
https://doi.org/10.1126/sciadv.adh2073
https://dare.uva.nl/personal/pure/en/publications/sumoactivated-target-traps-satts-enable-the-identification-of-a-comprehensive-e3specific-sumo-proteome(443b60b6-4f1d-44a2-850b-f2d83c5eb57b).html
https://doi.org/10.1126/sciadv.adh2073


MOLECULAR B IOLOGY

SUMO-activated target traps (SATTs) enable the
identification of a comprehensive E3-specific SUMO
proteome
Daniel Salas-Lloret1, Nicolette S. Jansen1†, Easa Nagamalleswari2†, Coen van der Meulen1‡,
Ekaterina Gracheva1, Arnoud H. de Ru3, H. Anne Marie Otte3, Peter A. van Veelen3,
Andrea Pichler2,4, Joachim Goedhart5, Alfred C.O. Vertegaal1, Román González-Prieto1,6,7*

Ubiquitin and ubiquitin-like conjugation cascades consist of dedicated E1, E2, and E3 enzymes with E3s provid-
ing substrate specificity. Mass spectrometry–based approaches have enabled the identification of more than
6500 SUMO2/3 target proteins. The limited number of SUMO E3s provides the unique opportunity to system-
atically study E3 substrate wiring. We developed SUMO-activated target traps (SATTs) and systematically iden-
tified substrates for eight different SUMO E3s, PIAS1, PIAS2, PIAS3, PIAS4, NSMCE2, ZNF451, LAZSUL (ZNF451-3),
and ZMIZ2. SATTs enabled us to identify 427 SUMO1 and 961 SUMO2/3 targets in an E3-specific manner. We
found pronounced E3 substrate preference. Quantitative proteomics enabled us tomeasure substrate specificity
of E3s, quantified using the SATT index. Furthermore, we developed the Polar SATTs web-based tool to browse
the dataset in an interactive manner. Overall, we uncover E3-to-target wiring of 1388 SUMO substrates, high-
lighting unique and overlapping sets of substrates for eight different SUMO E3 ligases.
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INTRODUCTION
Protein fate and function is controlled by numerous posttransla-
tional modifications (PTMs). Among them, ubiquitination is the
secondmost important PTM after phosphorylation (1) and controls
virtually every process in eukaryotic cells in a dynamic manner.
Ubiquitination consists of the covalent attachment of the small 76
amino acids ubiquitin protein to acceptor proteins and is performed
by an enzymatic cascade in which ubiquitin-activating enzymes
(E1) activate ubiquitin and transfer it to a ubiquitin-conjugating
enzyme (E2), which conjugates ubiquitin to the substrate assisted
by a ubiquitin-ligase enzyme (E3). E3s are responsible for determin-
ing substrate specificity. The human genome encodes for two ubiq-
uitin E1s, 30 to 40 E2s and more than 600 E3s (2).
Similar to ubiquitin, other ubiquitin-like (Ubl) modifiers exist,

which have dedicated E1-E2-E3 enzymatic cascades. Among these
Ubls, small ubiquitin-like modifiers (SUMOs) are the most abun-
dant ones after ubiquitin. In vertebrates, there are three different
types of active SUMOs: SUMO1, SUMO2, and SUMO3. Mature
SUMO2 and SUMO3 differ only in a couple of amino acids and
are commonly referred to as SUMO2/3. In contrast to ubiquitin,
vertebrates express a single E1, a single E2, and less than a dozen
bona fide E3s for SUMOs (2).
Recent advances in mass spectrometry (MS) technologies and

the optimization of sample preparation methodologies (3) have

enabled the identification of several tens of thousands of acceptor
sites on thousands of proteins in human cells both for ubiquitin and
SUMOs (4–10). However, our knowledge on E3 substrate wiring is
still very limited. Determining which E3 modifies which substrate is
a major challenge.
For ubiquitin, given the high number of E3s, solving the E3-to-

target wiring in a proteome-wide manner is virtually impossible.
However, for SUMOs, the E3 complexity is limited, simplifying
this task. A proposed approach has been the quantification of
changes on the SUMO proteome after SUMO E3 overexpression
(11), which, in principle, is an indirect measure. Another applied
approach has been the performance of SUMOylation assays on
protein array–based screens (12), which is an ex vivo system that
misses out on the restricted subcellular localization of proteins
and lacks protein-protein complexes that are abundant in cells.
Here, we took advantage of our previous experience in the sys-

tematic identification of ubiquitination substrates using ubiquitin-
activated interaction traps (UbAITs) (13) in the targets of ubiquitin
ligase identified by proteomics (TULIP)methodologies (14–16) and
applied it for the identification of SUMO E3-specific substrates in a
systematic manner for SUMO E3s in a proteome-wide approach.

