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Protein posttranslational modifications (PTMs) are vital for regulating protein functions.
SUMOylation, a PTM essential for plant survival, involves attaching a Small Ubiquitin-like

MOdifier (SUMO) to lysine residues of target proteins. SUMOylation influences stress tolerance,
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cell proliferation, protein stability, and gene expression. While well studied in mammals and
yeast, SUMOylation studies in plants are scarce, as the identification of SUMOylated proteins
and the specific modification sites is challenging. Deciphering the plant SUMOylome is essential
for understanding stress response mechanisms. Advanced proteomic techniques are necessary

to map these complex protein modifications. This article offers insights into the workflows
employed for probing the SUMOylome. We analyze how current technological approaches
have advanced our understanding of SUMOylation and highlight limitations that currently
impede comprehensive mapping of SUMO signaling pathways.

I. Introduction

More than 500 posttranslational modifications (PTMs) of proteins
are known to exist, playing an important role in protein stability,
catalysis, activity, protein localization, and in changing the
interactome (Vu ez al., 2018; Keenan ez 4/., 2021). SUMOylation
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is a versatile PTM in which a Small Ubiquitin-like MOdifier
(SUMO), a ¢. 11-kDa protein, is covalently attached to lysine (K)
of the target proteins, commonly occurring at the conserved
vKXD/E motif, and it may also occur at nonconsensus
motifs (Chang er al., 2018). A given protein can be conjugated
by one or more SUMO molecules, defining the mono-, multi-, or
polySUMOylation status of that protein. Genetic screens have
proven that SUMOylation is essential for plant survival; it affects
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many aspects of plant metabolism, such as biotic and abiotic stress
tolerance, cell proliferation, protein stability, and gene expression
(Park ez al., 2011; Han ez al., 2021; Ingole et al., 2021b; Srivastava
etal.,2021; Ghosh ez al., 2024). While investigating SUM Oylation
in plants has proven challenging, understanding of the SUMOy-
lome (the collection of SUMO conjugates) in plants is an
important objective, considering the importance of the SUMO
modification in stress response pathways.

The SUMOylation pathway operates through a three-step,
enzyme-catalyzed cascade. In the model plant Arabidopsis thaliana,
this process includes the SUMO-activation enzyme E1, which is a
heterodimer of SAEla/b and SAE2, a single E2 SUMO-
conjugation enzyme (SCE1), and E3 ligation mediated by the
SAP-MIZ domain-containing SIZ1 and HIGH PLOIDY2
(HPY2) also called METHYL METHANESULFONATE-
SENSITIVE21 (MMS21) (Park ez al, 2011). Multiple (c. 16)
deSUMOylating proteases are present, making SUMOylation a
reversible PTM. The Arabidopsis genome encodes eight SUMO
isoform proteins, with SUMO1 and SUMO2 sharing high
sequence identity and being the most abundantly expressed
variants.

SUMOylation plays a significant dual role in its interaction with
ubiquitination, by either protecting proteins from ubiquitination
or exposing lysines for ubiquitination and thus directing proteins
for proteasomal degradation (Geoffroy & Hay, 2009).

Mass spectrometry (MS) is widely used for deep proteome
analysis; however, MS-based analysis of PTMs comes with
significant challenges. Mass spectrometry analysis of ubiquitin
conjugates using shotgun proteomics involves the digestion of
ubiquitinated proteins to peptides using Trypsin. The tryptic
digestion of ubiquitinated proteins generates peptides from the
target proteins that have a diGly (GG) remnant from the
C-terminus of ubiquitin on the lysine (K) at the site of attachment,
which are relatively easily analyzed by MS. However, upon tryptic
digestion of SUMO conjugates, a ¢. 25 amino acid remnant of
SUMO remains covalently attached to lysine side chains of the
target protein, leading to complex mass spectra that are difficult to
interpret. To overcome this problem, the introduction of
mutations near the C-terminus of the SUMO protein which create
a site amenable to proteolytic digestion leaving shorter remnant
sequences, or multi-step purification and enrichment steps, is
necessary. A brief overview of potential experimental approaches
employed in plants is illustrated in Fig. 1. This Tansley insight
provides an overview of various experimental strategies and
proteomic workflows employed to investigate the SUMOylome
across different plant species, highlighting their applications and
limitations.

