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Attachment of the small ubiquitin-like modifier (SUMO) to substrate proteins modulates their turnover, activity, or interaction
partners. However, how this SUMO conjugation activity concentrates the proteins involved and the substrates into uncharacterized
nuclear bodies (NBs) remains poorly understood. Here, we characterized the requirements for SUMO NB formation and for their
subsequent colocalization with the E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), a master regulator of
plant growth. COP1 activity results in degradation of transcription factors, which primes the transcriptional response that underlies
elongation growth induced by darkness and high ambient temperatures (skoto- and thermomorphogenesis, respectively). SUMO
conjugation activity alone was sufficient to target the SUMO machinery into NBs. Colocalization of these bodies with COP1
required, in addition to SUMO conjugation activity, a SUMO acceptor site in COP1 and the SUMO E3 ligase SAP and Miz
1 (SIZ1). We found that SIZ1 docks in the substrate-binding pocket of COP1 via two valine-proline peptide motifs, which
represent a known interaction motif of COP1 substrates. The data reveal that SIZ1 physically connects COP1 and SUMO
conjugation activity in the same NBs that can also contain the blue-light receptors CRYPTOCHROME 1 and CRYPTOCHROME
2. Our findings thus suggest that sumoylation stimulates COP1 activity within NBs. Moreover, the presence of SIZ1 and SUMO in
these NBs explains how both the timing and amplitude of the high-temperature growth response is controlled. The strong
colocalization of COP1 and SUMO in these NBs might also explain why many COP1 substrates are sumoylated.

SUMO (small ubiquitin-like modifier) is an essential
protein modification in Arabidopsis (Arabidopsis thaliana)
that is associated with.1,000 targets (Saracco et al., 2007;
Miller et al., 2010; Rytz et al., 2018). Its attachment

(sumoylation) is catalyzed in two steps by the SUMO E1
ACTIVATING ENZYME (SAE1/SAE2 heterodimer)
and the SUMO E2 CONJUGATING ENZYME (SCE1;
Colby et al., 2006; Saracco et al., 2007). SCE1 recognizes
directly and modifies a short consensus motif CKxE in
substrates (where C denotes a bulky hydrophobic resi-
due, K the acceptor Lys, x any residue, and E is Glu;
Bernier-Villamor et al., 2002; Yunus and Lima, 2006).
Despite this motif, 25%–50% of the SUMO substrates are
modified at other sites in humans (Hendriks et al., 2014;
Lamoliatte et al., 2017). Modification of these non-
consensus sites involves at least two mechanisms. First,
certain E3 ligases orient SCE1, which then allows SUMO
transfer to nonconsensus sites (Yunus and Lima, 2009;
Gareau and Lima, 2010; Streich and Lima, 2016). Second,
the presence of SUMO-interaction motifs (SIMs) in sub-
strates promotes sumoylation at nonconsensus sites
(Zhu et al., 2008; Flotho andMelchior, 2013). These SIMs
are typified by a stretch of three to four aliphatic residues
(Val, Ile, Leu) flanked by a series of acidic and phos-
phorylated residues.

SUMO is mostly attached as a monomeric adduct, but
SUMOchains are also formed (Colby et al., 2006). SUMO
chains are recognized by SUMO-targeted Ubiquitin E3
ligases (StUbls) that mark chain-modified proteins for
degradation (Perry et al., 2008; Guo et al., 2014). Distant
homologs of StUbls have been identified in Arabidopsis
(Elrouby et al., 2013), but their function remains to be
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elucidated for plants. SUMO chain formation involves
binding of a second SUMO to a charged SCE1; SUMO
donor complex (Bencsath et al., 2002; Knipscheer et al.,
2007; Streich and Lima, 2016). This second SUMO in-
teracts noncovalently via a SIM-like interaction with
SCE1 at a site distant from its catalytic pocket.
Interestingly, SUMO and its sumoylation machinery

often resides in nuclear bodies (NBs) of various shapes
and sizes in eukaryotes, including plants, as is the case
in Arabidopsis for the SUMO ligase SAP and Miz
1 (SIZ1; Miura et al., 2005; Cheong et al., 2009; Kim
et al., 2016), the SUMO protease OVERLY TOLER-
ANT TO SALT 2 (Conti et al., 2008), several StUbls
(Elrouby et al., 2013), and certain SUMO substrates
(Ballesteros et al., 2001; Khan et al., 2014; Kim et al.,
2016; Mazur et al., 2017). In general, these bodies
represent micron-scale compartments that lack a sur-
rounding membrane and self-organize due to liquid-
liquid phase separations (Banani et al., 2016, 2017).
SUMO-SIM interactions orchestrate at least in vitro the
formation of such bodies. Often these bodies are highly
dynamic containing tens to hundreds of components,
but only a small set of these components are essential
for their structural integrity.
The E3 ubiquitin ligase COP1 (CONSTITUTIVE

PHOTOMORPHOGENIC1) is also a SUMO substrate
that aggregates in NBs, called photobodies (Van Buskirk
et al., 2012; Kim et al., 2016; Lin et al., 2016). COP1 func-
tion is essential for skotomorphogenesis and thermo-
morphogenesis (Stacey et al., 1999; Lau and Deng, 2012;
Park et al., 2017; Hammoudi et al., 2018). Both darkness
and elevated temperature cause COP1 translocation from
the cytosol to nucleus where it colocalizes with photo-
bodies (Stacey and von Arnim, 1999; Seo et al., 2004; Van
Buskirk et al., 2012; Park et al., 2017). Photobodies take
their name from the presence of photoreceptors in these
NBs during the daytime, including PHYTOCHROME A
(phyA), phyB, CRYPTOCHROME 1 (CRY1), CRY2, and
UV-B RESISTANCE 8. In addition, photobodies contain
photomorphogenesis-promoting transcription regula-
tors such as PIFs (PHYTOCHROME INTERACTING
FACTORs),HFR1 (LONGHYPOCOTYL INFARRED1),
HY5 (ELONGATEDHYPOCOTYL 5), and LAF1 (LONG
AFTER FAR1-RED LIGHT 1). Light of a wavelength
matching the photoreceptor triggers the aggregation of
these photobodies. In darkness, many photobody com-
ponents become COP1 substrates for polyubiquitination
resulting in their degradation. The general notion is that
the presence of COP1 in NBs denotes degradation of
COP1 substrates (Van Buskirk et al., 2012). A mutation in
the substrate-binding pocket of COP1, cop1-9 (G524Q),
disrupts COP1 recruitment to NBs (Stacey and von
Arnim, 1999), implying that substrate binding is pivotal
for the presence of COP1 in NBs. In line with this, many
photobody components contain a two-residue peptide
motif, Val-Pro, that is directly recognized by the COP1
substrate pocket (Holm et al., 2001, 2002; Uljon et al.,
2016).
Ubiquitin ligase activity of COP1 is stimulated by

the SUMO E3 ligase SIZ1, and correspondingly both

skoto- and thermomorphogenesis are strongly compro-
mised in the Arabidopsis SIZ1 loss-of-function mutant
siz1-2 and the Arabidopsis SIZ1 knockdown mutant
sumo1-1;amiR-SUMO2 (Lin et al., 2016; Park et al., 2017;
Hammoudi et al., 2018). Hypocotyl elongation under
blue, red, or far-red light is also compromised to some
extent in siz1-2, whereas hypocotyl elongation due to
COP1 overexpression (OE) is strongly suppressed in
siz1-2 (Lin et al., 2016). Importantly, COP1 interacts di-
rectly with SIZ1, and it is SUMO-modified in a SIZ1-
dependent manner at a single acceptor site (Lys-193;
Kim et al., 2016; Lin et al., 2016). This Lys is important for
COP1 function, as mutating this site in COP1 (OE-
K193R) reduces hypocotyl elongation in comparison to
that in wild-type COP1-OE lines.
In turn, SIZ1 acts as a polyubiquitination substrate of