RESULTS
SUMO E3 overexpression causes SUMO2/3 depletion in an
RNF4-dependent manner
Aiming to identify putative E3-specific SUMOylation substrates, we
used a similar approach as previously done with PIAS1 (11). We
made green fluorescent protein (GFP)–tagged constructs for
different SUMO E3s, including NSMCE2, PIAS1, PIAS2, PIAS3,
PIAS4, ZNF451, the LAP2α isoform of the ZNF451 SUMO ligase
(LAZSUL) and, in addition, another PIAS-like enzyme, ZMIZ2
(17–20) (Fig. 1A), which we previously tested for in vitro SUMO
E3 activity both for SUMO1 and SUMO2 (Fig. 1B). As a result,
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Fig. 1. SUMO E3 overexpression affect endogenous SUMO2/3 levels. (A) E3s studied in this article. The mutations performed on each E3 to construct the catalytic
dead mutant controls are indicated. (B) In vitro SUMOylation assays including ZMIZ2 SUMO E3 enzyme and different concentrations of the SUMO E2. Assays were carried
out using either SUMO1 or SUMO2. (C) Representative immunofluorescence image of U2OS cells transiently transfected with green fluorescent protein (GFP)–LAZSUL
immunostained for SUMO2/3. (D) Superplot depicting relative SUMO2/3 nuclear intensities after immunostaining of individual U2OS cells transiently transfected with
GFP-tagged constructs of different E3s. Values were normalized to the average SUMO2/3 nuclear intensity of GFP negatives from each individual experiment. Values from
three independent experiments are depicted. (E) Stable-inducible GFP-LAZSUL–expressing U2OS cells were treated with control or RNF4-targeting small interfering RNAs
(siRNAs). Thirty-six hours after siRNA transfection, GFP-LAZSUL expression was inducedwith doxycycline (20 μg/ml). Cells were fixed 48 hours after siRNA transfection and
analyzed by immunostaining. (F) Quantification of the normalized nuclear SUMO2/3 intensities from the cells in (E). Independent values from two independent exper-
iments are depicted. (G) Analysis by immunoblotting of the cells in (C). Size bars in fluorescence microscopy images represent 10 μm. DAPI, 40 ,6-diamidino-2-phenyl-
indole; IB, immunoblot; SIM, SUMO interaction motifs; SAP, SAF-A/B, Acinus and PIAS domain; S-P RING, Siz/Pias Really Interesting New Gene; TAD, Trans Activator
Domain; UIM, Ubiquitin Interacting Motif.

S C I ENCE ADVANCES | R E S EARCH RESOURCE

Salas-Lloret et al., Sci. Adv. 9, eadh2073 (2023) 2 August 2023 2 of 16

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity V

an A
m

sterdam
 on A

pril 26, 2024



we observed that ZMIZ2 has E3 enzymatic activity for SUMO2 but
not for SUMO1. Next, we transfected the GFP-tagged constructs of
the E3s indicated in Fig. 1A in U2OS cells. To evaluate the transfec-
tion efficiency of our constructs, we analyzed our cells by fluores-
cence microscopy after immunostaining for SUMO2/3 (Fig. 1C and
fig. S1A). GFP-positive cells could be observed for every construct at
different efficiencies, except for GFP-PIAS2, which transfection did
not lead to the appearance of GFP-positive cells. Unexpectedly, the
immunofluorescence SUMO2/3 signal was highly reduced in GFP-
positive cells for NSMCE2, PIAS1, ZNF451, and LAZSUL (Fig. 1C
and fig. S1A). Therefore, we quantified the SUMO2/3 signal by im-
munofluorescence for GFP-positive and GFP-negative cells from
three independent experiments (Fig. 1D). While GFP-NSMCE2,
GFP-PIAS1, GFP-PIAS3, GFP-ZNF451, and GFP-LAZSUL
reduced the average SUMO2/3 nuclear signal by 41, 63, 19, 77,
and 82%, respectively. GFP-PIAS4–positive cells presented a
slight increase of 4% in SUMO2/3 signal, and, interestingly, GFP-
ZMIZ2 positive cells had a remarkable 46% increase in SUMO2/
3 signal.
In a previous screen for targets of the SUMO-targeted ubiquitin