Il. Qualitative SUMOylome studies using
6xHis-SUMO1"#°® and 3D gel proteomics

Recent evidence suggests that SUMO conjugates become enriched
under specific stresses, such as heat, oxidative stress, or infection
(Miller ez al., 2010; Ingole ez al., 2021a). Comparative quantitative
proteomics coupled with liquid chromatography (LC-MS/MS)
allows profiling of changes in the SUMOylome during stress
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(Miller ez al., 2013; Hendriks er al, 2018; Sang er al., 2024).
Enriching SUMO conjugates typically involves genetically mod-
ifying plants to express a tagged version of SUMOVI, replacing the
endogenous gene. Miller ¢# 2/ (2010) implemented this approach
by engineering an A. thaliana model with a 6xHis-SUMO1"#7%
protein that substituted the native SUMO1 (Fig. la—c). Upon the
digestion of SUMOylated proteins with trypsin, the four
C-terminal amino acids of the modified SUMOI1 leave a
pyro-QTGG remnant (K+ 326 m/z) at the site of conjugation of
the target protein, which can be identified by subsequent mass
spectrometric analysis. The authors investigated SUMOylation
under stress by subjecting plants to heat (37°C) or oxidative stress
(50 mM H,0,). Following the enrichment of SUMO1 conjugates
using nickel-nitrilotriacetic acid (Ni-NTA) affinity and anti-
SUMOI1 immunoaffinity techniques, LC-MS analysis identified
357 putative SUMOL1 targets. Seventy-six percent of these
SUMOylated proteins were associated with nuclear functions,
highlighting their significant role in gene expression regulation.

SUMOylation also plays a role in plant infection responses
(Orosa et al., 2018; Verma et al., 2018). Ingole et al. studied
Arabidopsis SUMOylation under Pseudomonas syringae pv tomato
(PstDC3000) infection using the 6xHis-SUMO 17 in wild-type
(WT) (Columbia) and srfrI-4 autoimmune mutant. The srfrI-4
line, deficient in SUPPRESSOR OF rps4-RLD1 (SRFR1; a
regulator preventing immune mis-priming), exhibited increased
SUMOL1 conjugates. The SUMO1 conjugates were analyzed in
four experimental lines (His-SUMO1™® sumi-1 sum2-1
untreated, His-SUMO1™® symi-1 sum2-1 mock treated,
His-SUMO1™R cym1-2 sum2-1 srfrl-4 untreated, and His-
SUMO1™R sumi-1 sum2-1 PstDC3000 infected). Enriched
conjugates were subjected to LC-MS/MS leading to the identifica-
tion of 261 SUMO conjugates. Gene Ontology (GO) analysis
again highlighted nuclear-localized proteins as targets of SUMOy-
lation involved in a broad range of functions, including
transcription, RNA processing, detoxification, and chromatin
remodeling. STRING database analysis revealed extensive protein
interaction networks, further supporting SUMOylation’s critical
role in rapid stress-induced metabolic reprogramming (Ingole
et al., 2021a).

Posttranslational modification research aims to create a
comprehensive subcellular map of enzymes that bring about the
modification and their targets. Rytz ez a/. (2018) probed mutants
for two known SUMO ligases, SIZ1 and MMS21, known for their
role in stress tolerance and maintenance of DNA integrity,
respectively, for differences in the SUMOylome. Each mutant
was analyzed in normal and heatstress conditions. All plants used in
the study were expressing the 6xHis-SUMO1#7}
same purification method as described in Miller ez 2/. (2010) and
subjected to MS analysis. A considerable loss of diversity in SUMO
conjugates was detected in the sizI-2 background compared with
that of WT plants, both in heat-stressed and in unstressed
conditions. Altogether, more than 1000 putative SUMOL1 targets
were identified. GO analysis confirmed that SIZ1 conjugates are
enriched in stress regulators. The authors identified ¢. 40 SUMO
modification sites, including three lysine residues (K100, K479,
and K488) on the SUMO E3 enzyme SIZ1. To explore their
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S. tuberosum SUMO1
S. tuberosum SUMO2

