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ABSTRACT
Post-translational modifications (PTMs) are critical drivers and attenuators for proteins that reg
ulate immune signalling cascades in host defence. In this review, we explore functional roles for 
one such PTM, the small ubiquitin-like modifier (SUMO). Very few of the SUMO conjugation 
targets identified by proteomic studies have been validated in terms of their roles in host defence. 
Here, we compare and contrast potential SUMO substrate proteins in immune signalling for flies 
and mammals, with an emphasis on NFκB pathways. We discuss, using the few mechanistic 
studies that exist for validated targets, the effect of SUMO conjugation on signalling and also 
explore current molecular models that explain regulation by SUMO. We also discuss in detail roles 
of evolutionary conservation of mechanisms, SUMO interaction motifs, crosstalk of SUMO with 
other PTMs, emerging concepts such as group SUMOylation and finally, the potentially transform
ing roles for genome-editing technologies in studying the effect of PTMs.
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Introduction

Post-translational modifications (PTMs) are regu
lators of protein function. The PTMs modifying 
a substrate protein can modulate its structure, fold
ing, stability, dynamics, function or location. On 
numerous occasions, the effect of the PTM on the 
substrate protein is context dependent; residues are 
modified by the same or distinct PTM types in 
a spatio-temporal manner, determining functional 
output. PTMs come in all shapes and sizes with 
a wide variety of chemical groups. PTMs can be 
small such as phosphate, intermediate in size such 
as lipids or large such as attachments of sugar 
polymers [1–4]. Proteins can themselves modify 
other proteins by conjugating to specific side- 
chains. The best studied examples of protein modi
fiers are Ubiquitin-like proteins (UBLs), which 
include a diverse group of proteins with 
a Ubiquitin fold, inclusive of Ubiquitin, Nedd8, 
ISG15, FAU, UBL5, URM5, SUMO, ATG8/12 and 
many others [5–8]. The protein PTMs conjugate 
a wide variety of protein substrates, primarily tar
geting lysine side chains. Considering the large 
variety of PTMs (>200) [9,10], the number of pro
teins that they target, and the growing evidence that 
each substrate protein is a target of multiple PTMs, 

a functional landscape for each protein can be envi
saged, where its native unconjugated state can be 
tweaked in a multitude of ways depending on the 
sequence and combination of PTMs[10]. At this 
point, with the advent of high throughput proteo
mics, researchers are generating lists of proteins 
and residues that are post-translationally modified, 
but functional implications of the effect of a single 
PTM on protein function, leave alone the combina
torial/sequential effects of multiple PTMs are far 
from being completely understood.

In this review, we focus on the Small Ubiquitin- 
like modifier (SUMO)[11], initially christened as 
Smt3 (Suppressor Of Mif Two 3 Homolog 1) [12– 
18]. The SUMO family of PTMs is distinct from 
that of its more famous cousin Ubiquitin, with 
which it shares a common fold, but <20% 
sequence identity[5]. SUMO maturation, conjuga
tion and de-conjugation require a distinct set of 
enzymes that do not appear to overlap with any 
other UBL [6,11,15,19,20] Figure 1a. Proteomic 
studies indicate that SUMO modifies 10–30% of 
the proteome, depending on context [21–24]; 
a recent proteomics study has identified ~4000 
endogenous SUMOylated proteins among the 
~12,000 total proteins mapped [25]. We consider 
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the immune signal transduction cascades as an 
example of a signalling network and have explored 
roles for SUMO conjugation in regulating these 
pathways, especially in response to an infection. 
The evidence for SUMO regulation of proteins 
involved in immune signalling is growing in the 
last two decades (reviewed in [26–28]). Proteins 
with known immune functions are consistently 
part of published vertebrate and invertebrate 
SUMO proteomes [21–24], and SUMOylated pro
teins have also been specifically found during host 
response to infection [29–32]. In a small subset of 
cases, evidence for a physiological role for this 
conjugation is available [33–40], but most of the 
putative SUMOylated substrates have yet to be 
investigated. Based on the large number of poten
tial SUMO targets, future studies should uncover 
major roles for SUMO regulation in host defence.

What is SUMO conjugation?

SUMO conjugation or SUMOylation, involves the 
covalent attachment of the C-terminal carboxyl of 

the SUMO polypeptide chain to the ε-amino 
group of a lysine reside on the substrate by an iso- 
peptide bond. SUMO, synthesized as an inactive 
precursor, is cleaved to expose a diglycine motif at 
the SUMO C-terminus, with the aid of a distinct 
class of proteases termed Sentrin-specific proteases 
(SENPs) [11,41,42], also called ubiquitin-like spe
cific proteases (ULPs) Figure 1. The hetero- 
dimeric E1 complex of SUMO activating enzymes 
(SAE1/SAE2) activates the now mature SUMO, 
forming a thioester linkage between the E1 
cysteine and C-terminus of SUMO, a process 
dependent on ATP hydrolysis.

SUMO is then transferred to the cysteine of the 
only known E2 SUMO-conjugating enzyme, Ubc9, 
which mediates SUMO conjugation to the target 
lysine. SUMO E3 ligases, a class of enzymes cata
lysing the transfer of SUMO, can aid the E2 
enzyme in transferring SUMO to the substrate, 
providing specificity in the cell [11,19]. SENPs 
act as both de-conjugases and maturases, though 
they exhibit specificity for particular SUMO iso
forms[43]. Other SUMO de-conjugating enzymes 