COP1, resulting in SIZ1 degradation (Lin et al., 2016).
Consequently, SIZ1 protein levels are increased when
COP1 function is compromised in planta (Kim et al.,
2016). As SIZ1 is the main SUMO E3 ligase linked to
the SUMO stress pathway, suppression of COP1 func-
tion leads to an additional rise in stress-induced SUMO
adduct levels (Kim et al., 2016). This signifies that COP1
in turn controls the SUMO stress response via SIZ1.
Biochemical assays showed that COP1 sumoylation
stimulates the ubiquitination and degradation of HY5,
a positive regulator of photomorphogenesis, again
confirming that sumoylation promotes COP1 activity.
Genetically, the siz1-2mutation strongly suppresses the
long hypocotyl phenotype of the hy5-215 mutant in
different light conditions, and HY5 ubiquitination is
also reduced in siz1-2, resulting in HY5 hyper-
accumulation (Lin et al., 2016; Hammoudi et al., 2018).
At the transcriptional level, both siz1-2 and sumo1-1;

amiR-SUMO2 showed a delayed and reduced tran-
scriptional response to a shift to high temperature
(Hammoudi et al., 2018). Importantly, the differentially
expressed genes overlapped significantly with the ge-
nomic targets of the transcription factors PIF4 and
BRASSINAZOLE RESISTANT 1, two key positive
regulators of thermomorphogenesis downstream of
COP1 and HY5 function (Koini et al., 2009; Quint et al.,
2016; Ibañez et al., 2018). Combined, these data indicate
that SIZ1 and COP1 jointly control abiotic stress re-
sponses, skoto- and thermomorphogensis, while both
proteins are recruited to NBs.
As the sequestering of SUMO in NBs is poorly under-

stood in planta, we examined by which mechanism
SUMO aggregates in NBs and how SUMO and COP1
then physically interact inNBs. In linewith the hypothesis
of phase-separated liquid protein compartments (Banani
et al., 2017), we find that formation of SUMO1∙SCE1 NBs
is dynamic and requires catalytic activity of the SUMOE1
andE2 enzymes in planta. Likewise, only the conjugation-
competent form of SUMO1 (SUMOGG) can stimu-
late formation of the SUMO1∙SCE1 (SUMO∙E2) and
SUMO1∙SIZ1 (SUMO∙E3) NBs, whereas the noncovalent
SUMO1∙SCE1 interaction via the SIM has apparently a
dual role in their formation. Colocalization of these
SUMO1∙SCE1/SIZ1 NBs with COP1 depends on the
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SUMO acceptor site in COP1. Conversely, we reveal that
SIZ1 is aCOP1-dependent ubiquitination substrate due to
twovaline-proline (VP)motifs that candirectly bind to the
COP1 substrate-binding pocket. Our data thus provide a
mechanistic link between the subcellular localization of
the SUMO conjugation complex and COP1 in common
NBs and that recruitment to these bodies depends on the
intrinsic properties of the proteins involved, i.e. SCE1
conjugation activity for SUMO NBs and substrate selec-
tion for COP1 recruitment to photobodies. Moreover, we
show that SIZ1 connects these two processes.

RESULTS

Arabidopsis SUMO1 Interacts via Its SIM-Binding Site
with SCE1 and SIZ1

SIMs bind to SUMO by forming an alien b-strand in
the b-sheet of SUMO (Song et al., 2005; Hecker et al.,
2006; Sekiyama et al., 2008). Thus far, it has remained
largely undefined whether Arabidopsis SUMO1 and -2
interact with their partners via SIMs. Based on homol-
ogy between Arabidopsis and the human SUMOs, we
mutated two conserved hydrophobic residues (Phe-32,
Ile-34) in the b2-strand of Arabidopsis SUMO1 to test in
the yeast two-hybrid (Y2H) assay if—in analogy to the
yeast and mammalian systems—these two residues de-
termine binding of SIM-containing proteins (Supplemental
Fig. S1A). Wild-type SUMO1 and the F32A+I34A mutant
(SUMO1SIM; Supplemental Table S1) were expressed as
bait fusions with the GAL4 binding domain (BD), whereas
four human proteins with a known SIM were used as
preys (GAL4 activation domain [AD] fusion; Hecker et al.,
2006). To only test for noncovalent interactions between
SUMO1 and these SIM-containing proteins, we expressed
a conjugation-deficient variant of SUMO1 that lacks the
C-terminal Gly-Gly (diGly) motif needed for SUMO at-
tachment to the acceptor Lys (SUMO1DGG). SUMO1DGG
interacted with three of the four SIM-containing proteins,
and these interactions were suppressed by the F32A+I34A
mutation except for protein inhibitor of activated STAT
1 (SUMO1DGG+SIM; Supplemental Fig. S1A). Deletion of
the diGly motif (“DGG”) or introduction of the F32A
+I34A double mutation (“SIM”) did not reduce SUMO1
protein accumulation in yeast (Supplemental Fig. S1G).
Thus, the b2-strand of Arabidopsis SUMO1 apparently
facilitates SIM binding, similar to that of its human and
yeast counterparts.

To assess if Arabidopsis SUMO1 interacts via this
SIM interface with SCE1 or SIZ1, the BD-SUMO1 fu-
sions were expressed together with SCE1 or SIZ1 fused
to the GAL4 AD in a Y2H assay. Both SCE1 and SIZ1
interactedwith SUMO1GG and SUMO1DGG. The SUMO1-
SCE1 interaction was impaired when the SIM-binding
pocket was mutated (Supplemental Fig. S1, B and C;
GG+SIM and DGG+SIM). The interaction between
SUMO1 and SIZ1 was less strong for each SUMO1 mu-
tant tested (Supplemental Fig. S1, B and C; DGG, GG
+SIM, and DGG+SIM). As the different SUMO1 variants
all accumulated at least to similar protein levels as that of

wild-type SUMO1 in yeast (Supplemental Fig. S1G), we
conclude that the SIM(-like) interaction also plays a role in
the SUMO-SCE1 and SUMO-SIZ1 interaction in Arabi-
dopsis. In agreement, we recently demonstrated that a
conserved SIM-like motif in the N terminus of SCE1 is
essential for SUMO1binding (Mazur et al., 2017),whereas
others reported the presence of SIMs in the close ho-
mologous of SIZ1 from yeast and mammals (Cheong
et al., 2010; Mascle et al., 2013; Kaur et al., 2017); how-
ever, the SIM motif of Arabidopsis SIZ1 still needs fur-
ther characterization.

SUMO1 Conjugation Activity Causes SCE1 and SIZ1 to
Relocalize to Nuclear Bodies

Next, we examined if these SIM(-like) interactions
affect the subcellular localization of SCE1 and SIZ1 in
planta. We first analyzed the localization of the indi-
vidual proteins expressing them as YFP/GFP fusions in
Nicotiana benthamiana. YFP-SUMO1, GFP-SCE1, and
GFP-SIZ1 localized to the nucleus, cytosolic pockets
near the FM4-64-marked plasma membrane, and in
cytoplasmic strands (Supplemental Fig. S2, A–C). GFP-
SUMO1 accumulated in the cytoplasm and nucleus
independent of its diGly motif and SIM-binding site
(Supplemental Fig. S1D). Likewise, SCE1 resided both
in the cytoplasm and nucleus (Supplemental Fig. S2, B
and D), whereas SIZ1 accumulated primarily in the
nucleus with a small residual signal observed in the
cytoplasm (Supplemental Fig. S2C).

To determine if the interactionwith SUMOchanges the
subcellular localization of SCE1 or SIZ1,we expressed the
proteins as bimolecular fluorescence complementation
(BiFC) pairs. To this end, the N terminus of SUMO1 was
fused to super-CFPN (fragment1–173), whereas the N ter-
minus of SCE1was fused to SCFPC (fragment SCFP156–239).
The C terminus of SIZ1was fused to SCFPC. Expression of
both SCFPN-tagged SUMO1GG and SUMO1GG+SIM with
SCFPC-tagged SCE1 or SIZ1 yielded exclusively CFP re-
constitution in large NBs in the nucleus for each of the
four combinations (as marked with Hoechst dye in
Supplemental Figure S3A.2; Fig. 1, A and B; Supplemental
Fig. S3). NBs were absent for BiFC combinations with
SUMO1DGG or SUMO1DGG+SIM. Instead, in combination
with SCE1, the BiFC signals were found evenly spread
both in the nucleus and cytoplasm (Supplemental Fig.
S3A9), whereas in combination with SIZ1, the BiFC signals
were found exclusively in the nucleus without any NB
formation (Supplemental Fig. S3B9). These findings sug-
gest that loading of mature SUMO is essential for NB as-
sembly of the BiFCpairs SUMO1∙SCE1 and SUMO1∙SIZ1.