Fig. 1 Schematic representation of the workflow for sample preparation and enrichment of SUMO1-conjugates for liquid chromatography mass
spectrometry (LC-MS)/MS analysis. (a) Overview of the proteomic workflow, including nickel-nitrilotriacetic acid (Ni-NTA)-based enrichment of 6xHis-
SUMO18R 2D/3D gel-based immunostaining, and subsequent LC-MS/MS identification. (b) lllustration of various model organisms utilized to study the
SUMOylome, showcasing their diverse genetic backgrounds. (c) Depiction of SUMO1 and SUMO2 amino acid sequences (both wild-type and modified
versions) used to develop transgenic lines for SUMOylome investigation. This figure was created in BioRender (https://BioRender.com/ys5zpu3).
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functional significance, the authors generated a SIZ1 3K-R mutant
(K-to-R substitutions) and analyzed its effects in plants. Unfortu-
nately, no MMS21 targets could be identified with confidence
using this approach, suggesting that it modifies only a few
low-abundance proteins, highlighting the need to improve the
workflow further to allow detection of low-abundance species.
Genetic mutants of SUMO ligases can aid in identifying enzyme—
substrate relationships. However, SUMO conjugation is influ-
enced by more than conjugase activity. In Arabidopsis, 16 SUMO
proteases, divided into two classes, regulate SUMOylation. Class I
ubiquitin-like proteases (ULPs) (e.g. OTS1/2, ESD4 and ELS1)
are involved in SUMO maturation and deconjugation, while Class
IT proteases (DeSumoylating Isopeptidase (DeSI) family) focus
solely on deSUMOylation (Srivastava er al, 2021). Unlike
ubiquitination, which depends more on E3 ligases, SUMOylation
is regulated by both ligases and proteases, adding an unexplored
layer of complexity in plant biology.

An alternative approach to identifying SUMO-conjugated
proteins was introduced by Colignon ez al. (2017a,b) who used a
3D gel separation and blotting technique to isolate and characterize
39 nonredundant SUMO conjugates in Solanum tuberosum
(potato) plants and identify potential significance of SUM Oylation
during infection. The workflow involved resolving leaf extracts on a
2D gel and visualization of SUMO conjugates with a CyDye DIGE
fluor saturation dye-conjugated anti-SUMO1 antibody, excision
of fluorescent spots, and repeated resolution and visualization on a
1D gel, yielding a ‘3D’ resolution. While Arabidopsis is considered
a better model system for plant research due to the ease of genetic
modification, research performed by Colignon ez al. is valuable
as it shows the importance of SUMOylation directly in a
non-genetically modified food crop. An issue with this approach
is that 2D gels are an imperfect method of separating proteins as
many proteins will have similar isoelectric points and molecular
weights, leading to co-migration on 2D gels where these properties
are exploited.

lll. Quantitative SUMOylome studies using
6xHis-SUMO1"&%R

Miller ez al. (2013) determined the changes in the extent of
SUMOylation using a quantitative proteomic workflow to analyze
172 SUMO targets during the heat-induced stress in Arabidopsis,
refining the protocol to minimize sample-to-sample variation by
using 4-plex iTRAQ isobaric tags. Isobaric tags, such as iTRAQ
(Ross et al, 2004) and tandem mass tags (TMT; Thompson
et al., 2003), share the same mass but fragment during MS—-MS to
liberate reporter ions of distinct sizes specific for each tag that can be
identified postanalysis. In this way, samples can be multiplexed,
now up to 35-plex samples (Zuniga er al., 2024) in the same
experiment, reducing variation caused by instrumental differences
between runs. However, accurate quantification is challenged by
variations in isobaric tag labeling efficiency, background inter-
ference during precursor ion selection in complex samples,
and inconsistent sample preparation, particularly with the
three-column purification steps (sequential Ni-NTA, anti-