Figure 1. SUMO Conjugation of a substrate protein.
(a) The SUMO conjugation/de-conjugation cycle. The addition and removal of SUMO to a target substrate is under enzymatic control. 
The first step is the maturation of SUMO by an endoprotease, named sentrin-specific protease (SENP) or Ubiquitin-like specific 
protease (ULP) that exposes the C-terminal di-glycine motif. Next, the E1 heterodimer engages with SUMO via a thioester linkage 
and subsequently hands it over to the E2 enzyme. The E2 then interacts with the substrate and catalyses the conjugation of the 
C-terminal COOH of SUMO to a specific lysine side-chain of the substrate. This conjugation step may be either enhanced or directed 
by an E3 ligase enzyme. The SENPs also serve to de-conjugate SUMO from the target, releasing it for a new cycle. The table lists the 
enzymes involved in regulating the SUMO cycle. Drosophila enzymes include putative E3 ligases inferred from homology with 
mammals and also gene ontology analysis. (b) Crystal structure (Protein data bank ID 1Z5S[48]) of SUMO conjugated to RanGAP1 
(substrate) by the E2 (Ubc9), with RanBP2 acting as an E3 ligase. The structure shows the interaction between the substrate 
(RanGAP1) and Ubc9, as well as the cleft/tunnel (black arrow) in Ubc9 that holds the C-terminal GG tail of SUMO for conjugation with 
the lysine side chain of RanGAP1. The figure was generated using coordinates from the PDB using PyMol (The PyMOLMolecular 
Graphics System, Version 1.5.0.4 Schrödinger, LLC). 
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like DeSUMOylating isopeptidase 1/2 and 
Ubiquitin specific protease like-1 have recently 
been discovered, though their functions in 
SUMO maturation are minimal[44]. 
A SUMOylated substrate is de-conjugated with 
the aid of SENPs, making it available for a new 
conjugation cycle Figure 1a. Genomes of organ
isms such as S. cerevisiae and Drosophila have 
a single SUMO gene, while higher vertebrates 
have five SUMO paralogs [45,46]. A major target
ing motif for SUMO is the lysine residue in the 
core sequence ψ-K-X-α or its inverted variant α- 
X-K-ψ, with ψ representing a hydrophobic amino 
acid, usually isoleucine, leucine or valine and α 
representing a negatively charged side chain, 
usually glutamic acid or aspartic acid. Other 
‘extended’ variants of this canonical conjugation 
motif have also been defined[47], which allows the 
prediction of target lysines for experimental test
ing. Studies over the last decade have however 
confirmed that prediction accuracy hovers at 
~50% suggesting that lysines within non- 
canonical motifs are also routinely SUMOylated 
and at this point, we do not have a complete 
understanding of the molecular basis of motif 
recognition [8]. The first crystal structure of the 
E2/E3/Substrate/SUMO1 complex was solved by 
Christopher Lima’s group [48] Figure 1b, and fol
lowed by other structures (PDB: 3UIO, 3UIN) that 
detailed the molecular interactions between these 
molecules. These structures confirm that the E2 
(Ubc9) brings together the substrate (RanGAP1) 
with SUMO. The conjugation event occurs in 
a deep groove in Ubc9 (arrow, Figure 1b). Here, 
RanBP2 stabilizes the complex and enhances 
SUMO conjugation, acting as an E3.

What is the effect of SUMO conjugation on the 
substrate?

The power of SUMO conjugation lies in the ver
satility that it affords to the biological function of 
its substrate. For example, SUMO conjugation 
may change the conformation of a protein, exem
plified by the human thymine DNA glycosylase. 
This SUMO1-modified protein displays altered 
DNA binding, without altering its enzymatic activ
ity, allowing it to dissociate from DNA[49]. SUMO 
can also decide the fate of a protein by competing 

with modifications like ubiquitination, acetylation 
or methylation at the identical lysine residue. In 
case of hormone receptors, i.e. the Glucocorticoid 
receptor (GR) or the Androgen receptor (AR), the 
SUMO-modified lysine competes with ubiquitin, 
affecting the rate of turnover by modulating degra
dation rates [50]. In this way, changes in turnover 
can affect transcriptional output. In other 
instances, like the SUMO modification of tran
scription factors c-Jun and c-Fos, components of 
the Activator protein 1 (AP-1) dimer, half-life may 
remain unaltered, but transcriptional activity is 
reduced [38,39]. Biochemical analysis of non- 
SUMOylatable c-Fos suggests that accumulation 
at the promoters may be altered, serving to fine- 
tune gene regulation, though the exact mechanism 
remains to be ascertained [51]. These examples 
demonstrate that SUMO modification of a subset 
of transcription factors plays a crucial role in their 
regulation. The heat shock factor HSF1 is SUMO 
modified upon heat stress and this enhances DNA 
binding [52]. SUMOylation is also known to alter 
the subcellular localization of proteins. One such 
example is that of the transcription factor Medea 
(Med), the Drosophila ortholog of Smad4. 
SUMOylation of Med promotes nuclear export 
and hence negatively regulates Decapentaplegic 
(Dpp) signalling in the embryo [53].

The identification of a hydrophobic motif, 
designated SUMO-interacting motif (SIM) or 
SUMO-binding motif (SBM) that can interact 
non-covalently with SUMO has helped in under
standing SUMO-mediated protein interactions. 
The trafficking protein RanGAP1 is SUMOylated 
and associated with the nuclear pore complex pro
tein RanBP2 via the SIM motif of RanBP2 [54]. 
There are several instances where SUMO has been 
shown to regulate protein stability, targeting mod
ified proteins to the proteasomal degradation 
machinery [55–57]. A special case is the ubiquiti
nation of SUMOylated proteins where a dedicated 
ubiquitin E3 ligase recognizes poly-SUMO chains 
formed by polymerization of SUMO-2/3 moeities 
through their internal lysines, and targets them for 
ubiquitination and subsequent proteasomal degra
dation [58]. These proteins, designated as STUbLs 
(SUMO-targeted ubiquitin ligases) represent 
a specialization and co-evolution of the SUMO 
and ubiquitin pathways. Key examples are the 
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poly-ubiquitination and subsequent degradation of 
the SUMOylated promyelocytic leukaemia (PML) 
nuclear body by the STUbLs RNF4 [59] and 
Arkadia/Rnf111 [60].

