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Abstract: The regulation of protein fate by modification 
with the small ubiquitin-related modifier (SUMO) plays 
an essential and crucial role in most cellular pathways. 
Sumoylation is highly dynamic due to the opposing 
activities of SUMO conjugation and SUMO deconjugation. 
SUMO conjugation is performed by the hierarchical action 
of E1, E2 and E3 enzymes, while its deconjugation involves 
SUMO-specific proteases. In this review, we summarize 
and compare the mechanistic principles of how SUMO 
gets conjugated to its substrate. We focus on the interplay 
of the E1, E2 and E3 enzymes and discuss how specificity 
could be achieved given the limited number of conjugat-
ing enzymes and the thousands of substrates.

Keywords: E1; E2; E3 enzymes; SIM; SUMO chains; SUMO 
paralogs.

Introduction
Reversible posttranslational modification (PTM) with the 
small ubiquitin-related modifier SUMO (sumoylation) is 
conserved in all eukaryotes. SUMO belongs to the super-
family of ubiquitin-like (Ubl) modifiers and performs 
essential functions in most organisms. Sumoylation is 
involved in a large variety of fundamental cellular pro-
cesses, including DNA replication, transcription, cell 
cycle regulation, DNA damage repair, chromatin organi-
zation, ribosome biogenesis, pre-mRNA splicing, nuclear 
trafficking, signal transduction and protein degradation 
(1–12). Such a plethora of functions implies the existence 
of multiple targets. Indeed, more than 1000  sumoylated 
proteins have been identified, with the numbers continu-
ously increasing (13). Sumoylation is highly dynamic and 
the global SUMO proteome is constantly changing, for 

example, during cell cycle progression and cell differen-
tiation, and it is drastically induced upon stress (14–17). 
Such stress stimuli include DNA damage, heat shock, pro-
teasomal inhibition, viral infection or ischemic challenge. 
These significant rearrangements in the SUMO proteome 
appear to represent a versatile immediate stress response, 
required, for example, for DNA damage repair (2, 7, 18) 
or to protect the brain against focal cerebral ischemic 
damage (19). However, constitutively increased sumoyla-
tion has rather negative effects and correlates with resist-
ance to cancer treatments, increased tumor metastasis 
and relapse (20–24). Also, several other diseases, like neu-
rological disorders, diabetes and heart failure, were con-
nected to defects in the SUMO system (25–28). Together, 
these findings point to an important role of sumoylation in 
maintaining cell homeostasis and it is of key importance 
to understand its substrate specificity and regulation.

A comprehensive analysis of diverse SUMO sub-
strate screens revealed that different groups of proteins, 
including cell cycle and DNA damage repair factors, 
show increased sumoylation in response to stress, while 
the modification is removed in other groups of proteins, 
such as nucleosome components and transport factors 
(13). This points to a broad but highly regulated system 
performed by the counteracting activities of SUMO-con-
jugating enzymes and SUMO-specific proteases. It is cur-
rently unclear how these individual groups of substrates 
are selected.

In this review, we will discuss general features of 
sumoylation, with a focus on the mechanistic aspects of 
how SUMO conjugation is executed at the enzymatic level 
in Saccharomyces cerevisiae and mammalian cells. We will 
illustrate regulatory concepts occurring at different levels 
and discuss how substrate specificity could be achieved. 
SUMO deconjugation was recently reviewed in great detail 
(29, 30) and will only be mentioned in a general context.

Synopsis of SUMO conjugation 
and deconjugation
All SUMO proteins are expressed as immature precursors 
and need to be matured by SUMO proteases to expose 
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the C-terminal di-glycine (GG) motif that is critical for 
conjugation (Figure  1). In an ATP-consuming reaction, 
SUMO is then activated by adenylation, enabling it to 
form an energy-rich thioester bond with the catalytic 
cysteine of the heterodimeric E1 enzyme, composed of 
the Aos1/Uba2 (Sae1/Sae2) subunits (31). Next, SUMO 
is passed to the catalytic cysteine of the E2 conjugating 
enzyme (Ubc9) (Ube2I), again resulting in a thioester 
bond (32, 33). In the final step, SUMO is transferred to the 
substrate, forming an isopeptide bond with an ε-amino 
group of the acceptor lysine residue (34–36). While the 
E2 enzyme can directly interact with a SUMO consensus 
motif (SCM, see below) found in many substrates, this 
interaction is insufficient for an efficient SUMO trans-
fer and needs to be stabilized either by additional E2 
interactions or by E3 ligases. E3 ligases interact with 
the substrate and the charged E2 enzyme and catalyze 
the discharge of the thioester-bound SUMO from the E2 
enzyme to the substrate. Substrates can be modified 
with a single SUMO moiety, multiple SUMOs or with 
SUMO chains. SUMO proteases reverse the sumoylation 
by cleaving the isopeptide bond between SUMO and its 
substrate, thereby defining the balance between the free 

and conjugated SUMO pool, as well as the dynamic 
steady-state levels of sumoylated substrates in the cell.

SUMO proteins
SUMO proteins share a common three-dimensional struc-
ture, characterized by a tightly packed globular fold with 
β-sheets wrapped around one α-helix (37) (Figure 2A). In 
contrast to ubiquitin, SUMO proteins bear a highly flex-
ible N-terminal extension that contains the major site for 
SUMO chain formation (37). The exact site of chain linkage 
and the efficiency of chain assembly differ between SUMO 
paralogs (38).

Saccharomyces cerevisiae contains a single SUMO 
protein, Smt3, while mammalian cells express up to five 
SUMO paralogs (SUMO1–SUMO5). The Smt3 knockout is 
lethal in S. cerevisiae (www.yeastgenome.org). Surprisingly, 
mice deficient in SUMO1 (39, 40) and SUMO2 (41) are viable 
and only SUMO3 is essential for embryonic development 
(embryos die around embryonic day E10.5), most likely 
because it is the predominantly expressed SUMO isoform 
(41). There is considerable confusion about the SUMO2 and 
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Figure 1: SUMO conjugation cycle.
The covalent attachment of SUMO to its substrates is processed by the hierarchical action of an enzymatic triad, involving E1, E2 and E3 
enzymes. First, SUMO (S) is matured by SUMO specific proteases (Prot), enabling it to become activated in an ATP-consuming reaction, 
to form a thioester bond (-S-) with the heterodimeric E1 (Aos1/Uba2). SUMO is then transferred to the E2 (Ubc9), again resulting in a 
thioester bond. Finally, SUMO is conjugated directly or with the help of an E3 ligase to its substrate, forming an isopeptide bond (solid 
line). Substrates can be modified with a single SUMO (monosumoylation), with multiple SUMOs (multisumoylation) or with a SUMO chain 
(polysumoylation). Sumoylation is reversed by SUMO specific proteases that cleave SUMO from the substrate. The known number of SUMO 
enzymes, given in brackets, is limited, in contrast to the thousands of known substrates.
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SUMO3 paralogs in the literature and in major databases. 
We use the original nomenclature for SUMO2 and SUMO3 
as described by Saitoh and Hinchey (42) throughout this 
review, which might differ from some sources.

SUMO1–SUMO3 are ubiquitously expressed while 
expression of SUMO4 and SUMO5 is restricted to specific 
tissues (43–45). Importantly, the final proof that SUMO4 
and SUMO5 are translated into proteins remains to be 
shown, especially as they were originally annotated as 
pseudogenes [see (46) and comment of M. Tatham in 
Pubmed on (45)]. SUMO1 and SUMO2/3  share less than 
~ 50% sequence identity (Figure 2B). SUMO2 and SUMO3 
are almost identical (~ 97% in humans) and cannot be dis-
tinguished by antibodies. Thus, they are often referred to 
as SUMO2/3 (42, 47).

Under physiological conditions, SUMO1 is constitu-
tively conjugated to substrates, while all other SUMO par-
alogs are preferentially conjugated in response to stress 
(42, 45, 48).

Diverse proteomic studies showed that SUMO can be 
modified by different PTMs, including acetylation, phos-
phorylation and ubiquitination, indicating that it is itself 
a target for complex regulation (13). At present, only SUMO 
acetylation and phosphorylation have been analyzed 
in greater detail: SUMO (SUMO1 Lys37 or SUMO2 Lys33) 
acetylation interferes with binding to a SUMO interaction 
motif (SIM) [see below and (49)]. SUMO1 Thr76 phospho-
rylation appears to regulate its stability and activity in 
cells, although the exact molecular mechanisms remain 
to be resolved (50). It will be thrilling to gain further 
insight into these different SUMO regulatory mechanisms 
because such modifications are likely to have a powerful 
impact on interacting proteins, with severe consequences 
for enzymes and substrates. Additionally, such modifi-
cations may regulate cellular functions like stability or 
localization of SUMO proteins, as has been proposed for 
SUMO1 phosphorylation.

