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Nucleolus-tethering system (NoTS) reveals 
that assembly of photobodies follows a self-
organization model
Yin Liu, Qi Liu, Qingqing Yan, Leilei Shi, and Yuda Fang
National Key Laboratory of Plant Molecular Genetics, Shanghai Institute of Plant Physiology and Ecology, Shanghai 
Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai 200032, China

ABSTRACT Protein–protein interactions play essential roles in regulating many biological 
processes. At the cellular level, many proteins form nuclear foci known as nuclear bodies in 
which many components interact with each other. Photobodies are nuclear bodies containing 
proteins for light-signaling pathways in plants. What initiates the formation of photobodies is 
poorly understood. Here we develop a nucleolar marker protein nucleolin2 (Nuc2)–based 
method called the nucleolus-tethering system (NoTS) by artificially tethering a protein of in-
terest to the nucleolus to analyze the initiation of photobodies. A candidate initiator is evalu-
ated by visualizing whether a protein fused with Nuc2 forms body-like structures at the pe-
riphery of the nucleolus, and other components are recruited to the de novo–formed bodies. 
The interaction between two proteins can also be revealed through relocation and recruit-
ment of interacting proteins to the nucleolus. Using the NoTS, we test the interactions among 
components in photobodies. In addition, we demonstrate that components of photobodies 
such as CONSTITUTIVELY PHOTOMORPHOGENIC 1, photoreceptors, and transcription fac-
tors tethered to the nucleolus have the capacity to form body-like structures at the periphery 
of the nucleolus, which contain other components of photobodies, suggesting a self-organi-
zation model for the biogenesis of photobodies.

INTRODUCTION
Many cellular processes are maintained by different interacting 
proteins assembling dynamically, and so characterizing and visual-
izing protein–protein interactions is important for understanding 
biological processes (Galperin et al., 2004; Ciruela, 2008). At the 
cellular level, many nuclear interacting proteins are usually seques-
tered in compartments known as nuclear bodies, which form spe-
cial subnuclear foci containing protein–protein or protein–RNA 
complexes without membranes that allow free exchanges of com-
ponents between the bodies and the surrounding nucleoplasm to 
regulate biological processes (Shaw and Brown, 2004; Dundr and 

Misteli, 2010; Dundr, 2012). Understanding the assembly pro-
cesses of nuclear bodies will help to reveal their functions. Three 
models have been proposed for the assembly of nuclear bodies 
based on interactions among components in the bodies (Matera 
et al., 2009; Dundr and Misteli, 2010; Mao et al., 2011b). The first 
is a stochastic assembly model. Individual components interact 
stochastically to set up the nuclear bodies in a random manner. In 
terms of the assembly order, each is equal (Kaiser et al., 2008). The 
second is an ordered assembly model proposing that individual 
components take part in the formation of nuclear bodies in a se-
quential way. The third one is a seeding assembly model in which 
a component or subset may act as a seed initiating the biogenesis 
of nuclear bodies (Lallemand-Breitenbach and de The, 2010; Mao 
et al., 2011a; Shevtsov and Dundr, 2011). In addition, a hybrid 
model for nuclear body assembly was put forward in which forma-
tion of a nuclear body is initiated by a seeding component. This 
seeding event is not random but is triggered by a cellular process 
like transcription; other components are then recruited to assem-
ble nuclear bodies randomly or in a self-organized way (Dundr, 
2011).
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ies. One is the storage model, in which pho-
toactivated phytochromes are sequestrated 
in photobodies to balance their levels in the 
nucleoplasm so as to regulate the expression 
of light-response genes (Matsushita et al., 
2003; Palagyi et al., 2010; Rausenberger 
et al., 2010). Another is the degradation 
model, suggesting that photobodies act as 
sites for protein ubiquitylation and degrada-
tion, since many components localize in 
photobodies before their degradation and 
usually colocalize with the E3 ligase CONSTI-
TUTIVELY PHOTOMORPHOGENIC 1 (COP1; 
Jang et al., 2005, 2010; Yang et al., 2005; Yi 
and Deng, 2005; Al-Sady et al., 2006; Yu 
et al., 2009; Chen et al., 2010). The third is 
the transcription model. As transcriptional 
regulators localize in photobodies, they may 
bring their target genes to photobodies for 
regulation (Yang et al., 2009). Besides, pho-
tobodies may also be sites for phytochrome 
signaling transduction, as the size is affected 
by light intensity (Chen et al., 2003; Su and 
Lagarias, 2007). To know how photobodies 
are assembled is important for understand-
ing their functions in the light-signaling path-
ways, but methods to study the assembly 
mechanisms and precise functions of nuclear 
bodies in plants are quite limited. In mam-
malian cells, a bacterial Lac operator/repres-
sor (LacO/LacI) tethering system has been 
successfully applied to study the assembly of 
nuclear bodies (Kaiser et al., 2008; Mao 
et al., 2011a; Shevtsov and Dundr, 2011; 
Dundr, 2013). However, this system is not 
easily used in plants, especially in transient 
assays.

