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The traditional focus on the central dogma of molecular 
biology, from gene through RNA to protein, has now been 
replaced by the recognition of an additional mechanism. 
The new regulatory mechanism, post-translational modifi-
cations to proteins, can actively alter protein function or 
activity introducing additional levels of functional com-
plexity by altering cellular and sub-cellular location, pro-
tein interactions and the outcome of biochemical reaction 
chains. Modifications by ubiquitin (Ub) and ubiquitin-like 
modifiers systems are conserved in all eukaryotic organ-
isms. One of them, small ubiquitin-like modifier (SUMO) is 
present in plants. The SUMO mechanism includes several 
isoforms of proteins that are involved in reactions of su-
moylation and de-sumoylation. Sumoylation affects sev-
eral important processes in plants. Outstanding among 
those are responses to environmental stresses. These may 
be abiotic stresses, such as phosphate deficiency, heat, 
low temperature, and drought, or biotic stressses, as well 
including defense reactions to pathogen infection. Also, 
the regulations of flowering time, cell growth and develop-
ment, and nitrogen assimilation have recently been added 
to this list. Identification of SUMO targets is material to 
characterize the function of sumoylation or desumoylation. 
Affinity purification and mass spectrometric identification 
have been done lately in plants. Further SUMO non-
covalent binding appears to have function in other model 
organisms and SUMO interacting proteins in plants will be 
of interest to plant biologists who dissect the dynamic 
function of SUMO. This review will discuss results of re-
cent insights into the role of sumoylation in plants. 
 
 
SMALL UBIQUITIN LIKE MODIFIER (SUMO) 
 
The first identified SUMO homolog, suppressor of mif two 3 
(Smt3), was originally discovered as a suppressor of the cen-
tromeric protein MIF2 in the budding yeast Saccharomyces 
cerevisiae (Meluh and Koshland, 1995). MIF2 is a kinetochore 
protein with homology to human CENP-C that is required for 
the structural integrity of the spindle during anaphase spindle 
elongation. Different human and mouse homologs of Smt3 
have been identified and named hSmt3, Smt3A, Smt3B, and 
Smt3C (Chen et al., 1998; Mannen et al., 1996). This was fol-

lowed by the detection of several other proteins, namely 
SUMO1, which was originally named ubiquitin like protein 1 
(UBL1), PML interacting protein 1 (PIC1), and sentrin. Sentrin 
was found to interact with RAD51 (DNA repair protein RAD51 
homolog)/RAD52, which are two components of the double-
strand DNA break repair system, promyelocytic leukemia pro-
tein (PML), a RING finger protein involved in acute promye-
locytic leukemia, and the Fas receptor (FasR, also known as 
Arp) involved in programmed cell death (apoptosis). (Boddy et 
al., 1966; Okura et al., 1996; Shen et al., 1996b). The covalent 
modification of RanGAP1, a GTPase-activating protein for nu-
clear Ran (Ras related nuclear protein, GTP binding protein), 
by SUMO1 triggers its association with cytoplasmic fibers of 
nuclear pore complexes (NPCs) (Matunis et al., 1996; 1998).  

The three-dimensional structure of SUMO (12 kDa) can be 
superimposed onto that of ubiquitin (Ub) (9 kDa), despite their 
low amino acid sequence identity (~18%). This property is 
common for several ubiquitin-like modifiers, including RUB 
(related to ubiquitin) and ATG8/12 (autophagy-related protein 
8/12), and SUMO. The characteristic structure of ubiquitin, 
termed the Ub-fold, consists of four β-strands surrounding an α 
helix that traverses the molecule diagonally (ββαββαβ) (Bayer 
et al., 1998; Vijay-Kumar et al., 1987). Similar to ubiquitin, 
SUMO is synthesized as a precursor with a C-terminal exten-
sion, and it is processed by a SUMO-specific protease to ex-
pose the C-terminus glycine that is essential for conjugation to 
target proteins. The SUMO conjugation pathway consists of a 
three enzyme cascade that includes an E1 SUMO activation 
enzyme, an E2 SUMO conjugation enzyme, and the E3 SUMO 
ligase. These are functionally the same as the enzymes that 
make up the ubiquitination system. However, a flexible N-
terminal extension is present in SUMO and the surface charge 
of SUMO is different from that of ubiquitin, indicating different 
protein interactions (Bayer et al., 1998; Johnson, 2004).  

The S. cerevisiae genome contains a single SUMO gene 
known as Smt3 that is essential for completing mitosis. The 
fission yeast Schizosaccharomyces pombe homolog Pmt3 is 
not essential for viability, but disruption of Pmt3 results in 
growth defects and compromised genome maintenance such 
as aberrant mitosis, longer telomeres and abnormal chromo-
some segregation. SUMO homologs are present in all eukaryo-
tes. While yeasts, the fruit fry (Drosophila melanogaster), and 
Caenorhabditis elegans encode a single SUMO protein, four  
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SUMO proteins have been identified in animals: SUMO1 (Smt3C, 
PIC1, UBL1, sentrin), SUMO2 (Smt3a, sentrin3), SUMO3 (Smt3b, 
sentrin2), and SUMO4. Human SUMO1 is a 101 amino acid 
polypeptide that shares 18% sequence identity with human 
ubiquitin. SUMO2 and SUMO3 from humans and animals 
share 87-95% protein sequence identity but they are only ~50% 
identical to SUMO1. The mRNA transcripts of SUMO1-3 are 
found in all tissues in humans and mice. However, the majority 
of the SUMO1 proteins can be found in conjugated forms, while 
SUMO2 and SUMO3 exist as free, unconjugated forms. The 
conjugation of SUMO2 and SUMO3 is strongly induced under 
various stress conditions, while SUMO1 conjugation is not in-
ducible in animals (Bohren et al., 2004; Johnson, 2004; Saitoh 
and Hinchey, 2000). SUMO2 and SUMO3 have the consensus 
SUMO modification site, ψKXD/E (ψ, hydrophobic amino acid; 
K, lysine; X, any amino acid, D, aspartic acid; E, glutamic acid) 
in their N-terminal region. The sequence promotes poly SUMO 
chain formation in SUMO2 and SUMO3, but not in SUMO1 
(Tatham et al., 2001). RanGAP1 is preferentially modified by 
SUMO1, but not SUMO2 and SUMO3 (Saitoh and Hinchey, 
2000). These studies suggest a pattern in the functions of these 
proteins in animals by which irrespective of the similarities in 
structure, the differences in amino acid sequences between 
them reflect the specificity of each isoform for its own set of 
targets. 

The first plant SUMO, T-SUMO, was found in tomato as an 
interacting partner of ethylene-inducing xylanase (EIX) from the 
plant pathogenic fungus Trichoderma viride (Hanania et al., 
1999). In a search for Arabidopsis SUMO (AtSUM) orthologs in 
protein and DNA databases eight AtSUMOs (AtSUM1-AtSUM8) 
were identified. AtSUM9 is a pseudogene. Transcripts of 
AtSUM1, 2, 3 and 5 have so far been detected, suggesting that 
the other isoforms could be expressed in condition-, time- or 
space-specific manners. The detection of AtSUM1/2 and their 
conjugates in both cytoplasmic and nuclear compartments 
implies that both soluble and membrane-associated proteins 
may be targets of AtSUM1/2 (Kurepa et al., 2003). AtSUM1/2 
and AtSUM3 have different conjugation dynamics and modify 
different sets of proteins: SUMO1 and SUMO2 conjugates, but 
not SUMO3 conjugates were dramatically increased by stress 
treatments including heat shock, H2O2, ethanol, and the amino 
acid analog canavanine. Especially AtSUM1 and AtSUM2 con-
jugates were induced within 2 min by heat shock (Kurepa et al., 
2003) through reversible conjugation. Furthermore, heat-indu-
ced SUMO conjugates were detected in the nuclear fraction, 
suggesting that sumoylation is involved in the signaling and 
early response to heat stress (Saracco et al., 2007). In addition 
to Arabidopsis and tomato, SUMO gene families are present in 
other plants such as poplar, grape, sorghum, and rice (Kurepa 
et al., 2003; Reed et al., 2010; van den Burg et al., 2010). AtSUM1 
is expressed from the early embryo stages (globule, heart, and 
torpedo stage) and its expression is constitutive in most organs 
(especially in the leaf and root), except for the vasculature, 
lateral root primordia and the root apex where AtSUM2 is highly 
expressed. AtSUM2 appears in the late heart stage in develop-
ing embryos. Although AtSUM1 and AtSUM2 are constitutively 
expressed, there is no overlap in their spatial expression 
(Saracco et al., 2007; van den Burg et al., 2010). AtSUM3 is 
not expressed in seeds or embryos, and its expression is re-
stricted to hydathodes and the vasculature of mature leaves 
(van den Burg et al., 2010). AtSUM1 and AtSUM2 can form 
poly-SUMO chains for conjugation to ScPCNA, a known SUMO 
target in yeast in vitro. AtSUM3, on the other hand, can modify 
ScPCNA, but polymeric chains were not detected (Colby et al., 
2006). 