The SUMO consensus motif
Early on in the discovery of SUMO substrates, it became 
evident that many share a common ΨKxE (Ψ = hydro-
phobic residue with high preference for I or V) motif for 
conjugation, designated SUMO consensus motif (SCM). 
In recent years, several efforts have been made to study 
sumoylation on a global and site-specific manner by high 
resolution mass spectrometry (14, 15, 51–54). Reanalyzing 
all these available data sets (13) revealed that at physio-
logical conditions, at least half of the SUMO substrates are 

modified at the minimal KxE motif, although upon stress, 
more lysines at non-SCM sites are modified.

SCMs directly interact with the catalytic cleft of the 
E2 enzyme and this interaction contributes to catalysis 
and to lysine selection (55, 56). However, for an efficient 
SUMO transfer, this interaction needs to be stabilized, 
either by additional binding interfaces or co-factors, or by 
the help of an E3 ligase. Consistently, extended and regu-
lated variations of this SCM motif have been discovered 
that lead to an increase in E2 affinity and enhanced modi-
fication in vitro. Such an increase can either be achieved 
by a hydrophobic cluster N-terminal of the core SCM, 
termed hydrophobic cluster sumoylation motif (HCSM) 
(57), or by negatively charged amino-acids C-terminal 
of the core SCM, termed negatively charged amino-acid-
dependent sumoylation motif (NDSM) (58). Additionally, 
a phosphorylation site C-terminal of the core SCM in a 
phosphorylation-dependent sumoylation motif (PDSM) 
can mimic negatively charged amino acids when modified 
(59–61). Of note, all such motifs can also be found in many 
non-sumoylated proteins, demonstrating that their mere 
presence does not necessarily define a SUMO substrate. 
SCM sumoylation consistently depends on the structural 
context, requiring extended or unstructured and exposed 
surface regions (62).

Non-covalent SUMO interactions
Besides covalent substrate modification, SUMO also regu-
lates protein function in a non-covalent manner, either in 
its free or in its conjugated form. Such SUMO-specific pro-
tein-protein interactions can have diverse consequences 
on the fate of the involved proteins, like changes in their 
intracellular localization, protein stability or enzymatic 
activity (62–69).

SUMO utilizes three different binding interfaces to 
non-covalently interact with other proteins and accord-
ingly, we distinguish three different classes (Figure 2). 
Class I interactions recognizing the SUMO interaction 
motif (SIM) on substrates present the best-characterized 
and most prominent interaction surface on SUMO. This 
SIM is established by a short stretch of three to four hydro-
phobic amino acids embedded in a β-strand that interacts 
with SUMO and flanking acidic regions reviewed in (70). 
Recent structural studies disclosed an unpredicted allevi-
ated variation of class I SIMs with only two hydrophobic 
amino acids that are also placed in a central β-strand (71). 
Class II SUMO interactions exhibit higher affinities [~ 80 
nm (72)] than SIM interactions [1–100 μm (73–76)]. They 
utilize a binding surface opposite to the class I site, thus 
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allowing simultaneous class I and class II SUMO binding. 
Two examples have been identified, the SUMO-Ubc9 back-
side interaction (72, 77–79) and the interaction between 
SUMO1 and dipeptidyl peptidase-9 (DPP9) (80). Of note, 
Ubc9 and DPP9 bind to a similar but not identical surface 
on SUMO. The class III SUMO interaction was initially 
discovered by the interaction of the ubiquitin E3 ligase 
HERC2 with SUMO1 via its ZZ type zinc-coordinating motif 
(81). A recent nuclear magnetic resonance (NMR) structure 
of the CREB-binding protein (CBP) ZZ zinc finger domain 
interacting with SUMO identified this third binding inter-
face on SUMO, which is separate from the class I and class 
II surfaces (82). A synopsis of the three different non-cova-
lent SUMO binding interfaces is depicted in Figure 2.

It is still difficult to predict SUMO interactions in silico 
because of the many variations. Predicted SIMs do not 
mandatorily bind SUMO and too few examples are iden-
tified to describe motifs for the other classes of SUMO 
binding.

Importantly, non-covalent SUMO interactions contrib-
ute to regulation because SUMO interactions can be selec-
tive for SUMO paralogs. Some class I SIMs demonstrate 
paralog specificity, probably through additional interac-
tions adjacent to the hydrophobic core (75, 76, 83–87). 
Also, the class II DPP9, but not Ubc9, shows specificity for 
SUMO1, while the class III HERC2 displays preference for 
SUMO1 (80, 81).

To further increase the complexity of non-covalent 
SUMO-SIM interactions, both SUMO and SIMs can be 
dynamically modulated by PTMs to change the charge of 
the respective binding partner. This can either stabilize or 
interrupt the interaction in a regulated manner. One excit-
ing example is the acetylation of SUMO1 at Lys37 or SUMO3 
at Lys33 (SUMO2 Lys32) that controls selected SUMO-SIM 
interactions by neutralizing the positive charges of amino 
acid residues surrounding the SIM docking site (49). More-
over, introduction of a negative charge by phosphoryla-
tion of serine residues adjacent to the SIM hydrophobic 
core enhances the non-covalent interactions with SUMO 
via Lys39, His43 and Lys46 in SUMO1 and His17, Lys35 and 
His37 in SUMO3 (76, 86–89). A more detailed functional 
and structural analysis will be required to fully under-
stand the complexity of non-covalent SUMO interactions 
and their regulation by PTMs.

The E1 activating enzyme
The sole SUMO E1 enzyme has to execute several func-
tions that are essential for SUMO conjugation. It must 

select SUMO among the ubiquitin-related modifiers 
(ubiquitin, Nedd8, SUMO, etc.) and thus provides speci-
ficity for SUMO conjugation. Then, it activates the C-ter-
minal glycine of the mature SUMO by adenylation in an 
ATP-consuming reaction. This enables the attack by the 
conserved catalytic cysteine on the E1 enzyme to form a 
highly reactive SUMO~E1 thioester bond. Finally, the E1 
recognizes the SUMO-specific E2 (Ubc9) and enforces the 
SUMO transfer to the E2 enzyme (32, 90, 91).

The SUMO E1 enzyme was originally discovered in 
S. cerevisiae based on sequence similarity to the ubiq-
uitin E1 enzyme (Uba1) (92). In contrast to Uba1, the 
SUMO E1 enzyme is a heterodimer composed of the Aos1 
and Uba2  subunits (also referred to as Sae1 and Sae2 in 
mammals). Structural analysis revealed that Uba2 con-
tains three domains: an adenylation domain (adenylation 
active site), a catalytic domain (Cys 173 responsible for 
thioester bond formation in the human Uba2) and a Ubl 
domain with structural similarity to ubiquitin and other 
Ubl modifiers. The mammalian Uba2 subunit contains a 
C-terminal extension (32) with a predicted nuclear locali-
zation signal (NLS) (93) and two SIMs (73, 90). While this 
region is dispensable for E1 function in vitro and in S. cer-
evisiae in vivo (32, 93), it probably has regulatory functions 
specific to mammalian cells.

E1 regulation

As expected, the regulation of E1 activity results in global 
changes in the highly dynamic SUMO proteome. In general, 
E1 regulatory mechanisms demonstrate a quick response 
in several systems involving environmental changes. Low 
levels of reactive oxygen species (e.g. H2O2) and antican-
cer drugs used for the treatment of acute myeloid leuke-
mia induce the formation of a disulfide bridge between 
the catalytic Cys residues of the E1 and the E2 enzymes. 
This leads to the transient inactivation of both enzymes 
and the subsequent desumoylation of most cellular sub-
strates (94, 95). Interestingly, under the same conditions, 
the overall ubiquitination was not affected (94).

PTMs were also shown to control E1 activity. Sumoyla-
tion of the human Uba2 subunit at Lys 236 neither influ-
ences SUMO adenylation nor E1~SUMO thioester formation 
but impairs its interaction with the E2 enzyme. Consist-
ently, Uba2  sumoylation is decreased upon heat shock, 
which correlates with increased global sumoylation (96).

