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Covalent modification of proteins by small ubiquitin-like modifier
(SUMO) regulates various cellular activities in yeast and mamma-
lian cells. In Arabidopsis, inactivation of genes encoding SUMO or
SUMO-conjugation enzymes is lethal, emphasizing the importance
of SUMOylation in plant development. Despite this, little is known
about SUMO targets in plants. Here we identified 238 Arabidopsis
proteins as potential SUMO substrates because they interacted
with SUMO-conjugating enzyme and/or SUMO protease (ESD4) in
the yeast two-hybrid system. Compared with the whole Arabidop-
sis proteome, the identified proteins were strongly enriched for
those containing high-probability consensus SUMO attachment
sites, further supporting that they are true SUMO substrates. A
high-throughput assay was developed in Escherichia coli and used
to test the SUMOylation of 56% of these proteins. More than 92%
of the proteins tested were SUMOylated in this assay by at least
one SUMO isoform. Furthermore, ADA2b, an ESD4 interactor that
was SUMOylated in the E. coli system, also was shown to be
SUMOylated in Arabidopsis. The identified SUMO substrates are
involved in a wide range of plant processes, many of which were
not previously known to involve SUMOylation. These proteins pro-
vide a basis for exploring the function of SUMOylation in the reg-
ulation of diverse processes in Arabidopsis.
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In eukaryotes, posttranslational modification by the attachment
of small ubiquitin-like modifier (SUMO) alters the activity of

many substrate proteins. In yeast and mammalian cells, this reg-
ulatory mechanism is involved in diverse cellular processes, in-
cluding nuclear–cytoplasmic shuttling, DNA and chromatin
activities, transcriptional regulation, RNA transport, protein–
protein interaction, and various other biological processes (1–5).
Many of the SUMO substrate proteins involved in these processes
were identified by systematic screening (6–13). Despite genetic
demonstration of the importance of SUMOylation in plants, few
SUMO substrates have been identified, and the extent to which
these are conserved with other eukyarotes is unclear. Here we
describe a proteome-wide identification of SUMO substrates
in Arabidopsis.
The enzymatic activities required for protein SUMOylation are

well characterized. Three enzymes mediate covalent attachment
of SUMO to substrate proteins: SUMO-activating enzyme (SAE
or E1), SUMO-conjugating enzyme (SCE or E2), and SUMO li-
gase (E3) (14, 15). SAE, a heterodimer (SAE1 and SAE2), forms
a thioester bond between a reactive cysteine residue in its large
subunit (SAE2) and the C-terminal end of SUMO. SCE binds
both SUMO and the potential substrate andmediates the transfer
and conjugation of SUMO from SAE to the substrate. Specific
residues in SCE interact with a sequence motif present in the
substrate called the SUMO attachment site (SAS) (16). A SAS
consensus sequence (ΨKXE/D) consists of a lysine residue to
which SUMO is attached (position 2), flanked by a hydrophobic
amino acid (position 1), any amino acid (position 3), and an acidic
amino acid (position 4). SCE catalyzes the formation of an iso-
peptide bond between the ε-amino group of the lysine residue of

the substrate and the C-terminal glycine residue of SUMO (14,
16). In Arabidopsis, SCE and SAE2 are encoded by single genes,
whereas SAE1 is encoded by two genes (SAE1a and SAE1b) (17).
In plants and mammals, SUMO, SUMO ligases, and SUMO
proteases are encoded by multigene families (15, 17). Different
SUMO isoforms are conjugated to specific substrates, and this is
regulated by specific ligases and proteases. Whereas SUMO
ligases aid in the conjugation reaction, SUMO proteases cleave
SUMO from substrates (deconjugation) and cleave a C-terminal
extension in precursor SUMO proteins to expose a glycine resi-
due (processing) that can be conjugated to the substrate protein
(14, 15).
SUMOylation also has been evaluated by mutation studies.