Here we develop a nucleolus-tethering 
system (NoTS) in which a nucleolin2 (Nuc2)-
tagged protein is artificially tethered to the 
nucleolus, and the initiation of nuclear bod-
ies can be monitored by visualizing whether 

components tethered to the nucleolus form de novo bodies at the 
periphery of nucleolus and recruit other components into these 
newly formed bodies in living cells or the protein–protein interac-
tions are monitored by visualizing relocations of interacting proteins 
to the nucleolus. Using the NoTS, we test the interactions between 
COP1 and components in photobodies. Of importance, our results 
demonstrate that components of photobodies, including COP1, 
photoreceptors, and transcription factors, tethered to nucleolus 
have the capacity to form body-like structures at the periphery of 
the nucleolus, which contain other components of photobodies, 
suggesting a self-organization model for the biogenesis of 
photobodies.

RESULTS
Strategy of NoTS assay for protein–protein interactions 
and nuclear body initiation
Nuc2 is a marker protein of the nucleolus (Figure 1A), which localizes 
in the dense fibrillar component and granular component of the 
nucleolus (Biggiogera et al., 1990; Minguez and Moreno Diaz de la 
Espina, 1996; Ma et al., 2007). To study protein–protein interactions 

In plants, many nuclear bodies have also been found (Boudonck 
et al., 1999; Shaw and Brown, 2004; Chen, 2008; Liu et al., 2012; Van 
Buskirk et al., 2012). Photobodies are plant-specific nuclear bodies 
containing proteins involved in light-signaling pathways, including 
photoreceptors, ubiquitylation-related proteins, and transcription 
factors (Shaw and Brown, 2004; Chen, 2008; Van Buskirk et al., 2012). 
After photoactivation, the red and far-red photoreceptors (phyto-
chromes, phyA–E) translocate from cytoplasm to nucleus to form dis-
crete foci called photobodies (Yamaguchi et al., 1999; Kircher et al., 
2002; Chen, 2008; Yang et al., 2009). The ultraviolet (UV)-A/blue light 
receptors cryptochromes (cry) 1 and 2 and UV-B receptor UV RESIS-
TANCE LOCUS 8 (UVR8) are also triggered to localize in these sub-
nuclear domains after activation by light (Kleiner et al., 1999; Wang 
et al., 2001; Liu et al., 2008; Favory et al., 2009; Gu et al., 2012). In 
addition, photobodies contain many other components in light-sig-
naling transduction, and the size and number of photobodies are 
regulated by different light conditions (Ang et al., 1998; Wang et al., 
2001; Chen et al., 2003; Jang et al., 2005; Al-Sady et al., 2006; Datta 
et al., 2006; Yu et al., 2009; Zuo et al., 2011; Van Buskirk et al., 2012). 
Different models have been proposed for the functions of photobod-

