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ABSTRACT
Ubiquitin chains are formed with 8 structurally and functionally distinct polymers. However, the functions
of each polyubiquitin remain poorly understood. We developed a polyubiquitin-mediated fluorescence
complementation (PolyUb-FC) assay using Kusabira Green (KG) as a split fluorescent protein. The PolyUb-
FC assay has the advantage that monoubiquitination is nonfluorescent and chain-specific
polyubiquitination can be directly visualized in living cells without using antibodies. We applied the
PolyUb-FC assay to examine K33-linked polyubiquitin. We demonstrated that SQSTM1/p62 puncta
colocalized with K33-linked polyubiquitin and this interaction was modulated by the ZRANB1/TRABID-K29
and -K33 linkage-specific deubiquitinase (DUB). We further showed that the colocalization of K33-linked
polyubiquitin and MAP1LC3/LC3 (microtubule associated protein 1 light chain 3) puncta was impaired by
SQSTM1/p62 deficiency. Taken together, these findings provide novel insights into how atypical
polyubiquitin is recruited by SQSTM1/p62. Finally, we developed an inducible-PolyUb-FC system for
visualizing chain-specific polyubiquitin. The PolyUb-FC will be a useful tool for analyzing the dynamics of
atypical polyubiquitin chain generation.

Abbreviations: ACTB: actin beta; BiFC: bimolecular fluorescence complementation; DUB: deubiquitinase;
GFP: green fluorescent protein; iPolyUb-FC: inducible polyubiquitin-mediated fluorescence
complementation; KG/Mkg: Kusabira Green, monomeric; LAMP2: lysosomal associated membrane protein
2; LLOMe: L-leucyl-L-leucine methyl ester; MAP1LC3/LC3: microtubule associated protein 1 light chain 3;
MEFs: mouse embryonic fibroblasts; MW: molecular weight; NCS: neocarzinostatin; PBS: phosphate-
buffered saline; PolyUb-FC: polyubiquitin-mediated fluorescence complementation; SQSTM1/
p62: sequestosome 1; Ub: ubiquitin; UBA: ubiquitin-associated; ZRANB1/TRABID: zinc finger RANBP2-type
containing 1
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Introduction

Ubiquitination is one of the most abundant post-transla-
tional modifications found in cells. Ubiquitin chains can be
linked through one of 7 ubiquitinated Lys residues (which
are K6, K11, K27, K29, K33, K48, and K63) or through the
ubiquitin amino terminal Met1 residue (which generates
linear chains). Whereas the roles of K48- and K63-linked
polyubiquitin are well characterized, the function of the
remaining 6 atypical ubiquitin chain types (linked via K6,
K11, K27, K29, K33, and Met1) remain poorly defined.1

Polyubiquitin can contain a single type of linkage or multi-
ple linkage types (termed heterotypic chains). Heterotypic
chains are either branched (also termed ‘forked’) or non-
branched (also termed ‘mixed’).1-4 Unanchored polyubiqui-
tin chains can also be found in cells.4,5

To monitor the dynamics of ubiquitin chain formation in
vivo, chain-specific antibodies,6,7 ubiquitin sensor proteins,8-11

tandem ubiquitin-binding entities technology,12 and genetic
approaches (inducible knock-in system to replace endogenous
ubiquitin)13 were developed. Nevertheless, it is still not possible
to visualize all types of atypical ubiquitin chains. Therefore, we
examined bimolecular fluorescence complementation (BiFC)
methods for polyubiquitin chain analysis. BiFC has the advan-
tage that a complex can be directly visualized in living cells
without the need for staining with exogenous molecules.14 To
develop the polyubiquitin-mediated fluorescence complemen-
tation (PolyUb-FC) assay, we used monomeric Kusabira Green
(mKG) as a split fluorescent protein.15 mKG has sharper emis-
sion spectra than blue fluorescent protein or cyan fluorescent
protein, and it is smaller than green fluorescent protein (GFP).
N-terminal mKG (mKG[N]) is 507 base pairs with an
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Figure 1. Visualization of polyubiquitin by fluorescence complementation in living cells (A) BiFC assay for polyubiquitin. Complementary pairs of N- or C-terminal mKG
(mKG[N] or mKG[C])-fused ubiquitin expression plasmids (mKG[N]-Ub, Ub-mKG[N], mKG[C]-Ub and Ub-mKG[C]) were cotransfected into HEK 293T cells. After 22 h, the
mKG-positive cells were counted using a conventional epifluorescence microscope or flow cytometry. Plasmids expressing N- or C-terminal mKG(N) and mKG(C) were
used as negative controls. Scale bars: 200 mm. Assays were performed in triplicate. Data are representative of 2 independent experiments. Error bars indicate standard
deviations. (B) mKG-fused ubiquitin expression plasmids were mutated for chain-specific analysis. Complementary pairs of N- or C-terminally mKG-fused ubiquitin
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estimated molecular mass of 19.0 kDa. C-terminal mKG (mKG
[C]) is156 base pairs with an estimated molecular mass of
5.7 kDa.

Atypical ubiquitin chains remain poorly characterized. In
Jurkat T cells, the E3 ubiquitin ligases CBLB and ITCH cooper-
ate to induce T-cell receptor z-chain K33-ubiquitination, which
inhibits ZAP70 phosphorylation.16-18 In addition, K33-polyubi-
quitination is involved in adenosine monophosphate-activated
protein kinase signaling19 and protein trafficking.17 Recently,
quantitative proteomics revealed that K33-ubiquitination
occurs in response to UV radiation.20 Furthermore, ZRANB1/
TRABID (zinc finger RANBP2-type containing 1) has been
identified as a K29- and K33-specific deubiquitinase
(DUB).21-23 Nevertheless, K33-linked polyubiquitin remains
largely unexplained, and it has not been directly visualized on
proteins in living cells. Therefore, we implemented the PolyUb-
FC assay to detect K33-linked polyubiquitin by mutating
potential ubiquitin Lys residues.