This approach demonstrated that in several model systems,
SUMO, SUMO-conjugation genes, and SUMOylation are es-
sential for normal growth and development (1, 14, 15, 18). In
Arabidopsis, mutants of SAE2, SCE, or both SUMO1 and
SUMO2 cause embryonic lethality (18), and mutations that im-
pair SUMO ligase or protease functions cause developmental and
physiological defects (19–25). Arabidopsis mutants of the SUMO
ligase SIZ1, for example, exhibit several phenotypes, including
symptoms of phosphate starvation (19), reduced tolerance to
freezing and drought (20, 21) and early flowering (22). Similarly,
mutations that impair the SUMO-specific protease ESD4 lead to
accumulation of SUMO protein conjugates and a pleiotropic
phenotype that includes extreme early flowering (23, 24). This
suggests that maintaining a regulated pool of SUMOylated pro-
teins is essential for normal growth and development, and that
identifying and characterizing SUMO substrates will be key to
understanding how SUMO manifests its effects.
SUMO substrates have been identified in several model sys-

tems, including yeast, Caenorhabditis elegans, Drosophila, Arabi-
dopsis, and mammals (5–13, 26, 27). Systematic proteome-scale
attempts have been successful only in yeast and cell cultures and
are lacking for multicellular higher eukaryotes, however. In Ara-
bidopsis, candidate gene approaches have identified two tran-
scription factors involved in cold tolerance and abscisic acid
signaling (20, 28), whereas enrichment of epitope-tagged SUMO
conjugates yielded 14 potential substrates (27). Although these
and other reports established the importance of identifying Ara-
bidopsis SUMO substrates as a prerequisite to studying the
mechanisms through which SUMO modification of proteins reg-
ulates cellular and developmental processes, no large-scale screen
for these substrates has yet been described. Immunologic ap-
proaches to identifying SUMO substrates in Arabidopsis have
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been hampered by low levels of SUMOylated proteins and by the
SUMOprotease activity associated with cell lysis, which is likely to
reduce the levels of conjugated proteins further.
Because SCE and ESD4 interact with substrates to catalyze

SUMO conjugation and deconjugation, we performed yeast two-
hybrid screening using the two proteins as bait, and identified
238 potential SUMO substrates.We used a high-throughput assay
to test the SUMOylation of 56% of these proteins, and found
that >92% of them are likely bona fide SUMO substrates. One of
these was confirmed in transgenic plants. The biological processes
in which these substrate proteins act were documented. The
identification of such a high number of SUMO substrates in
Arabidopsis will help elucidate the roles of SUMOylation in the
regulation of various cellular and biological activities in plants,
and also will allow a comparison of the processes regulated by
SUMOylation in different eukaryotic kingdoms.

Results and Discussion
Identification of Arabidopsis SUMO Substrates by Yeast Two-Hybrid
Screening. To identify putative SUMO substrates by yeast two-
hybrid screening, we used SCE and ESD4 as bait in two different
screens. Related approaches have been used previously to identify
or characterize SUMO substrates in yeast and C. elegans (5, 12).
These proteins were used because ESD4 is a major SUMO pro-
tease, so that a large number of SUMO conjugates accumulate in
the esd4 mutant (24), and SCE is the only SUMO-conjugating
enzyme in Arabidopsis (17). Attempts to use full-length ESD4
were impeded by our inability to maintain it in yeast cells; thus, we
used catalytically inactive (C448S) and truncated (spanning theN-
terminal regulatory domain) forms of ESD4 (Fig. 1A). The yeast
two-hybrid screens identified a total of 238 unique interacting
proteins. Using ESD4 (C448S) as bait recovered 24 proteins and
the N-terminal domain identified 124 proteins, consistent with
this regulatory domain being involved in determining substrate
specificity (29) (Table S1). We also identified 154 potential sub-
strates using SCE as bait (Table S1). None of the proteins inter-