To confirm this notion, we examined if another
Arabidopsis SUMO paralogue, SUMO3, could trigger
NB assembly in a BiFC interaction with SCE1 or SIZ1.
We reasoned that SUMO3 would not trigger NB as-
sembly, as (1) compared to SUMO1 it is a poor substrate
for SUMO conjugation in vitro (Lois et al., 2003), (2)
it interacts weakly with SCE1 in the Y2H assay
(Supplemental Fig. S1E), and (3) its overexpression in
Arabidopsis fails to increase the global SUMO1/2
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conjugate levels, whereas OE of SUMO1/2GG or
SUMO1/2DGGmassively increased these levels (van den
Burg et al., 2010). Indeed, SUMO3GG failed to recruit
SCE1 or SIZ1 in NBs (Fig. 1, A and B; Supplemental Fig.
S3), whereas GFP-tagged SUMO3GG localized to the
nucleus and cytoplasm similar to that observed for GFP-
SUMO1GG (Supplemental Fig. S1, D and F). Additional

proof that SUMO NB aggregation requires enzymatic
activity came fromblocking the E1 enzyme SAE1/2with
the chemical inhibitor anacardic acid. Anacardic acid
binds directly to SAE1/2 and prevents formation of the
activated E1; SUMO intermediate (Fukuda et al., 2009);
consequently, it also prevents SUMO transfer onto the
E2 (SCE1; SUMO thioester complex). In the presence of

Figure 1. SUMO nuclear body formation de-
pends on SCE1 conjugation activity. A, Nuclear
localization pattern of SUMO1∙SCE1 BiFC pairs,
including mutant variants of SUMO1 and the
SUMO3∙SCE1 BiFC pair. Included above is a
schematic representation of residues mutated
and/or deleted in SUMO1 (GG, mature SUMO;
SIM, F32A+I34A; DGG, deletion of the
C-terminal diGly motif). B, Similar to A; nuclear
localization pattern of SUMO1/3-SIZ1 BiFC pairs
including mutant variants of SUMO1. C, Nuclear
localization pattern of the SUMO1∙SCE1 com-
plex in response to anacardic acid inhibition of
SUMO conjugation (100 mM in 1% [v/v] DMSO)
1.5 h postinfiltration. D, Schematic representa-
tion of SCE1 mutants and their substitutions.
CAT1, catalytic Cys residue mutated; CAT2,
binding pocket for the cKxE SUMO acceptor
motif mutated; SUM1, noncovalent association
of SUMO disrupted; SIZ1, SIZ1-binding dis-
rupted. E, Nuclear localization pattern of
SUMO1∙SCE1 BiFC pairs, including mutant var-
iants of SCE1: SCE1CAT1, SCE1CAT2, SCE1SUM1,
and SCE1SIZ1. F, Nuclear localization pattern of
SCE1∙SIZ1 BiFC pairs, including mutant variants
of SCE1: SCE1CAT1, SCE1CAT2, SCE1SUM1, and
SCE1SIZ1. G, Multicolor BiFC of SUMO1GG,
SCE1, and SIZ1 showing nuclear localization pat-
tern. The micrographs show the nuclear signal of
the reconstituted SCFPN/SCFPC (SCE1∙SUMO1GG)
and VenusN/SCFPC (SIZ∙SUMO1GG) fluorophores
and their merged signals. The two chimeric BiFC
combinations differ in their excitation and emis-
sion spectra. The BiFC pairs in A to F were fused to
two halves of SCFP (SCFPN + SCFPC) with the
orientation of the fusions indicated. Scale bars,
20mm.Allmicrographswere taken inN.benthamiana
epidermal leaf cells 2 to 3 d post-agro-infiltration
with strains expressing the indicated constructs;
nuclei are outlined with white lines. Supplemental
Figure S3 depicts for A to F an overlay of the DIC
and CFP images of the nuclei shown and a zoom-
out (A9–F9) depicting the BiFC signal in the
entire cell.
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anacardic acid, the CFP signal of the SUMO1GG∙SCE1
pair disappeared from preexisting NBs within 90 min
after addition of the inhibitor (Fig. 1C; Supplemental Fig.
S3C). Thus, active E1; SUMO complexes are needed to
retain high levels of SUMO1∙SCE1 NBs, meaning that
they are dynamic.

Not Only SUMO Loading (E2 ; SUMO), but Also the
SUMO Binding Site (E2∙SUMO) Is Critical for SCE1 to
Assemble in SUMO1∙SCE1 NBs

To further discern how theseNBs are formed, different
Arabidopsis SCE1 variants were used that either (1)
cannot interact with SUMO or SIZ1, (2) had lost their
catalytic activity (SCE1CAT1, SCE1CAT2), or (3) no longer
recognized the SUMO acceptor motif CKxE in SUMO
substrates (SCE1CAT2; Mazur et al., 2017; Fig. 1D;
Supplemental Table S1). Previous studies on the human
and yeast SUMO E2 enzymes had identified that the
residues Arg-14, Arg-18, and His-21 of SCE1 together
determine binding of the second SUMO to the site distant
from the catalytic pocket (E2∙SUMO complex; Bencsath
et al., 2002). Likewise, the residues Pro-69 and Pro-106 of
SCE1 are essential for the human Ubc9 (SUMO E2) to
interact with the PIAS family of SUMOE3 ligases (closest
homolog of Arabidopsis SIZ1; Mascle et al., 2013). These
five residues are strictly conserved in Arabidopsis SCE1
and other plant homologs of SCE1 (Supplemental Fig.
S4), and also for Arabidopsis SCE1 these residues are
essential for it to interact with SUMO1 or SIZ1 in the Y2H
assay (Mazur et al., 2017). The SCE1CAT1 mutant still
interacted with SUMO1; however, SCE1CAT2 had lost
both its catalytic activity and its noncovalent interaction
with SUMO1 (see Supplemental Table S1 for an overview
of the mutants used; Mazur et al., 2017).

Introduction of these mutations in SCE1 did not
change its subcellular localization in planta, i.e. each
variant showed a uniform distribution in both the nu-
cleus and cytoplasm when transiently expressed as a
GFP-fusion in N. benthamiana (Supplemental Fig. S2D).
Both SCE1CAT1 and SCE1SUM1 appeared to accumulate
to higher protein levels in planta (Supplemental Fig.
S2E), possibly indicating that the stability of wild-type
SCE1 is negatively impacted by its own enzymatic ac-
tivity and/or its noncovalent association with SUMO1.
Importantly, SCE1SIZ1 still interactedwith SUMO1GG in
NBs, but SCE1CAT1, SCE1CAT2, and SCE1SUM1 were not
recruited to NBs, whereas they still interacted with
SUMO1GG in the BiFC assay (Fig. 1E; Supplemental Fig.
S3E). These findings mark that besides SUMO loading
(E2 ; SUMO thioester complex), the second SUMO
interaction (E2∙SUMO) is also critical for SCE1 to as-
semble in SUMO1∙SCE1 NBs.

The SUMO∙SCE1 Interaction Contributes to the
SCE1-SIZ1 Interaction

In contrast to the SUMO1GG∙SCE1/SIZ1 complexes,
we noted that the SCE1∙SIZ1 BiFC complex did not

aggregate in NBs but rather resided in small nuclear
speckles spread across the nucleus (Fig. 1F; Supplemental
Fig. S3F). We already showed that the SCE1 residues Pro-
70 and Pro-106 (Supplemental Table S1; SCE1SIZ1) are
essential for SCE1 and SIZ1 to interact in the Y2H assay,
whereas mutating the catalytic site (SCE1CAT1 and
SCE1CAT2) did not impair their Y2H interaction (Mazur
et al., 2017). Also in the BiFC assay, both SCE1SUM1 and
SCE1SIZ1 failed to interact with SIZ1, whereas the
catalytic-dead variants (SCE1CAT1 and SCE1CAT2) still
interactedwith SIZ1. This suggests that SUMO loading in
the catalytic site of SCE1 (E2; SUMO1) is not required for
SCE1 and SIZ1 to interact, whereas the noncovalent in-
teraction (E2∙SUMO1) strengthens this interaction in both
the Y2H and BiFC assays (Fig. 1F; Mazur et al., 2017).
Apparently, the second SUMO acts as glue in the SCE1-
SIZ1 complex or it alters the SCE1 conformation such that
it enhances the interaction between SCE1 and SIZ1.

Next, we examined whether the BiFC pairs
SUMO1GG∙SCE1 and SUMO1GG∙SIZ1 physically colo-
calized in the same NB. For this, we performed multi-
colored BiFC (Gehl et al., 2009), where SUMO1GG was
expressed as a fusion protein with SCFPC, SCE1 was
fused at its N terminus to SCFPN, and SIZ1 was fused at
its C terminus to residues 1 to 173 of the Venus fluo-
rophore (VenusN). Reconstitution of both fluorophores
was examined using optical filters that separate CFP
(for SCFPC-SUMO1GG with SCFPN-SCE1) from the
chimeric VenusN-SCFPC signal (for SCFPC-SUMO1GG

with VenusN-SIZ1). This multicolored BiFC experiment
revealed that the signals for SUMO1GG∙SCE1 and
SUMO1GG∙SIZ1 completely overlapped in the NBs
(Fig. 1G).