ligase (STUbL) RNF4, we observed that SUMO E3s were targets of
RNF4 for ubiquitination and subsequent degradation by the protea-
some, with ZNF451 and PIAS1 being the strongest RNF4 ubiquiti-
nation targets and PIAS4 theweakest. ZMIZ2 was not a substrate for
RNF4 (15, 16). We hypothesized that overexpression of these E3s
was promoting their hyperactivation, leading to their auto-SUMOy-
lation and increased SUMOylation of their substrates and subse-
quent degradation in an RNF4-dependent manner. Thus,
proteasome inhibition should rescue the effect on SUMO2/3
levels in response to the different E3s overexpression. Therefore,
we compared the effect on SUMO2/3 levels of the different
SUMO E3s overexpression in the presence or absence of the protea-
some inhibitor MG132 for 5 hours (fig. S1B). The 5-hour MG132
treatment could rescue the effect on SUMO2/3 levels of the E3s,
which overexpression had milder phenotypes, namely, NSMCE2,
PIAS3, and PIAS4, but was not sufficient to rescue strong effects
of PIAS1, ZNF451, and LAZSUL overexpression. Furthermore, pro-
teasome inhibition by MG132 has many pleiotropic effects.
To further test our hypothesis in a more specific manner, we

made stable inducible U2OS cells for GFP-LAZSUL, which was
the E3 with the strongest phenotype (Fig. 1, C and D, and fig. S1,
A and B). We treated the cells with a control or an RNF4-targeting
small interfering RNA (siRNA), induced the expression of the GFP-
LAZSUL construct, and analyzed the cells by immunostaining
(Fig. 1, E and F) and immunoblotting (Fig. 1G). RNF4 knockdown
caused an increase in the fraction of GFP-LAZSUL–positive cells
and rescued the SUMO2/3 depletion phenotype. Consistently,
RNF4 knockdown increased the levels of both modified and non-
modified GFP-LAZSUL.
RNF4 knockdown increases cellular SUMO2/3 levels but does

not affect SUMO1 levels (21). Thus, we also decided to investigate
the effect of NSMCE2, PIAS1, ZNF451, and LAZSUL transient
overexpression on SUMO1 levels by immunofluorescence (fig. S1,
C and D). Accordingly, the overexpression of these E3s did not
cause SUMO1 depletion as previously observed for SUMO2/3,
except for a modest reduction of SUMO1 levels upon LAZSUL
overexpression (Fig. 1, C to F).
We conclude that SUMO E3 overexpression–based screens to

identify SUMOylation substrates could potentially be misleading

due to a negative control loop mediated by RNF4. This loop is ac-
tivated upon SUMO E3 overexpression and leads to SUMO2/3 de-
pletion in cells. Therefore, SUMO E3 overexpression screens must
be carefully evaluated.

SATTs enable to identify an E3-specific SUMO proteome
Previously, in an effort to identify E3-specific ubiquitin substrates,
UbAITs were engineered (13), which we later adopted and opti-
mized for systematic screening in the TULIP methodology (15,
16). However, because of the high number of ubiquitin E3
enzymes in the human proteome, performing the TULIP method-
ology on each E3 is an incredibly challenging task.
In contrast to ubiquitin, the number of bona fide SUMO E3

enzymes is more limited, comprising the Siz/Pias Really Interesting
New Gene (S-P RING) family, the ZNF451 family, and RANBP2
(2). Therefore, addressing the E3 substrate wiring for SUMO E3s
is a more manageable challenge.
Thus, similar to the TULIP2 methodology (15), we designed the