FIGURE 1: The strategy of NoTS assay for protein–protein interactions and initiation of nuclear 
bodies. (A) Localization of nucleolin2-mCherry (Nuc2-mCherry) to nucleolus. Bar, 5 μm. 
(B) Schematic of the NoTS for protein–protein interaction. A protein of interest (X) is fused to 
Nuc2 and YFP to make Nuc2-X-YFP, which is tethered to the nucleolus. The interacting protein 
(Y) of X is fused to CFP. The protein–protein interaction between X and Y is indicated by 
relocation and colocalization of Nuc2-X-YFP and Y-CFP in the nucleolus, which is labeled by 
Nuc2-mCherry. (C) Schematic of the NoTS for nuclear body initiation. A component (X) is fused 
to Nuc2 and YFP to make Nuc2-X-YFP. Other components (Y) of the nuclear bodies are fused to 
CFP. In addition to diffuse signals in the nucleolus, Nuc2-X-YFP– and Y-CFP–containing nuclear 
bodies are formed de novo at the periphery of the nucleolus, which is labeled by Nuc2-mCherry.
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interactions between COP1 and these proteins (Figure 2A) not re-
sulting from their possible interactions with Nuc2 (Figure 2B).

COP1 interacts with many proteins through its WD40-repeat do-
main (Holm et al., 2001). To further exclude the possibility that the 
recruitment of these proteins is the result of Nuc2-interacting pro-
teins and confirm the interactions between COP1 and these pro-
teins, we deleted the WD40-repeat domain in COP1 and fused it 
with Nuc2 (Nuc2-COP1∆WD40; Figure 2C). The NoTS assay showed 
that these proteins failed to be recruited by Nuc2-COP1∆WD40 to 
the nucleolus, indicating that no interactions exist between Nuc2-
COP1∆WD40 and these proteins. In contrast, COP1 itself was suc-
cessfully recruited to the nucleolus even when the WD40-repeat 
domain was deleted, as COP1 dimerizes through its coiled-coil do-
main (Bianchi et al., 2003; Yi and Deng, 2005; Figure 2C). However, 
the photoreceptors phytochrome A (phyA) and phytochrome B 
(phyB) did not follow Nuc2-COP1 to the nucleolus (Supplemental 
Figure S4, A and B), indicating that the interactions between COP1 
and phyA or phyB were indirect or weak, consistent with previous 
studies showing that accessory factors are needed to enhance the 
interactions between COP1 and phyA or phyB (Zhou et al., 2005; 
Leivar et al., 2008; Yang et al., 2009; Jang et al., 2010). In addition, 
we used coimmunoprecipitation to demonstrate the interactions 
between Nuc2-COP1 and its interacting proteins in vivo (Figure 2D). 
Nuc2-COP1–tandem affinity purification (TAP) fusion proteins were 
detected in the coimmunoprecipitated samples when coinfiltrated 
with CRY1-YFP or UVR8-YFP in tobacco leaves, whereas Nuc2-TAP 
fusion was not detected, indicating that Nuc2-COP1 interacts with 
cry1 and UVR8 physically and these interactions are mediated by 
COP1, not Nuc2 or Nuc2-interacting proteins.