As the SCE1∙SIZ1 BiFC pair did not form large NBs
(Fig. 1F), we tested if the levels of free SUMO1GG were
limiting, thus preventing aggregation of the SCE1∙SIZ1
pair in enlarged nuclear structures when expressed
alone. We expressed the SCE1∙SIZ1 pair together with
YFP-tagged SUMO1GG or SUMO1DGG (negative con-
trol). The YFP-SUMO1GG signal overlapped with the
SCFP signal, but only in a few cells the SCE1∙SIZ1 BiFC
signal shifted from speckles/puncta to enlarged NBs.
YFP-SUMO1DGG localized as well to the nucleus, but
overall it did not colocalize with the SCE1∙SIZ1 BiFC
pair in nuclear specks (Supplemental Fig. S5). Thus, the
SUMO1-dependent NB enlargement is foremost seen
when SUMO is trapped in a BiFC interaction with SCE1
or SIZ1. Possibly, the BiFC system stabilizes a transient
protein-protein interaction, which then allows forma-
tion of enlarged SUMO NBs. Alternatively, tagging of
SUMO1GGwith an intact YFP proteinmight cause steric
hindrance in the ternary complex.

SUMO Chain Formation Potentially Stimulates Formation
and Enlargement of SUMO NBs

As SUMO chain formation in mammalian cells pro-
motes formation of promyelocytic leukemia NBs
(Hattersley et al., 2011), we assessed whether formation
of SUMO NBs depends on SUMO chain formation in
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plants. To block SUMO chain formation, we engineered
SUMO1 variants in which Lys-9, Lys-10, or all seven
Lys residues were replaced by Arg (SUMO1K9R,
SUMO1K10R, SUMO1K9R+K10R, and SUMO1K7ØR;
Supplemental Table S1). Although Lys-10 is the main
site for SUMO chain elongation, Lys-9 can serve as an
alternative site (Colby et al., 2006). Therefore, we also
created the K9R+K10R double mutant. To test if these
KtoR mutants can still recruit SCE1 to NBs, they were
expressed together with SCE1 as BiFC pairs. Two days
post-agro-infiltration, NBs were formed, but they were
reduced in size and number for the KtoR mutants
compared to that for wild-type SUMO1, whereas con-
comitantly the diffuse nuclear signal for SCFP increased
(Supplemental Fig. S6A). The SUMO1K7Ø∙SCE1 pair
failed entirely to form NBs 2 d postinfiltration, whereas
the SUMO1K9R+K10R∙SCE1 pair yielded less NBs at this
time point. These data agree with the proposed role of
SUMO chains in NB formation. However, 3 d post-in-
filtration, NBs were found for each KtoR SUMO1 mu-
tant (Supplemental Fig. S6A), albeit the number of cells
that contained NBs was less for SUMO1K7Ø∙SCE1
(40%–50% for SUMO1K7Ø compared to 70%–100% for
the other combinations). Even thoughwe cannot rule out
that these Lys mutations influence protein translation,
these data suggest that SUMO chain formation poten-
tially stimulates the targeting of the SUMO1∙SCE1
complex to NBs, affecting both their initial formation
and subsequent enlargement.

SUMO1GG∙SCE1 NBs Colocalize Completely with
COP1 NBs

Importantly, COP1 colocalizes with SIZ1 in NBs
(Kim et al., 2016). Using the Y2H assay, we confirmed
that COP1 and SIZ1 interact directly, whereas COP1

does not interact with SCE1, SUMO1, or SUMO3
(Fig. 2A).We then assessed whether COP1 sumoylation
controls its colocalization with SUMO1GG∙SCE1 in
NBs. As for the SIZ1-COP1 combination (Kim et al.,
2016), RFP-COP1 colocalized strongly with the
SUMO1GG∙SCE1 BiFC pair in NBs (Fig. 2, B and C;
Supplemental Fig. S6C). Importantly, both the BiFC pairs
SUMO1DGG∙SCE1 and SUMO1GG∙SCE1CAT1 (Fig. 2, B
and C) still failed to localize to NBs regardless of RFP-
COP1OE. Thus, colocalization of SCE1 and COP1 in NBs
requires formation of the E2 ; SUMO thioester. Coex-
pression of RFP-COP1 with different SUMO1KtoR∙SCE1
BiFC pairs revealed that all these SUMO1KtoR∙SCE1 vari-
ants strongly colocalized with COP1 in NBs irrespective
of which Lyswasmutated (Supplemental Fig. S6B). Next,
we tested if the COP1 SUMO acceptor site (Lys-193) is
important for this colocalization. Introduction of K193R
(COP1SUMO) reduced the overlap between COP1 and
SUMO1∙SCE1 NBs (Fig. 3, B and C; Supplemental Fig.
S7A), but it did not suppress the COP1-SIZ1 protein-
protein interaction in the Y2H assay (Fig. 3, A and D),
suggesting that residues other than Lys-193 promote the
interaction between COP1 and SIZ1.
Structural studies had revealed that COP1 substrates

interact via a VP motif with COP1 by docking in the
central groove of the COP1 WD-40 propeller head
(Uljon et al., 2016). The mutation Q529E (the causal
mutation in the cop1-9 allele, hereafter referred to as
COP1SUBSTRATE) is positioned in this VP-binding
groove and was shown to disrupt the binding of vari-
ous COP1 substrates (Holm et al., 2002). Importantly,
COP1SUBSTRATE fails to form NBs when expressed as a
GFP-fusion protein (Stacey et al., 1999). COP1 also in-
teracts with the DNA damage-binding protein 1-Cullin
4 (CUL4) E3 ubiquitin ligase complex via two WDRX
motifs; these WDRX motifs are also located in the WD-
40 domain near the VP-binding site (Chen et al., 2010).

Figure 2. The SUMO1∙SCE1 BiFC pair colocalizes with COP1 in nuclear bodieswhen catalytically active. A, Y2H analysis of the
interaction betweenCOP1 as aGAL4 BD fusion protein and the SUMO (machinery) proteins fused to theGAL4ADdomain. Yeast
growth was scored 3 d after incubation on selective media at 30°C (2Leu [L] and Trp [W], 2LW and His [H], 2LWH + 1 mM 3-
Amino-1,2,4-triazole [3AT], 2LWH and Adenine [A]). B and C, Nuclear localization pattern of the SUMO1∙SCE1 BiFC pair in
cells overexpressing RFP-COP1. B, DGG, conjugation-deficient SUMO variant; C, CAT1, catalytically inactive SCE1. Micro-
graphs show from top-to-bottom the reconstituted BiFC signal, RFP-COP1, and their merged signals. Conditionswere identical to
those in Figure 1. Scale bars, 10 mm.
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We used these COP1 variants to test whether the
capacity of COP1 to bind substrates or CUL4 deter-
mines (1) its targeting to NBs and (2) in particular to
SUMO NBs. First, we tested if these COP1 variants still
interacted with SIZ1 in the Y2H assay (Fig. 3D). Except
for COP1SUMO, all the other mutants failed to interact
with SIZ1 (Fig. 3D). When fused to RFP, COP1SUMO

and COP1RING still formed NBs in N. benthamiana,
whereas the variants COP1SUBSTRATE, COP1CUL4,1, and
COP1CUL4,1 and 4,2 failed to localize to NBs in planta
(Fig. 3C; Supplemental Fig. S7B). Mutations in the WD-
40 domain thus suppressed formation of COP1 NBs. To
quantify the degree of colocalization between these
COP1 variants and the SUMO1GG∙SCE1 BiFC signal,
the RFP/CFP pixel intensities were depicted in a scatter

plot. This yielded a strong positive correlation between
the signal intensities of wild-type RFP-COP1 and the
SUMO1GG∙SCE1 CFP signal (Pearson’s R = 0.882). The
localization of RFP-COP1RING also correlated strongly
with the SUMO1GG∙SCE1 CFP signal (Pearson’s R =
0.866). The degree of colocalization was less for RFP-
COP1SUMO (Pearson’s R = 0.490), whereas localization
of the variants RFP-COP1SUBSTRATE, -COP1CUL4,1, and
-COP1CUL4,1 and 4,2 did not correlate with the
SUMO1GG∙SCE1 signal (Pearson’s R = 0.188, 0.177 and
0.148, respectively; Fig. 3B; Supplemental Fig. S7B).