One puzzling aspect of SUMOylation is that 
only a small proportion of a given protein in the 
cell is modified by SUMO at a particular time [11]. 
The rapid conjugation-deconjugation cycles by 
SUMO-specific proteases bring about this transi
ent state of SUMOylated species. Based on this low 
proportion, SUMO-conjugation resistant (SCR) 
variants of the protein should not have a strong 
effect on function as a large fraction of the protein 
is in its original ‘non-SUMOylated’ state. 
However, in most cases, an SCR mutation has 
a strong effect on function [13,33,36,37,40,51,61]. 
This indicates that SUMO-conjugation may be 
a rate-limiting step for an important functional 
transition. The transition may be related to the 
folding of the protein, movement between com
partments, association/disassociation, all because 
of a transient SUMO conjugation/de-conjugation 
step. In the absence of de-SUMOylation, the pro
tein would stall in a non-functional state, reducing 
the population of the functional state over time, 
and thus affecting function [11,62,63].

SUMO is required to adapt to cellular stresses, 
as evidenced by an increase in global SUMO con
jugates in response to several abiotic stresses. This 
global change, termed the SUMO stress response 
(SSR), involves an increase in SUMO conjugated 
substrates and is thought to play a pro-survival 
role [64–67]. Higher molecular weight SUMO2/3 
conjugates were found to increase when cells were 
exposed to detrimental conditions like heat shock, 
oxidative stress, osmotic stress, etc. The levels of 
free SUMO rapidly plummet, and SUMOylated 
proteins increasingly exist as functional clusters. 
Large-scale mass spectrometric results have corro
borated this initial study, providing insight into 
protein specific and site specific modifications 
[21,23,25,68–72]. Heat shock and proteasomal 
inhibition led to an increase in global 
SUMOylation events by around 50%, with proteins 
displaying conjugation at multiple sites [25]. 
Different stresses tended to elicit SUMOylation of 
certain common proteins, though at different sites 
[21]. The studies described highlight a possible 
role for context-specific SUMOylation of distinct 

sites converging at common stress effector pro
teins to provide a cyto-protective function.

SUMO in host defence

Stress conditions like DNA damage, ER stress, 
osmotic stress, etc., can elicit SUMO conjugation 
in the cell. Similarly, the evolutionarily conserved 
innate immune pathways are critical to tide over 
these cellular stresses [73–76]. In the context of 
SUMO, the immune response can be perceived as 
a stress response evoked by invading pathogens. 
Interest in roles for SUMO conjugation regulating 
the immune response has its origins in the finding 
that IκBα, the inhibitor of NF-κB is SUMO con
jugated[36]. This reversible modification led to 
a reduction in degradation of IκBα and attenua
tion of NF-κB signalling. Following this study, the 
Courey laboratory[33] showed that Drosophila 
NF-κB, Dorsal was SUMO conjugated and that 
SUMOylation of Dorsal attenuated the activation 
of Dorsal target genes and thus the immune 
response. These seminal studies were followed by 
a number of studies on other substrate proteins 
and pathways that confirmed roles for SUMO 
conjugation and also members of the SUMO 
cycle in regulating the immune response [61,77– 
81]. Research in the last decade have further sup
ported the hypothesis that SUMO conjugation of 
proteins regulates the host immune response. An 
important landmark for the burgeoning role of 
SUMO conjugation in host defence was the dis
covery that pathogens could hijack the SUMO 
conjugation machinery of the host for increased 
pathogenicity. Initial studies showed regulation of 
host E1 activity during adenoviral infection 
[82,83], followed by similar studies using viruses 
such as Ebola [84,85] and Influenza[86]. Bacterial 
pathogens could also regulate the SUMO cycle of 
the host. Examples include Listeria[87], Shigella 
[88] and Salmonella[89]. The current era of 
SUMO proteomics, 2010 onwards, suggests that 
10–30% of total proteins in the cell are 
SUMOylated and that SUMO conjugation is 
dynamic and context dependent [21–25,68]. The 
number of studies that have attempted to specifi
cally identify SUMO targets that are modulated in 
the immune response are limited as are studies 
that show mechanistic data for SUMO conjugation 
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in immunity. Sloan and co-workers[31] have gen
erated a list of 877 targets for SUMO-2 infection 
with HSV-1; Our lab has identified 710 Drosophila 
proteins whose SUMOylation is enriched after an 
LPS challenge in Schneider cells[29] and Impens 
and co-workers identified 125 immune-specific 
SUMO targets for listeriolysin O[90]. Around 
5–10% of the total SUMOylated proteins identified 
belong to immune signalling pathways [29,31,90]. 
Figure 2 summarizes the major immune signalling 
pathways in Drosophila Figure 2a and mammals 
Figure 2b along with identified SUMO conjugation 
targets.

Of the proteins displayed in Figure 2, very few 
(ovals filled with black) have been validated as 
bona-fide SUMO targets in the context of the 
host immune response [21]. In Drosophila, Toll/ 
NF-κB and Immune Deficient (IMD)/NF-κB 

function as the primary signalling pathways for 
the innate immune response, whereas the Janus 
kinase (JAK)-signal transducer and activator of 
transcription (STAT), c-Jun N-terminal kinase 
(JNK), extracellular-signal-regulated kinase (ERK) 
and p38 pathways play supporting roles in 
immune regulation, including roles in cellular 
immune response [91–98]. Orthologous signalling 
pathways exist in mammals with signalling playing 
roles in both innate and adaptive immunity Figure 
2. The larger number of SUMO targets in mam
mals Figure 2b, as emphasized by dark grey 
shades, are a reflection of the extensive proteomic 
experiments on mammalian cell lines, with very 
few examples with actual validation in either cell 
culture or animal experiments. Suppl. Table 1 lists 
the predicted SUMO substrates in the major 
immune signalling pathways in both flies and 

Figure 2. SUMO targets in immune signalling. Schematic for proteins involved in immune cascades in Drosophila (a) and 
mammals (b). Six orthologous pathways are shown, namely the JAK-STAT, Toll/TLR, IMD/TNF, JNK, ERK and p38. Descriptions of 
these immune regulatory pathways in Drosophila and their mammalian orthologs can be found in excellent reviews that have been 
published [91–97]. SUMO targets are marked by varying shades of grey. The darker the shade of grey, the higher the confidence for 
a role of that protein as a validated SUMOylated substrate, with known target lysine(s), involved in the immune response.