Another regulatory mechanism has been described 
for the Cleo adenovirus Gam1 protein that targets the E1 
enzyme for proteasomal degradation following viral infec-
tion. Gam1 functions as a substrate adaptor, recruiting 
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Figure 2: Non-covalent SUMO binding interfaces.
(A) Three classes of SUMO interactions are defined by distinct binding interfaces. The surface structure of SUMO1 is shown [yellow, based 
on 1A5R, (37)] with the classical class I SIM surface [residues I34-K39, K46, L47, S50, R54, (76, 209)] indicated in green, class II SUMO 
binding in blue [backside of Ubc9 involves G28, Q29, E67, G81, E83, D86, E89, Y91 (72, 77) and DPP9 R63, F66-R70, H75; (80)] and class 
III ZZ domain interaction in magenta [residues L24, H43, K46, M82, E83, E85; (82)]. N-term and C-term indicate the N- and C-termini of the 
protein. Secondary structure elements (α: alpha-helix, β: beta-sheet) are labeled and numbered. (B) A sequence alignment of SUMO1, 2, 
3 and Smt3 is shown and the structural features are highlighted. Amino acids involved in the particular interactions based on SUMO1 are 
marked in the same colors as in (A) and residues that are targets of modifications are indicated as Ac for acetylation and P for phosphoryla-
tion. pS demonstrates phospho-SIM interactions.
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–– Constitutive and regulated SCM extensions. As men-
tioned above, three types of short extensions of SCMs 
(see above) are proposed to increase the interaction 
with the E2 enzyme, a HCSM (57), a NDSM (58) and 
a PSDM that mimics negatively charged amino acids 
upon modification (59–61).

A

B

Figure 3: The multiplicity of E2 interactions.
(A) An overview of the indicated binding interfaces on a surface 
structure of Ubc9 [blue, based on 3UIN, (193)] is shown. The 
N-terminus (N-term) of Ubc9 binds the E1 (black line) and selected 
E3s (green line). The E2 catalytic cleft around Cys93 directly rec-
ognizes a SCM in substrates, but in addition various E2-substrate 
binding interfaces have been mapped near to the catalytic cleft 
(orange line, see also Figure 4). The backside of Ubc9, opposite to 
its catalytic center, binds SUMO (brown line) and this surface par-
tially overlaps with the E1 and selected E3 interaction sites. C-term 
indicates the C-terminal end of the protein, secondary structure 
elements (α: alpha helix, β: beta sheet) are labeled and numbered. 
(B) A sequence alignment of human and yeast Ubc9 is shown with 
structural features indicated. Amino acids involved in the individual 
interactions are shown in the same color as in (A). Residues that 
are targets of modifications are indicated as Ac for acetylation, S for 
sumoylation and P for phosphorylation.

the SUMO E1 to the Cullin-RING ubiquitin ligase complex 
Cul2/5-EloB/C-Roc1 for its degradation (97).

Because of its key regulatory role, the SUMO E1 rep-
resents an interesting target for drug development. Loss 
of SUMO conjugation delays tumor progression in cellular 
model systems and xenograft models (98). Concordantly, 
E1 downregulation was recently shown to inhibit colorectal 
cancer stem cell maintenance and self-renewal (21). There-
fore, approaches to target the SUMO system, particularly by 
interfering in a dose-dependent manner not only with the 
E1 but also the E2 enzymatic activities, are increasingly dis-
cussed and already in experimental phases (21, 22, 99, 100).

The E2 conjugating enzyme
The central enzyme in SUMO conjugation is the sole E2 
enzyme Ubc9 (Ube2I). It interacts with the E1 to accept 
SUMO and forms a SUMO~Ubc9 thioester bond. Subse-
quently, the charged E2 interacts with the substrate and 
usually with an E3, and SUMO is transferred to the sub-
strate. Hence, the E2 enzyme possesses binding interfaces 
for the E1, the substrate, an E3 and also for SUMO, as 
summarized in Figure 3.

Structurally, all Ubc9 orthologs share the same Ubc 
fold, which is highly similar to other E2 enzymes of the 
ubiquitin pathway (101, 102). The Ubc domain has a 
compact ellipsoid shape and consists of four α-helices 
and one anti-parallel β-sheet formed by four β-strands. 
The key catalytic residue within this ~ 150 amino acid 
domain is Cys 93, which forms a thioester linkage with the 
SUMO C-terminus (103).

Because of the essential function of the E2 enzyme 
in SUMO conjugation, it is not surprising that a knockout 
is lethal in most eukaryotes (104–109). Mice deficient in 
Ubc9 die early in development, prior to E7.5 (104).

E2-substrate interactions

Compared to its ubiquitin homologs, Ubc9 is unique in 
its ability to recognize a SCM and thus selects the lysine 
for modification. However, the Ubc9 residues in direct 
contact with the SCM contribute more to catalysis than to 
stable substrate binding (55, 56). The substrate-E2~SUMO 
complex needs to be stabilized to allow an efficient SUMO 
transfer. This can be achieved by additional E2-substrate 
binding interfaces, co-factors or E3 ligases.

Astonishingly, in the last decade, several mechanisms 
were discovered that stabilize the substrate-E2 interaction 
and enhance sumoylation in vitro (Figure 4).
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–– Larger interfaces near the SCM. RanGAP1 is unique 
in its ability to stably interact with the E2 and it is 
probably the most efficient in vitro SUMO substrate 
in the absence of an E3 ligase (110). Accordingly, Ran-
GAP1 represents the most abundant sumo(1)ylated 
protein in many cell types, even though a very low 
deconjugation rate also contributes to this pheno-
type (111). Structural analysis revealed an additional 

binding interface close to the SCM that is required 
for stable E2 binding and efficient modification (55). 
Interestingly, PCNA interacts with Ubc9 via a surface 
similar to that recognized by RanGAP1, and PCNA 
also gets modified in an E3-independent manner at 
Lys 127 in vivo and in vitro (12, 71, 112). Of note, the 
Ubc9-PCNA interface was identified in the presence 
of its E3 ligase (71) but it is very likely that a similar 
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Figure 4: E2 and E3 dependent substrate interactions.
The E2 catalytic cleft directly recognizes a SUMO consensus motif (SCM) in a substrate. This interaction is inefficient for substrate selec-
tion and needs to be stabilized by additional binding interfaces for efficient modification. This can be provided by additional E2 binding 
interfaces (A-D) or by the presence of an E3 (E). The comparison of various substrate interaction modes in the absence and presence of an 
E3 is shown as simplified schematic cartoons. The surface structures and example substrates are indicated. In the cartoons, substrates are 
in grey, SUMO in green, and Ubc9 in blue. Thioester-bonds are indicated as -S- and isopeptide-bonds as solid lines. The surface structures 
highlight the substrate interfaces (magenta) on the E2 and, where applicable, on SUMOD, a SUMO conjugated to Ubc9 or the E3. For clarity, 
the substrate itself is not shown. Substrate binding patches are modelled on surface structures of a SUMOD loaded Ubc9 mimic [3UIN, (193)] 
and on SUMOD loaded Ubc9 in a complex with an E3 [5JNE, (71)]. Structural data for a charged Ubc9 are only available in the presence of an 
E3 that orient the SUMOD in a closed conformation. To date, there is no evidence that E2-dependent sumoylation also involves a closed con-
formation and hence, in the cartoons, the closed conformation is only shown in the presence of the E3. Ubc9 Cys93 is depicted in orange, 
SCM-E2 interactions are highlighted in blue and additional substrate interfaces are shown in magenta in the structural models. (A) Three 
distinct SCM extensions have been described to increase E2-substrate affinity: PDSM (phosphorylation-dependent sumoylation motif), 
HCSM (hydrophobic cluster sumoylation motif) and NDSM (negatively charged amino acid-dependent sumoylation motif). Residues involved 
in the interaction with a substrate displaying a phosphorylation site adjacent to the SCM are shown, as described for HSF1 and MEF2 (59, 
60). (B) RanGAP1 employs a lager surface adjacent to the SCM to interact with Ubc9 (55). Interestingly, PCNA uses a similar interface to 
interact with Ubc9 (71). (C) Some SUMO substrates depend on a SIM close to a SCM for efficient modification (69, 71, 75, 83, 84, 113–117, 
125). (D) Posttranslational Ubc9 modifications, like sumoylation, acetylation or phosphorylation, can also regulate substrate specificity. 
A Ubc9 sumoylation that can enhance the affinity to selected SIM-containing proteins is depicted (sumoylated Ubc9 (2VRR) (69), superim-
posed with the SUMOD charged Ubc9 mimic, according to 1Z5S (58). (E) E3-dependent substrate interactions are shown for PCNA, involving 
binding interfaces with the E2 and the E3 [5JNE, (71)].
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E2-substrate interface plays a role in E3-independent 
PCNA modification.

–– A SIM close to the SCM. Such a SIM can be important 
for efficient substrate modification by stabilizing the 
interaction with the SUMO-charged E2. Examples are 
well-characterized SUMO substrates like the promyelo-
cytic leukemia gene product PML, the death-domain-
associated protein-6 Daxx, the ubiquitin-specific 
protease Usp25 and the Bloom’s syndrome helicase 
BLM (69, 84, 113–115). As selected SIMs display SUMO 
paralog specificity, such motifs can dictate paralog-
specific substrate modification (84, 114). In contrast 
to the other activities that stabilize the E2 interaction 
with the substrate, these SIM-mediated interactions 
with the charged E2 might position the donor SUMO 
(SUMOD) in a closed conformation, similar to that dem-
onstrated for bona fide E3 ligases (discussed below). 
Intriguingly, this could explain the efficient cis-mod-
ification activities (automodifcations) of bona fide E3 
ligases and diverse SIM-containing proteins like KAP1 
(116) or Slx4 (117). However, detailed biochemical, and 
preferably structural evidence, is required to clearly 
distinguish between the SIM-dependent enhancement 
in catalysis (as it is the case for bona fide E3 ligases), as 
opposed to enhancement of substrate affinity.