SUMO-activated target traps (SATTs) approach, in which lentiviral
doxycycline-inducible plasmids consisting of 10xHIS tag and a
gateway cloning sequence, followed by 10xHIS and either mature
SUMO1 or mature SUMO2Q87R were constructed (Fig. 2A). The
gateway sequence enables the straightforward shuttling of any
SUMO E3 of interest. The SUMO2Q87R mutation facilitates the
identification of SUMO acceptor sites by MS-based proteomics
(7, 8). Consistently, the rationale behind this approach is that, if
we generate a linear fusion between an E3 and activated SUMO,
the E3 will be prone to use the attached SUMO moiety to modify
its substrate, enabling the copurification of the E3 together with its
substrate and subsequent identification byMS-based proteomics. In
line with TULIP2 methodology (15), we included two different neg-
ative controls in our screens. The first control is a �GG construct
where the SUMOmoiety lacks the C-terminal di-Glymotif and thus
cannot be conjugated to a substrate. The second control is a catalytic
dead mutant where the interaction with the SUMO E2 enzyme is
abolished, thus the transfer of the SUMO moiety from the E2 to
the substrate cannot be catalyzed (Fig. 2B).
Accordingly, we built SATTs for the E3s indicated in Fig. 1A.

SUMO1 SATTs for the S-P RING SUMO E3 enzymes, PIAS1,
PIAS2, PIAS3, PIAS4, and NSMCE2. In addition, for SUMO2
SATTs, in addition to the S-P RING SUMO E3 enzymes, we also
included ZNF451, LAZSUL, and ZMIZ2 as they are exclusive for
SUMO2/3 (fig. S2A) (22, 23). Other characterized SUMO E3s
were not included for different reasons. RANBP2 was left out
from our screen due to the size of the protein (3224 amino acids).
Also, the ZNF451 family E3 KIAA1586 was left out because it is ex-
clusively found in primates and not in other vertebrates (23). To
generate the catalytic dead mutant controls, we introduced specific
mutations in each E3 (Fig. 1A). For the S-P RING family E3s, we
mutated cysteines in the S-P RING domain, and for the ZNF451
family E3s, we mutated the SUMO interaction motifs by substitut-
ing the long hydrophobic amino acids into alanines (23).
Next, we constructed U2OS cells expressing HIS-SUMO1 or

HIS-SUMO2Q87R in a constitutive manner or stably expressing
the inducible E3 SATTs constructs indicated in fig. S2A, including
the �GG and catalytic dead mutant–negative controls. We induced
the expression of the constructs for 24 hours, lysed the cells in de-
naturing conditions, and purified the SATT conjugates from four
independent biological repeats (five in the case of ZMIZ2), yielding
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a total of 171 samples. To avoid RNF4-mediated degradation of the
SATTs due to auto-SUMOylation (Fig. 1) and to increase the
number of SUMOylation conjugates (8), the proteasome was inhib-
ited for 5 hours with MG132.
Sample analysis by immunoblotting (fig. S2, B and C) showed

that the expression levels of the SATTs were below or close to en-
dogenous counterparts for every construct. Moreover, signal could
be observed in a higher–molecular weight smear for the wild type
and catalytic dead mutant construct for every SATT, corresponding

to E3-SUMO-target conjugates. This smear was absent in the �GG
constructs. Consistently, the catalytic dead SATT smears had differ-
ent profiles than their wild-type counterparts, indicating that the
SUMO moieties in the mutant SATTs could still be used for conju-
gation by other endogenous E3s.
For the cell lines expressing either HIS-SUMO1 or HIS-

SUMO2Q87R in a constitutive manner, MS analysis of the samples
enabled the identification of 244 SUMO1 targets and 1509 SUMO2
targets (data S1 and S2) after 5 hours of proteasome inhibition with

Fig. 2. SUMO-activated target traps (SATTs) enable the identification of E3-specific SUMOylatio substrates. (A) SATTs screen rationale. SUMO moieties covalently
attach to the C-term of an E3 of interest, which will be attached to E3 substrates, enabling the copurification of the E3 together with the SUMOylation target, which will be
later identified by mass spectrometry (MS). (B) SATT negative controls rationale. While �GG SATTs lack the C-terminal SUMO diGly motif, unable to conjugate to the
substrate, catalytic dead mutants prevent interaction with the SUMO E2. (C) Heatmap of z scores for different SATT targets. Only HIS-SUMO1 and HIS-SUMO2Q87R targets
are included. LC-MS/MS, liquid chromatography tandem MS.
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MG132. Among the 244 SUMO1 targets, 171 could be considered a
SUMO1 SATT conjugate for at least one SUMO E3. In the case of
SUMO2 SATT conjugates, the numbers were 570 of 1509, which
were preferential or specific for the different E3s (Fig. 2C and
data S3 and S4). When compared with the biggest SUMO2 target
study to date in U2OS cells (7), the number of SUMO2 SATT
targets that had been identified as SUMO2 targets increased to
656 (data S5).
However, the SUMO proteome is highly diverse, depending on