66 S. HEGDE ET AL.



mammals, along with lysines that are predicted to 
be targeted by the SUMO machinery.

In the next few sections, we discuss in detail the 
modulation of the Toll/NF-κB, JAK-STAT and the 
IMD/NF-κB pathways by SUMO. We also take 
a few substrates that have been validated in-vivo 
as SUMO targets as specific examples to bring out 
the roles for SUMO conjugation from 
a mechanistic standpoint and to compare and 
contrast the evolution of SUMO related regulatory 
mechanisms from flies to mammals.

SUMOylation regulates Toll/TLR signalling

In both flies and mammals, it is evident that 
SUMO conjugation modulates signalling in both 
the Toll [33,99] and TLR [36,100] signalling mod
ules. Of the many proteins in the Toll/TLR cas
cades, in mammals, IκB appears to be a major 
SUMO target[36] Figure 3. A holistic picture of 
IκBα regulation has emerged over the years. NF- 
κB is held in the cytoplasm by IκBα in an inactive 
state. At this stage, the SUMO-1 modified IκBα is 
resistant to ubiquitination [36,37]. Upon stimula
tion with a suitable ligand, a protein kinase cas
cade is initiated. Phosphorylation of IκBα, aided by 
the IκB kinase (IKK) complex is thought to recruit 
SUMO-2/3, possibly through a change in confor
mation[100]. Though the site of SUMO-2 conju
gation remains identical to that of SUMO-1, IκBα 
now undergoes polyubiquitination, primed by 
polySUMO. These polySUMO-polyubiquitin 
hybrid chains target IκBα to the 26S proteasomal 
machinery, freeing NF-κB for nuclear transloca
tion[100] Figure 3.

In Drosophila, the broad outline of the signal
ling events is conserved, culminating in phosphor
ylation of Cact. Cact is then ubiquitinated and 
degraded, though the biochemical evidence for 
SUMOylation of the fly ortholog of IκBα, Cact is 
weak [77]. Also, the fly expresses a single SUMO 
isoform resembling SUMO2/3 and is unable to 
form SUMO chains since it lacks the critical lysine 
[101]. Cact has a single non-consensus site pre
dicted as a SUMO conjugation site (http://www. 
jassa.fr/ [47]) and researchers in the field have 
been unable to demonstrate that Cact is conju
gated by SUMO. Hence, the scenario for Cact 
regulation may differ significantly from 

mammalian IκBα. In mammals, SUMOylation of 
p100 (NF-κB2) is required for NF-κB inducing 
kinase (NIK) dependent phosphorylation and pro
cessing of inactive p100 [102] while SUMO1 con
jugation of RelB has been implicated in converting 
this NF-κB from an activator to a repressor [103].

In flies, a validated target for SUMO conjuga
tion in Toll signalling is Dorsal, at K382. Dorsal 
acts redundantly with a related Rel-family protein, 
Dif to mount an immune response. SUMO- 
conjugation resistant (SCR), Dorsal (K382R) 
mutant showed a 5 to 10-fold increase in reporter 
gene activity, compared to the wild-type protein 
[33], indicating that SUMO conjugation decreased 
Toll signalling. The same study, however, had data 
that suggested that an increase in global SUMO 
conjugation would lead to increased Toll signal
ling. Since an increased global SUMO conjugation 
would lead to an increase in SUMOylated Dorsal, 
the data were not consistent with the idea of non- 
SUMOylated Dorsal, mimicked by Dorsal (K382R) 
being a stronger transcriptional activator. In order 
to explain the conflicting data, the authors 
hypothesized that K382 was part of a crucial 
synergy control motif, facilitating interaction with 
a transcriptional attenuator, termed synergy con
trol factor (SCF; Figure 3d). A mutation at Dorsal 
(K382) or SUMO-conjugation at the site would 
disrupt the interaction with the SCF and hence 
upregulate Toll signalling, explaining the greater 
target gene activation in both cases [33].

The idea that SUMO conjugation largely acts as 
a brake was consistent with experiments in the 
organism by the Govind lab, which found Ubc9 
to be a negative regulator of Toll signalling in the 
larval immune response [77,78]. Reduction of 
Ubc9 levels manifests as melanotic masses, caused 
by the over-proliferation of blood cells. The over- 
proliferation phenotype was found to be correlated 
with high levels of nuclear Dorsal in haemocytes. 
Loss-of-function mutations of Dorsal and Dif in 
a Ubc9 mutant background suppressed this phe
notype, suggesting a genetic interaction of the 
SUMO machinery with elements of the Toll path
way [77,78]. The authors hypothesized that the 
physical interaction between Ubc9 and Cact, the 
fly IκBα ortholog could be important for seques
tering Dorsal/Dif in the cytoplasm, which is lost in 
the ubc9 mutant Figure 3. Another possibility is 
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the SUMOylation of Cact or Dorsal/Dif, prevent
ing the aberrant activation of Cact or the untimely 
translocation Dorsal/Dif. Further investigation 
demonstrated that Ubc9 mutant larvae had 
reduced levels of Cact, re-iterating the significance 
of SUMO cycle components in regulating the 
Cact/Dorsal/Dif complex [99]. SUMOylation may 

also occlude the site for Cact ubiquitination, in 
agreement with mammalian studies on IκBα [37]. 
An alternate explanation is the change in Dorsal/ 
Dif stability and/or localization due to altered Cact 
stability, since the stability of Cact is intimately 
linked to Dorsal binding [104] largely mediated 
via its ankyrin repeat domain [105]. Cact also has 