Single homozygous T-DNA inserted null mutants of AtSUM1 
and AtSUM2, sum1-1 and sum2-1 were phenotypically similar 
to wild-type plants despite the reduction of heat shock-induced 
SUMO conjugation and free SUMO in these mutants. Similarly, 
heterozygous/homozygous (SUM1/sum1-1sum2-1/sum2-1) and 
homozygous/heterozygous (sum1-1/sum1-1sum2-1/SUM2) mu- 
tants looked similar to their wild-type counterparts, but heat 
shock-induced SUMO conjugation was significantly decreased. 
The double homozygous mutant, sum1-1sum2-1 is embryo 
lethal, suggesting that SUMO conjugation is essential for seed, 
seedling or early plant development (Saracco et al., 2007). 
Consistently, sum1sum2 knockdown mutants (sum1-1amiR-
SUM2) and transgenic plants overexpressing conjugation-
deficient mutant SUM1 (ΔGG) or SUM2 (ΔGG) were smaller 
and flowered earlier in short days (8 h light/16 h dark) than wild-
type plants. This phenotype is similar to that of the siz1-2 mu-
tant, which is a null mutant of the SUMO E3 ligase, SIZ1 (see 
below) (van den Burg et al., 2010). Thus, although the spatial 
expression profile of AtSUM1and AtSUM2 shows some differ-
ences, these two isoforms appear to be functionally largely 
redundant.  
 
PATHWAY OF SUMO CONJUGATION: MATURATION  
(PROTEASE), ACTIVATION (E1), CONJUGATION (E2),  
AND LIGATION (E3) 
 
SUMO conjugation or sumoylation consists of the formation of 
a covalent bond between the C-terminal glycine carboxyl group 
of SUMO and the ε-amino group of the lysine residue in the 
sumoylation site of a target protein. The three-step enzyme 
pathway for the attachment of SUMO to its target shares simi-
larity with the ubiquitin conjugation mechanism, but the en-
zymes involved in sumoylation are SUMO-specific. 

Similar to ubiquitin, SUMO proteins are synthesized as longer 
precursors and processed by a SUMO-specific isopeptidase to 
expose the glycine at the C-terminus of mature SUMO. Mature 
SUMO is activated by a SUMO-specific E1 activating enzyme. 
Activated SUMO is transferred to the cysteine of a SUMO-
conjugating enzyme E2, and then transferred from the E2 to 
the target lysine residue of substrates with the help of several 
E3 SUMO protein ligases (Johnson, 2004; Melchior, 2000). 
Although the target lysine residue is located in the short con-
sensus sequence ψKXD/E, approximately 20-25% of all su-
moylations occur at lysine residues in non-consensus se-
quences (Miller et al., 2010; Seeler and Dejean, 2003). Notably, 
recombinant E1, E2, and SUMO are sufficient for ATP-de-
pendent sumoylation of targets in vitro (Bernier-Villamor et al., 
2002). The enzymes involved in the SUMO conjugation system 
(Tables 1 and 2, Fig. 1) are described in detail in the following 
sections. 
 
The SUMO-activating enzyme E1 and the  
SUMO-conjugating enzyme, E2 
The SUMO-activating enzyme, E1, catalyzes a three-part reac-
tion similar to that of ubiquitin E1 enzymes. In this reaction, the 
C-terminus carboxyl group of SUMO interacts with ATP (ade-
nosine-5′-triphosphate) to form adenylated SUMO and pyro-
phosphate. In next step, the thiol group (S) of an active site 
cysteine of E1 reacts with the SUMO adenylate, forming a thio-
ester bond between the E1 and the SUMO C-terminus and 
releasing AMP (adenosine monophosphate). In the final step, 
activated SUMO is transferred to an active site cysteine of E2, 
a conjugation enzyme, forming a SUMO-E2 thioester interme-
diate that promotes the transfer of SUMO to a lysine residue in 
the target protein, mediated directly or indirectly by an E3 ligase 
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Table 1. Sumoylation and desumoylation determinants in animals, yeasts, Arabidopsis and rice 

 Mammals S. cerevisiae S. pombe Arabidopsis Arabidopsis locus # Rice 

SUMO-1 Smt3 Pmt3 SUM1 At4g26840 Os01g0918300 

SUMO-2   SUM2 At5g55160 Os01g0918200 

SUMO-3   SUM3 At5g55170 Os07g0574500 

SUMO-4   SUM4 At5g48710  

   SUM5 At2g32765  

   SUM6 At5g48700  

   SUM7 At5g55855  

   SUM8 N.A  

Modifier 

 

 

 

 

 

 

 

 

 

    SUM9 N.A  

Sae1(Aos1) Aos1 Rad31 SAE1a At4g24940 Os11g0497000 

   SAE1b At5g50580/At5g50680  

E1 

 

 Sae2(Uba2) Uba2 Fub2 SAE2 At2g21470 Os07g0586500 

Ubc9 Ubc9 Hus5 SCE At3g57870 Os03g0123100 

     Os10g0536000 

E2 

 

      Os04g0580400 

PIAS1 Siz1(Ull1) Pli1 SIZ1 At5g60410 Os05g0125000 

PIAS3 Siz2(Nfi) Nse2 SIZ2  Os03g0719100 

PIASxα/ARIP3 Mms21  MMS21/HPY2 At3g15150 Os05g0563500 

PIASxβ/Miz1 Zip3     

PIASy      

E3-SP-RING 

 

 

 

 

 

 Mms21/Nsc2      

RanBP2/Nup358      E3-others 

 Pc2b      

SENP1/SuPr-2 Ulp1(Nib1) Ulp1 ULP1a At3g06910 Os01g0355900 

SENP2 

AXAM2, SMT3IP2 

Ulp2(Smt4) 

 

Ulp2 

 

ULP1b 

 

At4g00690 

 

Os03g0410100 

 

SENP3 

SSP3, SMT31P1 
  

ULP1c/OTS2 

 

At1g10570 

 

Os03g0344300 

 

SENP5   ULP1d/OTS1 At1g60220  

SENP6 

SUSP1, SSP1 
  

ESD4 

 

At4g15880 

 
 

SENP7   ULP2a At4g33620 Os05g0207900 

Protease 

 
 
 

 

 

 

 

 

 

 

    ULP2b At1g09730 Os01g0738100 

SUMO, small ubiquitin-related modifier; E1, two subunits of SUMO activation enzyme SAE1 and SAE2; E2, single subunit of SUMO-conjugating en-

zyme SCE1; E3, two types of SUMO ligase, SIZ and NSE2/MMS21; protease, two types of ubiquitin-like SUMO protease ULP1 and 2; NA, not anno-
tated. 

 
 
 
(Johnson, 2004; Walden et al., 2003).  