acting with either bait had been previously identified as putative
SUMO substrates using different approaches (Table S1) (20, 27,
28), as observed in yeast, where distinct sets of substrates were
identified by different methods (12). The large number of proteins
identified using ESD4 and SCE is consistent with the central role
of these proteins in SUMOylation inArabidopsis. Interestingly, 65
proteins (28% of all proteins identified in these screens) inter-
acted with both ESD4 and SCE (Fig. 1B), further supporting that
they are indeed SUMO substrates.
We used a combination of BLAST, Gene Ontology, and liter-

ature searches to identify the molecular functions of SCE- and
ESD-interacting proteins (Fig. 1C).We identified SUMOpathway
components (SAE2, SCE, and SUMO1); metabolic enzymes; and
proteins involved in translation, protein folding, and stability
(translation initiation and elongation factors, 40S and 60S ribo-
somal protein subunits, calnexins, proteases, and subunits of the
26S proteasome); RNA splicing and processing (U2 and U5
SnRNP components, DEAD/DEAH helicases, ribonucleases, and
RNA recognition motif proteins); chromatin and genome stability
(DNA topoisomerase, chromatin-associated kinesin, chromome-
thylase 2, arginine N-methyltransferase); and stress response or
protein folding (mostly annotated as heat-shock proteins), as well
as many transcription factors (Fig. 1C and Table S1). SUMO
substrates belonging to similar categories of proteins also have
been identified in yeast and human cell cultures (7, 12, 13). Be-
cause we used yeast two-hybrid libraries of whole plant tissues and
SCE (the only SUMOE2) and ESD4 (the major SUMO protease)
as bait, many proteins involved in normal growth and development
likely were identified, and were therefore not limited to those in-
duced by specific conditions, such as environmental stress.
Although many of these proteins are localized to the nucleus,

we also identified chloroplast proteins (photosystem I and II
subunits; CAB-binding proteins 2, 3, and CP29; protein import
receptors; GTP-binding proteins; ferredoxins; FtsH protease;
ribosome recycling/releasing factor; ADP/ATP translocase; and
metabolic enzymes) and mitochondrial proteins (porins, ADP/
ATP translocase, AAA-type ATPase, ABC transporter protein
and metabolic enzymes) (Fig. 1C and Table S1). The identifi-
cation of metabolic enzymes, as well as other cytoplasmic and
organellar proteins, supports an emerging body of evidence
suggesting that SUMOylation is involved in functions in other
cell compartments besides the nucleus (1, 30, 31).