Figure 3. Mechanistic models for SUMO Regulation of Toll/TLR Signalling. Dorsal (DL), SUMOylated at K382 appears to be a key 
SUMO substrate in the fly Toll pathway in contrast to IκBα SUMOylation at K21 in humans. Possible models/mechanisms for 
regulation of Toll/TLR Signalling include.
(a) SUMO:SIM interactions may play a major role in the evolutionary conserved Dorsal:Cact and NF-κB:IκBα complexes. The stability 
of the complex, and the release of Dorsal/NF-κB after Cact/IκBα degradation, in response to Toll/TLR signalling is a central feature of 
the mechanism. SUMO conjugation of Dorsal in flies, and IκBα in mammals, may define the binding dynamics or even enhance poly- 
ubiquitination and subsequent degradation in a context dependant manner. (b) Poly-ubiquitination of Cact/IκBα is an essential step 
for release of Dorsal/NF-κB for transcriptional activation and/or nuclear import. In mammals, this step involves a complex exchange 
of SUMO1 with SUMO2 and subsequent poly-ubiquitination of SUMO2 [36,37,100]. (c) Import of Dorsal into the nucleus may be 
dependent on a SUMO ‘ticket’ that is cleaved off during transit through the nuclear pore. In mammals, the NF-κB/IκBα complex as a 
whole can enter the nucleus, allowing the possibility of SUMO dependent nuclear import (or export)[26]. This model highlights the 
importance of SUMOylation as a rate limiting step for nuclear trafficking and the small fraction of SUMOylated protein, when 
compared to the non-SUMOylated substrate that can exist and regulate the critical import/export step. (d) A SUMOylation/ 
deSUMOylation cycle may regulate transcriptional activation of defence genes that are activated by Dorsal/NF-κB. SUMO conjugation 
resistant-Dorsal is a better transcriptional activator, suggesting that SUMO conjugation may restrain Dorsal mediated activation[33]. 
A synergy control factor (SCF) with a SIM has been hypothesized to bind and regulate SUMOylated Dorsal[33]. Data from mammals 
suggest that RelA is SUMOylated and SUMO conjugation inhibits RelA transcriptional activity[107]. In the absence of RelA 
SUMOylation, the co-repressor may not be recruited efficiently. The black arrow at the transcription start site represents normal 
level of transcription, while the red arrow highlights increased transcriptional output. 
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three hydrophobic core regions – putative SIM 
motifs nestled in its ankyrin repeat domain 
(VDVV 243–246, ILLL 284–287, IDIL 375–378) 
[47], which could also facilitate interaction with 
SUMOylated Dorsal/Dif, aiding in their cytoplas
mic sequestration. Figure 3 lists the possible mod
els that exist that could explain the regulation of 
Toll/TLR signalling at different levels. At the level 
of the Dorsal:Cactus or NF-κB:IκB complex, 
SUMO interactions with SIM my help stabilize 
(or destabilize) the complex. SUMO may also be 
important in nuclear import/export with Ulp1 
being localized, in Drosophila, to the nuclear side 
of the nuclear pore complex [106]. At the level of 
transcriptional activation, as discussed, for both 
mammals and flies the data strongly suggests that 
non-SUMOylated Dorsal/NF-κB is a stronger 
transcriptional activator. In flies this is explained 
by the loss of binding to a hypothetical SCF, while 
in mammals the SUMOylated species is postulated 
to recruit co-repressors to dampen or stop tran
scriptional activation[107].

SUMOylation regulates TNF/IMD signalling

Immune signalling is a hub of PTM cross-talk. The 
basic backbone of phosphorylation-dependent 
relay of the stimulus is further fine-tuned by 
SUMOylation and ubiquitination. The role of the 
classical K48-linked ubiquitin-proteasome system 
and K63-linked-ubiquitin-signalling systems have 
been investigated in depth. A few instances of 
SUMO and ubiquitin cross-talk are presented 
here, with a focus on the IMD/TNF signalling 
pathways Figure 4. In mammals, binding of 
a ligand to the tumour necrosis factor (TNF) 
receptor initiates downstream events, culminating 
in NF-κB activation. Genotoxic stress also triggers 
this pathway, deciding the apoptotic fate of the 
cell. When cells are subjected to DNA-damaging 
agents, the first step is the recruitment of the 
adaptor protein RIP1 (receptor-interacting pro
tein 1), to the cytoplasmic tail of the TNF receptor 
[108]. RIP1 undergoes K63-linked polyubiquitina
tion, an essential step in enlisting TAK1 
(Transforming growth factor beta-activated 
kinase 1) and IκB kinase (IKK) complex proteins 
through the adaptor, NEMO (NF-κB essential 
modulator) Figure 4 [109,110]. Interestingly, it 

was observed that SUMO modification of RIP1 
preceded this ubiquitination step [111]. Lysine to 
arginine mutations of RIP1 at residues 105, 140, 
305 and 565 abolished SUMO conjugation. This 
four lysine to arginine (4KR) mutant failed to 
undergo ubiquitination, ceasing to activate NF- 
κB, since the IKK complex remained inactive 
[111]. Hence, timely action of SUMO dictates 
further events of ubiquitination and complex for
mation in this case. Though the cellular inhibitor 
of apoptosis protein (cIAP) family of proteins have 
been implicated in the ubiquitination of RIP1 
[108], whether their recruitment is contingent 
upon SUMOylation of RIP1 remains unknown.

In Drosophila, the orthologous IMD pathway 
recognizes gram-negative bacterial cues, deploying 
Relish (Rel) for the production of anti-microbial 
peptides (AMPs) [112–115]. The death domain of 
IMD bears a striking resemblance to that of RIP1 
and after processing by the caspase DREDD, IMD 
is ubiquitinated, by Drosophila inhibitor of apop
tosis-2 (Diap2), much like Receptor-interacting 
serine/threonine-protein kinase 1 (RIP1) 
[113,116]. Whether this step is evolutionarily con
served with mammals and requires SUMOylation 
merits further study.