SQSTM1/p62 (sequestosome 1) regulates various signal
transduction pathways,24,25 including T-cell receptor signal-
ing.26,27 It is also a selective autophagy receptor for ubiquiti-
nated cargo, including ubiquitinated aggregates, damaged
mitochondria, and ubiquitinated microbes.28-30 SQSTM1/p62
binds to polyubiquitin (K48, K63) via its C-terminal ubiquitin-
associated (UBA) domain.31,32 We demonstrated using Pol-
yUb-FC that K33-linked polyubiquitin is also recruited to the
phagophore, the autophagosome precursor, via the SQSTM1/
p62 UBA domain.

Results

Visualization of polyubiquitin by fluorescence
complementation in living cells

We constructed ubiquitin expression plasmids that were N- or
C-terminally fused with truncated mKG proteins (Fig. 1A).
First, to determine which combination of ubiquitin-fused trun-
cated mKG expression vector could produce a fluorescence sig-
nal by complementation, we cotransfected 4 different
complementary pairs of expression plasmids. Cotransfection of
mKG(N)-ubiquitin (mKG[N]-Ub) and mKG(C)-ubiquitin
(mKG[C]-Ub) induced fluorescence in a high percentage of
cells as shown by microscopy and flow cytometry analysis. In
this study, for detecting polyubiquitin chains, we chose the
highest percentages of fluorescence-positive sets of mKG-fused
ubiquitin vectors: mKG(N)-Ub and mKG(C)-Ub. To analyze
polyubiquitin chain specificity, we generated ubiquitin mutants

(Fig. 1B). mKG(N)-K63Ub and mKG(C)-K63Ub linked
through K63 only to form polyubiquitin. These mutants
showed a higher percentage of fluorescence-positive cells than
truncated mKG-only expression vector. We also generated K48
and K33 vectors, which also showed similar results of higher
percentages of fluorescence-positive cells than the truncated
mKG-only expression vector. Thus, we could analyze chain-
specific polyubiquitin chains by fluorescence complementation.

To efficiently analyze the dynamics of the ubiquitin chains,
we expressed complementary ubiquitin-fused truncated mKG
in one vector (mKG[C]-Ub-IRES-mKG[N]-Ub) and we called
this vector PolyUb-FC (Fig. 1C). K0 ubiquitin (a Lys-less
mutant) was fused with truncated mKG, and it could not gen-
erate polyubiquitin chains through Lys residues. Wild-type
ubiquitin (PolyUb[WT]-FC) induced fluorescence in cells. To
understand the localization of PolyUb-FC puncta, we examined
PolyUb (WT)-FC vector-transfected cells by confocal micros-
copy (Fig. 1D). PolyUb-FC puncta were mainly detected in the
cytoplasm, and a few were localized in the nucleus without
stimulation. These puncta were consistent with a previous
report using ubiquitin antibodies.33 Naturally, PolyUb-FC were
not diffuse throughout the cytoplasm, which differed from
ubiquitin antibody and GFP-fused ubiquitin results.34 These
data indicated that fluorescence was generated through Lys
residues.

Next, we examined the formation of atypical ubiquitin
chains using our PolyUb-FC system. We generated PolyUb
(K33)-FC, which could produce polyubiquitin chains only
through K33. In a previous report, FLAG-Ub (K33 only) vec-
tors displayed puncta formation.21 We found that not only Pol-
yUb (WT)-FC ubiquitin but also PolyUb (K33)-FC showed
puncta formation in mouse embryonic fibroblasts (MEFs;
Fig. 1D). Next, to further confirm polyubiquitination, we ana-
lyzed transfected cells by immunoblotting with 3 mKG anti-
bodies (Fig. 1E). mKG N-terminal antibody recognized mono
Ub-mKG(N), mKG(N) and high molecular weight (MW)
smears in PolyUb (WT)-FC vector-transfected cells. mKG C-
terminal antibody recognized high-MW smears in PolyUb
(WT)-FC vector-transfected cells. It was difficult to detect
mono Ub-mKG(C) and mKG(C) because C-terminal mKG is
very small. These data indicated that Poly Ub(WT)-FC linked
together via the Lys residue (similar to endogenous ubiquitin)
and that mKG alone were not polyubiquitinated under these
conditions.

In addition, we generated an mKG center antibody that pre-
dominantly recognized full-length mKG and very weakly rec-
ognized C-terminal mKG (Fig. S1). PolyUb (WT)-FC vector-