The initiation of photobodies follows a self-organization 
model
Photobodies contain proteins with different functions, including 
photoreceptors, degradation proteins, and transcription regulators 
(Chen, 2008; Van Buskirk et al., 2012). To evaluate the ability of com-
ponents for the formation of a photobody de novo, we tethered 
different components to the nucleolus by Nuc2. The components 
include photoreceptors phyB, cry1, cry2, degradation-related pro-
tein COP1, and transcription factors ELONGATED HYPOCOTYL 5 
(HY5) and phytochrome-interacting factor 7 (PIF7). COP1, phyB, 
cry1, cry2, and PIF7 fused to Nuc2 formed foci at the periphery of 
the nucleolus in addition to diffuse signals in the nucleolus (Figure 
3A). In contrast, HY5 was tethered into the nucleolus, and no bodies 
appeared at the periphery of the nucleolus (Figure 3A), consistent 
with previous reports that HY5 shows a diffuse signal in nuclei when 
expressed alone and requires the HY5-interacting factor COP1 for 
deposition into nuclear bodies (Ang et al., 1998; Datta et al., 2006). 
To test whether the de novo–formed foci at the periphery of the 
nucleolus are photobodies, we investigated whether these bodies 
contain other components of photobodies (Figure 3B). As shown in 
Figure 2A, COP1, cry1, cry2, UVR8, and CO colocalized with Nuc2-
COP1 in the de novo–formed bodies at the periphery of the nucleo-
lus. In turn, COP1 concentrated in the newly formed bodies contain-
ing Nuc2-cry1 or Nuc2-cry2 (Figure 3B). In addition, PIF7 and phyB 
colocalized in the Nuc2-phyB–containing bodies, and phyB local-
ized in Nuc2-PIF7–containing bodies (Figure 3B). Moreover, when 
marker proteins of D-bodies (DCL1) and nuclear speckles (SCL33) 
were coexpressed with Nuc2-COP1 (Figure 3C), the newly formed 
body had no merge with D-bodies or nuclear speckles marked by 
cyan fluorescent protein (CFP)–DCL1 or SCL33-CFP, respectively. To 
compare the kinetics of de novo–formed bodies at the periphery 
of the nucleolus and the normally distributed photobodies, we 

and assembly of nuclear bodies in vivo, we fused a nuclear protein 
of interest (X) with Nuc2 and artificially tethered it to the nucleolus. 
If a target protein (Y) is relocated to the nucleolus, the interaction 
between X and Y is then revealed (Figure 1B). For the nuclear body 
initiation assay, if a protein (X) fused with Nuc2 forms body-like 
structures at the periphery of the nucleolus and other components 
in a nuclear body follow this fusion protein to these de novo–formed 
bodies, we predict that X has the ability to initiate the biogenesis of 
a nuclear body and can be considered as a potential seed in the 
process of assembly (Figure 1C).

Because the NoTS system is based on exogenously overex-
pressed Nuc2 fusion proteins and nucleolin plays an essential role in 
the ribosome biogenesis, such as RNA polymerase I (Pol I)–medi-
ated transcription (Mongelard and Bouvet, 2007; Pontvianne et al., 
2007; Rickards et al., 2007; Tajrishi et al., 2011; Layat et al., 2012), we 
tested whether the exogenous expression of Nuc2 fusion proteins 
affects Pol I–mediated transcription. We compared the expression 
levels of 18S and 25S rRNAs in 7-d-old seedlings between the 
wild type (Col-0) and a transgenic line overexpressing Nuc2-COP1–
yellow fluorescent protein (YFP) fusion in a cop1-6 mutant back-
ground (Nuc2-COP1-YFP ox/cop1-6; Supplemental Figure S1B). 
The result showed that expression of 18S and 25S rRNAs in the 
transgenic line has a similar level to that of wild type.

To evaluate the tethering efficiency of Nuc2 to the nucleolus in 
protein–protein interactions, we tested the interaction between the 
plant microRNA (miRNA) processing enzyme DICER-LIKE 1 (DCL1) 
and its partner HYPONASTIC LEAVES1 (HYL1), a double-strand 
RNA–binding protein. DCL1 interacts with HYL1 in nuclear dicing 
bodies (D-bodies) during miRNA processing (Schauer et al., 2002; 
Carrington and Ambros, 2003; Kurihara and Watanabe, 2004; 
Hiraguri et al., 2005; Kurihara et al., 2006; Fang and Spector, 2007; 
Song et al., 2007; Dong et al., 2008; Liu et al., 2012). At the cellular 
level, HYL1 concentrates in D-bodies, not colocalizing with Nuc2 
(Supplemental Figure S2A). When fused with Nuc2, HYL1 was teth-
ered to the nucleolus. Colocalization analysis showed that DCL1 was 
successfully recruited to the periphery of the nucleolus because of 
the interaction between DCL1 and HYL1 (Supplemental Figure S2B). 
The relocation of DCL1, a large protein that contains 1910 amino 
acids and has a molecular weight of ∼214 kDa (Schauer et al., 2002), 
indicated the tethering effectiveness of Nuc2 to the nucleolus and 
successful recruitment of the interacting protein through the teth-
ered component.