–– Posttranslational Ubc9  modifications that regulate 
substrate interaction. N-terminal Ubc9  sumoylation 
in mammalian cells can enhance the affinity to sub-
strates with a SIM in close distance to the SCM, as we 
have shown for the transcriptional regulator Sp100 
(69). A related mechanism was recently proposed 
for Ubc9 phosphorylation, although the molecular 
details remain to be shown (118). Interestingly, Ubc9 
acetylation regulates substrate selection by exclu-
sions, as it removes the positive charge on Ubc9 
required for the interaction with NDSM-containing 
SUMO substrates (119).

It is of key importance to mention that until now, it is unclear 
whether these different mechanisms are indeed sufficient 
for substrate sumoylation in vivo or whether the help of E3 
ligases is still required. Nevertheless, what becomes intrigu-
ingly evident from all these examples is that the SUMO E2 
enzyme has a greater role in substrate selection than is 
described for any other E2 enzyme of the Ubl system.

SUMO-E2 backside interaction

Besides substrate-binding interfaces, another impor-
tant regulatory E2 interface is its backside, opposite to 

the catalytic cysteine. This interface interacts with SUMO 
(class II SUMO interaction, see above) (72, 77–79, 120, 121) 
with an affinity approximately 1000-fold higher than that 
found for ubiquitin and its cognate E2s [SUMO and Ubc9 
interact with a Kd of ~ 80 nm (72), ubiquitin and UbcH5c 
with a Kd of ~ 300 μm (122) or ubiquitin and Mms2 with a 
Kd of ~ 100 μm (123)]. Interest in this interface is increasing 
as it partially overlaps with the E2-E1 interface (78), plays 
an important role in direct or indirect E2-E3 interactions 
(71, 75, 83, 124, 125) and in E2-E2 interactions (68). It also 
has key functions in SUMO chain formation (68, 72, 77, 83), 
as discussed in greater detail in the respective following 
sections.

E2 regulation

As Ubc9 is the only known SUMO E2, and due to its essen-
tial functions in SUMO conjugation, it is not surprising 
that regulation of its catalytic activity has effects on global 
cellular sumoylation, comparable to the E1. However, reg-
ulating specific substrate, or E3-binding interfaces, are 
expected to only target subgroups of substrates.

General regulators of E2 functions include regula-
tors of its expression level or of its catalytic activity. For 
example, the viral HPVE6 protein or infection with the 
bacterium Listeria monocytogenes were shown to reduce 
cellular Ubc9 expression levels (126, 127), while various 
microRNAs (miRNAs) expressed in cancer cells are pro-
posed to upregulate Ubc9 expression. Of note, Ubc9 over-
expression often correlates with different types of cancer 
[e.g. (128–131)]. More recently, it was shown that miRNA-
30a controls Ubc9 levels in human subcutaneous adipo-
cytes, with consequences for their mitochondrial activity 
(132). Another way to directly regulate the E2 catalytic 
activity is the previously-discussed transient disulfide 
bridge formed between the catalytic cysteines of the E1 
and the E2 enzymes (94, 95). Not surprisingly, PTMs also 
represent an additional strategy to regulate E2 function. 
E2 phosporylation at Ser71 or Thr35 appears to promote 
Ubc9~SUMO thioester formation (50, 133). In S. cerevisiae, 
C-terminal E2  sumoylation at Lys153 drastically impairs 
its catalytic activity in vitro, probably by stably binding 
to the E2 backside and thereby preventing E1 accessi-
bility. This is supported by the crystal structure of Smt3 
bound to the backside of Ubc9, wherein the C-terminus 
of SUMO is in close proximity to Ubc9 Lys153 (78). Mam-
malian Ubc9 is modified at Lys14 on the opposite side of 
Ubc9 and can, for steric reasons, not fall into the backside 
position (69). However, this C-terminal E2  modification 
in yeast was able to turn the inactive E2 into a cofactor, 



A. Pichler et al.: SUMO      21

accelerating SUMO chain formation [(68), see also below 
and Figure 7].

In clear contrast to general regulators of Ubc9 func-
tion, the above-mentioned E2  modifications that inter-
fere with specific substrate interactions like acetylation, 
N-terminal sumoylation in mammals (currently, there is 
no evidence that C-terminal Ubc9 sumoylation can bind 
to substrates) and phosphorylation display a more selec-
tive form of regulation, as these modifications only affect 
a subgroup of SUMO substrates (50, 72, 118, 119).

Another group of Ubc9 regulatory proteins include 
some members of SUMO-like proteins with important 
functions in DNA repair and the maintenance of genome 
stability. Two types of such SUMO-like proteins have 
been described, the RENi protein family (Rad60 in fission 
yeast, Esc2 in baker’s yeast and NIP45 in mammals) and 
the ubiquitin protease USP1/UAF1 (134, 135). All of these 
proteins share two tandem SUMO-like domains (SLD1 
and SLD2). Structural and biochemical analysis of RENi 
SLDs revealed that these domains are unable to bind to 
class I SIMs but SLD2 interacts with the backside of Ubc9 
by mimicking the β-sheet required for this class II SUMO 
interaction (136, 137). Of note, RENi proteins also contain 
a conserved SIM in their N-termini and bind to SUMO, but 
they are themselves inefficient sumoylation substrates 
(138–140). In contrast to RENi proteins, the SLD2 domain 
of UAF1 directly binds to a class I SIM, and this interaction 
is required for its activity, but does not regulate E2 func-
tions (135).

E3 ligating enzymes
E3 ligases catalyze the transfer of SUMO from the charged 
E2 enzyme (Ubc9~SUMO) to the substrate. Hence, they 
interact with Ubc9~SUMO and the substrate to bring them 
in close proximity. It has only recently become evident 
that all bona fide SUMO E3 ligases align SUMOD (the thio
ester-bound SUMO that gets transferred to the substrate) 
in a nearly identical, highly reactive closed conformation, 
with an optimal orientation for the nucleophilic attack 
by the incoming lysine on the substrate. This conforma-
tion is required for the efficient discharge of Ubc9 and 
subsequent substrate sumoylation (71, 75, 83, 125). Cata-
lysts are recycled in the reaction, allowing many rounds 
of substrate modification by a single enzyme. Therefore, 
a hallmark of an E3 ligase is its ability to function at sub-
stoichiometric concentrations relative to its substrate. 
Usually, catalysts are not consumed in the reaction, but 
all known SUMO and ubiquitin E3 ligases are highly 

automodified. Hence, the automodification (cis-reaction) 
needs to be clearly distinguished from substrate modifica-
tion (trans-reaction). Consequently, describing bona fide 
SUMO E3 ligases requires a detailed biochemical analysis, 
preferably combined with structural analysis, to define 
substoichiometric trans-reactions and the awareness of 
how the E3 discharges SUMOD from the E2 for its transfer 
to the substrate. Enhancement of substrate sumoylation 
in cells does not necessarily equate with E3 ligase func-
tion because indirect effects like regulatory co-factors or 
inhibition of SUMO proteases can also lead to the same 
outcome. In the literature, several proteins have been 
proposed to be SUMO E3 ligases, but comprehensive bio-
chemical and structural analyses that allow insights into 
their mode of SUMO catalysis are currently only provided 
for three classes: the SP-RING (Siz/Pias) family, RanBP2 
and the ZNF451 family. For all other proposed SUMO 
E3 ligases, we must wait for additional knowledge that 
reveals the molecular basis of their sumoylation-enhanc-
ing activities.

Classes of bona fide SUMO E3 ligases

SP-RING family

The SP-RING family was the first discovered family of 
SUMO E3 ligases. The founding members were Siz1 and 
Siz2 in S. cerevisiae that share a highly conserved ubiq-
uitin RING E3-related structure with protein inhibitor of 
activated STAT (Pias) proteins in higher eukaryotes (141). 
Indeed, shortly thereafter, several studies confirmed that 
mammalian Pias proteins display SUMO E3 ligase activ-
ity (141–146). In addition, the methyl methanesulphonate-
sensitivity protein Mms21/Nse2, a subunit of the Smc5/6 
complex, bears a SP-RING but is otherwise unrelated to 
Siz/Pias proteins (147–149). To date, the SP-RING family is 
the only SUMO E3 ligase family evolutionarily conserved 
from yeast to human. As depicted in Figure  5, Siz1, Siz2 
and Nse2 represent the SP-RING family members in S. cer-
evisiae, while Pias1, its splice variant Pias2, Pias3, Pias4 
and Mms21 represent the vertebrate homologs.

