, the affected targets might
represent important players in general stress protection in
plants and possibly other eukaryotes. This notion of a common pathway is further supported by an apparent shared
memory that generates a general refractory period blocking
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H2O2 stress. The advantages of using iTRAQ over other MS
quantification methods such as SILAC were our ability to
analyze an intact organism without the complications of metabolic labeling (which is especially problematic for plants) and
the ability to measure multiple time points/samples simultaneously. High accuracy was achieved with the use of spiked
6His-SUMO2 to adjust for sample-to-sample variations during purification and iTRAQ labeling, and by focusing on targets with two or more PSMs from which to extract quantitative data. Based on the MS analysis of a dilution series of
SUMO1 conjugates spiked with 6His-SUMO2, our iTRAQ
methodology provided reasonably accurate quantification
from 2- to at least 16-fold changes for the heterogeneous mix
of SUMO targets analyzed here without substantial precursor
ion interference from contaminants (Fig. 2). One surprising
finding from this study was that all 172 proteins in our final
dataset for heat stress appeared to be SUMOylated at all
times. Thus, stress appears to enhance the SUMOylation
status for many targets that are modified before the stress, as
opposed to directing the modification of a new set of targets.
However, given that that catalogue of 172 targets likely includes the most robustly SUMOylated targets (Fig. 3G), we
cannot rule out the possibility that other targets at lower
abundance show strong stress specificity.
Consistent with our previous proteomic analysis of Arabidopsis (41) and with analyses by others using yeast and
mammalian cell cultures (14, 15, 20, 42, 64), we found that
stress increases the SUMOylation state of a number of predominantly nuclear substrates that affect a wide range of
nuclear events. Processes highlighted by our study as being
heavily influenced by stress-induced SUMOylation center on
RNA homeostasis, with some of the most dynamically upregulated targets (13 of 34 targets increased by ⬎7-fold, Tier
1) known or predicted to be involved in RNA binding, splicing,
end processing and polyadenylation, and/or turnover (65).
Taken together, our data strongly suggest that SUMOylation
globally impacts post-transcriptionally important features of
the transcriptome. As such, SUMOylation could play a crucial
role in modifying the mRNA profile during stress to encourage
the accumulation of stress-related transcripts, or to discourage the accumulation of transcripts more important under
normal growth conditions (e.g. rRNAs) or transcripts derived
from transposons that might become active during stress (36,
66, 67).
One of the more dynamic targets in our Arabidopsis dataset
is IDN2, a double-stranded RNA-binding protein that controls
both de novo methylation and small-interfering RNA-mediated maintenance methylation (68). Its robust SUMOylation
during heat stress (⬃13-fold up) might reflect SUMO-mediated control of DNA methylation patterns, which, together
with the stress-up-regulated SUMOylation of Arabidopsis versions of MORC (⬃17-fold up) and histone acetylases/
deacetylases such as GCN5/ADA2B (6-fold/4-fold up) and
HDA19 (41; this report), might then help convert euchromatic
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like SIZ1 should help reveal how SUMO addition is induced by
stress and confers protection in plants and other eukaryotes.
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