Likewise, RFP-COP1 colocalizedwith the SUMO1∙SIZ1
pair in NBs (Fig. 4A). Their colocalization in NBs re-
quired an intact substrate-binding pocket in COP1
(COP1SUBSTRATE). Similar to that of the SUMO1∙SCE1

Figure 3. The COP1-SIZ1 interaction in
NBs depends on both the substrate binding
pocket and the SUMO acceptor site in
COP1. A, Schematic representation of
COP1 variants and the protein-protein in-
teraction domain disrupted (left side, red
text) with their mutations shown: RING,
RING Zn2+-finger binding domain mutant;
SUMO, loss of SUMO acceptor site; SUB-
STRATE, mutation in the substrate binding
groove; CUL4, mutations in the CUL4-
binding “WDRX” motifs. WT, Wild type.
B, Nuclear localization pattern of the
SUMO1∙SCE1 BiFC pair in cells over-
expressing functional mutants of RFP-
COP1. Micrographs depict from top to
bottom the BiFC CFP signal, RFP-COP1,
and their combined signals. Bottom row
depicts a scatter plot of the RFP/CFP signal
intensities per pixel and their Pearson’s
correlation coefficient (R). Conditions
were identical to those in Figure 1. Scale
bars, 10 mm. C, Normalized intensity pro-
files depict the fluorescence signal inten-
sities for SCFP: (BiFC pair) and RFP-COP1:
coexpression of (1) wild-type COP1 or (2)
COP1SUMO; the profiles follow the white
arrows depicted in B. Note the profiles of
RFP-COP1SUMO (A) and SUMO∙SCE1 CFP
signals poorly overlap in (2). D,Mapping of
the SIZ1 interaction site in COP1 using
Y2H analysis of the COP1 variants depic-
ted in B. The COP1 variants were fused to
the GAL4 BD, whereas SIZ1 was fused to
the GAL4 AD-fusion. Yeast growth was
scored 3 d after incubation on selective
medium at 30°C.
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BiFC pair, the SUMO acceptor site in COP1 (COP1SUMO)
contributed to the overlap between the RFP-COP1 and
SUMO1∙SIZ1 signals in NBs, whereas disruption of the
COP1 ubiquitin ligase activity (COP1RING) had no ap-
parent effect on targeting of the SUMO1∙SIZ1 complex
to these COP1 NBs (Fig. 4A). Thus, the COP1 substrate
binding pocket appears to be the main determinant for
COP1 recruitment to NBs and its binding to SIZ1.

SIZ1 Contains Two VP Domains Important for
COP1 Binding

To map the COP1-binding site in SIZ1, a series of
SIZ1 mutants was prepared. In yeast, both the plant
homeodomain and Pro-Ile-Asn-Ile-Thr domain are es-
sential for ScSIZ1-directed sumoylation of the substrate
PCNA (proliferating cell nuclear antigen; Yunus and
Lima, 2009). Loss-of-function mutations in these two
domains in Arabidopsis SIZ1 did not compromise the
interaction with COP1 in the Y2H assay. Disruption of
the Siz/PIAS (SP)-really interesting new gene (RING)
domain, which is needed to recruit the E2 ; SUMO
thioester into a complex with its substrate proliferating
cell nuclear antigen (Yunus and Lima, 2009), impaired
the interaction between SIZ1 and COP1 (Fig. 4, B and
C). SIZ1 also contains two VPmotifs (VP1, Val-251, and
VP2, Val-725/728). We tested if COP1 recognizes SIZ1
via these two VP motifs. Both motifs were mutated by

replacing the Val residues with Asp. Mutating VP1 did
not suppress the SIZ1-COP1 interaction, whereas mu-
tating VP2 reduced this interaction. Furthermore, mu-
tating both VP motifs disrupted the interaction entirely
(Fig. 4, B and C). Thus, the SP-RING domain of SIZ1
contributes to the interaction with COP1, but the VP
motifs combined are essential for this interaction.
To determine if SCE1 and SIZ1 can already reside in

COP1 NBs independent of their SUMO-BiFC interac-
tion, we coexpressed GFP-tagged SCE1 or SIZ1 to-
gether with RFP-tagged COP1 or COP1SUMO. The GFP
signal of both proteins (SCE1 and SIZ1) was enriched in
RFP-COP1 NBs (Fig. 5A). Moreover, their targeting to
COP1 NBs was significantly less when the COP1
SUMO acceptor site was mutated (Fig. 5, A and B) and
these GFP-SIZ1/RFP-COP1SUMO NBs also had an
amorphous shape (asterisk in Fig. 5A). Combined, these
data suggest that the COP1 SUMO acceptor site con-
trols recruitment of SCE1 and SIZ1 to COP1 NBs.

Recruitment of SCE1 to COP1 NBs Requires the SIZ1 Gene
in Arabidopsis

As the native proteins are still present in the
N. benthamiana BiFC experiments, we shifted our ex-
perimental method to particle bombardments in Ara-
bidopsis leaf epidermal cells. Using the Arabidopsis
mutants cop1-4, siz1-2, and sumo1;amiR-SUMO2, we

Figure 4. Formation of COP1 +
SUMO1∙SIZ1-containing NBs depends
on the COP1 substrate-binding pocket
that apparently recruits SIZ1 via VP
motifs. A, Nuclear localization pattern
of the SUMO1∙SIZ1 BiFC pair in cells
overexpressing RFP-COP1 variants:
COP1SUMO, COP1RING, and COP1SUBSTRATE.
See Figure 3A for details on the COP1
variants. Micrographs show from top to
bottom the BiFC signal, RFP-COP1, and
their merged signals. Conditions were
identical to those in Figure 1. Scale bars,
10 mm. B, Schematic representation of
SIZ1 variants and the protein-protein in-
teraction domain disrupted (left side) by
the mutations introduced: plant homeo-
domain (PHD) and Pro-Ile-Asn-Ile-Thr
(PINIT), both reduced substrate binding;
SP-RING, no interaction with SCE1; VP1
and VP2, putative interacting motifs for
the COP1 substrate binding groove. C,
Mapping of the COP1 interaction site in
SIZ1 using Y2H analysis of the SIZ1 vari-
ants depicted in B. Similar to that in Fig-
ure 3, SIZ1 variants were fused to GAL4
AD-fusion, whereas COP1 was fused to
GAL4 BD. Yeast growth was scored after
3 d at 30°C.
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genetically inferred whether these endogenous pro-
teins are required for (co)localization of SCE1 and
COP1 in NBs. The different constructs were intro-
duced in high-level expression vectors suitable for
particle bombardment (Walter et al., 2004), in which
SCE1 and SUMO1GG/SUMO1DGGwere tagged at their
N-termini with the BiFC halves NYFP and CYFP, re-
spectively. Similar to the N. benthamiana data, the
SUMO1GG∙SCE1 combination formed NBs in Arabi-
dopsis, whereas SUMO1ΔGG∙SCE1 interacted but this
combination yielded a uniform BiFC signal in the nu-
cleus (Fig. 6A). Targeting of SUMO1GG∙SCE1 to NBs
did not change when the BiFC protein complex was
expressed in the genotypes cop1-4 or siz1-2, confirming
that SUMO conjugation is the main force behind
SUMO NB formation. To assess genetically if sumoy-
lation activity is essential for COP1 NB formation,
GFP-COP1 was expressed in wild-type Arabidopsis
(Col-0), siz1-2, and sumo1;amiR-SUMO2 using particle
bombardment. Irrespective of these three genetic
backgrounds, GFP-tagged COP1 localized to NBs in
Arabidopsis cells (Fig. 6B). This corroborates our no-
tion that SUMO conjugation activity is not a key

driving force for COP1 aggregation in NBs. To dem-
onstrate that the colocalization of SCE1 and COP1 in
NBs depends on SIZ1, RFP-SCE1, and GFP-COP1
were transiently coexpressed in wild-type and siz1-2
Arabidopsis cells using particle bombardment. As
expected, in wild-type cells, RFP-SCE1 was enriched
in GFP-COP1 NBs, whereas in siz1-2 cells, RFP-SCE1
was absent from these COP1 NBs (Fig. 6, B and C).
Thus, recruitment of SCE1 and COP1 the same NB
requires the presence of the endogenous SIZ1 protein.