COP1 interacts with components of photobodies in vivo
COP1 acts as a central switch in controlling development of 
Arabidopsis seedlings through interactions with upstream photore-
ceptors or downstream transcriptional regulators for ubiquitylation 
and degradation (Yi and Deng, 2005; Lau and Deng, 2012). To inves-
tigate the protein interaction networks of COP1 in vivo, we fused 
Nuc2 with COP1, which was tethered to the periphery of the nucleo-
lus (Supplemental Figure S3A). To exclude the possibility that the 
relocation of COP1 to the nucleolus is due to the interaction of Nuc2 
and COP1 instead of the tethering ability of Nuc2, we coinfiltrated 
COP1-YFP with Nuc2-mCherry into tobacco leaf epidermal cells. 
The result showed that COP1 formed discrete nuclear bodies in the 
nucleoplasm without obvious signals in the nucleolus (Supplemental 
Figure S3B). We then tested the interactions between COP1 and 
cry1, cry2, UVR8, CONSTANS (CO), and LONG HYPOCOTYL IN 
FAR-RED 1 (HFR1; Wang et al., 2001; Yang et al., 2001; Jang et al., 
2005; Liu et al., 2008; Favory et al., 2009; Zuo et al., 2011; Figure 2). 
The colocalization showed that COP1 fused to Nuc2 successfully re-
cruited these proteins from nucleoplasm to the nucleolus, indicating 
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performed fluorescence recovery after pho-
tobleaching (FRAP) in tobacco epidermal 
cells expressing Nuc2-COP1-YFP or COP1-
YFP (Supplemental Figure S5, A–D).The re-
sult showed that the kinetics of these newly 
formed bodies is similar to that of COP1 
photobodies, both having a slow recovery 
rate compared with that of SR33-YFP in 
plant nuclear speckles (Fang et al., 2004). To 
investigate whether these periphery-local-
ized bodies are functional photobodies, we 
generated transgenic plants overexpressing 
Nuc2-COP1-YFP fusion protein in cop1-6 
mutant background (Nuc2-COP1-YFP 
ox/cop1-6) and found that these plants with 
relocated bodies can complement the phe-
notype of the cop1-6 mutant, which is 
greatly reduced in size and seed set for the 
mature plants under light conditions (Sup-
plemental Figure S5E), suggesting that the 
de novo–formed bodies contain functional 
components of the light-signaling pathway 
to regulate light-signaling transduction. 
Taking the results together, this demonstrates 
that the newly formed bodies at the periph-
ery of the nucleolus are truly functional pho-
tobodies. Because many components have 
the ability to form photobodies, to evaluate 
their nucleation efficiency, we tethered them 
to the nucleolus by Nuc2 and calculated the 
percentage of cells containing newly formed 
photobodies. As shown in Figure 3D, COP1 
has the highest efficiency of photobody initi-
ation (up to 87%). PhyB is lower than crypto-
chromes, possibly because other factors are 
required for the formation of phyB nuclear 
bodies, such as HEMERA, which accumulates 
when interacting with photoactivated phyB 
and is involved in the assembly of photobod-
ies and the turnover of PIFs to establish plant 
photomorphogenesis (Chen et al., 2010; 
Galvao et al., 2012). These results indicate 
that many components of photobodies, such 
as degradation-related proteins, transcrip-
tion factors, and photoreceptors, have 
capacity for assembly of photobodies, sug-
gesting a self-organization model for the 
nucleation of photobodies.