expression plasmids were cotransfected into HEK 293T cells. After 20 h, mKG-positive cells were counted using a conventional epifluorescence microscope or flow cytom-
etry. Data are representative of 2 independent experiments. Error bars indicate standard deviations. (C) Generation of the PolyUb-FC vector. mKG(N)-Ub and mKG(C)-Ub
were cloned into the pIRES2-AcGFP1 vector, and AcGFP1 was excised. Schematic representation of PolyUb-FC vector plasmids encoding mKG(C)-Ub-IRES-mKG(N)-Ub. (D)
Visualization of polyubiqutin K33 chains by using PolyUb(K33)-FC. PolyUb(K33)-FC vector, which contains ubiquitin with K33 alone; other Lys residues were mutated to
Arg. MEFs were electroporated with PolyUb(K0)-FC, PolyUb(K33)-FC and PolyUb(WT)-FC. After 22 h, images were acquired using an FV10i confocal laser microscope. Scale
bars: 20 mm. Data are representative of 3 independent experiments. (E) Polyubiquitination of PolyUb-FC. HEK 293T cells were transfected with mKG(N), mKG(C), PolyUb
(WT)-FC, and PolyUb(K0)-FC. PolyUb(WT)-FC is a wild-type ubiquitin, and PolyUb(K0)-FC is a mutant Lys-less form of ubiquitin. After 20 h, cells were lysed and immuno-
blotted with mKG antibodies for the N-terminal, C-terminal, and central (center) domains. Data are representative of 3 independent experiments. (F) PolyUb-FC fluores-
cence by flow cytometry. PolyUb-FC expression plasmids were transfected in HEK 293T cells. pIRES2-AcGFP1 was transfected to demonstrate transfection efficiency. After
20 h, mKG-positive the cells were counted using flow cytometry. Data are representative of 2 independent experiments. Error bars indicate standard deviations. (G) Com-
petition assay of PolyUb-FC and MYC-Ub vectors. HEK 293T cells were cotransfected with PolyUb-FC and MYC-Ub vectors. All samples were transfected with 0.5 mg Pol-
yUb-FC DNA. Empty vector and MYC-Ub DNA were added to reach 3 mg DNA/sample. mKG-positive cells were counted using flow cytometry. Data represent the average
of 4 experiments. �, p < 0.05 in Student t test. Error bars indicate standard deviations.

J

AUTOPHAGY 349



transfected cells also displayed high-MW smears with mKG
center antibody. Faint smears were found in PolyUb (K0)-FC
vector-transfected cells; these smears are likely to be mKG cen-
ter antibody recognizing the end of a polyubiquitin chain with
C-terminal mKG-K0, and also we could not exclude the possi-
bility of K33-linked mixed chains. Thus, these data indicated
that the PolyUb-FC fluorescence was generated by polyubiqui-
tination. Next, we analyzed PolyUb-FC fluorescence by flow
cytometry (Fig. 1F). PolyUb(WT)-FC generated fluorescence in
a percentage similar to that in positive cells with GFP vector,
indicating that almost all vector-transfected cells generated Pol-
yUb(WT)-FC fluorescence. In contrast, PolyUb(K33)-FC gen-
erated a lower proportion of positive cells than PolyUb(WT)-
FC, but it was still much higher than the negative control.
Therefore, PolyUb(K33)-FC generated fluorescence. However,
endogenous wild-type ubiquitin is abundant, and it forms poly-
ubiquitin chains through internal lysine residues. We con-
firmed similar levels of expression of the mRNA corresponding
to N-terminal and C-terminal mKG using real-time PCR (Fig.
S2). To further confirm the specificity of PolyUb-FC, we per-
formed a competition assay (Fig. 1G). PolyUb-FC fluorescence
was reduced by the addition of non-mKG-tagged Ub expres-
sion vector in a dose-dependent manner. These data indicated
that PolyUb-FC fluorescence is generated through ubiquitin.
To rule out the possibility of fluorescent artifacts, we trans-
fected MYC-K33 or MYC-K33R expression vectors for a com-
petition assay (Fig. 1G). MYC-K33 vectors, but not MYC-K33R
vectors, decreased PolyUb(K33)-FC fluorescence. These find-
ings indicated that PolyUb(K33)-FC generated through K33-
linked polyubiquitin may contain K33-linked mixed and forked
polyubiquitin. Thus, by using mKG as a split fluorescent pro-
tein, we have established the PolyUb(K33)-FC assay as a useful
method for studying K33-linked polyubiquitination.

PolyUb(WT)-FC puncta were visualized after
neocarzinostatin (NCS) and L-leucyl-L-leucine methyl ester
(LLOMe) treatments

To test the ability of PolyUb (WT)-FC to monitor polyubiqui-
tination in live cells, we analyzed the generation of PolyUb
(WT)-FC foci after DNA damage (Fig. 2A). The E3 ubiquitin
ligase RNF8 initiates DNA damage-dependent polyubiquitina-
tion.35 We treated cells with NCS to induce DNA damage. To
analyze polyubiquitin chain specificity, we generated ubiquitin
mutants that could only forms links with other ubiquitin
monomers through K63 to generate polyubiquitin (PolyUb
[K63]-FC). K63-linked polyubiquitin was observed following
DNA damage, as confirmed by the detection of PolyUb(K63)-
FC puncta with a K63-specific antibody. Although PolyUb
(WT)-FC and PolyUb (K63)-FC puncta were observed in the
cytoplasm 180 min after stimulation, both foci also localized
in nuclei after stimulation. PolyUb (K63)-FC puncta were
colocalized with K63-specific antibody. PolyUb (WT)-FC foci
exhibited a broader localization than those detected with the
K63-specific antibody. It is possible that wild-type ubiquitin
generated polyubiquitin other than K63-linked. Without NCS
stimulation, the number of PolyUb(WT)-FC and PolyUb
(K63)-FC foci in the nuclei remained unchanged. PolyUb
(K0)-FC fluorescence was not detected with or without NCS

stimulation. These data indicated that PolyUb (WT)-FC can
be used for nuclear analysis and detection of polyubiquitina-
tion induction in living cells.

The lysosomotropic reagent LLOMe stimulates the forma-
tion of polyubiquitin puncta in damaged lysosomes.36 After
transfection with PolyUb(WT)-FC, we treated cells with
LLOMe (Fig. 2B). Consistent with previous results, PolyUb
(WT)-FC puncta were generated after treatment. In addition,
we detected the induction of polyubiquitination by live imag-
ing. PolyUb(K0)-FC fluorescence was not observed with or
without LLOMe stimulation. Collectively, these data showed
that our novel PolyUb-FC vector displays fluorescence comple-
mentation upon polyubiquitination. Furthermore, PolyUb-FC
did not show baseline or monoubiquitin intensity, which gives
it an advantage over sensor proteins and GFP-fused ubiquitin.