The SUMO E1 enzyme is a heterodimer consisting of a ~40 
kDa Aos1 subunit (SAE1, Sua1) and a ~70 kDa Uba2 protein 
(SAE2, hUbs2) [yeast (Arabidopsis, human)], while the ubiquitin 
activating enzyme, Ub E1 is encoded by a single gene, Uba1. 
Aos1 and Uba2 show similarity to the N-terminus and C-
terminus of Ub E1, respectively. The Arabidopsis E1 proteins 
are SAE1a (36 kDa) and SAE1b (35.7 kDa) as the small SAE1 
proteins, and a single SAE2 (18 kDa). SAE1a/b and SAE2 are 
28-33% identical to animal orthologs but share conserved do-
mains including the active site cysteine, the Ub-activating en-
zyme C-terminal, UBA-CT (in SAE2), and the thiamine biosyn-
thesis proteins F and ThiF (in SAE1a/b and SAE2) (Kurepa et 
al., 2003). SAE1a and SAE1b are 81% identical at the amino 
acid sequence level, suggesting functional redundancy (Sa-
racco et al., 2007).  

SUMO E2 is encoded by a single gene in yeast, humans, 
and Arabidopsis (Ubc9 in yeast and humans, SCE in Arabidop-

sis) whereas there are many Ub E2s. AtSCE shows sequence 
similarities of 64%, 59%, and 58% to HsUBC9, SpHUS5, and 
ScUBC9, respectively. AtSCE conjugates human SUMO1 to 
mouse RanGAP in vitro, and the E2 SUMO conjugation activity 
of AtSCE, which transfers SUMO from E1 to a consensus re-
ceptor lysine, was suppressed when the catalytic domain cys-
teine was mutated to a serine (Lois et al., 2003). SUMO conju-
gation was ATP-dependent, as suggested by the 32P-labeled 
SUMO produced in an ATP regenerating system but not in an 
ATP depleted system when labeled SUMO was incubated with 
a crude Arabidopsis protein extract (Kurepa et al., 2003). 

In budding yeast, any single mutation in Aos1, Uba2 or Ubc9 
leads to a loss of viability based on cell cycle defects (refer-
ences in Saracco et al., 2007). In fission yeast, the correspond-
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Table 2. Arabidopsis proteins of the SUMO pathway 

Arabidopsis ATG number Location Description 

SUMO isoforms 

SUM1 At4g26840 Nucleus 

SUM2 At5g55160 Nucleus 
Single mutants look like wild type; double mutant is embryo lethal. 

SUM3 At5g55170   

SUM4 At5g48710   

SUM5 At2g32765   

SUM6 At5g48700   

SUM7 At5g55855   

SUM8 N.A   

SUM9 N.A   

SUMO-activating enzyme E1 

SAE1a At4g24940   

SAE1b 
At5g50580 

/At5g50680 
  

SAE2 At2g21470  sae2 is embryo lethal 

SUMO-conjugating enzyme E2 

SCE At3g57870  sce is embryo lethal 

E3 ligases 

SIZ1 

 

 

At5g60410 

 

 

Nucleus 

 

 

Dwarfism, elevated SA level with increased PR1 expression and resis-

tance to bacterial pathogens, early flowering in short day, hypersensi-

tivity to cold and phosphorus-limited condition (see the text). 

MMS21/HPY2 

 

 

At3g15150 

 

 

Nucleus 

 

 

Severe dwarf with short roots (fewer and shorter cells in the mature 

and elongation zones), premature transition from mitotic cycle to 

endocycle (see the text). 

SUMO-specific isopeptidases 

ULP1a/ELS1 At3g06910 Cytosolic compartment Dwarfism, early flowering in short day. 

ULP1b At4g00690   

ULP1c/OTS2 At1g10570  

ULP1d/OTS1 At1g60220  

Single mutants look like wild type; double mutant is hypersensitive to 

salt and plants flower early. 

ESD4 At4g15880 Nucleus Early flowering in short day. 

ULP2a At4g33620   

ULP2b At1g09730   

 
 
 
ing mutants are viable but have defects in growth and mitotic 
processes, and alterations in genome maintenance (references 
in Saracco et al., 2007). The mRNA transcripts of SAE1a/b and 
SCE were detected in all Arabidopsis tissues including seed-
lings, cotyledons, roots, the stem, shoot tip, leaves, flower and 
siliques. In addition, AtSCE1 colocalized with AtSUM1/2 in the 
nucleus (Lois et al., 2003). Null T-DNA-inserted mutants of 
SAE2 and SCE1 (sae2 and sce1) were embryo lethal and ar-
rested in an early embryonic stage (globular, heat, early tor-
pedo), indicating that E1 and E2 are as essential for SUMO 
modification as AtSUM1/2 (Saracco et al., 2007).   
 
The SUMO protein ligase E3 

Unlike HECT type ubiquitin ligases, SUMO E3 ligases do not 
form a thioester bond with SUMO. SUMO E3s bind to the 
SUMO E2 conjugating enzyme Ubc9 and promote the transfer 
of SUMO to substrates, functioning as a bridge or adaptor be-
tween the E2 and the substrate (Gill, 2004). 

SP-RING (Siz/PIAS RING) domain proteins {Siz (SAP and 
Miz finger domain) in yeast and PIAS [Protein Inhibitor of Acti-

vated STAT (signal transducer and activator of transcription-1)] 
in vertebrates} were identified as SUMO E3 ligases. The SP-
RING domain, which resembles the RING domain found in 
ubiquitination E3 ligases, binds to Ubc9 and is essential for 
SUMO E3 ligase activity. In addition, SP-RING proteins contain 
a SAP [Scaffold Attachment factor (SAF)-A/B, acinus, PIAS] 
motif (DNA binding), a PINIT motif (proline-isoleucine-aspara-
gine-isoleucine-threonine, nuclear retention of SP-RING pro-
tein/subcellular localization), a SIM (SUMO interacting motif) or 
SXS motif (interacting with SUMO, serine-X-serine, X is any 
amino acid), and a C-terminal domain. Fruit flies and worms 
have one E3 ligase named Su(var)2-10/zimp and gei-17, re-
spectively, and loss of function mutants lead to embryonic le-
thality. In budding yeast, two ligases are present, namely Siz2/ 
Nfi1 and Siz1/Ull1, which are required for Smt3p conjugation 
and have different substrates. Siz1 and Siz2 in yeast are not 
essential for cell viability, unlike Aos1/Uba2 (E1 heterodimer) 
and Ubc9 (E2), as double siz1Δsiz2Δ mutants are viable and 
show low levels of SUMO conjugates probably derived from 
another SUMO E3, Mms21 (see below). Fission yeast has one 
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Fig. 1. The sumoylation/desumoylation cycle; Maturation, SUMO isoforms are encoded as precursor proteins and are processed by SUMO-specific 

cysteine proteases (ULP, ubiquitin-like protein-specific protease) with SUMO peptidase activity. Maturation consists of carboxyl terminal truncation to 

expose the di-glycine (GG) motif; Activation by E1, the SUMO carboxyl-terminal glycine is linked to AMP (SUMO-AMP) catalyzed by the heterodimeric 

E1 SUMO-activating enzymes 1 and 2 (SAE1 and SAE2) in an ATP-dependent reaction. Subsequently, the glycine of SUMO is coupled to a cysteine 

(C) residue in SAE2 via a high-energy thioester bond; Conjugation by E2, SUMO is transferred to a cysteine residue of the E2 SUMO-conjugating en-

zyme (SCE1) by transesterification catalyzed by SCE1; Ligation by E3, SUMO is transferred to the e-amino group of a lysine (K) side chain in the su-

moylation consensus motif (ψKXE/D. ψ, a large hydrophobic residue; X, any amino acid; E/D, glutamic acid or aspartic acid) of the substrate protein, 

forming an isopeptide bond between the carboxyl of glycine in SUMO and the ε-amino of lysine in the substrate, a process that requires the E3 SUMO 

ligase in vivo; Deconjugation, SUMO-specific proteases (ULP) with isopeptidase activity cleave the isopeptide bond and SUMO is recycled through the 

conjugation system. 
 
 
 
SP-RING protein, Pli1, while mammals have five PIASs, 
namely PIAS1, PIAS3, α and β spliced forms of PIASx, and 
PIASy, which are encoded by four genes and are implicated in 
gene expression, signal transduction and genome maintenance 
(Johnson, 2004).  