Simultaneous Recruitment of CRY1/2 and SUMO1∙SCE1
to COP1 NBs

CRY1 and CRY2 are blue light receptors that inhibit
COP1 activity indirectly via SUPPRESSOR OF PHYA-
105 (SPA) proteins or directly, respectively, after blue
light exposure (Wang et al., 2001; Liu et al., 2011;
Holtkotte et al., 2017). Fluorescent protein fusions of
CRY2 localize toNBs after blue light exposure (Más et al.,
2000). As, at least to our knowledge, neither CRY1 nor
CRY2 are sumoylated, their subcellular localization
might correlate with COP1, but not with the SUMO

Figure 5. Colocalization of GFP-tagged SCE1/
SIZ1 with RFP-COP1 NBs is compromised fol-
lowing mutation of the COP1 SUMO acceptor
site. A, Nuclear localization pattern of GFP-tagged
SCE1 and SIZ1 in the presence of RFP-COP1 or the
RFP-COP1SUMO SUMO acceptor site mutant (Lys-
193Arg). * marks amorphous NBs in the GFP-
SIZ1, RFP-COP1SUMO combination. Micrographs
from top to bottom: GFP, RFP, and their merged
signals. Scale bars, 10 mm; WT, wild type. B,
Quantification of the average GFP signal intensity
in the NBs per nucleus divided by the average
fluorescence signal in the nucleus (with the data of
three biological replicates pooledwith at least five
nuclei per replica). Total number of nuclei ana-
lyzed is shown. Significant differences were
detected using an unpaired Student’s t test as-
suming unequal variances; **P, 0.01, *P, 0.05.
Conditions were identical to those in Figure 1.
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Figure 6. SUMO conjugation also triggers NB formation in Arabidopsis, which depends genetically on SIZ1 for recruitment to
COP1 NBs. A, Nuclear localization pattern of the SCE1∙SCE1 BiFC pair in Arabidopsis cells (wild type [WT], siz1-2, or cop1-4)
transformed using particle bombardment. The BiFC constructs and the Arabidopsis genotypes used are indicated at the top. To
detect the transformed cells, tissue was cobombarded with mCherry. The micrographs show from top to bottom the YFP, RFP, and
the merged signal; nuclei are outlined with a white line. Four-week-old Arabidopsis rosettes were bombarded. Two days post-
bombardment, plant material was transferred to a dark box, and the fluorescence signals were examined after a further day. B,
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conjugation enzymes. CRY1-GFP and CRY2-GFP were
coexpressed with RFP-COP1, RFP-SCE1, and SIZ1-RFP
inN. benthamiana cells. CRY2-GFP localized in our system
inNBs and CRY1-GFP localized to thewhole nucleus. As
expected, both CRY1 and CRY2were recruited to mRFP-
COP1 NBs (Supplemental Fig. S8, A and B). SIZ1-mRFP
ormRFP-SCE1 coexpressedwithCRY1/CRY2-GFPwere
evenly distributed in the nucleus and did not alter CRY1-
or CRY2-GFP localization. Importantly, SCE1 and SIZ1
were not recruited to CRY2-GFP NBs. Next, the
SUMO1GG∙SCE1 BiFC pair was coexpressed with CRY1-
mRFP or CRY2-mRFP. Neither CRY1-mRFP nor CRY2-
mRFPwas recruited to the SUMO1GG∙SCE1NBs (Fig. 7).
However, when YFP-COP1 was coexpressed in the same
cells, all components colocalized to common NBs. Thus,
CRY2 NBs and SUMO1GG∙SCE1 NBs are different enti-
ties that coincide in COP1 NBs.

DISCUSSION

Here, we reveal the mechanism for condensation of
SUMO1, SCE1, and SIZ1 in NBs. Their condensation in
NBs requires both SCE1 catalytic activity and an intact
binding site for the second SUMO on SCE1 (Fig. 1, A
and E). Strikingly, COP1 fully colocalizes with these
NBs. COP1 is the master regulator of skoto- and ther-
momorphogenesis (Hoecker, 2017; Park et al., 2017).
Once present in the nucleus, COP1 targets positive
regulators of light signaling in photobodies for degra-
dation (Van Buskirk et al., 2012). We found that mu-
tating the COP1 SUMO acceptor site (Lys-193) reduces
the overlap between COP1 NBs and SUMO1GG-SCE1
BiFC NBs, albeit both still predominantly localize to
NBs (Fig. 3, B and C; Supplemental Fig. S7A). In sup-
port, colocalization of SCE1 or SIZ1 alone (GFP-tag)
with COP1 NBs was also reduced when both proteins
were coexpressed with the COP1 SUMO acceptor mu-
tant (K193R; Fig. 5). In the Y2H assay, COP1 interacts
physically only with SIZ1 and not with other compo-
nents of the SUMO conjugation machinery (SCE1,
SUMO1, or SUMO3). In line with this, COP1 sumoy-
lation is SIZ1 dependent and stimulates COP1 bio-
chemical activity, resulting in ubiquitylation and
increased degradation of SIZ1 and HY5, another COP1
substrate (Lin et al., 2016). We identified and charac-
terized twoVPmotifs in SIZ1, which represent a known
recognition motif found in COP1 substrates (Uljon
et al., 2016), that together were essential for SIZ1 to
interact with COP1 (Fig. 4, B and C). Targeting of SCE1
to COP1 NBs required, genetically, also a functional
SIZ1 gene in Arabidopsis, whereas aggregation of the
SUMO1GG∙SCE1 BiFC pair in NBs was independent of

a functional SIZ1 or COP1 allele (Fig. 6, B and C). Thus,
COP1 likely recognizes SIZ1 as a substrate via these two
VP motifs and in turn SIZ1 brings SCE1 activity to
COP1. Previously, we noted that the short hypocotyl
phenotype of a cop1-4 mutant is further enhanced by
introducing a SIZ1 loss-of-function mutation (cop1-4;
siz1-2; Lin et al., 2016; Hammoudi et al., 2018), which
implies that SIZ1 promotes the residual activity of the
cop1-4 isoform. Notably, cop1-4 plants express a trun-
cated COP1 protein consisting of its N-terminal half
including Lys-193 (Stacey et al., 1999), suggesting that it
can still be sumoylated by SIZ1 even though theWD-40
domain is missing. Possibly, the SPA proteins also have
a role in recruiting SIZ1 to the truncated cop1-4 isoform.
Moreover, aggregation of COP1 and SCE1 to NBs was
in both cases independent of the SIZ1 gene, again
confirming that SIZ1 merely acts as a bridge protein. As
many photobody components are SUMO substrates (e.
g. phyB, HFR1, LAF1, HY5, HYL [HY5 HOMOLOG],
PIF4, and PIF5; Ballesteros et al., 2001; Seo et al., 2003;
Conti et al., 2014; Sadanandom et al., 2015; Tan et al.,
2015; Mazur et al., 2017; Rytz et al., 2018), it is thus
likely that SIZ1 resides in photobodies prior to COP1
recruitment and that once COP1 is present in these
photobodies, its activity is then stimulated by SIZ1.
However, this idea needs further study.

Sumoylation and Blue Light Signaling Coincide in
COP1 Bodies

The blue light photoreceptors CRY1 andCRY2 inhibit
COP1 activity in a blue-light-dependent manner (Wang
et al., 2001). The interaction of CRY2 and COP1 is direct,
whereas CRY1 uses SPA1 (and other SPA proteins) as a
bridge protein (Wang et al., 2001; Liu et al., 2011;
Holtkotte et al., 2017). Upon blue light exposure, CRY2
is rapidly degraded. COP1 is only partially responsible
for this light-dependent degradation of CRY2 (Shalitin
et al., 2002). We observed that CRY1 and CRY2 are
recruited to SCE1, SIZ1, and the SUMO-SCE1 BiFC
complex in a COP1-dependent manner (Fig. 7;
Supplemental Fig. S8). This suggests that the first steps
in the blue light response are sumoylation independent
and that thereafter all components are apparently lo-
calized to the same NBs for downstream responses. As
CRY1 is not and CRY2 is partially dependent on COP1
for its degradation, their action might, however, affect
or be affected respectively by COP1 sumoylation. As
sumoylation enhances COP1 activity (Lin et al., 2016),
CRY1 or CRY2 might either prevent COP1 sumoylation
ormakeCOP1 insensitive to CRY1 or CRY2 interference
under light conditions.