SQSTM1/p62 recognized K33-linked polyubiquitination

Ubiquitinated protein aggregates can be recognized and tar-
geted for degradation by autophagy.37,38 To examine the locali-
zation of K33-linked polyubiquitination, we tested aggresome
staining with Poly-Ub(K33)-FC (Fig. 3A, S3A). Some parts of
PolyUb(K33)-FC puncta colocalize with aggresomes. SQSTM1/
p62 is required for the concentration of ubiquitinated proteins
forming aggregates and is crucial for their clearance.39 Previous
studies have shown that the UBA domain of SQSTM1/p62
preferentially binds K63 and K48 polyubiquitin.32,40-42 How-
ever, SQSTM1/p62 may also recognize K33-linked polyubiqui-
tin, and it may have specific functions. Therefore, we examined
additional roles of SQSTM1/p62 using the PolyUb (K33)-FC
assay. First, we tested whether endogenous SQSTM1/p62 coloc-
alizes with PolyUb (K33)-FC (Fig. 3B). Additionally, we
cotransfected PolyUb(K33)-FC into wild-type MEFs with
AsRED-mouse SQSTM1/p62 (Fig. S3B). PolyUb(K33)-FC was
mainly localized in the cytoplasm, and some puncta colocalized
with SQSTM1/p62 puncta. In contrast, PolyUb(K0)-FC puncta
were not detected.

We confirmed these observations using immunoprecipita-
tion. PolyUb(K33)-FC and FLAG-mouse-SQSTM1/p62 were
cotransfected into MEFs and we affinity isolated the SQSTM1/
p62 complex with anti-FLAG antibody (Fig. 3C). FLAG-
SQSTM1/p62 bound to polyubiquitinated ubiquitin-fused
mKG (wild type and K33). However, it was possible that these
observations are because of the nonspecificity of our new Pol-
yUb-FC system. It is difficult to generate K33 polyubiquitin in
vitro23; therefore, we cotransfected a MYC-K33-only vector
(which generated polyubiquitin with K33 alone) with a plasmid
expressing FLAG-mouse SQSTM1/p62 and affinity isolated the
SQSTM1/p62 complex with anti-FLAG antibody (Fig. 3D).
These experiments showed that SQSTM1/p62 bound to K33-
linked polyubiquitin. Next, we examined whether K33 polyubi-
quitin bound to endogenous SQSTM1/p62 (Fig. 3E). We trans-
fected HEK-293T cells with a MYC-K33-only vector and
pulled this down with anti-MYC antibody. This experiment
supported our observation that K33-linked polyubiquitin inter-
acts with SQSTM1/p62. Collectively, these data illustrated that
SQSTM1/p62 forms complexes with K33-linked polyubiquitin.
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SQSTM1/p62 regulates colocalization of K33-linked
polyubiquitinated cargo to MAP1LC3/LC3 (microtubule
associated protein 1 light chain 3 puncta

We investigated the mechanisms used for SQSTM1/p62 bind-
ing to K33-linked polyubiquitin. To examine whether
SQSTM1/p62 interacts with K33 polyubiquitin via the UBA
domain (which is critical for K63 binding), we cotransfected
PolyUb(K33)-FC with SQSTM1/p62 lacking the UBA domain
(Fig. 4A). Confocal microscopy revealed that PolyUb (K33)-FC

puncta colocalized with SQSTM1/p62 puncta; however, Pol-
yUb(K33)-FC did not colocalize with the SQSTM1/p62 UBA
mutant. In addition, immunoprecipitation assay revealed
reduced MYC smearing with the SQSTM1/p62 UBA mutant
(Fig. S3C). These results demonstrated that SQSTM1/p62 inter-
acts with K33 polyubiquitin via the UBA domain. To determine
the ability of K33-linked ubiquitin to bind SQSTM1/p62, we
performed a cell-free assay (Fig. 4B) and found that tetra K33
bound to SQSTM1/p62. In contrast, K63-linked polyubiquitin
strongly bound SQSTM1/p62 as a positive control.

Figure 2. PolyUb(WT)-FC puncta were visualized after NCS and LLOMe treatment. (A) Visualization of PolyUb-FC puncta after NCS stimuli. HEK 293T cells were transfected
with a plasmid encoding PolyUb(WT)-FC, PolyUb(K63)-FC and PolyUb(K0)-FC. After 20 h, cells were stained with anti-K63 polyubiquitin antibodies and analyzed by immu-
nofluorescence microscopy. Images were acquired using a confocal laser microscope (FV10i, Olympus). Cells were treated with 5 ng/mL NCS for the last 180 min. Scale
bars: 20 mm. We counted cells with more than 10 foci in the nuclear area. In all, 100 cells from each indicated strain were analyzed. Data are representative of 3 indepen-
dent experiments. Error bars indicate standard deviations. (B) Dynamic visualization of PolyUb-FC puncta after LLOMe stimuli in living cells. HEK 293T cells were trans-
fected with plasmids encoding PolyUb(K0)-FC and PolyUb(WT)-FC. After 17 h, cells were treated with 500 mg/mL LLOMe. Images were acquired using an FV10i confocal
laser microscope every 3 min. Data are representative of 4 independent experiments. Scale bars: 10 mm. Data are representative of 2 independent experiments.
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To better understand the molecular mechanism by which
SQSTM1/p62 binds to K33-linked polyubiquitin, we consid-
ered ZRANB1 to be a K29- and K33-specific DUB. To evalu-
ate this linkage, we knocked down ZRANB1 via small
interfering (si) RNA and analyzed polyubiquitin using west-
ern blot (Fig. 4C). The interaction of SQSTM1/p62 with
K33-linked polyubiquitin was enhanced by ZRANB1 knock-
down. These data indicated that SQSTM1/p62-K33 polyubi-
quitin chain interaction can be modulated by ZRANB1, and