All SP-RING E3 ligases have a C3HC4 RING domain 
and an adjacent SP C-terminal domain (SP-CTD). The 
SP-RING is highly similar to ubiquitin RING domains (141), 
as confirmed by structural analysis, but differs by coordi-
nating only one Zn2 + ion instead of two, as seen in its ubiq-
uitin counterparts (150). Siz and Pias proteins also share 
an N-terminal scaffold attachment factor A/B/acinus/
PIAS (SAP) domain involved in structure- or sequence-
specific DNA binding, a PINIT (Pro-Ile-Asn-Ile-Thr) motif 
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that interacts with PCNA, and a SUMO-interacting motif 
(SIM) [Figure 5 and reviewed in refs. (1, 150–152)].

Neither yeast nor mammalian SP-RING proteins are 
essential, and available single Pias knockouts only show 
mild phenotypes (141, 153–156). However, Pias1 − / −  and 
Pias4 − / −  double knockout embryos die before day E11.5, 

although it is unclear if this relates to their SUMO E3 
ligase activities (157). In general, SP-RING proteins have 
key functions in basically all SUMO-associated pathways 
(152), including DNA repair (148, 158–161), cell cycle (141, 
162, 163), apoptosis (162), cell migration and invasion 
(164, 165), oxidative stress response (166), transcriptional 
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regulation (87, 143–145, 167–170), reviewed in (171, 172), 
inflammation and immunity (173–177), infection (153) and 
adipogenesis (178).

RanBP2/Nup358

The second class of SUMO E3 ligases consists of the Ran-
binding protein 2 (RanBP2), which is not homologous 
to other known E3 ligases of the Ubl family. Initially, an 
internal repeat region (IR1 and IR2) separated by a short 
linker (M) was mapped to accelerate the transfer of SUMO 
to a substrate (110, 124, 125, 179). RanBP2 is a large 358-kDa 
core component of the cytoplasmic filaments of nuclear 
pore complexes (NPCs) with key functions in nuclear 
transport and mitosis. It contains an N-terminal leucine-
rich domain that anchors it to the NPCs, four Ran GTPase 
binding sites, eight tandem zinc fingers, two internal 
repeats displaying the SUMO E3 ligase domain IR1-M-IR2, 
multiple FG repeats, the binding sites for transport recep-
tors and a cyclophilin-like domain (Figure 5) (180, 181).

The E3 ligase domain of RanBP2 is conserved in 
human, mouse, bovine, chicken and frog, but absent in 
worm and fly. Interestingly, this correlates with an open 
mitosis in higher eukaryotic cells (182). Indeed, key func-
tions for RanBP2’s E3 ligase activity were found in mitosis. 
During mitosis, RanBP2 is largely soluble and a fraction 
was found in a complex with sumoylated RanGAP1 at kine-
tochores and the mitotic spindle (183–185). While RanBP2 
knockouts in mice are embryonically lethal (186), reduced 
RanBP2 expression levels already resulted in severe aneu
ploidy, caused by the formation of anaphase bridges and 
chromosomal segregation defects (187). Surprisingly, 
transport defects were not observed, although exact 
transport rates were not compared (187). The similarity 
of the phenotype to Topoisomerase (Topo) IIα inhibition 
(188) led to the discovery of Topo IIα as a RanBP2-depend-
ent SUMO substrate dependent on sumoylation for its 

localization to the inner centromere on mitotic chromo-
somes (187). Astonishingly, ectopic expression of Ran-
BP2’s SUMO E3 ligase region (RanBP2ΔFG 2553–2838, 
containing IR1-M-IR2 plus flanking regions) was sufficient 
to restore Topo IIα sumoylation, its mitotic localization 
and to correct anaphase bridge formation (187).

The ZNF451 Family

The ZNF451 family was only recently discovered and is 
unique in its high specificity for the SUMO2/3 paralogs. 
Like RanBP2, the ZNF451 family is vertebrate-specific and 
executes SUMO catalysis via another unexpected mecha-
nism, unprecedented in the Ubl field. ZNF451 family 
members depend on a tandem SIM and its inter-SIM PxRP 
motif to discharge SUMO~Ubc9 (75, 83).

The ZNF451 family is mostly uncharacterized. The 
human ZNF451 gene locus encodes three isoforms, all 
sharing an identical N-terminal tandem-SIM region up to 
amino acid 63 (Figure 5). Isoform 1 of ZNF451 (ZNF451-1) 
is 1061 amino acids in size and, in addition, includes a 
coiled coil region, followed by 12 C2H2 zinc-finger domains 
and a C-terminal ubiquitin-interacting motif (UIM). 
Isoform 2 (ZNF451-2) is very similar to isoform 1, lacking 
only one exon removing amino acids 870–917. Isoform 
3 (ZNF451-3) employs a large exon following the tandem 
SIM region encoding a sequence distinct to ZNF451-1 
and ZNF451-2  with an annotated Lap2α domain (189). A 
primate-specific gene encoding for the uncharacterized 
KIAA1586 protein is situated adjacent to the ZNF451 gene 
locus. KIAA1586 represents an additional member of 
the ZNF451 family, sharing a nearly identical N-terminal 
catalytic tandem-SIM domain with only one amino acid 
substitution (83). Like ZNF451-3, KIAA1586 is otherwise 
unrelated to ZNF451-1 and ZNF451-2 with an annotated rib-
onuclease H-like domain. ZNF451-1, ZNF451-3, KIAA 1586 
and the minimal catalytic tandem-SIM region are able to 

Figure 5: Three classes of bona fide SUMO E3 ligases.
The SP-RING family is conserved from yeast to human and consists of Siz1, Siz2 and Nse2 in yeast and Pias1-4 and MMS21 in vertebrates. The 
common motif required for E3 activity is the SP-RING and its flanking regions that form the CTD domain (pastel red) and possess an N-termi-
nal SIM-like motif. All Pias family members also share a SAP domain, a PINIT motif and a SIM. Nse2 and MMS21 only share the SP-RING and 
the C-terminal part of the CTD domain but are otherwise different. The RanBP2 E3 ligase activity was mapped to a vertebrate-specific region 
demonstrating two internal repeats separated by a middle region, IR1-M-IR2 (pastel blue). IR1 contains a classical SIM and the M region also 
binds SUMO but this interaction is not yet mapped. In addition, RanBP2 displays an N-terminal leucine-rich TRP repeat, four RanGTPase 
binding sites (R1-R4), eight tandem zinc fingers, multiple FG repeats (not indicated) and a cyclophilin-like (CY) domain. The ZNF451 family 
consists of four members, all sharing the N-terminal catalytic tandem SIM region (pastel green). ZNF451-1 to ZNF451-3 are differentially 
expressed from a single vertebrate specific gene locus. ZNF451-1 and ZNF451-2 differ only in one small exon. ZNF451-3, and the primate spe-
cific KIAA1586, only share the tandem SIM region with its family members but are otherwise unrelated. ZNF451-3 displays a predicted Lap2α 
domain and KIAA1586 has an ribonuclease H-like domain. Enlargements of the different catalytic domains are shown as insets.
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extend SUMO chains in vitro (83) and all ZNF451 family 
members were found to be highly modified SUMO2 sub-
strates in several cellular screens (15, 54).

The biological role of the ZNF451 family members is 
largely unexplored. What we know so far is that ZNF451-1 
functions as a transcriptional regulator that partially 
locates to PML bodies (190). ZNF451-1 itself has no intrin-
sic transcriptional activity, but it was shown to interact 
with the androgen receptor and Smad3/4 to co-regulate 
their respective target genes (190, 191). At least some of 
these functions are independent of its E3 ligase activity, 
as SIM mutations generally did not result in significant 
effects (191). ZNF451-1 cooperates with RNF4 to regulate 
endogenous PML levels, which limits the cellular PML 
body numbers. Biochemical analyses revealed PML as the 
first in vitro substrate identified for ZNF451-1’s SUMO E3 
ligase activity (192). Further in vitro and in vivo analyses 
indicated key functions for the ZNF451 family members in 
the SUMO2/3 chain assembly, concordant with an impor-
tant role for the ZNF451 family in stress-induced sumoyla-
tion, for example, upon proteasome inhibition and in the 
DNA damage response (83).

Insights into E3-dependent 
catalysis
To understand the concept of the E3 ligase function, the 
awareness of how it interacts with the charged E2 enzyme 
to catalyze the SUMO transfer is of key importance. The 
final proof of E3 interactions with the SUMOD-charged E2 
come from structural studies that are usually based on 
extensive preceding functional analysis. The first crystal 
structure of a SUMO E3 ligase was solved for the minimal 
catalytic region of RanBP2 interacting with a charged 
Ubc9 mimic (125). As this structure disclosed fundamental 
insights into E3 ligase catalysis, we start this section with 
RanBP2 and continue in the order of available structural 
data. A comparison of how the different E3 ligase classes 
interact with the charged Ubc9 is provided in Figure 6.