Figure 6. (Continued.)
Nuclear localization pattern of GFP-COP1 and RFP-SCE1 in Arabidopsis cells (wild type, siz1-2, or sumo1;amiR-SUMO2)
transformed using particle bombardment. To detect the transformed cells, tissue was either cobombarded with mCherry or RFP-
SCE1. Micrographs with nuclei with GFP-COP1 containing NBs are shown. Scale bars, 10 mm. C, Normalized intensity profiles
depict the fluorescence signal intensities of GFP-COP1 and RFP-SCE1 co-expressed in wild type and the siz1-2 mutant, along
arrows 1 and 2 in the right two panels of (B).
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Both SUMO Loading in SCE1 and Binding of a Second
SUMO by SCE1 Drives SUMO1∙SCE1 NB Formation

Our data on the molecular interactions among Ara-
bidopsis SUMO1, SCE1, and SIZ1 support that they
adopt a ternary complex as reported for their yeast and
human counterparts (Bencsath et al., 2002; Bernier-
Villamor et al., 2002; Reverter and Lima, 2005; Mascle
et al., 2013; Sekhri et al., 2015). Recruitment of this
complex to NBs depends tightly on their intermolecular
interactions in N. benthamiana and Arabidopsis. We
established that the SIM-binding cleft around Phe-32
(Colby et al., 2006) is functionally conserved in Arabi-
dopsis SUMO1 and that it increases the interaction
strength between SUMO and SCE1/SIZ1 (Fig. 1A).
Mutations in this SIM-binding pocket of SUMO did not
suppress aggregation of the SUMO∙SCE1 and SUMO∙-
SIZ1 BiFC pairs in NBs, whereas conjugation-deficient
variants of SUMO1 failed to aggregate in NBs (Fig. 1, A
and B). Conversely, mutations in the second SUMO-
binding pocket of SCE1 (SCE1SUM1) blocked NB forma-
tion for the SUMO1-SCE1 BiFC pair. Thus, binding of a
second SUMO to SCE1 is apparently a key factor for NB
assembly. Three lines of evidence argue that SUMONBs
here seen are not an artifact of BiFC or caused by un-
specific aggregation of (misfolded) proteins, but rather
require active formation and/or maintenance. First,
preexisting NBs disappear within 90min after inhibition
of the SUMO E1 enzyme by anacardic acid. Second, NB
formation requires an intact SCE1 catalytic site. Third,
SUMO3 failed to trigger NB formation.
Our data suggest that SUMO chain formation is not

essential but might promote SUMO1∙SCE1NB formation

(Supplemental Fig. S6A). The noncovalent interaction
between SUMO and SCE1 was reported to be important
for SUMO chain formation (Knipscheer et al., 2007). Our
data support a mechanistic model in which both thioester
formation (E2 ; SUMO) and noncovalent binding of
SUMO to SCE1 (E2∙SUMO) are essential for the redistri-
bution of Arabidopsis SUMO1 and SCE1 to NBs. This is
reminiscent of themechanismbywhich SUMOdrivesNB
formation in yeast and human cells, e.g. Polychrome2 in
Polycomb group bodies and promyelocytic leukemia
bodies (Yang and Sharrocks, 2010; Jentsch and Psakhye,
2013).

SIZ1 and COP1 Activity Go Hand-in-Hand in Regulating
Plant Growth

As was revealed in recent years, SIZ1-mediated
SUMO conjugation and COP1-mediated ubiquitina-
tion are intimately connected in regulating plant
growth. This connection strongly correlates with their
here-studied (co)localization in NBs. Enzyme activity
and substrate recognition either due to the presence of a
nonconsensus sumoylation site or a VP peptide motif
are core requirements for this interaction. How SUMO
stimulates COP1 activity is unknown, but the SUMO
glue hypothesis (Matunis et al., 2006; Jentsch and
Psakhye, 2013) states that SUMO-SIM interactions
strengthen existing interactions within protein com-
plexes ultimately concentrating the proteins involved in
micron-size bodies (Banani et al., 2016). As observed in
other eukaryotic systems, OE of mature SUMO1 with
SCE1 or SIZ1 resulted in NB formation (in our BiFC

Figure 7. CRY1-mRFP or CRY2-mRFP
and the SUMO1∙SCE1 BiFC complex
colocalize in COP1 NBs. Micrographs of
cells transiently expressing SCFPN-SCE1
and SCFPC-SUMO1GG with or without
YFP-COP1 and either CRY1-mRFP or
CRY2-mRFP, imaged 3 d post-agro-infil-
tration. Scale bars, 10 mm.
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assay). This transient expression system apparently
yields sufficient protein levels for SUMONB formation.
At sufficiently high concentrations, SUMO-SIM inter-
actions facilitate a fluid phase separation yielding
droplets (Banani et al., 2016). These droplets consist
of a protein network including many client proteins
(Banani et al., 2016). In this light, COP1 recruitment
should be seen as a client interaction. Our studies on
the role of SUMO chains for NB formation cannot
exclude a supportive role for the native SUMO pool in
this protein network.

Coincidental or Functional: The Overlap between COP1
and SIZ1 Substrates?

Our study strengthens the notion that COP1 and
sumoylation go “hand-in-hand” in controlling each
other’s activities while targeting a shared set of sub-
strates. Many photobody components are COP1 sub-
strates/interactors while also being (putative) SUMO
conjugation targets, e.g. phyB, DELLAs, HFR1, LAF1,
HY5, and HYL (Ballesteros et al., 2001; Seo et al., 2003;
Conti et al., 2014; Sadanandom et al., 2015; Tan et al.,
2015; Mazur et al., 2017). Jointly, these COP1 substrates
control PIF activity at the transcriptional and post-
translational level, which in turn directly controls the
transcriptional growth response (Paik et al., 2017).
Likewise, the TF ABI5 (ABA-INSENSITIVE 5), a known
interactor of SIZ1 and a SUMO substrate, was found to
translocate to COP1-containing NBs in the presence of
the regulator ABI5 INTERACTING PROTEIN (Lopez-
Molina et al., 2003; Miura et al., 2009). In a similar way,
disruption of a putative SUMO acceptor site in the TF
LAF1 prevented LAF1 translocation to nuclear speckles
(Ballesteros et al., 2001). In another case, the TF HFR1
was shown to interact with the bacterial SUMO prote-
ase Xanthomonas outer protein D from the bacterium
Xanthomonas in nuclear speckles (Tan et al., 2015).
Translocation of HFR1 and ABI5 to NBs was in both
cases associated with their degradation, which again
provides a functional link between COP1 and
sumoylation in the regulation of nuclear processes.
Considering that SIZ1 controls both skoto- and ther-
momorphogenesis (Lin et al., 2016; Hammoudi et al.,
2018), COP1 recruitment to SUMO bodies points to the
existence of a (transient) SUMO conjugation wave in
photobodies with unknown physiological and bio-
chemical consequence. As previously shown, SIZ1 is
needed for hypocotyl elongation in both darkness
and/or high-temperature conditions, and the siz1-2
mutation delays and weakens the transcription re-
sponse of a substantial proportion of the genomic
targets of PIF4 and BRZ1 (Lin et al., 2016; Hammoudi
et al., 2018), two master regulators of thermomor-
phogenesis (Quint et al., 2016; Ibañez et al., 2018).
Thus, in addition to having a role in plant immunity,
SIZ1 rapidly interprets light as an important positive
regulator of the dark- and high-temperature-induced
growth response.

MATERIALS AND METHODS

Construction Mutants and Vectors for Y2H Analysis

All molecular techniques were performed using standard methods
(Sambrook and Russel, 2001). Primers (synthesized by Eurofins genomics) are
listed in Supplemental Table S2. Information on clones with primers can be
found in Supplemental Table S3. Primers containing the attB1 and attB2 re-
combination sites were used to amplify the coding sequences (see Supplemental
Table S2). The PCR products were cloned into the pDONR207 or pDONR221
using BP Clonase II (Thermo Fisher) and checked by sequencing. The inserts
were transferred to destination vectors using Gateway LR Clonase II (Thermo
Fisher) and the clones were resequenced. For the GAL4 BD/AD-fusion Y2H
constructs, the cDNA clones were introduced in pDEST22/pDEST32 (Thermo
Fisher). As the SUMO1∙SCE1 interactionwasweak in the pDEST system (due to
low expression levels; Supplemental Fig. S1B), these proteins were expressed
with pGBKT7/pGADT7 (Clontech). CRY1 (G12079) and CRY2 (G19559) cDNA
clones were obtained from the Arabidopsis Biological Research Centre. For in
planta protein localization, the coding sequences were introduced in the des-
tination plasmids pGWB452 (N-terminal GFP tagging), pGWB442 (N-terminal
YFP tagging) or pGWB655 (N-terminal mRFP-tagging; Nakagawa et al., 2007).
For bimolecular fluorescence complementation (BiFC) studies, we used the
destination vectors pSCYNE(R) (N terminus SCFP3A), pSCYCE(R) (C terminus
of SCFP3A), and pVYNE (N terminus of Venus; Gehl et al., 2009) or pESPYNE-
Gateway (N terminus of YFP)/pESPYCE-Gateway (C terminus of YFP; Walter
et al., 2004; Schütze et al., 2009).