Potential SUMO Substrates Are Enriched in High-Probability SUMO
Attachment Sites. Unlike ubiquitin, SUMO attaches to target
proteins at a sequence motif known as the SAS. Residues in SCE
interact with the hydrophobic and acidic residues at the first and
fourth positions of the SAS, respectively (16). Algorithms that
assign values for the probability at which a specific SAS actually
may be used for SUMO attachment use hydrophobicity and
acidity values for the amino acids at these positions (32). We
searched the Arabidopsis proteome for proteins containing an
SAS with an arbitrary cutoff value of 91% (hpSAS) (Fig. 2A and
Materials and Methods). This identified more than 10,000 pro-
teins, constituting ≈40% of the Arabidopsis proteome (Table S2
and Fig. 2). We obtained a similar estimate (48%) when we
searched the yeast proteome. SUMOylation at noncanonical sites
has been reported previously (33, 34). The 3D context of SAS
determines whether SUMO actually attaches to the lysine residue
(16); however, a dataset of proteins with hpSAS offers the pos-
sibility of testing candidate proteins for SUMOylation. Of the
proteins that interacted with SCE, 70% were found to contain
hpSAS (Table S1 and Fig. 2), a significantly higher proportion
than that obtained from an unbiased proteome-wide search
(40%) (Fig. 2B), demonstrating that yeast two-hybrid screening
with SCE enriched for proteins containing hpSAS. The identifi-
cation of these proteins by two independent approaches increases
the likelihood that they are indeed SUMO substrates.
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Fig. 1. Identification of Arabidopsis SUMO substrates by yeast two-hybrid
screening. (A) The SCE (E2; Upper), and a catalytically inactive version (C448S)
and the N-terminal region of ESD4 (Lower) were used as baits in different
yeast two-hybrid screens. (B) A total of 238 potential SUMO substrates were
identified, 65 of which (28%) interacted with both ESD4 and SCE. (C) SUMO
substrates cover a wide range of functions and are found in the nucleus as
well as the cytoplasm, chloroplast, and mitochondria.
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High-Throughput SUMOylation Assay Confirms SUMO Attachment of
Substrate Proteins. To test SUMOylation of proteins identified in
the yeast two-hybrid screens, we developed a high-throughput
SUMOylation assay. In vitro SUMOylation assays necessitate the
purification of SAE1, SAE2, SCE, SUMO, and potential substrate
proteins (35), which makes them difficult to use in a high-
throughputmanner. For this reason, we developedE. coli strains in
which the Arabidopsis SUMO conjugation pathway was engi-
neered (Fig. 3A). Similar strains expressing the mammalian and
Arabidopsis pathways have been described previously (36, 37).
Our system is optimized for the high-throughput analysis of sub-
strates through the incorporation of a gateway-compatible bacte-
rial expression vector to express putative substrate proteins and to
express those harboring an N-terminal fusion with bacterial thio-
redoxin (Trx), which increases solubility and allows detection on
immunoblot analysis. In this system, expression of proteins and
SUMOylation of the substrate proteins occurs in the bacterial
cells. As a control, we used this system to test the SUMOylation of
a known Arabidopsis SUMO substrate (ICE1) (20). Immunoblot
analysis using anti-Trx antisera showed that ICE1 is SUMOylated
by SUMO3, as indicated by the presence of a higher–molecular
weight form consistent with the attachment of one SUMO mole-
cule (Fig. 3B, lane 4; Fig. 3C, lane 4). The presence of this form
depended on the expression of both subunits of SAE (Fig. 3B, lane
2), the catalytic activity of SCE (Fig. 3B, lane 3), and the presence
of an appropriate lysine residue, because SUMOylation of ICE1
was prevented by a mutation that replaced the lysine residue
previously shown to be required for SUMOylation (K393) (20)
with arginine (Fig. 3C, lane 7). Immunoblot analysis using anti-
SUMO3 antisera confirmed that this higher–molecular weight
form is indeed a SUMOylated form of ICE1 (Fig. 3B, lane 6). As
negative controls, we searched the Arabidopsis proteome for pro-
teins that contain lysine residues not located within a recognizable
SAS, and used five of these in the E. coli assay (Fig. 4). None of
these proteins was SUMOylated (Fig. 4 E and F). These experi-
ments indicate that the E. coli system recreates the specificity of
endogenous Arabidopsis SUMOylation.
We then used this assay to test the SUMOylation of a large

proportion of the putative SUMO substrates identified in the
yeast two-hybrid screens (Fig. 4 and Table S1). We introduced
into E. coli plasmids expressing full-length cDNAs encoding 54

proteins that interacted with SCE, 51 proteins that interacted
with ESD4, and 42 proteins that interacted with both SCE and
ESD4, which compose 62% of all yeast two-hybrid interactors.
Of these 147 proteins, 134 were successfully expressed and pu-
rified, and 124 were SUMOylated by SUMO1, SUMO3, or both,
whereas 10 proteins were not SUMOylated (Fig. 4 A–D and
Table S1). Only one of the 10 proteins that were not SUMOy-
lated contained an hpSAS, whereas the remaining nine proteins
contained no obvious SAS or only a medium- or low-probability
SAS. Similarly, of the 124 proteins that were SUMOylated in this
experiment, 67 contained an hpSAS, whereas 57 contained
a medium- or low-probability SAS. This suggests that although
the presence of an hpSAS increases the likelihood that a protein
will be SUMOylated, this is not an absolute requirement for
SUMOylation. This conclusion is consistent with previous re-
ports noting the importance of the 3D context of the SUMO
attachment lysine and also with evidence of SUMOylation at
noncanonical sites (16, 33, 34). The E. coli experiments indicated
that ≈92.5% (124/134) of the yeast two-hybrid interactors are
probable SUMO substrates.
The E. coli assay also differentiated between the two SUMO