Arabidopsis has one AtSIZ1 and loss of SIZ1 function pheno-
types include dwarfism, elevated SA level with increased PR1 
(Pathogenesis Related gene 1) expression and resistance to 
bacterial pathogens, early flowering in short days, and hyper-
sensitivity to cold and phosphorus limited conditions. These 
phenotypes led to the discovery of the SIZ1 targets PHR1, 
ICE1, FLD, and NIA1 and NIA2 (see “FUNCTIONS OF SUMO-
YLATION IN PLANTA”). AtSIZ1 has four conserved domains 
including SAP, PINIT, SP-RING, and SXS, and one plant PIAS 
protein-specific domain called PHD (plant homeodomain). PHD 
and SP-RING domains are required for binding to AtSCE and 
for sumoylation of GTE3 (global transcription factor group E3, 
Bromodomain-containing protein) (Garcia-Dominguez et al., 
2008). Expression of the site directed-mutated domains named 
SIZ1sap, SIZ1phd, SIZ1pinit, SIZ1sp-ring, SIZ1sxs in siz1-2 mutants 
showed that the SP-RING domain was required for the punctu-
ate subnuclear structure of SIZ1, and demonstrated that SUMO 
conjugation in vivo is involved in thermosensitivity, SA-
dependent resistance to bacterial pathogens, and SA-indepen-
dent ABA sensitivity. The PHD and PINIT domains are likely to 
be involved in sumo-ylation and regulate the elongation of hy-

pocotyls in response to sugar and light (Cheong et al., 2009). 
Another SP-RING type protein characterized by its SP-RING 

domain, but with the loss of the SAP and PINIT domains, is 
methyl methanesulfonate sensitive 21 (Mms21). The fission 
yeast Pli3 protein and the Siz1 and Siz2 proteins in budding 
yeast are not essential, whereas deletion of Nse2 (fission yeast) 
and Mms21 (budding yeast) results in lethality. Human MMS21 
is required for DNA repair (Potts and Yu, 2005). Arabidopsis 

has one AtMMS21/HPY2 (High ploidy 2) that is involved in cell 
proliferation and root meristem maintenance (see “FUNC-
TIONS OF SUMOYLATION IN PLANTA”). 

Mammalian cells contain additional non-SP-RING type 
SUMO E3s that lack the SP-RING domain but have a distinct 
domain for binding to the E2 enzyme Ubc9, among them RAN 
Binding Protein 2 (RanBP2) and Polycomb group protein 2 
(Pc2). RanBP2 is a nuclear-pore protein localized to cytoplas-
mic fibrils that mediates the sumoylation of certain substrates 
such as Ran GTPase activating protein (RanGAP). Pc2 is the 
specific SUMO E3 ligase for the transcriptional co-re-pressor C-
terminal binding protein of adenoviruns E1A (CtBP) (Wang and 
Dasso, 2009). In animal cells, the localization of E3 ligases 
contributes to their functional specificity for a substrate or target: 
RanBP2 is associated with the nuclear pore complex, PIASs 
localizes to the nucleoplasm and nuclear bodies, and Pc2 is 
found in a subnuclear structure called the Polycomb body (Gill, 
2004).  
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SUMO deconjugation, reversible SUMO conjugation  
(SUMO-specific protease) 
Accumulation of heat shock-induced AtSUM1/2 conjugates was 
found to begin within 2 min of heat stress, and suspension of 
the heat stress stimulus resulted in the return of SUMO conju-
gation to a steady-state level and an increase in unconjugated 
free AtSUM1/2 levels (Kurepa et al., 2003). Rapid SUMO de-
conjugation was inhibited by N-ethyl-maleimide (NEM) (Lois et 
al., 2003). Plants have SUMO specific proteases that cleave 
the C-terminus of the nascent SUMO to expose the C-terminus 
glycine. Specific proteases also function to remove SUMO 
moieties from conjugated proteins and recycle free SUMO. 
Yeast has two SUMO-specific proteases called ScUlp1 (Ub like 
protein protease 1) and ScUlp2/Smt4. ScUlp1 null mutants are 
not viable due to defects in cell cycle progression, but ScUlp2 
mutants are viable and show pleiotropic phenotypes such as 
abnormal cell morphology and decreased chromosome stability 
(references in Colby et al., 2006). The mammalian genome 
encodes six SUMO-specific proteases referred to as SENP1 
(sentrin-specific protease 1), SENP2, SENP3, SENP5, SENP6, 
and SENP7. Arabidopsis has seven SUMO-specific proteases, 
namely ESD4, ULP1a/ELS1 (Ub like protein protease 1a/ESD4- 
like SUMO protease), ULP1b, and ULP1c/OTS2, which are 
homologous to yeast ScUlp1. ULP2a and ULP2b are homolo-
gous to yeast ScUlp2. Plants have an additional protease in-
volved in salt stress tolerance named ULP1d/OTS1 (Colby et 
al., 2006; Hermkes et al., 2011; Kurepa et al., 2003; Miura and 
Hasegawa, 2010; Miura et al., 2007a). However, only four 
Arabidopsis SUMO-specific proteases have been characterized 
functionally: AtESD4, ULP1a/ELS1, ULP1c, and ULP1d. 

AtESD4 and AtULP1c/d are located in the nucleus, as are 
the yeast proteases ScUlp1 and ScUlp2 (Conti et al., 2008; 
Murtas et al., 2003). AtESD4 was originally isolated from a 
deletion mutation in ESD4 (early in short days 4) causing ex-
treme early flowering in short days and abnormal shoot devel-
opment including inflorescence defects (Murtas et al., 2003; 
Reeves et al., 2002). Similarly, single T-DNA insertion mutants 
of OTS1 (AtULP1d) and OTS2 (AtULP1c) did not exhibit signifi-
cant phenotypes, but the double mutant ots1ots2 (overly toler-
ant to salt 1 and 2) flowered earlier, was sensitive to salt, and 
had a short root phenotype (100 mM NaCl). By contrast, over-
expression of OTS1 resulted in increased resistance to salt 
(Conti et al., 2008). Recently, ULP1a/ELS1 was found to have 
SUMO specific proteolytic activity but to locate to the cytosolic 
compartment or to endo-membrane associated structures 
(Hermkes et al., 2011).  

Plant ULPs and ESD4 contain the conserved 200-amino acid 
ULP1-Catalytic (ULP1-C) domain surrounded by a catalytic 
triad of histidine (H), or aspartic acid (D), and cysteine (C) resi-
dues. This structure is similar to that of yeast ScUlp1 and 
ScUlp2/Smt4 (Chosed et al., 2006; Kurepa et al., 2003; Murtas 
et al., 2003). The protease activity of AtESD4 was lost when the 
488th amino acid, an active site cysteine, was mutated to ser-
ine (Murtas et al., 2003). The dominant negative mutant OTS1 
C526S (site-directed mutation of the active cysteine to serine) 
did not exhibit the same resistance to salt as OTS1 overex-
pressing transgenic plants (Conti et al., 2008). Similar to the 
effect of the N-terminal domain of ScUlp1 on its protease activ-
ity, localization, and target-binding properties (references in 
Conti et al., 2008), the N-terminal regulatory domain of AtULP1s 
plays a role in substrate-specificity and the activity of the cata-
lytic domain. The N-terminus catalytic cores of AtULP1a and 
AtESD4 show 65% sequence identity and those of AtULP1c 
and AtULP1d show 72%. Consistent with their sequence iden-
tity/similarity, AtULP1a and AtESD4 require the N-terminus 

regulatory domain for peptidase activity. Although all four pepti-
dases (AtESD4 and AtULP1a/1c/1d) can cleave AtSUM1/2 con-
jugates, AtSUM3-HA conjugates are processed only weakly by 
AtULP1a and none of the proteases cleaves AtSUM5-HA 
(Chosed et al., 2006). AtULP1a has higher SUMO peptidase 
activity than isopeptidase activity, but AtESD4 is more active as 
a deconjugating enzyme than as a SUMO-processing pepti-
dase (Chosed et al., 2006). Similarly, a separate study showed 
that the four Arabidopsis SUMO peptidases deconjugated 
AtSUM1/2 conjugates of yeast ScPCNA, which is a known 
target, but AtSUM3-ScPCNA conjugates were only cleaved by 
XopD, a bacterial virulence factor secreted by Xanthomonas 

campestris (see below). All four proteases processed AtSUM1/2 
precursors to the mature AtSUM1/2, but none of the proteases 
produced mature AtSUM3 or AtSUM5 from their precursors 
(Colby et al., 2006).  
 