that K33-linked polyubiquitin may have physiological func-
tions. Finally, to understand the functions of SQSTM1/p62
mediated by K33-linked polyubiquitin, we considered that
SQSTM1/p62 localizes to phagophores.43 We analyzed the
localization of PolyUb(K33)-FC to LC3 and showed that
they colocalize (Fig. 4D). Colocalization between PolyUb
(K33)-FC and LC3 was impaired by SQSTM1/p62 deficiency.
To further investigate the function of K33 polyubiquitin, we
analyzed the lysosomal marker LAMP2 (lysosome associated

Figure 3. SQSTM1/p62 recognizes K33-linked polyubiquitination. (A) Colocalization of PolyUb-FC puncta with aggresomes. HEK 293T cells were transfected with PolyUb-
FC vectors. After 20 h, aggresomes in the cells were stained. Images were acquired using an FV10i confocal laser microscope every 3 min. Data are representative of 4
independent experiments. Scale bars: 10 mm. Data are representative of 2 independent experiments. (B) Colocalization of Poly-Ub(K33)-FC with endogenous SQSTM1/
p62. HEK 293T cells were cotransfected with PolyUb-FC vectors. After 20 h, cells were stained with anti-SQSTM1/p62 antibodies. Images were acquired using an FV10i con-
focal laser microscope. Scale bars: 10 mm. Data are representative of 2 independent experiments. (C) Recruitment of PolyUb(K33)-FC to FLAG-SQSTM1/p62. HEK 293T cells
were cotransfected with PolyUb-FC vectors and a plasmid encoding FLAG-SQSTM1/p62. After 20 h, cells were lysed and protein extracts were immunoprecipitated (IP)
with FLAG antibody and immunoblotted (IB) for the indicated proteins. Data are representative of 3 independent experiments. (D) Interaction of MYC-K33Ub and FLAG-
SQSTM1/p62. HEK 293T cells were cotransfected with plasmids encoding MYC-K33Ub and FLAG-SQSTM1/p62. Twenty h later, protein extracts were immunoprecipitated
(IP) with FLAG antibody and immunoblotted for the indicated proteins. Data are representative of 2 independent experiments. (E) Recruitment of MYC-K33Ub to endoge-
nous SQSTM1/p62. HEK 293T cells were transfected with a plasmid encoding MYC-K33Ub. After 20 h, cells were lysed and protein extracts were immunoprecipitated with
MYC antibody and immunoblotted (IB) for the indicated proteins. Data are representative of 3 independent experiments.
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membrane protein 2) (Fig. S4A). Some PolyUb(K33)-FC
puncta colocalized with LAMP2. These data indicated that
the PolyUb(K33)-FC localized to late endosomes or lyso-
somes. Furthermore, PolyUb(K33)-FC localization with LC3
was modified with bafilomycin A1 and ZRANB1 knockdown

(Fig. S4B and S4C). These data indicated that this interaction
is modulated by ZRANB1. Taken together, these findings
provide novel insights into not only K48- and K63-linked
polyubiquitination, but also indicate that K33-linked ubiqui-
tin is recruited by SQSTM1/p62 (Fig. 4E).

Figure 4. SQSTM1/p62 regulates colocalization of K33-linked polyubiquitinated protein to LC3 puncta. (A) Disappearing colocalization of PolyUb(K33)-FC with AsRED-
SQSTM1/p62DUBA. MEFs were electroporated with PolyUb(K33)-FC vector and AsRED-SQSTM1/p62 (or SQSTM1/p62DUBA) plasmid. After 24 h, images were acquired
using an FV10i confocal laser microscope. Scale bars: 20 mm. Data are representative of 2 independent experiments. (B) Affinity isolation assay showing ubiquitin chains
binding to SQSTM1/p62. Ubiquitin chains bound to negative samples or GST-SQSTM1/p62. Ubiquitin chain input is shown as a control in the left lane of each GST affinity
isolation experiment. Input of negative sample and GST-tagged SQSTM1/p62 is shown as a control in the left lanes. Data are representative of 3 independent experiments.
(C)Modification of the interaction between K33-linked polyubiquitin chains and SQSTM1/p62 by ZRANB1. HEK293T cells were cotransfected with plasmids encoding MYC-
K33Ub, FLAG-SQSTM1/p62, and siRNA against ZRANB1. After 24 h, cells were lysed and protein extracts were immunoprecipitated (IP) with FLAG antibody and immuno-
blotted (IB) for the indicated proteins. To confirm the knockdown efficiency of ZRANB1, cells were harvested for RT PCR 24 h after transfection. Data are representative of
2 independent experiments. Error bars indicate standard deviations. (D) Quantification of the number of punctate structures positive for PolyUb(K33)-FC and LC3 per cell.
HEK 293T cells were cotransfected with PolyUb(K33)-FC vector and siRNA for SQSTM1/p62. After 20 h, cells were stained with anti-LC3 antibodies and analyzed by immu-
nofluorescence microscopy. Immunoblots indicate the knockdown efficiency of SQSTM1/p62. In all, 30 cells from each indicated strain were analyzed. Data are representa-
tive of 3 independent experiments. �p < 0.05 in student’s t-test. Error bars indicate standard deviations. (E) Schematic showing that SQSTM1/p62 puncta also colocalize
with K33-linked polyubiquitin the same as K48- and K63-linked polyubiquitin. The interaction between SQSTM1/p62 and K33-linked polyubiquitin is modulated by
ZRANB1. K33-linked polyubiquitin also colocalizes with LC3 puncta.
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Figure 5. Generation of iPolyUb-FC plasmids and validation of their function. (A) Generation of iPolyUb-FC vector. Schematic represents iPolyUb-FC vector plasmids
encoding mKG(C)-Ub-IRES-mKG(N)-Ub. mKG(N)-Ub-IRES-mKG(C)-Ub coding sequences were cloned into the pTet-One vector from PolyUb(FC). HEK 293T cells were trans-
fected with iPolyUb(K0)-FC and iPolyUb(WT)-FC. After 24 h, images were acquired using an FV10i confocal laser microscope. Scale bars: 10 mm. HEK 293T cells were trans-
fected with PolyUb(WT)-FC and iPolyUb-FC vectors. After 24 h, cells were lysed and immunoblotted. The Dox concentrations used are indicated. Induction was for 24 h.
Data are representative of 2 independent experiments. (B) Colocalization of iPoly-Ub-FC vectors with endogenous SQSTM1/p62. HEK 293T cells were cotransfected with
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Generation of iPolyUb-FC: a useful tool for atypical
polyubiquitin chain analysis