The SUMO E3 ligase region of RanBP2 consists of 
two similar internal repeats (IR1 and IR2) separated by a 
short linker region (M) (110). The minimal catalytic frag-
ment requires one IR flanked by the M region (IR1-M or 
M-IR2), as each are sufficient to bind Ubc9 and SUMO 
and enhance substrate sumoylation at substoichiometric 
concentrations in vitro (110, 124, 125, 179). IR1-M is more 
efficient in sumoylation in vitro and displays a higher 
affinity to Ubc9 than M-IR2 (124, 179, 193). Biochemical 
and structural analysis of the IR1 + M domain indicated 

that it wraps around Ubc9  with several contacts reach-
ing from the N-terminus to the backside of Ubc9 (124, 
125, 179). Excitingly, the crystal structure uncovered, for 
the first time, that a SIM in IR1 orients the donor SUMO1D 
in a so-called ‘closed conformation’ that represents an 
optimal orientation for the nucleophilic attack of the 
incoming substrate lysine. This interaction is function-
ally required for efficient catalysis (125). However, in 
the cellular context, a significant fraction of RanBP2 IR1 
binds to sumoylated RanGAP1 in a complex with Ubc9. 
This scaffold shifts the E3 activity to the less-active M-IR2 
region (193, 194). M-IR2 binds exclusively to SUMO1 via 
a not-yet-mapped SUMO-SIM interaction, explaining the 
SUMO1 specificity of the larger RanBP2-S1*RanGAP1-Ubc9 
complex (179, 193). We also observed SUMO1  specificity 
with the IR1-M fragment in vitro (195), while the larger 
fragments can conjugate SUMO1 and SUMO2/3 paralogs, 
albeit with a preference for SUMO1 (83, 125, 179, 193). Of 
note, in HeLa cells, RanBP2 can be depleted with RanGAP1 
antibodies (110), indicating that almost all of RanBP2 is 
bound to RanGAP1. However, neuronal cells display sig-
nificantly reduced RanGAP1 levels upon differentiation 
(196), presumably making the RanBP2 IR1 region accessi-
ble. It would be intriguing to compare RanBP2’s E3 ligase 
activity in differentiated vs. non-differentiated cells and 
study the RanBP2-RanGAP1 ratio in correlation with E3 
activity in different cell types. Such experiments would 
allow insights into RanBP2’s physiological E3 ligase activ-
ity and its regulation.

The second crystal structure of a SUMO E3 ligase 
interacting with a charged E2  mimic was solved for 
ZNF451’s tandem SIM region (75). All ZNF451 family 
members execute catalysis via these tandem-SIMs, and 
both SIMs are essential for SUMO E3 activity (75, 83). Bio-
chemical and structural analyses indicated that one SIM 
positions the Ubc9-linked SUMOD, again resulting in a 
closed conformation almost identical to RanBP2 (75, 83). 
The second SIM binds a scaffold SUMO on the backside 
of Ubc9 (SUMOB) to stabilize the catalytic intermediate, 
resulting in an approximately 10 times tighter interac-
tion required for efficient substrate modification (75, 
83). The crystal structure disclosed that the interaction 
is mediated by positioning the β-strand of the first SIM 
antiparallel to the β-sheet of SUMOD, while the β-strand 
of the second SIM is in a parallel orientation to the β-
sheet of SUMOB. Furthermore, a PxRP motif from the 
inter-SIM region wedges into the interface between the 
two SUMO molecules and establishes critical contacts 
between ZNF451 Arg40 and Ubc9 Asp19 and His20, repre-
senting the only contacts with the E2 enzyme (75). Mutat-
ing these critical amino acids, or changing the length of 
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Comparison of E3 binding interfaces with the SUMOD charged Ubc9. Surface structures are shown without the E3 but highlighting the E3 
interfaces (magenta) on the E2, SUMOD and, where applicable, the scaffold SUMOB. The simplified schematic cartoons below present these 
interactions in the presence of the respective minimal catalytic E3 domains used for crystallization and demonstrate how the individual 
E3s optimally orient SUMOD in the closed conformation for the nucleophilic attack. In (A) the SUMOD-loaded Ubc9 without an E3 is also 
shown, indicating a flexible SUMOD. E3 binding interfaces on the surface structures are shown in magenta and cartoon models show Ubc9 
in blue, SUMO in green and E3 in salmon. Thioester-bonds are indicated as -S-. (A) The minimal catalytic domain of RanBP2 is IR1+M, 
which wraps around Ubc9, interacting with the Ubc9 N-terminus and backside. A SIM (SUMO interaction motif) in the IR1 domain orients 
the donor SUMOD in a closed conformation [1Z5S, (125)]. (B) The tandem SIM region of ZNF451 represents the minimal catalytic region for 
ZNF451 family members. It interacts with the charged E2 via two SIMs, one orients the donor SUMO in a closed conformation, while the 
second interacts with a scaffold SUMO in the backside of Ubc9. The interSIM PxRP motif wedges between the two SUMOs to allow the 
arginine to interact directly with Ubc9 [5DSM, (75)]. (C) For crystallization of the SP-RING E3 ligase Siz1 with the loaded Ubc9, a CTD-SP-
RING-CTD-SUMO fusion was used. The SP-RING interacts with Ubc9, while the CTD domain positions the donor SUMO in a closed confor-
mation via a SIM-like motif in the N-terminal CTD. Surprisingly, the fused SUMOB stabilized the complex by binding to the backside of Ubc9 
[5JNE, (71)]. All Pias family members possess a SIM C-terminal of the SP-RING that likely stabilizes the backside SUMOB in the context of the 
full-length protein [cartoon, (87)].

the inter-SIM region, had dramatic consequences on the 
enzymatic activity, in agreement with the observation 
that multiple SIMs per se do not confer SUMO E3 ligase 
activity (75, 83). Concordantly, the tetraSIM region of 
RNF4 was unable to transfer SUMO although it becomes 
automodified at high enzyme concentrations (83). This is 
not surprising as, at least to some extent, SIM-contain-
ing proteins at high enzyme concentrations recruit the 
charged E2 enzyme, allowing cis- (auto-) but not trans- 
(substrate) modifications.

The latest and most complex crystal structure was 
solved for the SP-RING family member Siz1, interacting 
with a SUMO-charged E2 and its substrate, confirming and 
extending insights into SP-RING function (71). As proposed 

before by biochemical analyses, the SP-RING interacts 
with Ubc9 (115, 141, 142, 150) and the SUMOD is positioned 
via the CTD domain flanking the SP-RING (150). The ori-
entation of the SUMOD was again found in an almost iden-
tical closed conformation to that seen for RanBP2 and 
ZNF451 (71). The crystal structure uncovered how SUMO 
interacts with the N-terminal part of the SP-CTD domain 
and revealed an alleviated unpredictable SIM [see above 
SUMO interactions, (71)]. Of note, MMS21 lacks an obvious 
N-terminal SP-CTD but contains hydrophobic residues 
in the corresponding region that might represent a SIM-
like motif able to position the donor SUMOD. Functional 
and/or structural analysis will be required to understand 
SUMOD positioning for MMS21 proteins.
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Functional studies indicated that a second SUMOB in 
the backside of Ubc9 also promoted complex formation 
of E2~SUMOD with E3-SUMOB and its E3 ligase activity. 
Accordingly, a stabilizing fusion of a SUMOB to the C-ter-
minus of the Siz1 CTD-SP-RING-CTD fragment lacking 
the SIM was constructed for crystallization (71). This 
second SUMOB interacted with the backside of Ubc9 in a 
way strongly resembling the scaffold SUMOB interaction 
of ZNF451, although, in clear difference to ZNF451, the 
second SUMOB merely stimulates Siz1 activity, while it is 
absolutely required for ZNF451 function. This key differ-
ence is likely due to the larger binding interface shared 
between Siz1 and Ubc9.