FUNCTIONS OF SUMOYLATION IN PLANTA 

 

Environmental (Abiotic) stress 
The conjugation of AtSUM1/2 to protein substrates is signifi-
cantly induced by heat shock, cold, oxidative stress, and drought. 
Loss and gain of function analyses have revealed that sumo-
ylation is involved in plant responses to environmental signals 
and signaling pathways (Conti et al., 2008; Kurepa et al., 2003; 
Miura et al., 2007b; Yoo et al., 2006). 

SIZ1 was originally isolated as a phenotype suppressor from 
NaCl sensitive sos3 (salt over sensitive 3) mutant seedlings 
(Miura et al., 2005). The siz1 mutants siz1-1/2/3 and siz1-

1sos3-1 showed hypersensitive responses to Pi starvation 
characterized by short primary roots, increased number of lat-
eral roots and root hairs and anthocyanin accumulation. These 
mutants showed an increase in the transcript levels of AtPT2, 
AtPS2, and AtPS3 under Pi-sufficient conditions and/or in the 
early stages of Pi starvation, but the induction of AtIPS1 and 
AtRNS2, which are controlled by PHR1 (phosphate starvation 
response 1), a MYB transcription factor, was reduced under Pi 
starvation conditions. PHR1 was sumoylated by AtSIZ1 in vitro. 
As PHR1 plays a central role in regulating many late Pi starva-
tion genes, and AtSIZ1 is upregulated under Pi-deficient condi-
tions, SIZ1-mediated sumoylation of PHR1 acts positively on 
Pi-starvation induced gene expression (Lin et al., 2009; Miura 
et al., 2005). 

SIZ1 expedites basal thermotolerance independent of sali-
cylic acid (SA) (Yoo et al., 2006). The siz1 T-DNA insertion 
mutants showed basal thermosensitivity with a lower germina-
tion rate at 45°C for 4 h, but a similar capacity for acquired 
thermotolerance compared to wild type (basal heat tolerance is 
the tolerance of heat shock without prior heat acclimation, 
whereas acquired thermotolerance is acclimated heat tolerance, 
induced by prior exposure to moderately high temperatures, 
which enables the plant to cope with subsequent lethal heat 
exposure). SA-dependent signaling facilitates basal thermotol-
erance and plays a role in acquired thermotolerance by induc-
ing the expression of HSPs (heat shock proteins). The siz1 
mutants that accumulate higher levels of SA exhibit reduced 
basal thermotolerance independently of SA, as seen in the 
lower tolerance of NahGsiz1-2 compared to siz1 mutants and 
the lack of detectable changes in the gene expression of HSF 
(heat shock factors) and heat shock-induced genes in siz1 

seedlings (Clarke et al., 2004; Larkindale et al., 2005) [NahG is 
the SA-degrading salicylate hydroxylase from Pseudomonas 

putida (Delaney et al., 1994)]. SIZ1-mediated basal thermotol-
erance in Arabidopsis seems to operate through a different 
signaling pathway because in other eukaryotes, sumoylation of 
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HSFs regulates downstream expression of HSPs and acquired 
thermotolerance. 

AtSIZ1-mediated sumoylation is essential for chilling and 
freezing tolerance (Miura et al., 2007b). The siz1-2 and siz1-3 
mutants are less tolerant to cold and chilling stress than their 
wild-type counterparts, but transgenic plants overexpressing 
SIZ1 show normal tolerance. Cold-induced expression of CBF 
[CRT (C-repeat)/dehydration responsive element (DRE) binding 
protein]/dehydration responsive element binding protein (DREB1), 
especially CBF3/DREB1A, and their downstream genes (COR-
15A, CAR47, KIN1) was repressed in siz1-1 mutants, while 
MYB15 expression was induced. However, expression of siz1 
did not change the constitutive transcript levels of transcription 
factor ICE1 (inducer of CBF/DREB1 expression), which is tar-
geted and polyubiquitinated by the RING type ubiquitin E3 li-
gase HOS1 (High expression of osmotically responsive gene) 
leading to proteasome degradation. Instead, SIZ1 mediates 
SUMO1 conjugation to ICE1 and stabilizes the activity of ICE1. 
The K393R mutation in SIZ1 blocked the sumoylation of ICE1, 
which caused the inhibition of the expression of CBF/DREB1s 
and regulon genes, and the upregulation of MYB15, a negative 
regulator of CBF3/DREB1A. SIZ1-mediated sumoylation of ICE1 
therefore not only stabilizes ICE1, but also facilitates down-
stream CBF expression and MYB15 repression during cold 
acclimation.  

SIZ1 regulates drought responses, as revealed by the in-
creased sensitivity of siz1-3 to drought stress and the repres-
sion of drought-induced SUMO conjugation in the siz1-3 mutant 
(Catala et al., 2007). Drought-induced SUMO conjugation ap-
peared to be independent of ABA signaling, as accumulation of 
SUMO-protein conjugates in the ABA-deficient mutant aba2 
was similar to that of wild-type plants and included enzymes of 
the anthocyanin synthesis pathway and jasmonate response. 

SUMO is involved in salt responses. Two SUMO proteases, 
OTS1/ULP1d (Overly Tolerant to Salt1) and OTS2/ULP1c, 
show redundancy in their function in salt stress responses, as 
seen in the hypersensitivity of the double mutant ots1ots2, but 
not the single homozygous mutants, to salt (100 mM NaCl). In 
addition, root development and desumoylation of AtSUM1/2 
conjugates were impaired in the double mutant (Conti et al., 
2008).  
 
Aabscisic acid (ABA) signaling 
Sumoylation and desumoylation are implicated in ABA signal-
ing in plants. Overexpression of AtSUM1 or AtSUM2 attenu-
ated ABA-mediated root growth inhibition and siz1 mutants 
were hypersensitive to ABA, showing lower germination rates 
and shorter root length (Lois et al., 2003; Miura et al., 2009). 
Expression of ABA-responsive genes containing ABREs (ABA 
Responsive Elements) such as RD29A, RD29B, AtEm6, RAB18, 
and ADH1 was increased in siz1-2 and siz1-3 mutants, sug-
gesting that SIZ1 functions as a negative regulator of ABA sig-
naling. However, genetic crosses showed that although ABI5 
(ABA Insensitive 5) was epistatic to SIZ1, the transcript levels of 
ABI5 were not affected in siz1 mutants. This was found to be 
due to the SIZ1-mediated SUMO conjugation of the 391th ly-
sine of ABI5, which negatively regulated ABA signaling. Ex-
pression of ABI5 (K391R) in abi5-4 exhibited hypersensitive 
(increased) expression of ABA-response genes and hypersen-
sitive phenotypes including lower germination rates and shorter 
root growth in response to ABA. It was proposed that SIZ1-
mediated sumoylation of ABI5 protects this transcription factor 
from 26S proteasome degradation mediated by the ABI5-
binding protein AFP and the RING type ubiquitin E3 ligase KEG 
(Keep on Going), and rapid desumoylation of ABI5 activates 

the protein, inducing ABA signaling (Miura and Hasegawa, 
2010; Miura et al., 2009). In addition, mutations in the SP-RING 
and SXS domains of SIZ1 did not rescue the hypersensitivity of 
siz1-2 mutant to ABA, suggesting that the SP-RING and SXS 
domains are responsive to ABA signaling (Cheong et al., 2009) 
Rice OsSIZ1 and OsSIZ2 partially complemented the hyper-
sensitivity of the siz1-2 mutant to ABA in Arabidopsis, indicating 
that OsSIZ1 and OsSIZ2 function as SUMO E3 ligases and are 
implicated in ABA signaling (Park et al., 2010).  
 