DISCUSSION
The NoTS reveals protein–protein interac-
tions in living cells through the relocation of 
interacting proteins to the nucleolus by the 
Nuc2 fusion protein. It is a result of direct 
protein–protein interactions and avoids local 
high concentrations of these interacting pro-
teins at the interacting sites, which can easily 
yield a false-positive result, a major issue for 
other fluorescence-based methods, such as 
fluorescence resonance energy transfer and 

FIGURE 2: NoTS assay revealed that COP1 interacts with components of photobodies in vivo 
through its WD40-repeat domain. (A) COP1 successfully recruited itself and its interacting 
proteins cry1, cry2, UVR8, CO, and HFR1 to the nucleolus, where Nuc2-COP1 localized due to 
direct interactions between COP1 and these proteins. The nucleolus is labeled by Nuc2-
mCherry. (B) The interacting proteins of COP1 did not colocalize with Nuc2 in the nucleolus. 
(C) The deletion mutant of COP1 lacking the WD40-repeat domain (COP1∆WD40) failed to 
recruit its interacting proteins cry1, cry2, UVR8, CO, and HFR1 to the nucleolus, which is labeled 
by Nuc2-mCherry. Bars, 5 μm. (D) Coimmunoprecipitation of Nuc2-COP1-TAP and CRY1-YFP or 
UVR8-YFP coexpressed in tobacco epidermal cells. Nuc2-TAP was used as a control. Nuc2-
COP1-TAP but not Nuc2-TAP was detected in the immunoprecipitated samples. IP, 
immunoprecipitation.
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self-organization model for the formation of 
photobodies.

COP1 acts as a central switch in photo-
morphogenesis (Yi and Deng, 2005; Lau and 
Deng, 2012); it interacts with many compo-
nents in photobodies in vivo (Figure 2A), 
and it has the highest initiation efficiency 
(Figure 3D), implying that photobodies 
might be the degradation sites in the light-
signaling pathway, as COP1 is an E3 ligase 
(Yi and Deng, 2005; Lau and Deng, 2012). 
Previously photobodies were proposed as 
degradation sites because some compo-
nents, such as FAR-RED ELONGATED 
HYPOCOTYL1 (FHY1) and PIFs, localize to 
photobodies before their degradation 
(Al-Sady et al., 2006; Yang et al., 2009; Van 
Buskirk et al., 2012). In addition, members of 
the Suppressor of the phytochrome A-105 
family, which form a substrate recognition 
complex with COP1, colocalize with COP1 in 
photobodies. Genetic analysis of an Hmr 
(HEMERA) mutant with a defect in the for-
mation of photobodies also indicated that 
photobodies play a role in protein turnover 
(Chen et al., 2010; Galvao et al., 2012). As 
for cry2 nuclear bodies, it was suggested 
that the degradation of cry2 is involved (Yu 
et al., 2009). In animals, subnuclear foci 
named clastosomes contain components in-
volved in the ubiquitin-proteasome pathway 
(Lafarga et al., 2002). It would be of interest 
to investigate the functional relationships 
between photobodies and clastosomes.

In summary, we developed the NoTS 
and used it successfully to study protein–
protein interactions. In addition, the NoTS 
provides a useful way to probe the biogen-
esis of nuclear bodies based on recruitment 
of components and de novo formation of 
nuclear bodies. Because nucleolin is a con-
served protein in plants and vertebrates, 
the NoTS might have broad applications in 
different cell lines.

MATERIALS AND METHODS
Plant materials
The Arabidopsis wild-type (Col-0), cop1-6 mutant, and transgenic 
plants overexpressing COP1-YFP or Nuc2-COP1-YFP under the 
control of 35S promoter in cop1-6 background and tobacco (Nicoti-
ana tabacum) were all grown in a greenhouse at 22°C under 16-h 
light/8-h dark conditions.