SUMO also forms an integral part of signalling 
at the nodal IKK complex. Comprised of IKKα, 
IKKβ and NEMO in mammals, the fly counterpart 
has two components, immune response-deficient 5 
(IRD5/IKKβ) and Kenny (KEY/IKKγ) Figure 4. 
NEMO is also SUMOylated, at K277/309 [35]. 
Genotoxic stress, ethanol or hydrogen peroxide 
are sufficient to move cytoplasmic NEMO to the 
nucleus, where it is SUMO modified [117]. This 
facilitates retention in the nucleus and initiation of 
further signalling events. A cycle of 
deSUMOylation ensues, leading to phosphoryla
tion and subsequent ubiquitination at the same 
lysine. Now NEMO is exported from the nucleus 
where it associates with the IKK complex and 
activates the NF-κB cascade [117]. In this manner, 
the sequential modification of NEMO by 
SUMOylation, phosphorylation and ubiquitination 
is necessary for altered localization of NEMO and 
NF-κB activation.

To gain more insight into the Drosophila IMD 
pathway, Fukuyama and colleagues used 
a proteomics approach to generate an 
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interactome of 369 proteins in S2 cells challenged 
by E. coli [40]. In addition to validating previous 
findings that IMD-Fas associated protein with 
death domain (FADD)-DREDD and IRD5-KEY 
exist as complexes, analysis of the IKK complex 
revealed interaction of IRD5 (IKKβ) and KEY 
(IKKγ) with SUMO pathway components, hint
ing at possible SUMO-mediated protein interac
tions. Furthermore, IRD5 was found to be 
SUMOylated at K152, and a K152A mutant dis
played reduced induction of the AMP Attacin 
A transcripts in vivo [40]. This is in contrast to 

the mammalian IKK complex, where IKKγ 
(NEMO) is SUMOylated. Like in the case of the 
IκBα/NF-κB complex, the interaction is evolutio
narily conserved and might serve a similar pur
pose, though the SUMOylated entities differ. 
Coupled with the study demonstrating an enrich
ment of SUMOylated proteins upon LPS chal
lenge in S2 cells [29], a new paradigm of protein 
interactions mediated by group SUMOylation in 
managing the Drosophila immune response is 
emerging. The phenomenon of group 
SUMOylation is well documented in case of the 

Figure 4. Mechanistic models for SUMO Regulation of IMD/TNF signalling. Group SUMOylation and subsequent protein- 
interactions may play crucial roles in stabilization of complexes in the IMD/TNF Signalling pathway upon an immune challenge. 
Possible models/mechanisms include.
(a) Ubiquitination of the adaptors IMD/RIP1 appears to be required for signalling to the IKK complex. The ubiquitination may be 
dependent on SUMOylation of the adaptor. This mechanism has been demonstrated in mammals[111] but not flies. (b) The IKK 
complex, KEY:IRD5 in flies and IKKα:NEMO:IKKβ may represent another instance of the evolutionary conservation of a functional 
complex via a SUMO:SIM interaction. SUMO conjugation of IRD5 at 152 may facilitate transduction of signal in the IKK complex, by 
modulation of its interaction with Kenny, while SUMO modification of NEMO facilitates nuclear import and subsequent ubiquitina
tion, which appears necessary for nuclear export [34,35]. (c) In Drosophila, SUMOylated Caspar may impinge on the DREDD- 
dependent cleavage of Relish [122], which in turn affects Relish nuclear import and subsequent transcription of defence genes. 
Interestingly, the mammalian Caspar ortholog, FAF1, is also a negative regulator of NF-κB [123,125]. Its ability to regulate NF-κB 
signalling appears to depend on its physical interactions with the IKK complex as also p65/p50. FAF1 contains consensus sites for 
SUMOylation[47] but is not a validated target. (d) There is some evidence for Relish being a direct target of SUMO conjugation [24], 
but whether this holds true in the immune context needs to be ascertained. Similarly, neither p100 or p105, the Ankyrin domain 
containing counterparts of Relish in mammals have been shown to be SUMO conjugated upon an immune challenge. The cleaved 
fragments however can form heterodimers with RelA (p65) or RelB, both SUMO substrates and thus influence transcription. The red 
arrow at the TSS indicates increased transcriptional output when compared to normal (black arrow). 
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double strand break (DSB) repair proteins in the 
DNA damage response pathway [118–120]. The 
SUMOylation of target proteins, often at multiple 
sites, serves to recruit partner proteins via their 
SIM motifs, culminating in the formation of 
a protein complex promoting a common func
tion, i.e. DSB repair [120]. In this manner, 
SUMO is thought to act as a glue, strengthening 
and reinforcing protein interactions in a SIM- 
dependent manner [119,120]. Since immune sig
nalling requires the rapid relay of information 
relying on the interaction of a plethora of signal
ling molecules, group SUMOylation can be envi
saged to hasten and stabilize such SUMO-SIM 
interactions.

Dampening the immune response after success
ful resolution of infection and preventing the 
unrestrained activation of immune effectors in 
the absence of threats is another facet of signalling 
[121]. Some of these negative regulators are 
a target of SUMO modification as well. The 
Drosophila Fas-associated factor 1 (FAF1) ortholog 
Caspar was found to be SUMOylated in two inde
pendent studies [24,29]. Caspar is required to pre
vent the untimely processing of Relish via the 
caspase DREDD [122]. Animals that lack Caspar 
constitutively express the AMP diptericin and are 
resistant to bacterial infection [122]. Generating 
a SUMO-conjugation resistant Caspar mutant 
will help in deducing the function of SUMO in 
an immune context. The mammalian ortholog 
FAF1 also negatively regulates NF-κB by binding 
to the IKK complex [123] and caspase-8 [124], 
preventing its activation. Furthermore, FAF1 
interacts with RelA, preventing its nuclear locali
zation Figure 4 [125]. Though SUMOylation of 
FAF1 has not been studied in the immune context, 
two bona fide SIM motifs are documented in 
FAF1, though they do not seem to affect NF-κB 
activation [126], as evidenced by mutational stu
dies in cells. Whether this holds true in an intact 
organism like the fly in the context of immunity 
can only be demonstrated unequivocally in 
a genome-edited mutant for the SUMO/SIM sites.