isoforms used in this study (SUMO1 and SUMO3), as demon-
strated for the SUMOylation of ICE1 (Fig. 3) and many of the
potential substrates tested here (Fig. 4 and Table S1). Arabidopsis
encodes eight SUMO isoforms, of which only SUMO1, 2, 3, and 5
are highly expressed, and SUMO3 and 5 are distinct from the
other isoforms (17, 27). In addition to general amino acid se-
quence differences, SUMO3 contains a methionine residue in-
stead of the otherwise conserved glutamine at position 90 (17).
Differences between SUMO isoforms at this residue do not in-
fluence conjugation efficiency but might influence isoform prop-
erties (27) in ways that can regulate substrate specificity. Our data
suggest that SUMO substrates in Arabidopsis are often SUMOy-
lated by specific SUMO isoforms. A similar pattern of differential
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Fig. 2. SUMO substrates are enriched in hpSAS. (A) The SAS consists of
a hydrophobic residue (Ψ), the lysine residue to which SUMO is attached (K),
any amino acid (x), and an acidic amino acid (D or E). An hpSAS (≥91%) is
shown (I/V/LKx D/E). (B) Proteins identified by yeast two-hybrid screening
using the SCE as bait are enriched in hpSAS. Whereas 40% of the Arabidopsis
proteome contains hpSAS, 70% of SCE interactors contain hpSAS.
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SUMOylation of a model substrate (yeast PCNA) by Arabidopsis
SUMO1 and SUMO3 has been reported previously (38).

ADA2B, a Putative SUMO Substrate, Is SUMOylated in Vivo. To test
whether one of the potential SUMO substrates is SUMOylated
in Arabidopsis, we generated transgenic lines overexpressing
ADA2b. Also known as PRZ1, ADA2b is a component of
a histone acetyltransferase complex required for histone acety-
lation and activation of gene expression (39, 40). ADA2b inter-
acted with ESD4 in yeast two-hybrid screens (Table S1) and was
SUMOylated by both SUMO1 and SUMO3 in the E. coli
SUMOylation assay (Fig. 4D). We developed transgenic plants
overexpressing an N-terminal triple HA-tagged version of
ADA2b under the control of the cauliflower mosaic virus 35S
promoter in an ada2b null background (39). Western blot anal-
ysis using anti-HA antibody and protein extracts from these
plants revealed a major ADA2b form of ≈70 kDa (Fig. 5A), 14
kDa larger than the expected molecular weight of 56.1 kDa.
For comparison, we also used extracts from transgenic plants
overexpressing an epitope-tagged version of CYCLING DOF
FACTOR 2 (3×HA-CDF2) (41), which migrates at a similar size
(72 kDa) to ADA2b in Western blots (Fig. 5A) (41). We used the
anti-HA antibody to precipitate HA-ADA2b and HA-CDF2 (70
and 72 kDa, respectively) (Fig. 5B). When the same immuno-
precipitates were probed with anti-SUMO1 antisera, ADA2b
was detected, but CDF2 was not (Fig. 5C), suggesting that
ADA2b is SUMOylated in vivo by SUMO1. Interestingly, yeast
ADA2b also was previously identified as a SUMO substrate (7),
suggesting that SUMOylation may play an important conserved
role in the function of this protein.

Many SUMO Substrates Are Involved in Stress Responses. We used
Gene Ontology searches to characterize the putative Arabidopsis
SUMO substrates based on the biological processes in which they