Further evidence for the significance of a scaffold 
SUMOB interaction comes from Pias1, which interacts via 
its SIM, C-terminally flanking the SP-RING with a SUMO1B 
on the backside of Ubc9 (87). Furthermore, Pias1 phos-
phorylation enhanced this ternary complex formation by 
engaging a phospho-SIM in the SUMO1B interaction (87). 
Interestingly, earlier studies have shown that this phos-
phorylation influences the transcriptional coregulatory 
activities of Pias1 and other Pias family members (88), 
even though Pias1’s SIM phosphorylation was proposed 
not to influence its catalytic activity. In light of these new 
findings, one would expect that stabilization of the active 
complex formed among SUMOB, E2~SUMOD and the phos-
pho-E3 results in increased Pias1 E3 ligase activity, at 
least in a SUMO1 paralog-specific manner. Alternatively, 
a scaffold SUMOB could also be provided by E3 autosu-
moylation (SP-RING and ZNF451 family members) that 
would stabilize the ternary complex. MMS21 and its yeast 
ortholog Nse2 do not possess a SIM C-terminal to the 
SP-RING as is conserved in all Siz/Pias proteins, but they 
could become automodified for ternary complex forma-
tion. It would be interesting to see whether automodifica-
tion could provide a SUMOB for the formation of a stable 
ternary complex or whether it only exists in a less stable 
dimeric complex.

In conclusion, all SUMO E3 ligases share a common, 
nearly identical feature of how they orient the donor 
SUMOD in a closed conformation essential for their activi-
ties. A second scaffold SUMOB interaction appears to play 
varying functions for individual E3 ligases. It is essential 
for the E3 activity of ZNF451 family members (83) and 
enhances the activity of Siz/Pias family members (71). 
However, MMS21 lacks the SIM flanking the SP-RING 
and RanBP2 directly interacts with the backside of Ubc9. 
In case of RanBP2, we cannot rule out a function for a 
scaffold SUMOB in context of the larger IR1-M-IR2 (not in 
complex with sumoylated RanGAP1), as it also contains 
two SUMO binding sites. In general, it will be of great 

interest to gain further insights into the enigmatic func-
tional role of SUMO-Ubc9 backside interactions and their 
role in E3 ligase function.

Substrate specificity

Per definition, E3 ligases provide specificity to the system 
by selecting the substrates. Currently, however, more than 
6000 SUMO substrates in human cells (38) face 10 human 
E3 ligases. Thus, the extent to which SUMO E3 ligases 
execute substrate specificity remains one of the most enig-
matic SUMO topics.

All SUMO E3 ligases seem to have a multiplicity of 
substrates but also appear to have unique targets. The 
global SUMO proteome is highly dynamic and constantly 
changes, for example, during the cell cycle or following 
a variety of different stress stimuli, resulting in stimulus-
specific group sumoylation and desumoylation (13, 36, 
38, 197). Analysis of all available proteomic datasets indi-
cates a general switch from SCMs to non-SCM sumoyla-
tion upon stress (13). This raises the question whether E3 
ligases ‘promiscuously’ modify substrates under these 
conditions, while constitutive SCM sumoylation is mainly 
E2-dependent. We could envision E2-dependent sumoyla-
tion to a certain extent, as discussed above, but what is 
known about E3 substrate specificity?

That E3 ligases indeed can dictate a sumoylation 
switch from a SCM to a non-SCM lysine is best docu-
mented for the proliferating cell nuclear antigen (PCNA) 
and its E3 ligase Siz1 (12, 71, 112). In the S-phase, sumoyla-
tion of the non-SCM Lys164 in PCNA is strictly dependent 
on Siz1, while SCM Lys127 modification is E3-independent 
[(12, 112); see also Figure 4]. Structural and biochemical 
analyses provided the first insights of how an E3 ligase 
dictates this lysine switch by showing that the interac-
tion of PCNA with the Siz1-PINIT domain forces Lys164 
into the E2 catalytic cleft (71). Mutational analysis in the 
E2 disclosed that the residues coordinating the non-SCM 
lysine modification were different from those used for the 
SCM lysine modification (55, 71). PCNA Lys164  sumoyla-
tion is highly enriched in the S-phase and facilitates the 
recruitment of the Srs2 helicase to prevent recombination 
in this phase of the cell cycle (12, 112). Consequently, this 
particular E3-directed lysine switch in PCNA appears to be 
very specific as it displays a precise mechanism of high 
biological importance.

As this is the first, and to our knowledge, the only 
example demonstrating how an E3 ligase determines the 
lysine choice in a substrate, it remains to be shown if this 
is a more general concept for E3-dependent sumoylation. 
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However, other examples of E3-dependent lysine changes 
were not detected, at least in vitro (124, 143, 192).

Several studies have shown (although often not 
published) that mutating the major sumoylation site(s) 
does not abolish sumoylation. The modification appears 
to jump to other lysines without any biological conse-
quences (68, 198). Even modification of pathway-asso-
ciated partner proteins is reported to be sufficient for 
executing sumoylation-dependent functions, as is dis-
cussed for the yeast septins (141) and several DNA repair 
factors (197). These findings are consistent with a study 
in S. cerevisiae, demonstrating that multiple domains in 
Siz1 and Siz2 contribute to substrate selection. However, 
although many substrates can be modified by either 
E3 ligase, other substrates are unique for the respective 
ligase (199). Interestingly, depletion of both Siz proteins 
strongly reduced, but did not completely abolish substrate 
sumoylation, and these substrates were only partially 
MMS21-dependent (199). This indicates that substrate 
sumoylation is often redundant between the individual E3 
ligases and explains why E3 ligases are non-essential for 
yeast viability, in contrast to the E1 and the E2 enzymes. 
However, it also supports the idea of either the presence of 
undiscovered E3 ligases, or basal E2-dependent substrate 
modification that is sufficient to execute the minimal 
functions required for yeast viability.

Another important concept of how substrate modi-
fication can be regulated is by the spatial and temporal 
regulation that controls the co-occurrence of a subgroup 
of substrates with its E3 ligase, as was initially discovered 
for Siz1. Upon phosphorylation in mitosis, Siz1 is translo-
cated to the bud neck where it meets its substrates, the 
septins (141). In general, different PTMs could regulate E3 
localization, abundance, activity and substrate-specific 
interactions, indicating a tightly regulated system that 
only appears, at first glance, to exhibit promiscuous lysine 
or substrate selection.

How RanBP2 interacts with its substrate is still ques-
tioned. Initial studies could not demonstrate substrate 
interaction and biochemical analyses rather indicated 
allosteric activation of the charged Ubc9 (110, 124, 179, 
193). In vitro, the RanBP2ΔFG and IR1-M-IR2 fragments 
showed some substrate specificity in comparison to the 
smaller IR1 or IR-M fragments, suggesting that regions 
flanking the minimal catalytic domain at least partially 
contribute to substrate selection (124, 200). Greater evi-
dence that RanBP2ΔFG is indeed able to recognize sub-
strates, even in vivo, was shown by the ectopic expression 
of RanBP2ΔFG, which is sufficient to bind and sumoylate 
its substrate Topo IIα in mitosis, restoring the RanBP2 
depletion phenotype (187). An additional concept of how 

RanBP2 could recruit its substrates proposes that the 
flanking regions of its catalytic E3 ligase domain comprise 
several docking sites for nuclear transport receptors. It is 
appealing that such transport complexes are substrates 
for the multimeric RanBP2-S1*RanGAP1-Ubc9 complex 
(194, 201).

RanBP2 is highly sumoylated in vivo and in vitro, with 
more than 20 lysines close to the catalytic domain being 
modified (13). Such automodifications could also serve to 
recruit selected SIM-containing substrates, for example, 
the model substrate Sp100.

For ZNF451, two substrate-binding interfaces have 
been described. One is the zinc finger region that bears 
a functionally uncharacterized SUMO-binding interface 
required for SUMO chain initiation (83). The same zinc 
finger region is also required for PML sumoylation in vitro, 
suggesting that it acts as a platform for different substrate 
interactions. This particular region is specific to ZNF451-1 
and ZNF451-2 but absent in ZNF451-3 and KIAA1586, and 
in agreement, ZNF451-3 is inefficient in PML sumoylation 
compared to ZNF451-1 (192). The minichromosome-mainte-
nance-4-protein (MCM4), a subunit of the replication fork 
helicase, was identified as the first ZNF451 in vivo SUMO 
substrate (83), although in vitro sumoylation and mapping 
of the binding region remains to be shown. A clearly dis-
tinct substrate interface is provided by the second SIM 
that binds the SUMO in the backside of Ubc9 (83). This 
interface is of particular interest because a SUMO chain 
(but not a single SUMO) anchored in this position can be 
efficiently extended by the ZNF451 tandem-SIM region. 
This revealed the scaffold SUMO position as a substrate-
binding interface specified for SUMO chain extension and 
disclosed an E4 elongase function for the ZNF451 family 
members.

In general, substrate selection and specificity of SUMO 
E3 ligases is a still poorly resolved and an important topic 
to be addressed in future research. From the currently 
available data, it appears that E3 ligase-specific interac-
tions, combined with the timely and spatial co-existence 
of substrate and enzymes, regulate substrate choice.