SUMOylation in anti-viral immunity

Viruses pose a serious threat to the well-being and 
survival of organisms. To effectively combat them, 

the innate immune response employs several 
mechanisms. In mammals, Toll-like receptors 
(TLRs) and pattern recognition receptors (PRRs) 
aid in the recognition of viral nucleic acids and 
viral antigens, inducing autophagy, and triggering 
the production of interferons (IFNs) and inflam
matory cytokines to clear the virus [127,128]. 
IFNs, a backbone of the antiviral response, also 
signal to the JAK-STAT pathway to mount 
a robust antiviral response in the infected cell, 
while also protecting unaffected neighbouring 
cells [129,130].

Drosophila has also evolved mechanisms to fight 
viral pathogens, both natural (Drosophila C virus, 
Nora virus, etc.) and mammalian (Dengue virus, 
West Nile virus, etc.) [92,131–133]. The Toll and 
IMD pathways seem to have a limited role in viral 
immunity; the Toll-7 receptor mediates aspects of 
antiviral autophagy [134] while Immune response 
deficient 5 (IRD5) and Rel in the IMD pathway 
provide a protective function [135]. The ERK 
pathway, through p38b signals to JAK-STAT, 
which is required to mount the antiviral humoral 
response [98]. At the cellular level, the anti-viral 
response is multifaceted, engaging autophagy and 
small interfering RNA (siRNA)-mediated RNA 
interference (RNAi), among others 
[92,133,134,136,137].

Experiments done on the Adenovirus protein, 
Gam1, were one of the earliest studies that 
revealed a role for host SUMOylation in the mam
malian anti-viral response. Gam1, essential for 
viral replication, adopts a multi-pronged approach 
to subvert host defences and enhance survival of 
the virus. It sequesters the SUMO E1, leading to 
a decrease in global SUMOylation, affecting tran
scription through factors like Elk-1 and SP3 
[82,83]. The decreased SUMOylation further dis
mantles PML nuclear bodies, whose assembly 
plays a protective role against viral infections 
[82,83]. Studies on the Ebola Zaire Virus have 
found that the deployment of the viral protein 
VP35 increases SUMOylation of the host tran
scription factor IRF7, decreasing IFN production. 
Subsequently, dendritic cells are compromised in 
their ability to fight off the infection [84]. In the 
ever evolving arms race between virus and host, 
the host has also equipped itself to handle the 
assault on its defences. For instance, a reduction 
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in global host SUMOylation due to the Influenza 
virus infection alters the SUMOylation status of 
Tripartite motif-containing 28 (TRIM28), 
a transcriptional co-repressor, promoting antiviral 
immunity [138].

The RNA-interference (RNAi) machinery is one 
of the most robust arms of the insect antiviral 
defence. Drosophila expresses a repertoire of small 
interfering RNAs (siRNAs) and micro-RNAs 
(miRNAs) to bind and degrade the invading viral 
RNA, halting viral replication [139]. Argonaute 
(Ago) proteins are crucial components of the 
RNAi machinery, recruiting siRNAs to the effector 
RNA-induced silencing complex (RISC) [139,140]. 
A Drosophila SUMO immune proteome identifies 
Argonaute-2 (Ago2) as a potential SUMO target, 
showing an increase in SUMOylation in response to 
immune challenge [29]. Interestingly, the first 
report demonstrating a connection between 
SUMOylation and the RNAi machinery identified 
the SUMOylation of mammalian Ago2 at K402, 
albeit in a non-immune context [141]. Loss of 
Ago2 SUMOylation leads to an increase in Ago2 
stability, thereby affecting RNAi efficacy [141].

Autophagy is another essential cellular response 
against viral infections in insects [136,137]. 
Activation of JNK leads to the expression of var
ious autophagy-related (ATG) genes, thus regulat
ing stress induced autophagy [142]. Key JNK 
pathway proteins, Basket, Jra and Kayak are poten
tial SUMO targets (Figure 2; Suppl. Table 1) [29]. 
Evidence from mammalian studies suggest that 
SUMOylation plays an important role in the reg
ulation of JNK signalling, through the modifica
tion of the transcription factors c-Jun and c-Fos 
[38]. The JAK/STAT pathway also elicits an anti- 
viral response in flies [143]. STAT92E, 
a transcription factor of the JAK/STAT pathway 
is SUMOylated at K187 and the loss of 
SUMOylation leads to an increase in STAT92E 
transcription activity [144]. The SUMOylation of 
the mammalian ortholog STAT1 indicates an evo
lutionarily conserved role for SUMO in JAK-STAT 
signalling [145]. These examples listed above 
underscore the important roles SUMO conjuga
tion plays in the context of viral infection.

The slow progress of understanding roles for 
SUMO conjugation in the immune response high
lights the complexity of understanding a holistic 

role for SUMO conjugation in host defence. The 
complexity increases manifold since it is becoming 
increasingly apparent that not only are multiple 
PTMs involved in the regulation of immune sig
nalling, they also cross-talk. The activity of 
a protein may be modified by not one but multiple 
PTMs that modify the polypeptide chain, some
times simultaneously [7]. There is a strong possi
bility of a PTM code that dictates the functional 
status of a protein based on the extent of modifi
cation [146,147]. Additionally, the incorporation 
or removal of a PTM may depend on a previous 
modification by another PTM, highlighted in the 
case of RIP1 and NEMO. SUMO dependant ubi
quitination [58,148,149] where ubiquitin conjuga
tion is dependent on a first step of SUMO 
conjugation on the same polypeptide, is emerging 
as a common theme. Simultaneous SUMOylation 
at multiple sites, polySUMO chains and SUMO- 
ubiquitin hybrid chains add another layer of com
plexity to the repertoire of existing PTMs 
[101,150–153]. They serve as an additional unique 
motif that can be recognized by specially desig
nated interacting partners. Phosphorylation- 
dependent SUMOylation and co-modification 
also dictate the fate of a protein [21]. The different 
ways these modifications manifest will further help 
us better understand signalling in general and 
immunity in particular.