SUMOL1/2 affinity, and Ni-NTA chromatography) required for
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SUMOL1 conjugates before MS analysis. To mitigate these issues, in
the study of Miller ez 4l. (2013), an internal control was introduced
by adding equal amounts of purified recombinant 6xHis-SUMO2
protein to the samples. Since the used Arabidopsis mutant (6His-
SUMO1™R symi—1 sum2-1 line) lacks endogenous SUMO?2,
both SUMO1 and SUMO2 were efficiently recognized by the anti-
SUMOL1 antibody, facilitating co-purification. During MS
fragmentation, SUMO2 produces unique peptides distinguishable
from SUMO1, making it an effective internal control. Analysis of
172 SUMO substrates during and after heat shock (37°C)
indicated that stress primarily enhanced the abundance of
preexisting conjugates rather than introducing modifications to
new targets.

IV. Quantitative SUMOylome using lysine null
K0-sumo1

Using the SUMO1™® approach, only a limited number of
SUMO modification sites (c. 80) have been identified in
Arabidopsis. In animal systems, a more comprehensive, site-
specific proteome analysis has employed the use of a
N-terminally His-tagged lysine-null SUMO2 variant (10xHis-
SUMO2-K0-Q87R). This method has been successfully used to
identify thousands of SUMOylation sites in mammalian cells
(Hendriks & Vertegaal, 2016; Hendriks er 2, 2017, 2018). It
formed the basis for the highly sensitive SUMOylome detection
protocol recently developed by Sang ez al. (2024) in which the KO-
SUMOI Arabidopsis transgenic lines are generated in a sum1 sum2
mutant background in which all seven Lys residues (K9, K10, K21,
K23, K35, K41, and K42) and His89 are substituted with Arg in
SUMOL1 (Fig. 1c). The KO-SUMOI construct also harbors a
10xHis tag at the N-terminus to facilitate its enrichment under
denaturing conditions using Ni-NTA beads. Upon digestion with
Lys-C, target proteins are converted to peptides, but SUMOylated
peptides still retain modification with intact SUMOL1 by virtue
of it lacking Lys-C (a protease that cleaves at the C-terminal side
of lys amino acids) digestion sites. This enables a second round
of enrichment of SUMOylated peptides as the N-terminal tag
of the KO-SUMO1 remains intact. The workflow thus includes two
Ni-NTA enrichment steps with Lys-C digestion in between,
followed by trypsin digestion and LC-MS/MS analysis. The
enrichment workflow was enhanced by using plant-specific buffers,
SUMO protease inhibitors to prevent deSUMOylation, and a
two-step elution with imidazole and ethylenebis(oxyethyleneni-
trilo)tetraacetic acid (EGTA), improving K0-SUMO1 conjugate
recovery. However, it is important to note that the KO variant leads
to the inability to detect branched and polySUMO targets as all the
internal lysines are mutated. As a result, 2200 unique SUMOyla-
tion sites that mapped to ¢. 1300 putative SUMOT acceptors were
identified, a significant improvement compared with previous
studies involving affinity purification. The authors further
conducted in vitro validation of nine SUMO targets (CPK3,
CIPK23, EHD, CPK18, TIL1, EIN3, HSFA3, EROI, and PEP1)
using a reconstituted FEscherichia coli strain expressing the
Arabidopsis SUMO machinery (SUMO, El, and E2; Okada
et al., 2009), confirming their SUMOylation. Additionally, they
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examined the effects of lysine-to-arginine mutations (CPK3*>'#%,

HSFA3K242R, and PEP1%® R), demonstrating that these mutations
resulted in reduced SUMOylation in vitro. The change in the
SUMOylome in response to heat stress was also assayed with
quantitative MS using TMT isobaric tags. In total, 435
SUMOylated substrates were identified, with 128 showing an
increase in SUMOylation upon heat stress and 16 showing a
decrease. Targets that exhibited an increase in SUMOylation
included heat-shock transcription factors, components of the
SUMOylation pathway, transcription factors, and nuclear-
localized proteins, while ribosome components and ribonucleo-
protein complexes showed a net decrease in SUMOylation.