To analyze polyubiquitin more extensively and efficiently, we
modified PolyUb-FC. We transferred mKG(N)-Ub-IRES-mKG
(C)-Ub into tetracycline inducible vectors, and we generated
inducible PolyUb-FC (iPloyUb-FC) (Fig. 5A). iPloyUb-FC can
be used to control the expression levels of mKG by time and
tetracycline concentration. We were able to confirm the coloc-
alization of iPoly-Ub-FC puncta with endogenous SQSTM1/
p62 (Fig. 5B and S5) at any tetracycline concentration. Further-
more, colocalization of iPolyUb(K33)-FC and LC3 was also
impaired by SQSTM1/p62 knockdown (Fig. 5C). We could
assess iPolyUb(K33)-FC at low concentrations of tetracycline
and also confirm the K33-linked polyubiquitin. Taken together,
iPolyUb-FC is a useful tool for analyzing atypical ubiquitin
chain generation.

Discussion

We have developed a PolyUb-FC assay to study atypical polyu-
biquitination (Fig. 1C and 5A). The PolyUb-FC assay has 3
advantages over existing techniques. First, compared with sen-
sor proteins and GFP-fused ubiquitin, PolyUb-FC does not
produce baseline and monoubiquitin fluorescence (Fig. 1D).
Second, PolyUb-FC revealed the dynamics of polyubiquitin
generation in living cells (Fig. 2A and 2B). Conventional meth-
ods, such as GFP-fused ubiquitin sensor proteins, have their
own fluorescence intensity without binding to polyubiquitin,31

making it very difficult to detect polyubiquitination directly
after stimulation. Third, PolyUb-FC can easily recruit atypical
polyubiquitin chains assayed through mutation of the Lys resi-
due(s) (Fig. 1B and 1D). Although some linkage-specific polyu-
biquitin antibodies are commercially available, they do not
recognize all types of polyubiquitin chains. Moreover, antibod-
ies recognize only small epitopes; therefore, it may be difficult
to generate antibodies to mixed polyubiquitin chains such as
ubiquitin-Lys 29-ubiquitin-K33 and to noncanonical branched
polyubiquitin chains.44 KG tags may also block associations or
generate artificial associations. Furthermore, PolyUb-FC may
misrepresent the localization, because of endogenous ubiquitin.
It is also possible to visualize homotypic and heterotypic K33
polyubiquitin chains.

Using this method, PolyUb-FC can be used to analyze the
dynamics of polyubiquitin chain generation and explore new
targets of atypical polyubiquitination. Among atypical ubiqutin
chains, most functions of the K33-linked polyubiquitin chain
are unknown.1 ZRANB1 was identified as a K29- and K33-spe-
cific DUB21 (Fig. 4C and S4C). In addition, zranb1 homozygous
knockout mice show viviparous lethality, whereas heterozygous
knockout mice display deficiencies in T-cell functions. In other
words, K33-linked polyubiquitination (or conjugated cargo)
may regulate T-cell immune function. The PolyUb(K33)-FC
assay can be used to further elucidate roles of T-cell immune

function. In this study, we successfully imaged polyubiquitina-
tion in real time. By using PolyUb-FC, we showed that K33-
linked polyubiquitin was colocalized with SQSTM1/p62 and
that colocalization with LC3 was dependent on SQSTM1/p62
(Fig. 4A, 4B, 4D and 4E). SQSTM1/p62 is thought to bind
mainly through K63-linked and K48-linked polyubiquitin, and
these functions have been analyzed. However, the full physio-
logical significance of K33-linked ubiquitin is not completely
understood. In future studies, we plan to use PolyUb-FC to
identify the stimuli of K33-linked polyubiquitin and LC3 coloc-
alization. In addition, we will identify cargos that display K33-
linked polyubiquitination. Further research may elucidate a
novel function for K33-linked polyubiquitin in autophagy.

PolyUb-FC and iPolyUb-FC are good tools for ubiquitin
analysis. It is possible to analyze the functions of polyubiquitin,
not only K63 and K48 chains but also atypical chains. As our
data showed, these tools are good candidates for screening the
unknown substrates in the ubiquitin and autophagy networks.