the cell type and experimental conditions of study (7). Therefore, we
considered the possibility that the SATTs could enable the modifi-
cation and enrichment of SUMOylation substrates, which are not
constitutively modified in the cell line and condition of study or
not detectable when a total SUMO proteome purification is per-
formed. Accordingly, we also analyzed the MS data from the
SATTs in an unbiased manner. Namely, proteins not considered
as HIS-SUMO targets were included when identified as SATT sub-
strates (fig. S3 and data S6 and S7). This way, we could identify 302
extra putative substrates for SUMO1 SATTs, mainly for NSMCE2
and PIAS2, and 459 additional putative substrates for SUMO2
SATTs, mainly for PIAS2 and LAZSUL.

The SATT index measures substrate specificity
Although the substrates we identified for each tested SUMOE3were
relatively specific for every E3 when comparing a wild-type SATT
with its �GG counterpart, all the substrates did not remain
equally significant compared to their catalytic deadmutant counter-
part (data S3, S4, S6, and S7), indicating that, as previously shown
for UbAITs (13, 15, 16), the SUMO moiety attached to the mutant
SATT can also be conjugated to a substrate by another endogenous
SUMO E3.
Therefore, we used the relation between the differences of the

enrichment of a substrate for a specific E3 comparing both the
�GG and the mutant counterpart to wild type, which we termed
SATT index

SATTi �
�log2 SATTWT � � �log2 SATTMut�
�log2 SATTWT � � �log2 SATTΔGG�

Values close to 1 and higher are considered very specific, and
values close to 0 and lower are considered not specific.

Different E3s have different preferences toward SUMO1 or
SUMO2/3
It could be argued that making a SUMO1 SATT with an E3 which
normally catalyzes SUMO2/3 conjugation might force SUMO1
conjugation on a SUMO2/3 substrate. Thus, we decided to investi-
gate if SUMO E3s could discriminate substrate specificity depend-
ing on the SUMO type they were conjugating. First, we looked at the
overlap between SUMO1 and SUMO2 substrates (Fig. 3A). Overall,
and similar to previous studies, SUMO2 is the most abundant and
important SUMO (10, 24). While most of the identified SUMO1
targets (87%) can also be modified by SUMO2/3, only 14% of the
SUMO2 substrates can also be modified by SUMO1. Next, we
looked at the substrate preference and overlap for the different S-
P RING E3s that had been investigated for both SUMO1 and
SUMO2 SATTs (Fig. 3B). On one side, in contrast to SUMO prote-
ome data (Fig. 3A), NSMCE2, PIAS1, and PIAS2 data indicated a

preference for SUMO1 modification. For PIAS1, only 9% of the
SUMO1 substrates were also SUMO2/3 substrates (87% in SUMO
proteome), and 45% of the SUMO2/3 were also substrates for
SUMO1 (14% in SUMO proteome). This preference was milder
for NSMCE2, where the numbers were 63 and 57%, respectively,
and PIAS2, 69% for SUMO1, and 23% for SUMO2. For PIAS3
and PIAS4, the preference for SUMO2 modification was more
acute than in total SUMO proteome analysis. For PIAS3, there
was only one protein identified for SUMO1 conjugation. This
protein was also found for PIAS3 SUMO2 conjugation (100%).
For PIAS4, 93% of SUMO1 conjugates were also modified by
SUMO2. These values indicate that PIAS3 and PIAS4 are mainly
a SUMO2/3 E3 enzyme, which is consistent with previous studies
on SUMO specificity, and consistently, SUMO1 ligase activity has
also been reported to be higher for PIAS1 and PIAS2 (12).