SUMO can undergo secondary modifications, such as SUMOy-
lation and ubiquitylation, although the roles of these additional
modifications remain unclear. To study their function, transgenic
Arabidopsis was generated replacing essential SUMO1 and
SUMO?2 isoforms with a KO-SUMO!1 that prevents further
modifications. These plants developed normally and had nearly
unchanged SUMOylation profiles during heat shock, but exhibited
altered sensitivities to salt, oxidative stress, DNA-damaging agents,
and hormone signaling, thus highlighting potential roles for
secondary SUMO modifications in stress response, DNA repair,
and hormone regulation (Rytz ez al., 2023). These studies allowed
the development of important controls for the work by Sang et al.,
(2024) where KO-SUMO1 mutants were used to isolate SUMOy-
lated protiens form Arabidopsis.

Purification and enrichment of SUMO conjugates is a critical step
in the workflow, and improving its specificity and recovery rate is
largely responsible for the quality of the MS data and the
identification of potential targets and modification sites.
Anti-K-e-GG peptide, antibody affinity chromatography combined
with Ni-NTA chromatography has been recently applied to purify
SUMO-modified peptides from animal cells expressing
6xHis-SUMO ™%, which upon digestion with trypsin, leave a
diGly (—GQG) remnant at the attachment site lysine of the target
protein (Tammsalu et al.,, 2014). Anti-K-g-GG antibodies were first
used to probe the ubiquitinome, as the diGly remnant is naturally
present in trypsin-digested ubiquitin conjugates (Udeshi
etal., 2013). SUMO conjugate digests do not have a diGly remnant
naturally; however, SUMO can be mutated to generate a diGly

Tansley insight

remnant on modified peptides when digested with Lys-C and Glu-C
(cleaves at the C-terminus of either aspartic (D) or glutamic acid (E)
residues) enzymes instead of trypsin. Tammasalu ez 4/ firstdeveloped
this method in HEK 293 cells by using a 6xHis-SUMO'”%
substitution near the C-terminus (Fig. 1¢). The first enrichment step
consists of a Ni-NTA affinity purification, followed by Lys-C
digestion on a 30 kDa filter. Larger proteins left on the filter are
further digested by Glu-C and eluted separately. Glu-C and Lys-C
digested peptides are then affinity-purified using the anti-K-e-GG
antibody. This protocol reduced the complexity of final peptide
samples by ¢. 500-fold, making MS analysis easier and more efficient
(Tammsalu ezal., 2014,2015). This protocol has not been employed
to enrich SUMO-modified peptides from any plant species to date.
The K-e-GG peptide antibody enrichment protocol for plant
samples may need extensive optimization due to high concentrations
of waxes, polyphenols, and other metabolites in the samples that
might interfere with the K-e-GG antibody binding to SUMO-
modified peptides.

V. Conclusion and perspectives

SUMOylation is a versatile PTM that plays a critical role in
regulating protein stability, activity, and localization, as well as
plant responses to various stresses. Despite its significance,
studying SUMOylation in plants remains challenging due to
the complexity of the SUMOylome and the limitations of current
analytical techniques. Advancements in methodologies, such as
the development of tagged SUMO constructs and refined MS
protocols, have enabled deeper insights into SUMOylation
dynamics. Quantitative studies utilizing iTRAQ and TMT
labeling have revealed stress-specific SUMOylation patterns,
highlighting its regulatory role during heat and oxidative stress.
Techniques such as 2D/3D gel-based proteomics present an
approach for identifying SUMO targets in nonmodel crop plants
like potato, which are challenging to genetically modify. The
summary of proteomic studies on plant SUMOylation, including
the number of identified putative SUMO targets and modifica-
tion sites, is listed in Table 1.

The selection of a proteomic approach for identifying SUMO
targets and their modification sites largely depends on the plant

Table 1 Summary of proteomic studies on plant SUMOylation, including the number of identified putative SUMO targets and modification sites.