Constructs
The coding region of AtNucleolin2 (At3g18610) was amplified by 
PCR from cDNA of Arabidopsis thaliana Col-0 and subcloned into 
EcoRI/SalI-treated vector pC131-35S-N1-mCherry to generate 
pC131-35S-nucleolin2-mCherry. Primers 5′-NNNGAATTCATG-
GGCAAGTCTAGTAAGAAATCC-3′ and 5′-NNNGTCGACAGCTC-
CACCTCCACCTCCGACCGGTCGCTCTTCATCATTAAAGAC-
CGTCTTC-3′ were used to amplify the nucleolin2-linker fragment, 
which was then subcloned into EcoRI/SalI-treated vector 

bimolecular fluorescence complementation, in protein–protein in-
teraction assays (Piston and Kremers, 2007; Kerppola, 2008a,b; 
Padilla-Parra and Tramier, 2012). The NoTS was used only for detect-
ing the interactions among nucleoplasmic proteins, and it would be 
of interest to apply the NoTS for the protein–protein interaction as-
say of cytoplasmic proteins fused with nuclear localization signals.

Given the proposed assembly models for nuclear bodies, we im-
mobilized different components of photobodies through Nuc2’s 
tethering ability to the nucleolus. Several fusion proteins were teth-
ered to the nucleolus and concentrated as discrete foci at the pe-
riphery, which have similar size and morphology to endogenous 
photobodies (Figure 3A). Colocalization, kinetics, and phenotype 
complementation analysis suggested that these de novo–formed 
bodies contain the components of photobodies (Figures 2A and 3B 
and Supplemental Figure S5), demonstrating that the newly formed 
bodies are truly functional photobodies and many components have 
the capacity to initiate the biogenesis of photobodies, suggesting a 

FIGURE 3: NoTS assay revealed that the initiation of photobodies follows a self-organization 
model. (A) COP1, PIF7, phyB, cry1, and cry2 were able to form nuclear bodies de novo at the 
periphery of the nucleolus when fused with Nuc2. (B) The nuclear bodies formed de novo at the 
periphery of the nucleolus contained components of photobodies. The nucleolus is labeled by 
Nuc2-mCherry. (C) Nucleated body by Nuc2-COP1-YFP at the periphery of the nucleolus did not 
colocalize with D-bodies or nuclear speckles marked by CFP-DCL1 or SCL33-CFP, respectively. 
(D) Quantitative analysis of efficiency of de novo photobody formation via tethering of different 
components to the nucleolus by Nuc2. Values represent averages (n = 110–200 cells) from three 
independent experiments. Bars, 5 μm.
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through four-layer Miracloth (Millipore) twice, and 2-ml samples 
were taken to incubate with 60 μl of anti-GFP magnetic beads (MBL, 
Japan) at 4°C for 2 h to capture proteins associated with CRY1-YFP 
or UVR8-YFP. The beads were washed five times with wash buffer 
(50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM EDTA, 
0.01% Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride, and 
1× protease inhibitor [Roche]). The bound proteins were eluted 
by heating at 95°C for 10 min and analyzed by Western blot using 
anti-GFP (Sigma-Aldrich) and anti-TAP (Sigma-Aldrich) antibodies, 
respectively.

Fluorescence recovery after photobleaching
GV3101 strains harboring Nuc2-COP1-YFP or COP1-YFP were in-
jected into tobacco leaves. After 48 h, the infiltrated areas were 
subjected to FRAP analysis using a Leica (Wetzlar, Germany) SP8 
confocal microscope equipped with an HC PL APO CS2 40×/1.30 
objective lens. YFP was excited by a 514-nm argon laser, and the 
emission was at 580 nm. For photobleaching, the 514-nm laser was 
set to 100% laser power; for image taking, the laser power was at 
5% of an argon laser with 0.79% output power. Three prebleach im-
ages were acquired with an interval of 1 s. After bleaching, images 
were captured with an interval of 10 s. The FRAP recovery curves 
were obtained by calculating the relative fluorescence intensity as 
described previously (Phair and Misteli, 2000; Fang et al., 2004). 
Each experiment was repeated at least three times independently.