GeneOntology analysis identifies E3s in different biological
processes
Gene Ontology analysis for biological processes of the SUMOyla-
tion substrates for the different E3s indicated that different E3s
are involved in different processes (Fig. 3C and data S8). As expect-
ed, PIAS1, PIAS4, NSCME2, and ZNF451 substrates are enriched in
Gene Ontology terms relative to genome biology (25–31), and
PIAS3 substrates are enriched for maintenance of proteins at the
nucleus (32–34). LAZSUL highest enrichment term was protein
SUMOylation. ZMIZ2 substrates were not enriched for specific cel-
lular processes. PIAS2 substrates are enriched for membrane trans-
location and adenosine 50-diphosphate/adenosine 50-triphosphate
(ATP) mitochondrial transport.

PIAS4 and NSMCE2 make hybrid SUMO1-SUMO2/3 chains
SUMO2Q87R SATTs leave a QQTGG remnant after tryptic digestion
on acceptor lysines, which can be identified by MS-based proteo-
mics (8). Although K11 is known to be the canonical site to make
SUMO2/3 chains (35), several other SUMO2/3 sites at the endoge-
nous level have been identified (6). Therefore, in addition to K11-
SUMO2/3 chains, other chain types exist.
MS analysis of our samples enabled us to obtain MS/MS spectra

in which the QQTGG remnant could be localized on SUMOs in an
unambiguous manner (fig. S4), and the intensity of these SUMOy-
lation sites could be quantified (Fig. 4). SUMO2/3 K11 chains, were
found with every E3. As expected, no QQTGG-modified peptides
were found in�GG SATTs samples. In contrast, signal for the mod-
ification with SUMO2/3 on K11 either on SUMO2 or SUMO3
could be detected in every SATT and, at less intense level, on K5.
This included both wild-type and catalytic dead mutant SATTs.
Only NSCME2 and PIAS4 wild-type SATTs were able to modify
SUMO1 with SUMO2/3 at K7, being completely dependent on
the catalytic activity of the SATT. Similarly, SUMO3 K7 chains
were also formed with NSCME2 and PIAS4 but only depending
on the catalytic activity of NSMCE2. Last, SUMO2/3/4 K32/33/33
chains were only detected for NSCME2 and were completely de-
pending on NSMCE2 catalytic activity.

SATTs complement analysis provides an extra comparison
Next, we made statistical comparisons of proteins that were en-
riched or depleted in the wild-type SATTs samples using all the
other wild-type SATTs as a control. This was done both for consid-
ering and not considering exclusively the SUMO1 or SUMO2-3
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substrates identified in data S1 and S2 (data S9 to S12, Fig. 5, and
fig. S5).
Together, these analyses enabled the identification of very high-

confidence E3-specific SUMOylation substrates in which wild-type
SATTs target proteins were statistically enriched when compared to
their�GG and catalytic deadmutant counterparts and compared to
all the other wild-type SATTs (data S13).

Polar SATTs is a user-friendly site to browse the dataset
Most proteomic screens, including this one, usually consist of large
spreadsheet datasets full of gene/protein names, values, and com-
parisons. The interpretation of these datasets can be daunting for
researchers from other disciplines. To overcome these potential out-
reach hurdles, we developed an online web application tool to

browse the dataset, which is freely accessible (https://
amsterdamstudygroup.shinyapps.io/PolaRVolcaNoseR/). This tool
enables users to select a protein of interest and, if present in this
study, will pop up in a polar plot in the sectors corresponding to
the relevant E3s, indicating enrichment in terms of P value and dif-
ference between wild-type and either �GG SATTs or all the other
wild-type SATTs as complement control. In addition, for the �GG
SATTs, how relatively specific the substrate is for the E3 in terms of
SATT index is depicted with a color scale.
Moreover, the app can be used to customize the data visualiza-

tion by enabling adjustment of the P value and differences, choosing
to hide the values that exceed the limits. The size of the data points
can also be adjusted to facilitate visualization, and the resulting

Fig. 3. SUMO1-SUMO2/3 overlap and Gene Ontology. (A) Overlap between HIS-SUMO1 and HIS-SUMO2Q87R targets. (B) Overlap between SUMO1–SUMO-activated
target trap (SATT) and SUMO2-SATT substrates for the indicated E3s. (C) Gene Ontology (GO) analysis for the SUMOylation substrates of the different E3 SATTs analyzed in
this study. ER, endoplasmic reticulum; ADP, adenosine 50-diphosphate; ATP, adenosine 50-triphosphate; LSU-rRNA, large subunit ribosomal–ribonucleic acid; dsDNA,
double-stranded DNA.
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