Materials and methods

Cell culture and reagents

Human embryonic kidney (HEK) 293T cells and MEFs were
cultured in Dulbecco’s Modified Eagle Medium (SIGMA,
D5796) with fetal bovine serum (BioWest, S1820) and penicil-
lin/streptomycin (Nacalai Tesque, 26253–84) at 37�C. HEK
293T cells were transiently transfected with plasmids using Lip-
ofectamine 2000 (Invitrogen, 11668019) as indicated by the
supplier. MEFs were transiently transfected using 4D-Nucleo-
fector X Unit (Lonza, AAF-1002B and AAF 1002X) and P4 Pri-
mary Cell 4D Nucleofector X Kit L (Lonza, V4XP-4012) as
recommended by the supplier. To induce DNA damage, HEK
293T cells were treated for 180 min with 5 ng/mL NCS (Sigma-
Aldrich, N9162). To disrupt the lysosomal membrane and
induce autophagy, HEK 293T cells were exposed for 1 h to
500 mM LLOMe (Sigma-Aldrich, L7393). Bafilomycin A1

(Merck Millipore; 196000) was dissolved in dimethyl sulfoxide
at a concentration of 100 mM and was used at a final concentra-
tion of 100 nM. Doxycycline (Clontech, 631311) was dissolved
in double-distilled H2O at a concentration of 1, 10 and 100 mg/
ml and was used at a final concentration of 1, 10 and 100 ng/
ml. Tetracycline-free fetal bovine serum were purchased from
Clontech (631105).

Plasmids and siRNA oligonucleotides

Expression plasmids of ubiquitin fused with N- or C-terminally
truncated mKG were constructed by inserting PCR-amplified
fragments encoding ubiquitin, into fragmented mKG vector
(Coral Hue Fluo-Chase Kit; MBL) using BamHI and ApaI.

Cells were transfected with a complementary pair of mKG
fusion plasmids. Mouse Sqstm1/p62 complementary DNA
(cDNA) was kindly provided by Prof. Masaaki Komatsu

iPolyUb-FC vectors. After 24 h, cells were stained with anti-SQSTM1/p62 antibodies. The Dox concentrations used are indicated. Induction was for 24 h. Images were
acquired using an FV10i confocal laser microscope. Scale bars: 10 mm. Data are representative of 2 independent experiments. (C) Quantification of the number of punc-
tate structures positive for iPolyUb(K33)-FC and LC3 per cell. HEK 293T cells were cotransfected with iPolyUb(K33)-FC vector and siRNA for SQSTM1/p62. After 24 h, cells
were stained with anti-LC3 antibodies and analyzed by immunofluorescence microscopy. The Dox concentration used was 100 ng/ml. Induction was for 24 h. In all, 30
cells from each indicated strain were analyzed. Data are representative of 2 independent experiments. �p < 0.05 in Student t test. Error bars indicate standard deviations.
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(Niigata University). Mouse Sqstm1/p62 cDNA was cloned into
the p3XFLAG-CMV-10 expression vector (Sigma-Aldrich,
E7658). FLAG-Sqstm1/p62DUBA was constructed by TAA
(Stop) insertion in the sequence position 1156–1158 of Sqstm1/
p62 cDNA using the PrimeSTAR mutagenesis basal kit
(TaKaRa, R046A). Mouse Sqstm1/p62 cDNA and Sqstm1/
p62DUBA cDNA were cloned into pAsRED2-N1 plasmids
(Clontech, 632449). Human ubiquitin cDNA was cloned into
pCMV-3Tag-2C plasmids (Agilent Technologies, 240196). K0,
K33, K48 and K63 were prepared using the PrimeSTAR muta-
genesis basal kit. iPoly-Ub (K0, K33 and WT)-FC was con-
structed by inserting fragments encoding KG(C)-ubiquitin-
IRES-KG(N)-ubiquitin into fragmented pTet-One vector
(Clontech, 634301), which was constructed at the SacI site
insertion in regions 4206–42011, using SacI and NotI. ON-
TARGETplus SMARTpool siRNA oligonucleotides specific for
human SQSTM1/p62, human ZRANB1, and nontargeting
siRNA (control siRNA) were purchased from ThermoFisher
Scientific. The pIRES2-AcGFP1 vector (Clontech, 632435) was
purchased from Clontech.

Flow cytometry

The mKG fluorescent signal was acquired using a FACS Can-
toII flow cytometer (BD Biosciences) and analyzed using
FlowJo software (Tree Star). DAPI (D3571) was purchased
from Invitrogen.

Microscopy analysis

Cells were washed with phosphate-buffered saline (PBS; Naca-
lai Tesuque, 14249–24) and fixed in 4% paraformaldehyde
(Nacalai Tesque, 09154–85) for 10 min at 4�C. Fixed cells were
permeabilized with 50 mg/mL digitonin (Invitrogen, BN2006)
in PBS for 5 min, blocked with 3% bovine serum albumin
(Nacalai Tesque, 01863–48) in PBS for 15 min, and incubated
with anti-LC3A/B antibody (MBL, M152-3), anti-LAMP2 anti-
body (H4B4; abcam, ab25631), anti-SQSTM1/p62 (MBL,
PM045) or anti-polyubiqutin (linkage-specific K63) antibody
(ab179434) for 1 h. After washing, cells were incubated with
Alexa Fluor 594-conjugated anti-mouse secondary antibody
(Invitrogen, A11032) or anti-rabbit antibody (Invitrogen,
A21207) for 30 min. The nucleolus was stained using VECTA-
SHIELD® Mounting Medium with 4',6-diamidino-2-phenylin-
dole (DAPI) (Vector Laboratories, H-1200). For live-cell
fluorescence imaging, the nucleolus was counterstained using
Hoechst 33342 (Nacalai Tesque, 04915–81). To stain aggrege-
somes, the ProteoStat Aggregesome Detection kit (Enzo, ENZ-
51035) was used according to the manufacturer’s instructions.
Images were acquired using a conventional epifluorescence
microscope (BZ-8000, KEYENCE, Tokyo, Japan) or a confocal
laser microscope (FV10i, Olympus) with a 60 £ oil-immersion
objective lens.