pC131-35S-N1-YFP (Fang and Spector, 2007) to generate pC131-
35S-nucleolin2-linker-YFP. The sequence of the flexible linker is 
CGACCGGTCGGAGGTGGAGGTGGAGCT. The coding sequences 
of COP1 (At2g32950), phyA (At1g09570), phyB (At2g18790), cry1 
(At4g08920), cry2 (At1g04400), UVR8 (At5g63860), CO (At5g15840), 
HFR1 (At1g02340), HEMERA (At2g34640), HY5 (At5g11260), and 
PIF7 (At5g61270) were amplified by PCR from cDNAs and subcloned 
into pC131-35S-N1-CFP. These fragments were then subcloned into 
pC131-35S-nucleolin2-linker-YFP to generate different fusions. For 
COP1∆WD40 fragment, the PCR primers used were 5′-NNNGTC-
GACATGGAAGAGATTTCGACGGATCC-3′ and 5′-NNNACTAG-
TATAATTGCCTACAAAATTTCCTCCTC-3′, and then it was sub-
cloned into SalI/SpeI-treated vector pC131-35S-nucleolin2-linker-
YFP. The coding region of HYL1(At1g09700) was amplified by PCR 
from cDNA and subcloned into SalI/SpeI-treated vector pC131-35S-
nucleolin2-linker-YFP. Plasmids pC131-35S-CFP-DCL1 and pHYL1-
HYL1-YFP fusions were described previously (Fang and Spector, 
2007). All sequences amplified were confirmed by sequencing. The 
primers used for the constructs in this study are summarized in Sup-
plemental Table S1.

Quantitative real-time PCR
Total RNAs were extracted from 7-d-old seedlings using the RNeasy 
Plant Mini Kit (Qiagen, Düsseldorf, Germany). RNAs (∼1 μg) were 
used as templates for reverse transcription using ReverTra Ace qPCR 
RT Master Mix with gDNA Remover Kit (Toyobo, Osaka, Japan) fol-
lowing the manufacturer’s instructions. Then the cDNAs were used 
as the template for quantitative PCR (qPCR) using iQ SYBR Green 
Supermix (Bio-Rad, Hercules, CA) in a Bio-Rad CFX96 real-time sys-
tem. All PCRs were performed by preincubation for 5 min at 95°C, 
followed by 50 cycles of denaturation at 95°C for 20 s, annealing at 
56°C for 30 s, and extension at 72°C for 30 s. Each reaction was 
repeated three times. The expression level of actin2 was used for 
data normalization. Primers used for qPCR are listed in Supplemen-
tal Table S1.

Microscopy analysis
The constructs were introduced into Agrobacterium tumefaciens 
strain GV3101 by electroporation. Transient expressions or coex-
pressions in tobacco (N. tabacum) leaves were performed as de-
scribed (Fang and Spector, 2010). Forty-eight hours after infiltration, 
leaf disks in infiltrated areas were subjected to microscopy analysis 
using a DeltaVision Personal DV system (Applied Precision) equipped 
with an UPLANAPO water immersion objective lens (60×/1.20 nu-
merical aperture; Olympus, Japan). Image collection and process-
ing were described previously (Fang and Spector, 2007, 2010; Shi 
et al., 2011). For each experiment, at least 30 nuclei were 
visualized.

For initiation efficiency analysis, Nuc2-X-YFP (X is the component 
of photobodies) was introduced into tobacco leave cells by infiltra-
tion, and the percentage of cells with de novo–formed photobodies 
was calculated in 10 stochastic areas. Each sample was repeated 
three times.

Coimmunoprecipitation assay
After infiltration for 48 h, tobacco leaves coexpressing Nuc2-COP1-
TAP and CRY1-YFP or UVR8-YFP, Nuc2-TAP, and CRY1-YFP or UVR8-
YFP were ground in liquid nitrogen, and total proteins were ex-
tracted as described (Lee et al., 2007) using extraction buffer (0.4 M 
sucrose, 10 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 5 mM 
β-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride, and 
1× protease inhibitor [Roche, Basel, Switzerland]). They were filtered 
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