Cell growth and development 
Sumoylation and the components of the SUMO conjugation 
machinery are essential for cell viability, as shown by the em-
bryo lethality of null mutations in SAE2 and SCE and the double 
mutant sum1-1sum2-1 (Saracco et al., 2007). The loss of func-
tion mutant siz1 is a dwarf with decreased number and size of 
cells compared to the wild type, but is still viable, probably due 
to the action of another SUMO E3 ligase, MM21/HPY2 (Catala 
et al., 2007; Huang et al., 2009; Ishida et al., 2009; Jin et al., 
2008). The dwarfism and reduced growth of this mutant was 
suppressed by NahG, which restored the reduced expression 
of XTH8 and XTH31 (xyloglucan endotransglycosylase and 
hydrolase) in siz1-2, probably facilitating leaf cell expansion. It 
was suggested that SIZ1 regulates cell expansion and division 
by regulating SA accumulation (Miura et al., 2010). A T-DNA-
inserted null mutant of Rice OsSIZ1, a functional ortholog of 
AtSIZ1, showed shorter primary roots, more and longer adventi-
tious roots and root hairs, and dwarfism (Wang et al., 2011). 

Recent studies showed that another SUMO E3 ligase, 
AtMMS21/HPY2, regulates cell proliferation and root meristem 
maintenance (Huang et al., 2009; Ishida et al., 2009). The loss 
of function T-DNA insertion mutant mms21-1 exhibited a short 
root phenotype with fewer and shorter cells in the mature and 
elongation zones. The cytokinin response genes, ARR1 ARR3, 
ARR4, ARR5 and ARR7 and the cytokinin receptor CRE1 were 
down-regulated in the mms21-1 mutant, but the expression of 
ARR6 was not affected (Huang et al., 2009; Zhang et al., 2010). 
Loss of HPY2 function resulted in a severe dwarf phenotype 
and premature transition from the mitotic cycle to the endocycle 
with additional rounds of endoreduplication. The involvement of 
HPY2 in the promotion of the mitotic cell cycle and/or the re-
pression of the entry into the endocycle in the root meristem 
was demonstrated by a reduction in the cyclin dependent 
kinase B1 (CDKB1) and CDKB2 mRNA and protein levels, and 
the transcription level of the mitotic cyclin CYCB in hpy2. HPY2 
is expressed in proliferating cells including the epidermis, cortex, 
endodermis, and pericycle in the root meristem and lateral root 
primordia, and their meristems and HPY2 expression and ac-
cumulation are positively regulated by PLT (plethora), an AP2 
domain transcription factor (Ishida et al., 2009).  
  
Flowering 
Mutations in the SUMO protease ESD4 and its interacting part-
ner NUA (nuclear pore anchor) result in early flowering under 
short and long days (Murtas et al., 2003; Reeves et al., 2002; 
Xu et al., 2007). The transcript level of the floral repressor FLC 
(Flowering Locus C) was reduced in esd4, and the expression 
of flowering-time genes repressed by FLC was increased, thus 
accelerating the transition from vegetative growth to flowering. 
The double mutant ots1ots2 flowered early compared with the 
wild type and single mutants (Conti et al., 2008). In addition, a 
knockdown mutant of ULP1a/ELS1 exhibited early flowering in 
short days (Hermkes et al., 2011), suggesting that the SUMO 
proteases ESD4 and AtULP1s negatively regulate the transition 
to flowering. 
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The siz1 mutant exhibited early flowering under short day 
conditions in Arabidopsis. This is partially due to the elevated 
SA level in siz1 mutants, as the flowering time of NahGsiz1-2 
and NahG plants was similar to that of wild-type plants in the 
Columbia background. Another SA-independent pathway is the 
SIZ1-mediated SUMO modification of flowering locus D (FLD). 
SIZ1-mediated sumoylation of FLD suppresses FLD activity, 
which promotes acetylation of histone 4 in FLC and results in 
increased FLC expression and the subsequent suppressed 
expression of floral genes (Jin et al., 2008). Consistent with the 
phenotype of the siz1 mutants, sum1sum2 knockdown mutants 
exhibited early flowering in short days. By contrast, loss of 
SUM3 showed late flowering and overexpression of SUM3 
caused early flowering (van den Burg et al., 2010). These re-
sults show that sumoylation and desumoylation are involved in 
different pathways that regulate flowering. Studies in rice 
showed that both siz1 mutants and SIZ1-RNAi rice transgenic 
plants exhibited defects in anther dehiscence, but pollen viabil-
ity and flowering time were not affected. This finding is sup-
ported by the observation that mutant and transgenic plants 
expressed lower amounts of the rice orthologs of the Arabidop-
sis IRX and maize MADS2, which are known to be essential for 
endothelium development and anther dehiscence (Thangasa-
my et al., 2011). Rice SIZ1 is 50% and 41% identical to Arabi-
dopsis SIZ1 and SIZ2, respectively. However, whether mono-
cot rice SIZs function in a similar manner as dicot Arabidopsis 
SIZs remains to be elucidated.  
 
Plant pathogen interactions 

Sumoylation plays a role in the interaction between plants and 
plant pathogens and in the progression of pathogenesis. To-
mato SUMO, or T-SUMO, was originally isolated as an interact-
ing partner of ethylene-inducing xylanase (EIX) from the patho-
genic fungus Trichoderma viride, and overexpression of T-
SUMO in tobacco suppressed cell death and ethylene biosyn-
thesis induced by EIX (Hanania et al., 1999). Tobacco NbSCE1 
was found to interact with replication initiator protein (RepAC1/ 
Rep) from geminivirus tomato golden mosaic virus (TGMV) and 
Tomato yellow leaf curl Sardinia virus (TYLCSV) (Castillo et al., 
2004).  

Phytopathogenic bacteria use a type III secretion system 
(TTBS) to inject effector proteins into host cells, and some viru-
lence factors possess SUMO specific protease activities even 
though prokaryotic bacteria do not have sumoylation and de-
sumoylation systems. The pathogen applies TTBS effectors 
mimicking SUMO-specific proteases to disrupt cellular proc-
esses in the host and facilitate infection. The avirulence factor 
AvrBsT from the plant pathogen Xanthomonas campestris pv. 
campestris, a homolog of YopJ (Yersinia outer protein J), which 
is a virulent factor from Yersinia pestis (causative agent of 
Black Death) that shares the triad active sites (His154, Glu173, 
and Cys222), has SUMO protease activity. While wild-type 
AvrBsT protein induced a resistant, hypersensitive response 
(HR) in tobacco leaves (Nicotiana benthamiana), the AvrBsT 
protein containing mutations in the active site showed a dis-
rupted signaling pathway and did not elicit a hypersensitive 
response (Orth et al., 2000). Another avirulent factor, AvrXV4 
from Xanthomonas campestris pv vesicatoria 4, has SUMO-
specific protease activity. Like AvrBsT, mutations in catalytic 
core residues of AvrXV4 resulted in a suppressed AvrXv4-
dependent HR in tobacco (Roden et al., 2004). A unique viru-
lent factor, XopD, which is secreted from X. campestris pv. 
vesicatoria was able to desumoylate/cleave not only AtSUM1/2 
conjugates but also AtSUM3 conjugates of ScPCNA, which 
were not released by plant SUMO proteases such as AtULP1c, 

AtULP1d, and AtESD4 in vitro (Colby et al., 2006). XopD tar-
gets to the host nucleus and binds to host DNA via its N-
terminus DNA-binding domain (DBD). XopD has the conserved 
active sites of a SUMO protease (H/E/C), and mutation of the 
470th cysteine to alanine caused the loss of plant-specific 
SUMO protease activities. Interestingly, although XopD was 
required for bacterial growth, it reduced chlorophyll loss and SA 
levels in the host plant, suppressed senescence-associated 
host gene responses and plant defense-associated gene tran-
scription through its two EFR-associated amphiphilic repression 
(EAR) motifs, and delayed plant disease symptoms in infected 
tomato leaves (Hotson and Mudgett, 2004; Kim et al., 2008).  