Quantitative real-time (RT) PCR

Total RNA was isolated using the RNeasy mini kit (QIA-
GEN, 74106). cDNA was synthesized using the QuantiTect
reverse transcription kit (QIAGEN, 205313). qPCR was

performed using QuantiTect SYBR Green Master Mix
(QIAGEN, 204243) and the StepOnePlus RT PCR system
(Applied Biosystems, 4376600). Gene expression was nor-
malized to the expression of the housekeeping gene ACTB.
Gene expression was determined using the following pri-
mers: ZRANB1, 5'-CAATGCTTGTGTGGGGGTTG-3' and
5'-GCAAGCGTACTTCATCTGCG-3'; ACTB, 5'-GACAG-
GATGCAGAAGGAGA-3' and 5'-GTACTTGCGCTCAG-
GAGGAG-3'; mKG(N), 5'- ATCAAGCCCGAGATGA
AGAT-3' and 5'-GTACTTGGTAAACACCCTGT-3'; and
mKG(C) 5'- CGGCAACCACAAGTGCCA-3' and 5'-TGATG
TTGCCCTCGGTCTT -3'.

Immunoblotting

Cells were incubated in lysis buffer (either 20 mM HEPES, pH
7.5, 150 mM NaCl, 0.5% CHAPS [Nacalai Tesuque, 07957-64],
10% glycerol, 2 mM N-ethylmaleimide [Sigma Aldrich, 04259-
5G], and Halt protease and phosphatase inhibitor cocktail
[Pierce, 1861280], or 20 mM Tris–HCl, pH 7.5, 150 mM NaCl,
0.2% NP-40 [Nacalai Tesuque, 23640–65], 10% glycerol, 2 mM
N-ethylmaleimide, and protease and phosphatase inhibitor
cocktail) on ice for 20 min and centrifuged at 14,000 £ g for
20 min. For FLAG or MYC immunoprecipitation, cell lysates
were incubated with anti-DDDDK-tag monoclonal antibody-
magnetic beads (MBL, M185-9) or anti-MYC-tag monoclonal
antibody-magnetic beads (MBL, M047-9). Cell lysates were
incubated with the pre-coupled beads for 1 h at 4�C. Samples
were resolved on NuPage precast 4–12% Bis-Tris gels (Invitro-
gen, NP0323) and transferred to polyvinylidene difluoride
membranes. The following antibodies and reagents were used
for immunoprecipitation and immunoblotting studies: anti-
ACTB (Sigma-Aldrich, A5441), anti-FLAG (Sigma-Aldrich,
F7425), anti-MYC (A-14; Santa Cruz Biotechnology, sc-789),
KG (N; MBL, M148-3), KG (C; MBL, M149-3), anti-Ub (P4D1;
Santa Cruz Biotechnology, sc-8017), anti-SQSTM1/p62 (MBL,
PM045) and anti-GST (MBL, PM013). Secondary antibodies
(mouse anti-rabbit and goat anti-mouse; 211-032-171 and 115-
035-174, respectively) were purchased from Jackson Laborato-
ries. Anti-mKG rabbit polyclonal antibody (Center, 015) was
generated against full-length mKG recombinant protein.

Affinity isolation assay

GST-tagged human recombinant SQSTM1/p62 (ENZ-PRT120-
0050) was purchased from Enzo Life Sciences. A ubiqutin
mutant with K33-only (UM-K330), ubiquitin mutant with
K63-only (UM-K630), tetra-ubiquitin/Ub4 WT chains (K33-
linked) (UC-103) and tetra-ubiquitin/Ub4 WT chains (K63-
linked) (UB-310B) were purchased from Boston Biochem.
Ubiquitin-binding assays with SQSTM1/p62 proteins were per-
formed with the following steps: (i) Incubation of Dynabeads
protein G (DB10007, Veritas) with anti-GST tag polyclonal
antibody (MBL, PM013). (ii) Incubation of Dynabeads bound
to anti-GST tag polyclonal antibody with GST-SQSTM1/p62
protein for 10 min at room temperature in ubiquitin binding
buffer (25 mM HEPES, pH 7.5, 150 mM KCl, 2 mM MgCl2,
0.5% Triton X-100 [Sigma Aldrich, 30-5140-5], 1 mM EGTA,
1 mg/ml BSA [GIBCO, 10437-028]). (iii) After serial washing
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with ubiquitin binding buffer, SQSTM1/p62-bound Dynabeads
were incubated with free ubiquitin overnight at 4℃ in ubiqui-
tin-binding buffer. (iv) After serial washing with binding buffer
flow-through samples were analyzed by immunoblotting for
ubiquitin and GST using commercial antibodies.

Competition assay

HEK 293T cells were cotransfected with PolyUb(K33)-FC and
MYC-K33Ub or MYC-K33RUb. All samples were transfected
with 0.5 mg PolyUb(K33)-FC DNA, supplemented with an
empty vector and MYC-K33Ub or MYC-K33RUb to reach
3 mg of total DNA/sample. As a control experiment, HEK 293T
cells were cotransfected with PolyUb(WT)-FC and MYC-WT
Ub. All samples were transfected with 0.5 mg of PolyUb(WT)-
FC DNA/sample, supplemented with an empty vector and
MYC-WT Ub to reach 3 mg of total DNA. The number of
mKG-positive cells were counted using flow cytometry 20 h
after transfection.

Statistical analysis

Data are expressed as the mean § standard deviation. Statistical
significance was calculated using unpaired Student t test. Statis-
tical analysis was performed using Prism 5.0 (GraphPad).
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