A look to the future

The study of PTMs has proved be challenging due 
to the low stoichiometry of the modified protein in 
comparison to the total protein. In the case of 
SUMO, there are three rate limiting steps that 
have held back the progress of studies. First is 
our lack of ability to accurately predict SUMO 
conjugation sites on substrate proteins. 
Comparisons of sites predicted with current state- 
of-the-art programs with actual sites discovered 
using proteomics suggest that <50% of sites can 
be predicted based on ‘canonical’ SUMO motifs. 
The remaining have to be discovered by experi
mental methods and may be context dependent. 
The second hurdle is the identification of 
SUMOylation sites by mass spectrometry. The 
mammalian SUMO1 has a trypsin cleavage site 
close to the C-terminal -GG and thus leaves 
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a short tail. Since the total conjugated ‘T-junction’ 
fragment is small and its mass can be measured 
accurately by mass spectrometers, efficient identi
fication of the site of SUMOylation is possible. In 
contrast, the mammalian SUMO2/3 and the fly 
SUMO ortholog leave behind a large mass rem
nant after protein digestion, hampering accurate 
site identification. One way around this problem 
has been to introduce tagged, cleavable forms of 
SUMO2/3 [154] but these raise additional con
cerns. SUMOylation of a fraction of targets could 
be due to the overexpression and introduction of 
the tagged SUMO. This means that a fair amount 
of time and effort have to be expended in identify
ing target lysines by mutagenesis screens and then 
validating these as genuine SUMO sites. Recently, 
researchers have focussed on studying native 
SUMO modifications in endogenous tissues by 
utilizing a modified set of proteases that leave 
behind a digested fragment amenable to mass- 
spectrometric site-identification [25]. The compat
ibility of this proteomics pipeline with Drosophila 
SUMO is a promising indicator of possible SUMO 
site-identifications in the fly, in the near future.

The third challenge for a SUMO researcher is to 
create mutant versions of the proteins resistant to 
SUMO conjugation. This is especially tedious and 
time-consuming when working with whole organ
isms, rather than cell lines. The recent advent of 
genome-editing methods, namely Transcription 
activator-like effector nucleases (TALEN), Zinc 
finger nucleases (ZFNs) and Clustered regularly 
interspaced short palindromic repeats (CRISPR)/ 
CRISPR-associated protein 9 (Cas9) [155,156] 
technologies have revolutionized our ability to 
make targeted mutations to abolish SUMOylation 
directly at the genomic locus. Since the 
SUMOylated lysine residue can be potentially 
modified by a plethora of PTMs including 

ubiquitin, the pitfall of a lysine to arginine muta
tion can be circumvented by modifying the adja
cent acidic tract critical for SUMOylation, without 
affecting other PTMs. CRISPR/Cas9 has especially 
greatly upgraded the versatile genome-engineering 
toolbox in Drosophila (Box 1).

Targeted editing in flies, especially at the level of 
changing a single amino-acid has been 
a challenging task [157–161]. In the past, point 
mutations were routinely generated by large chemi
cal mutagenesis screens at random sites and muta
tions of interest subsequently identified, enriched 
and stabilized [162,163]. The second routine 
method to study mutants was to first generate null 
flies for the target locus and rescue the null by 
expression of either wild-type or mutant allele, 
usually by inserting the transgene at a site distant 
from the target locus [164,165]. In recent years, the 
utility of the CRISPR/Cas9 toolbox to edit the geno
mic locus directly and efficiently has revolutionized 
fly biology. After the initial demonstration of 
CRISPR/Cas9 genome editing in mammalian cells 
[169–173], fly biologists developed equivalent 
methodologies to engineer the fly [158,159,174]. 
Today, a fly biologist can routinely generate site 
directed mutations, such as replacing a target lysine 
with an arginine, creating a SUMO resistant site, 
using the CRISPR/Cas9 toolbox in the fly.

SIMs have also been an understudied aspect of 
SUMOylation. While in vitro studies exist to 
demonstrate the importance of SIMs in modulat
ing interaction with a SUMOylated protein, phy
siological studies elucidating the importance of 
SIMs are lacking. Advent of genome-editing tools 
like CRISPR/Cas9 will also help in analysing pro
tein function from both a SIM and a SUMO con
jugation perspective, allowing generation of 
SUMOylation-resistant mutants as well as SIM 
domain deletions [171,172,174].

Box 1. Generation of point mutations using CRISPR/Cas9 based Genome editing.
Targeted editing in flies, especially at the level of changing a single amino-acid has been a challenging task. In the past, point mutations 
were routinely generated by large chemical mutagenesis screens at random sites and mutations of interest subsequently identified, 
enriched and stabilized 165,166. The second routine method to study mutants was to first generate null flies for the target locus and rescue 
the null by expression of either wild-type or mutant allele, usually by inserting the transgene at a site distant from the target locus 167,168. 
In recent years, the utility of the CRISPR/Cas9 toolbox to edit the genomic locus directly and efficiently has revolutionized fly biology. After 
the initial demonstration of CRISPR/Cas9 genome editing in mammalian cells 169–173, fly biologists developed equivalent methodologies to 
engineer the fly 158,159,174. Today, a fly biologist can routinely generate site directed mutations, such as replacing a target lysine with an 
arginine, creating a SUMO resistant site, using the CRISPR/Cas9 toolbox in the fly.
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Conclusion

A complete understanding of SUMO function in 
immunity requires data on the effect of SUMO- 
conjugation of individual immune proteins to the 
immune response, as also an integrated picture of 
the total effect of SUMOylation/deSUMOylation 
on host defence. Dramatic improvements in pro
teomic and genome editing technology, and 
a continued interest of researchers in regulation 
by PTMs should lead to a deeper understanding 
of the intricacies of PTMs, in the near future.
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