Sumoylation is implicated in plant pathogen defenses. Null 
siz1 mutants exhibit constitutive expression of pathogenesis-
related (PR) genes and disease response genes (such as 
EDS1, PAD4, SID2, EDS5 but not NDR1 and NPR1), leading 
to increased resistance to the bacterial pathogen Pseudomo-
nas syringae pv. tomato (Pst) DC3000. These effects are due 
to elevated SA, as introducing NahG into siz1 mutants reduced 
SA levels to normal and restored the wild-type phenotype. Mu-
tant crossing analysis showed that PAD4 is epistatic to SIZ1, 
suggesting that SIZ1 negatively regulates SA-mediated or -
dependent defense signaling and responses through a PAD4-
dependent pathway in non-infected plants (Lee et al., 2006). 
The sum1sum2 knockdown mutant sum1amiR-Sum2 dis-
played elevated SA levels, constitutive expression of PR1, sub-
sequent resistance to Pst DC3000, and spontaneous cell death. 
In addition, it flowered early in short days similar to the siz1 
mutant (Lee et al., 2006; van den Burg et al., 2010). Heat 
shock-induced AtSUM1/2 conjugation was suppressed in 
sum1sum2 knockdown mutants and siz1, suggesting that SIZ1 
functions through conjugation to AtSUM1/2 (Cheong et al., 
2009; van den Burg et al., 2010). Overexpression of AtSUM1-3 
and their conjugation-deficient mutants AtSUM1-3ÄGG resulted 
in increased resistance to Pst DC3000, increased SA levels, 
and reduced cell death (HR). AtSUM3 transcript levels, but not 
those of AtSUM1/2, rapidly and transiently increased after 
treatment with the bacterial elicitor Flg22 in an SA-dependent 
manner (van den Burg et al., 2010). These results imply that 
plant defense systems inhibit the AtSUM1/2 dependent sup-
pression of SA signaling and allow SA accumulation, which 
turns on AtSUM3 expression. 
 
Metabolism: nitrogen assimilation 

The phenotypes of siz1-2 including dwarf, early flowering, poor 
seed development, and high accumulation of SA leading strong 
resistance against bacterial pathogen result from loss of func-
tion of SUMO E3 ligase, and functional defects of proteins 
which are supposed to be sumoylated to be active. Interestingly 
supplementary ammonium resource complements the charac-
teristic phenotype of siz1-2, but not other nitrogen source such 
as nitrate (Park et al., 2011b). Rather nitrate content is much 
higher in siz1-2 than wild type and nitrate reductase (NR) activ-
ity is reduced in siz1-2. Actually two NR, NIA1 and NIA2 could 
be SUMO conjugated. Sumoylation seems to regulate the NR 
activity by stabilizing the proteins.  
 

SEARCHING ATSUMO TARGETS 

 

In yeast and animal cells, SUMO attachment and desumoyla-
tion are involved in nuclear and subnuclear localization, DNA 
repair, mechanisms that antagonize ubiquitination, gene ex-
pression (transcriptional regulation), genome maintenance, 
protein-protein interaction, and signal transduction (Geiss-
Friedlander and Melchior, 2007; Gill, 2004). Systematic screens 
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have identified SUMO targets and the regulatory mechanisms 
of the target proteins related to sumoylation have been charac-
terized (Golebiowski et al., 2009; Xu and Peng, 2006). 

The identified targets of AtSUMOs are mostly transcription 
factors such as ICE1, FLD, and ABI5 that are involved in regu-
lating or modulating different biological pathways, and are 
characterized through null loss of function siz1 mutant pheno-
types (Jin et al., 2008; Miura et al., 2005; 2007b; Yoo et al., 
2006). Yeast two-hybrid assays and immunoprecipitation ex-
periments have been applied for screening or isolating SUMO 
conjugated proteins and/or SUMO-associating proteins (Bud-
hiraja et al., 2009; Elrouby and Coupland, 2010; Garcia-
Dominguez et al., 2008; Miller et al., 2010). GTE3, which be-
longs to the bromodomain and extra terminal (BET) domain 
protein family, was identified by a yeast two-hybrid screen using 
truncated SIZ1ΔC with SAP, PHD, and SP-RING domain as 
bait (Garcia-Dominguez et al., 2008). Affinity purification and 
mass spectrometric identification using tagged AtSUM1 (or 3 or 
5) in plants with transient inducible expression added 15 poten-
tial SUMO targets involved in RNA-dependent and chromatin-
related processes (Budhiraja et al., 2009). Systemic yeast two-
hybrid screening using the SUMO E2 activating enzyme SCE 
and the SUMO specific protease ESD4, which interact with 
SUMO substrates for sumoylation and desumoylation, respec-
tively, yielded 238 potential targets and 124 proteins were su-
moylated experimentally. These proteins include sumoylation 
system components, transcription factors, proteins involved in 
RNA processing, chromatin and genome stability and mainte-
nance, proteins for protein translation, folding, and stability, and 
stress responding genes (Elrouby and Coupland, 2010). Not 
only nucleus-localized proteins, but also chloroplast, mitochon-
drial, and cytoplasmic proteins were found, suggesting that 
SUMO conjugation occurs in other cell compartments. Affinity 
purification and enrichment with two rounds of Ni-NTA affinity 
chromatography and anti-SUMO antibody affinity chromatogra-
phy, followed by LC-MS/MS with protein extracts from His-
H89R SUMO1 sum1-1sum2-1-expressing transient plants al-
lowed the identification of 357 putative SUMO targets (Miller et 
al., 2010). Protein extraction and subsequent purification in-
cluded strong denaturants such as 7M guanidine or 8M urea to 
eliminate non-covalently bound conjugates and background 
from abundant ribulose-1,5-bisphosphate carboxylase oxygen-
nase (RuBisCO) and crosslinked immunoglobulins from anti-
bodies. The results showed that 76% of them were nuclear-
localizing proteins including transcription factors, components of 
RNA metabolism and processing, chromatin binding/remolding 
proteins, and cell cycle regulators. This list also contained com-
ponents of the SUMO conjugation and deconjugation machin-
ery, and of DNA repair/maintenance systems. In addition, tran-
scription factors involved in hormonal signaling and stress re-
sponses were included. In this study, many proteins were pre-
sent as sumoylated proteins both under normal conditions and 
stress-treated conditions such as heat and oxidative stresses 
suggesting stress increases fraction of SUMO conjugated form 
(Miller et al., 2010). Our group followed two different approa-
ches for screening sumoylated proteins: the first system in-
cluded the overexpression of AtSUM1 fused to a 6His-3Flag 
tag in Arabidopsis. Total protein extracts were applied to Ni-
NTA affinity chromatography columns followed by 2D SDS-
PAGE. Gel-excised putative SUMO-binding candidate proteins 
were identified by matrix-assisted laser desorption/ionization 
time-of-flight (MALDI-TOF) mass spectrometry and were found 
to be involved in DNA/RNA-related processing, signaling path-
ways and metabolism (Park et al., 2011a). Another system was 
designed to utilize affinity chromatography with His-GST-

AtSUM1 and total protein extracts from Arabidopsis under na-
tive conditions without strong denaturants to improve the prob-
ability of including SUMO binding conjugates. SUMO-binding 
protein complexes were then purified and identified by HPLC 
followed by tandem mass spectrometry (MS/MS). The list of 15 
putative SUMO-binding proteins includes nucleus-localizing 
proteins such as the transcription factor MYB31 and the RNA 
processing-related genes DEAD helicase, as well as cytoplas-
mic proteins such as 1-amino-cyclopropane-1-carboxy-late syn-
thase 7 (ACS7) (manuscript in preparation).  

All studies for mining SUMO targets showed that many of 
them were transcription factors and genes involved in RNA/ 
DNA-dependent and/or chromatin-related processes. However, 
some candidate proteins were not nucleus-localized proteins, 
indicating that the nucleus is not the only place where sumoyla-
tion occurs. Although the øKXE/D motif is known as the ca-
nonical consensus sequence for covalent SUMO attachment, 
the motif is not essential for sumoylation because 20% of puta-
tively sumoylated proteins isolated from His-H89R SUMO1 
sum1-1sum2-1 plants or obtained by affinity purification do not 
contain this consensus sequence (Miller et al., 2010). This is 
consistent with the idea that the three-dimensional position or 
location of the target site lysine is important for SUMO conjuga-
tion (Bernier-Villamor et al., 2002). However, induced folding 
could also mask or expose a lysine that is not surrounded by 
the specific motif. Defining the putative SUMO targets will eluci-
date the biological and regulatory processes and mechanisms 
that govern sumoylation in planta.  
 