SUMO chains
In the ubiquitin system, different chain linkages create 
a variety of signals that determine the fate of the modi-
fied protein (202). By contrast, SUMO chains are mainly 
assembled on SUMO consensus site lysines in the flexible 
N-terminus unique to SUMO proteins (Lys11 in SUMO2/3 
and Lys11, 15 and 19 in SMT3). SUMO1 bears an inverted 
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SCM (ExK) involving Lys7 and chain assembly via this site 
is the most prominent linkage identified in vivo (38). Cur-
rently, there is no indication that different SUMO linkages 
result in different signals. To date, SUMO chains are best 
understood as tags that recruit SUMO-targeted ubiquitin 
E3 ligases (StUbls) like RNF4 and RNF111/Arkadia, which 
subsequently mark sumo(chain)ylated proteins with K48-
linked ubiquitin chains for their proteasomal degradation 
(64, 67). Alternatively, StUbls can attach K63-linked ubiq-
uitin chains as a signal important for the DNA damage 
response (203). While SUMO chains are required for the 
recruitment of SIM-containing proteins to DNA lesions 
(117, 203, 204), it is currently unclear if such chains are 
free unanchored or substrate-linked SUMO chains. In 
S. cerevisiae, SUMO chains are implicated to have impor-
tant roles for synaptonemal complex formation in meiosis 
(68, 205), in the organization of higher-order chroma-
tin and the transcriptional repression of environmental 
stress-response genes (206).

SUMO chain formation is a common feature of all 
SUMO enzymes. The E1 and the E2 enzymes, by themselves, 
can assemble SUMO chains in vitro, although higher con-
centrations are required than in E3 ligase-dependent reac-
tions. Mechanistic insights into how chains are assembled 
are still limited, but the molecular analysis of E2 and E3 
enzymes has revealed unexpected clues. Biochemical 
studies of C-terminal Ubc9 sumoylation at Lys153, as it is 

found in S. cerevisiae, indicated that this particular modi-
fication inactivated Ubc9 in its classical E2 functions but 
turned it into a co-factor for SUMO chain assembly. Mech-
anistically, the sumoylated E2 recruits a charged unmodi-
fied E2 via its backside and positions the donor SUMOD 
in its catalytic cleft [Figure  7, left panel; (68)]. However, 
the sumoylated E2-dependent enhancement of chain for-
mation is rather poor, most likely because the substrate 
(acceptor) SUMO is not stabilized in the complex. Of note, 
this mechanism is yeast-specific as the mammalian Ubc9 
is sumoylated at its N-terminus (69).

Novel insights into SUMO chain assembly came 
from the functional analysis of the tandem-SIM region 
of ZNF451. This region can extend a short SUMO chain 
from the backside of Ubc9, while chain initiation 
requires the adjacent zinc finger region [Figure 7, right 
panel; (83)]. SUMO chain extension from Ubc9’s back-
side could be a more general mechanism as in S. cerevi-
siae, the sumoylated E2 possesses a free backside that 
could anchor a SUMO chain. In line with this, a similar 
mechanism may apply for Siz/Pias E3 ligases as a back-
side SUMOB enhances their E3 ligase activity. Indeed, 
an E2  mutant impaired in SUMO backside interaction 
displays significantly reduced Pias1-dependent SUMO2 
chain formation activity (N.E. and A.P., unpublished 
results). MMS21 and Nse2 lack this SIM C-terminal to the 
SP-RING and, therefore, it would be of great interest to 
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compare its chain-forming ability with the Pias family 
members in greater detail.

How RanBP2 assembles SUMO chains is still in ques-
tion because it directly interacts with the backside of Ubc9. 
It is likely that cooperation between both internal repeats is 
required for SUMO chain assembly. As both internal repeats 
are only accessible in the absence of sumoylated RanGAP1, 
as is the case in differentiated cells (196), it would be inter-
esting to investigate RanBP2’s chain-forming ability in the 
absence and presence of sumoylated RanGAP1 in vitro and 
in undifferentiated vs. differentiated cells.

Expert opinion
Since its discovery 20 years ago, our mechanistic under-
standing of protein sumoylation has greatly expanded. 
Often seen as just the ‘small brother’ of ubiquitin, many 
similarities have been found, although over time, several 
unique features have become evident (SCM, diverse 
E2-substrate interactions, high-affinity E2-SUMO backside 
interaction, chain formation). One unresolved key ques-
tion is how sumoylation achieves substrate specificity 
with its limited number of enzymes, compared to the large 
number of substrates. All identified E3 ligases appear to 
have both unique and promiscuous substrates. This raises 
the question as to whether the spatial and temporal co-
localization of modifying and demodifying enzymes is suf-
ficient or whether other mechanisms contribute to achieve 
specificity. Or does sumoylation work as spray paint upon 
stress induction, modifiying everything in close proximity 
to its E2 and E3 enzymes? One can find examples support-
ing both models, like the highly regulated modification of 
PCNA or the septins compared to the seemingly unspecific 
group sumoylation upon stress. As global changes in the 
SUMO proteome depend on the particular stimulus, it is 
likely that they represent tightly regulated subgroups of 
proteins that are specific for the respective treatment. 
The newly improved techniques in mass spectrometry, 
in combination with cellular, biochemical and structural 
analyses, should provide exciting new insights into the 
mechanism of SUMO specificity.

Recent functional and structural studies have 
revealed a common mechanism for SUMO E3 ligase catal-
ysis, highlighting the importance of Ubc9’s backside and 
the requirement of SUMO interactions to orient SUMOD 
in a highly reactive closed conformation (71, 75, 83, 124, 
125). This closed conformation, initially identified for 
the SUMO E3 ligase RanBP2 (125), seems to represent a 
unifying feature of the majority of E3 ligases in the Ubl 

system, as it also is seen in ubiquitin RING and U-box 
E3 ligases (207, 208). The importance of the Ubc9-SUMOB 
backside interaction seems to be specific for the SUMO 
system, where this particular interaction shows a 1000 
times higher affinity than its counterparts in the ubiquitin 
system. However, a constitutive SUMOB on the backside 
of Ubc9 is unlikely to form because this surface partially 
overlaps with the E1 interaction and needs to be displaced 
for every new round of E2 charging (78).

Outlook
The biological requirements and consequences of 
dynamic global changes in the SUMO proteome and the 
underlying mechanistic insights into substrate specific-
ity of the SUMO system are major open questions. We 
can envision the existence of additional E3 ligases and 
expect more regulatory concepts for E2, E3 and demodi-
fying enzymes that define the equilibrium for substrate 
modification. Currently, we are just at the beginning of 
decoding enzyme-substrate interactions and we do not 
yet understand whether increased E2-substrate affini-
ties are sufficient for in vivo substrate sumoylation. Also, 
the importance of site-specific substrate modification is 
heavily discussed, as for some substrates, the exact posi-
tion is crucial, while for others it seems not to matter 
as long as they are modified. In selected cases, it even 
appears sufficient to modify one or the other partner 
protein in a multi-protein complex. Unraveling the sub-
strate spectra for each E3 ligase and the E2 regulatory 
mechanism evoked by different stimuli, combined with 
the fine mapping of substrate-enzyme interactions and 
their structural analysis, will be of cardinal importance 
to understand the specificity of the SUMO system and the 
functional importance of sumoylation.

Highlights
–– Sumoylation is a rapid and versatile tag which 

changes protein function.
–– Sumoylation is highly dynamic through the opposing 

activities of SUMO conjugating (E1, E2 and E3) and 
deconjugating (proteases) enzymes.

–– Covalent and non-covalent SUMO interactions medi-
ate SUMO dependent functions.

–– Sumoylation often targets lysines embedded in a SCM 
(ΨKxE); non-consensus lysines are also sumoylated.
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–– SUMO E2 and E3 enzymes can select substrates for 
sumoylation.

–– E2-dependent sumoylation is mainly executed by 
increased binding affinities between the charged E2 
and the substrate.

–– E3 enzymes interact with the charged E2 and the sub-
strate to bring them in close proximity. In addition, 
these enzymes orient the donor SUMO (SUMOD) in a 
highly reactive closed conformation to accelerate the 
SUMOD transfer.

–– Substrate selection and specificity is still poorly 
understood.
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List of abbreviations
PTM	 posttranslational modification
SUMO	 small ubiquitin-related modifier
Ubl	 ubiquitin-like
SIM	 SUMO interaction motif
SCM	 SUMO consensus motif
HCSM	 hydrophobic cluster sumoylation motif
NDSM	� negatively charged amino-acid-dependent sumoylation 

motif
PDSM	 phosphorylation-dependent sumoylation motif
Ubc	 ubiquitin conjugation
SLD	 SUMO-like domain
SUMOD	 donor SUMO (charged on Ubc9)
SUMOB	 backside-bound SUMO (bound by the backside of Ubc9)
UIM	 ubiquitin interaction motif
Ubc9	 ubiquitin conjugating enzyme
StUbls	 SUMO-targeted ubiquitin ligase
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