Targets SUMOylation
Study identified sites identified  Model system with their genetic background
Miller et al. (2010) 357 17 Arabidopsis thaliana (6xHis-SUMO1™R in sum1-1 sum2-1)
Miller et al. (2013) 172 - A. thaliana (6xHis-SUMO1"®R in sum1-1sum2-1)
Colignon et al. (2017a) 39 - Solanum tuberosum L. cv Desiree (wild-type)

Colignon et al. (2017b) 39 -
Rytz et al. (2018) 1058 c. 40

S. tuberosum L. cv Desiree (susceptible), S. tuberosum L. cv Desiree/RB (resistant)
A. thaliana (6xHis-SUMO1"8R in sum1-1 sum2-1; 6xHis-SUMO1™8R in sum7-7 sum2-1 siz1-2;

6xHis-SUMO1™8R in sum1-1 sum2-1 mms21-1)

Ingole et al. (2021a,b) 261
Rytz et al. (2023) 109

sum2-1)
Sang et al. (2024) 1300 2235

A. thaliana (6xHis-SUMO1"8R in sum1-1 sum2-1; 6xHis-SUMO1™R in sum1-1 sum2-1 srfr1-4)
A. thaliana (6xHis-(M1R)-SUMO1™® in sum7-1 sum2-1; 6xHis-(M1R)-KO(H89R) in sum1-1

A. thaliana (10xHis-KO-SUMO1 in sum1-1 sum2-1)
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species used. For genetically modifiable plant species, we strongly
recommend incorporating a 10x His-tag at the N-terminus of
SUMO. This enables the enrichment of SUMO conjugates under
strong denaturing conditions, which is crucial due to the fragile
nature of SUMOylation. The high activity of SUMO proteases can
rapidly cleave SUMO from target proteins, making stabilization
essential. It is also strongly recommended to use a plant protease
inhibitor cocktail and N-ethylmaleimide (NEM), which stabilizes
SUMO conjugates by covalently modifying the sulthydryl group of
the catalytic cysteine on SUMO-specific proteases. For MS
analysis, introducing a K/R mutation at the C-terminus of SUMO
is important to generate a smaller SUMO footprint on modified
peptides. For example, tryptic digestion of SUMOHS89R results in
a —QTGG remnant (K + 326 m/z), whereas SUMOK/RGG
leaves a —GG remnant (K + 114 m/z), facilitating more precise
detection using MS.

Despite rapid progress in the field, many aspects of SUMOyla-
tion remain unexplored. One is the cell-type specificity of SUMO
expression and modification. Investigating cell-type-specific
SUMO targets requires generating transgenic lines that express a
specific SUMO isoform under cell-type-specific promoters,
enabling SUMO expression in targeted cell types, which is
challenging to explore due to low protein abundance. Optimizing
novel enrichment techniques, such as K-e-GG antibody purifica-
tion, is essential to selectively isolate SUMO-modified peptides
from complex peptide mixtures with high efficiency, allowing a
reduction in sample complexity, enhancing the detection of
SUMO sites, and improving the likelihood of identifying low-
abundance SUMO-modified proteins.

An additional challenge that needs to be explored is the role of
posttranslational C-terminal processing of SUMO to expose diGly
for conjugation during maturation (Bea ez /., 2020). The remnant
C-terminal part after processing is thought to have a feedback
regulatory role in SUMO gene expression. The open reading frame
used in genetic constructs represents the ‘mature’ form of SUMO,
making its expression in these constructs even more distinct from
the native protein.

Future research should focus on mapping enzyme—substrate
relationships by exploring new techniques, such as ubiquitin-
specific proximity-based labeling (Ub-POD) to identify E3
substrates (Mukhopadhyay ez al., 2024) and also exploring cell-
type specificity of SUMOylation. In future, disruptive technologies
that do not rely on MS, for example, nanopore approaches (Lan
et al., 2024), and aptamer and antibody-based approaches
(https://www.nautilus.bio/platform/; Wik ez al, 2021), will
increase ease and throughput of large sample numbers and enhance
our understanding of protein modifications.
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