Plant Protein Isolation and Detection
Using Immunoblotting

To detect GFP-tagged proteins in Nicotiana benthamiana, total protein was
extracted from ground leaf material in 23 (v/w) extraction buffer (8 M urea,
100 mM Tris, pH 6.8, 2% [w/v] SDS, 10 mM dithiothreitol), incubated on ice for
15min, centrifuged at 13,000g for 20min at 4°C, and then separated on 10% (w/v)
SDS-PAGE, blotted to polyvinylidene difluoride membranes, and, after blocking
with 5% (w/v) milk in phosphate-buffered saline, detected using monoclonal
antibodies (diluted 1:1,000) directed against GFP (Chromotec #029762). The sec-
ondary antibody goat anti-rat IgG conjugated to horseradish peroxidase (Thermo
Fisher #31470) was used at a dilution of 1:10,000. The proteins were visualized
using enhanced chemiluminescence (homemade recipe). Equal loading of the
protein samples was confirmed by Ponceau staining of the blots.

Protein Isolation from Yeast and Immunoblot Analysis

To obtain a total protein lysate from yeast, the protocol from Yeast Protocols
Handbook was followed (Clontech; Yeast Protocols Handbook, http://www.
takara.co.kr/file/manual/pdf/PT3024-1.pdf). Additional details are described
in Mazur et al. (2017).

Transient Expression of Proteins in N. benthamiana
Using Agro-infiltration

Transient expression of proteins was performed as described by Ma et al.
(2012). In brief, Agrobacterium tumefaciens GV3101 cells containing the desired
constructs were infiltrated into 4- to 5-week-old N. benthamiana leaves
(OD600 = 1.0 for each construct). To suppress gene silencing, an A. tumefaciens
strain GV3101 carrying pBIN61 containing the P19 silencing suppressor of to-
mato busy shunt virus (Cao et al., 2018) was coinfiltrated with the samples
(OD600 = 0.5). Protein accumulation was examined 2 to 3 d post-agro-
infiltration.

Transient Expression of Proteins in N. benthamiana with
Anacardic Acid Treatment

Four-week-old N. benthamiana plants were used for agro-infiltration. Three
days post-agro-infiltration, 100 mM anacardic acid in 1% (v/v) dimethyl sulf-
oxide (DMSO) or only 1% (v/v) DMSO (as a negative control) were directly
injected into N. benthamiana leaves transiently expressing the BiFC constructs.
One and a half hours after anacardic acid infiltration, the treated leaf discs were
collected and fluorescence was analyzed using a Zeiss LSM510 confocal laser
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microscope. Two independent biological experiments were carried out, and a
minimum of 50 nuclei for each sample and treatment were observed.

Transient Expression of Proteins in Arabidopsis Using
Particle Bombardment

Complete Arabidopsis (Arabidopsis thaliana) rosettes of 4- to 5-week-old
plants grown in 11 h light/13 h dark (22°C) were placed on 1% (w/v) agar
containing 85 mM benzimidazole (Sigma-Aldrich) and kept in the growth
chamber until bombardment. Transformation by particle bombardment was
performed as described previously (Schweizer et al., 1999; Shirasu et al., 1999).
In brief, 1-mm-diameter gold particles were coated with 2.5 mg of each type of
plasmid. The PDS1000/HE particle gun with Hepta-adaptor (Bio-Rad) was
used according to manufacturer’s protocol using a 900-psi rupture disk (Bio-
Rad). After bombardment, petri dishes were sealed with medical tape and
returned to the growth chamber for 2 to 3 d before inspection. Plates were kept
in the dark from the evening before inspection till loading on the confocal mi-
croscopy to retain COP1 in the nucleus.

GAL4 Y2H Protein-Protein Interaction Assay

The protocol for Y2H assays was followed as described in de Folter and
Immink (2011) and further details are described in Mazur et al. (2017).

Confocal Microscopy

N. benthamiana and Arabidopsis leaves were analyzed 2 to 3 d post-agro-
infiltration or particle bombardment, respectively. The Hoechst 33342 (Sigma-
Aldrich) chromatin stain and FM4-64 (Thermo Fisher) membrane dye and
endocytic tracer were syringe infiltrated into the leaves at a final concentration
of 1 mg/mL and 50 mM in water, respectively, and infiltrated leaves were stored
in the dark in a petri dish on wet paper. FM4-64 could be directly imaged,
Hoechst 33342was incubated for at least an hour before imaging. Accumulation
of the tagged proteins was examined in leaf epidermal cells using a Zeiss
LSM510 or Nikon A1 confocal laser-scanning microscope. Images at the
LSM510 were taken with C-Apochromat 403water immersive objective with a
numerical aperture of 1.2. For the Nikon A1, images were taken with a Plan
Fluor 403 oil immersive differential interference contrast lens (numerical ap-
erture = 1.3). SCFP-, GFP-, chimeric VenusN-SCFPC-, YFP-, and RFP-labeled
samples were excited with 458-, 488-, 488-, 514-nm, or 568-nm diode lasers,
respectively. For the Zeiss LSM510, GFP and the VenusN-SCFPC chimera were
detected using a 520- to 555-nm BP filter (BP520–555), SCFP (BiFC) with
BP470–500, RFP with BP585–615. For the Nikon A1, SCFP was detected with
BP468–502; YFP/GFP with BP500–550, and RFP with BP570–620. Also for the
Nikon A1, for simultaneous Hoechst 33342, SCFP, and mRFP imaging, Hoechst
33342 was excited with the 402-nm diode laser and detected at 425 to 475 nm,
SCFPwas excited with the 488-nm diode laser and detected at 500 to 550 nm, and
mRFP was excited with the 561-nm diode laser and detected at 570 to 620 nm.
FM4-64 was excited with the 514-nm diode laser and detected at 570 to 620 nm.

Bright-field images were recorded with the transmitted light photo-
multiplier detector. For both microscopes, coexpressed fluorophores or dyes
were excited consecutively to limit bleed through of emission signals between
detection channels. For all observations, the pinhole was set at 1 Airy unit.
Images were processed using ImageJ (NIH).

Accession Numbers

Sequence data from this article can be found in the EMBL/GenBank data-
base under the following accession numbers: PIASx (Human Gene ID 9063),
Senataxin (Human Gene ID: 23064), TOPORS (Human Gene ID: 10210) and
SP100 (Human Gene ID: 6672) and the Arabidopsis Information Resource un-
der the following accession numbers: SUMO1 (AT4G26840), SUMO3
(AT5G55170), SCE1 (AT3G57870), SIZ1 (AT5G60410.2), COP1 (AT2G32950),
CRY1 (AT4G08920), and CRY2 (AT1G04400).
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The following supplemental materials are available.

Supplemental Figure S1. Arabidopsis SUMO1 interacts specifically with
SCE1 via a noncovalent SIM-like interaction

Supplemental Figure S2. The ternary complex between Arabidopsis
SUMO1, SCE1, and SIZ1 is stabilized by the substrate-binding pocket
(CAT2) and noncovalent interactions between the different proteins

Supplemental Figure S3. The SUMO1GG-SCE1 and SUMO1GG-SIZ1 BiFC
complexes localize to the nucleus in nuclear bodies

Supplemental Figure S4. Alignment of SCE1 protein sequences from dif-
ferent monocot and dicot plant species showing that SCE1 protein dis-
plays high-level conservation at the sequence level

Supplemental Figure S5. Coexpression of SCE1∙SIZ1 as a BiFC pair with
an excess of YFP-SUMO1GG drives an increased pool of the SCE1∙SIZ1
BiFC pair to small puncta

Supplemental Figure S6. SUMO chain formation accelerates localization of
the SUMO1∙SCE1 BiFC pair in nuclear bodies

Supplemental Figure S7. Quantification of the colocalization of the
SUMO1∙SCE1 BiFC pair with COP1

Supplemental Figure S8. Neither mRFP-SCE1 nor SIZ1-mRFP are
recruited to CRY2 NBs

Supplemental Table S1. SUMO1, COP1, SIZ1 and SCE1 mutants used in
this study

Supplemental Table S2. Sequences of oligonucleotides used in this study
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