SUMO BINDING 

 
SUMO can be covalently conjugated to specific eukaryotic 
target proteins mainly through the consensus motif, ψKXE/D in 
the substrate proteins. Since the non-covalent interaction be-
tween human Rad51/52 and SUMO1 was found, additional 
substrates that interact with SUMO non-covalently have been 
identified using the yeast two-hybrid assay, which can differen-
tiate between the covalent and non-covalent interactions with 
SUMO (Kroetz and Hochstrasser, 2009; Li et al., 2000; Shen et 
al., 1996a; 1996c). Non-covalent binding to SUMO occurs through 
SUMO-interacting motif (SIM) also known as SUMO-binding 
domain (SBD) and SUMO-binding motif (SBM) in the targets 
(Kerscher, 2007). 

SUMO non-covalent binding is considered analogous to the 
ubiquitin system, where the covalently conjugated ubiquitin on 
substrates can recruit ubiquitin-binding proteins that bind non-
covalently. Sumoylation probably provides the interaction plat-
form for an effector protein, which has SUMO-binding activity or 
SIM (Grabbe and Dikic, 2009; Wilkinson and Henley, 2010). 

The first study of SUMO-binding proteins and SIM was based 
on SUMO-interacting proteins from yeast in a two-hybrid assay 
using sumoylated human p73α, a member of the p53 family as 
the bait (Minty et al., 2000). It was proposed that an SXS motif 
(X is any amino acid and S is serine) surrounded by three or 
four acidic residues at the C-terminus and a few hydrophobic 
residues at the N-terminus is the requirement for SUMO inter-
action based on sequence comparisons. The importance of 
serine for SUMO binding was put in doubt by another group 
that instead suggested the involvement of a few amino acid 
sequences, V/I-X-V/I-V/I (Val/Ile-X-Val/Ile-Val/Ile) in the SIM in a 
study using nuclear magnetic resonance (NMR): a SIM forms 
an extended structure that is bound between the α-helix and β-
strand of human SUMO1 (Song et al., 2004; 2005). Some 
SUMO-binding proteins indeed contain this motif, including the 
E3 ligase PIASx, the Ran binding protein2 (RanBP2/Nup358), 
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and the SUMO activating enzyme unit Uba2/SAE2. From addi-
tional studies, SIMs are now defined by a hydrophobic consen-
sus sequence that includes a cluster of valine, isoleucine, and 
leucine residues preceded or followed by a cluster of acidic 
(negatively charged) and/or phosphorylated (serine or threo-
nine) residues. This region aligns as a â-strand with a matching 
region on the surface of SUMO (Hannich et al., 2005; Hecker et 
al., 2006). The hydrophobic groove in human SUMO1 and 
SUMO2, and yeast Smt3 is surrounded by basic residues that 
associate with negative charges in the SIM (Chupreta et al., 
2005). The arrangement of hydrophobic and acidic/negative 
residues in SIMs appears to determine their specificity in bind-
ing to distinct SUMO isoforms (Hecker et al., 2006; Sekiyama et 
al., 2008; Zhu et al., 2008). The SIM and SUMO interaction also 
seems to impinge on sumoylation of target proteins or substrate 
recognition. This is based on the observation that SUMO 
loaded-Ubc9 (E2) (SUMO interaction with sumoylated Ubc9) 
could regulate the target discrimination of protein sumoylation 
by a mechanism involving the interaction between the substrate 
and the SIM in sumoylated Ubc9 (Knipscheer et al., 2007; 
2008). In addition, the SIM-SUMO interaction plays a role in 
regulating the downstream effect of SUMO by recruiting SIM-
containing proteins, and through intramolecular interactions and 
E3 ligase activity (Kerscher, 2007; Merrill et al., 2010; Yang and 
Sharrocks, 2010). For example, the recruitment of the anti-
recombinogenic helicase Srs2 by sumoylated polymerase 
processing factor (PCNA) was reduced in the presence of trun-
cated Srs2ÄN, from which the sequence ELLVID (Glu-Ile-Ile-
Val-Ile-Asp) was deleted. This motif is considered a SIM in 
budding yeast (Kerscher, 2007). A conformational change of 
the thymine DNA glycosylase TDG caused the release of TDG 
from DNA, and the subsequent repair of the abasic site resulted 
from the binding of an internal SIM to the covalently attached 
SUMO moiety (Kerscher, 2007). Only one SIM was discovered 
in yeast and humans and there are no studies addressing the 
interaction between SIM and SUMO in plant proteins. Charac-
terizing the mechanism by which SUMO-binding proteins attach 
to SUMO and how sumoylation of target protein is regulated will 
help us understand the biological function of SUMO proteins in 
cellular processes.  
 

CROSSTALK BETWEEN UBIQUITINATION AND  

SUMOYLATION 

 

The lysine residue in SUMO targets can be modified by other 
post-translational modifications such as acetylation or methyla-
tion. In addition, ubiquitination and sumoylation can also be 
altered by other modifications (Denuc and Marfany, 2010; Guo 
et al., 2007; Perry et al., 2008). 

One renowned example of antagonistic relationships between 
sumoylation and ubiquitination is IκBα (nuclear factor of kappa 
light polypeptide gene enhancer in B-cells inhibitor, alpha), a 
binding partner of NF-κB (transcriptional activator nuclear fac-
tor-κB) (Ulrich, 2005). Sumoylation of IκBα protects itself from 
ubiquitination and proteasome-dependent degradation.  

In animal and yeast cells, SUMO-conjugated and ubiquity-
nated proteins are accumulated in cells treated with protea-
some inhibitors. This suggests that sumoylation could also work 
as a targeting signal for Ub-mediated proteasome-dependent 
degradation. The STUbL [SUMO-targeted Ubiquitin (Ub) ligase] 
family of RING finger domain ubiquitin E3 ligases recognizes 
sumoylated substrates and mediates their subsequent degra-
dation. This unique ubiquitin E3 family includes budding yeast 
Hex3/Slx5 and Slx8, fission yeast Rfp1, Rfp2, and Slx8, Dic-
tyostelium MIP1, and the mammalian RNF4/Snurf (RING finger 

protein4/small nuclear RING finger protein). STUbL proteins 
have two N-terminal SIMs and a C-terminal RING finger do-
main (Denuc and Marfany, 2010; Perry et al., 2008). In plants, 
however, orthologs of the STUbL family ubiquitin E3 ligase 
appear to be missing. Nonetheless, following heat stress treat-
ment, ubiquitination of SUMO-conjugated proteins in Arabidop-
sis was found to increase substantially (Miller et al., 2010).  
 
SUMO-UBIQUITIN PATHWAY INTERPLAY 

 
SUMO also plays a role in the regulation of the ubiquitin path-
way. Sumoylation of the animal deubiquitinating enzyme (DUB) 
ubiquitin-specific peptidase 25 (USP25) decreases its activity, 
whereas ubiquitination of the same lysine residue enhances the 
rescue of substrates from proteasomal degradation by USP25 
(Denuc and Marfany, 2010). 

Studies addressing the interactions between sumoylation and 
ubiquitination are in their beginning phases and we have not yet 
reached a detailed understanding of these mechanisms in 
yeasts or animals. As our knowledge about the two seemingly 
independent pathways accumulates in plants, information about 
the interplay between SUMO and Ub pathways will emerge as 
well.  
 
CONCLUSION 

 

In plants, the sumoylation system functions as a regulatory 
mechanism involved in cell expansion and division, flowering, 
hormonal signaling, and responses to abiotic and environ-
mental stresses. Mining novel targets of SUMO proteins ex-
pands the field of sumoylation/desumoylation, revealing its 
unexpected complexity. SUMO binding identifies regulators 
and/or effectors that are involved in an increasing number of 
diverse downstream pathways.  
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