participate, and tested whether any specific category is differen-
tially represented compared with the rest of the genome. P value
indicate the probability with which the enrichment could occur at
random (Fig. 6) (42). Proteins involved in stress responses were
overrepresented in both the yeast two-hybrid interactors and the
proteins identified computationally as containing hpSAS (P =
0.0009 and 0.0004, respectively) (Fig. 6A and B). Previous reports
suggest that SUMO conjugation of proteins is induced by various
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stress stimuli (13, 43, 44). In Arabidopsis, treatment with H2O2,
canavanine, ethanol, or heat (37 °C) led to increased SUMO1 and
SUMO2 conjugation of substrate proteins (43). Consistent with
this, proteins identified computationally as containing hpSAS are
enriched in proteins involved in response to temperature and heat
(P = 0.003 and 4 × 10−9, respectively) and those involved in al-
cohol catabolism (P= 0.0001) (Fig. 6B), and substrates identified
in yeast two-hybrid screens are enriched in proteins that respond
to temperature (P = 0.00005) (Fig. 6A). Although proteins in-
volved in abiotic stress are clearly overrepresented among puta-
tive substrates identified by both approaches (P = 0.00006 and
0.0001; Fig. 6 A and B), those involved in biotic stress are only
marginally enriched (P = 0.04) or underrepresented (P = 0.02)
among proteins identified by yeast two-hybrid screening or com-
putationally. These findings are consistent with previous reports
indicating that SUMO modification of proteins is important in
responses to abiotic stress (13, 43).

Diverse Functions of Protein SUMOylation Revealed by Gene On-
tology Searches. Other functional categories in which putative
SUMO substrates are clearly enriched include proteins involved in
RNA localization and processing, chromosome segregation, and
DNA modification (Fig. 6 A and B). Arabidopsis mutants of the
nuclear pore complex (nua) that phenocopy the SUMO protease
mutant esd4 and accumulate SUMO conjugates are defective in
nuclear RNA export (2). Proteins involved in RNA processing and
nuclear export also were identified in pull-down experiments per-
formed to identify SUMO substrates inArabidopsis (27), suggesting
that SUMO modification of proteins indeed may be important for
RNA processing and transport. Similarly, putative SUMO sub-
strates are enriched in proteins involved in chromosome segrega-
tion and DNA modification (Fig. 6B). Roles for SUMO modifica-
tion in sister chromatid cohesion, condensation, and topoisomerase
functions have been suggested (45, 46).
In addition to these categories, we also detected significant

enrichment in proteins involved in catabolism (observed with both
datasets), photosynthesis (yeast two-hybrid; Fig. 6A), and actin-
and microtubule-based movement (putative substrates identified
computationally; Fig. 6B). Proteins involved in phosphorylation,
phosphate metabolism, and posttranslational protein modifica-
tion are highly enriched among proteins containing hpSAS (Fig.
6B), with the lowest P values (9 × 10−26 to 6 × 10−29). However,
the same categories are underrepresented among proteins iden-
tified in yeast two-hybrid screens (Fig. 6A), perhaps due to con-
straints associated with expression of these proteins in yeast cells.

Conclusions
We have identified a large number of potential SUMO sub-
strates in Arabidopsis and developed high-throughput assays to
test their SUMOylation. The identified SUMO substrates are
enriched in proteins involved in certain biological processes,
which allowed us to further characterize the importance of
SUMOylation in abiotic stress response and implicate it in such
processes as photosynthesis and metabolism. Some of the sub-
strates (eg, ADA2b) are homologs of yeast proteins previously
shown to be SUMOylated, suggesting a conserved requirement
for SUMOylation, whereas others are plant-specific proteins.
The availability of this dataset and the E. coli SUMOylation
strains that we have developed will be valuable in elucidating the
role of protein SUMOylation in plant growth, development, and
response to external stimuli.

Materials and Methods
A full description of the materials and methods used is provided in SI
Materials and Methods. Yeast two-hybrid screens were performed using the
SCE and ESD4 baits and Arabidopsis total cDNA libraries in the yeast strain
PJ694a. E. coli SUMOylation strains were constructed in BL21(DE star) using
the Novagen Duet cloning system. cDNAs encoding putative substrate pro-
teins were cloned into the gateway-compatible bacterial expression vector
pET32b-GW and introduced into these strains. Transgenic plants expressing
the ADA2b under the control of CaMV 35S promoter were generated and
used to assess the SUMOylation of ADA2B in vivo. Database and Gene On-
tology searches were performed as described previously (42).
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