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SUMMARY

Ubiquitin chains modify a major subset of the proteome, but detection of ubiquitin signaling
dynamics and localization is limited due to a lack of appropriate tools. Here, we employ ubiquitin-
binding domain (UBD)-based fluorescent sensors to monitor linear and K63-linked chains in vitro
and in vivo. We utilize the UBD in NEMO and ABIN (UBAN) for detection of linear chains, and
RAP80 ubiquitin-interacting motif (UIM) and TAB2 Npl4 zinc finger (NZF) domains to detect
K63 chains. Linear and K63 sensors decorated the ubiquitin coat surrounding cytosolic Salmonella
during bacterial autophagy, whereas K63 sensors selectively monitored Parkin-induced mitophagy
and DNA damage responses in fixed and living cells. In addition, linear and K63 sensors could be
used to monitor endogenous signaling pathways, as demonstrated by their ability to differentially
interfere with TNF- and IL-1-induced NF-xB pathway. We propose that UBD-based biosensors
could serve as prototypes to track and trace other chain types and ubiquitin-like signals in vivo.

INTRODUCTION

Eukaryotic cells employ a wide repertoire of ubiquitin (Ub) signals to regulate processes like
DNA damage repair, signal transduction pathways, and innate immune responses (Bianchi
and Meier, 2009; Haglund and Dikic, 2005; Ravid and Hochstrasser, 2008). Ub signals vary
from mono-Ub to extended chains, linked through seven lysine residues present in Ub (K6,
K11, K27, K29, K33, K48, and K63) or via the N-terminal methionine residue (linear
ubiquitination) (Ikeda and Dikic, 2008; Walczak et al., 2012). Ubiquitin chains are
selectively recognized and decoded into downstream signals by specific Ub-binding
domains (UBDs), creating the basis of complex signaling networks that are spatiotemporally
regulated in vivo (reviewed in Dikic et al., 2009; Grabbe et al., 2011).
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K48-linked chains have been studied in the context of protein degradation (reviewed in
Finley, 2009), whereas K63-linked chains have been implicated in a variety of
nonproteolytic functions (Winget and Mayor, 2010). Other chain types have been less
studied, but their specific roles are now starting to emerge. Proteomic analyses revealed that
all seven lysine residues as well as the methionine can be used to construct chains with
varying linkage abundances between cell types and model organisms (Dammer et al., 2011;
Gerlach et al., 2011; Peng et al., 2003; Ziv et al., 2011). The newly identified linear chains
are generated by the LUBAC complex, composed of HOIP-1, HOIL-1L, and SHARPIN
(Ikeda et al., 2011; Iwai and Tokunaga, 2009; Nakamura et al., 2006; Tokunaga et al., 2009,
2011) and play an important role during tumor necrosis factor a (TNF-a)-mediated nuclear
factor xB signaling (reviewed in Verhelst et al., 2011; Walczak et al., 2012). LUBAC has
been identified as an integral part of the intracellular TNF-receptor complex 1 (TNFR-C1)
upon ligand binding (Haas et al., 2009), and LUBAC-dependent deposition of linear chains
onto IKKy/NEMO as well as RIPK1 is required for efficient downstream signal propagation
(Gerlach et al., 2011; lkeda et al., 2011; Tokunaga et al., 2011). Linear chains adopt open
and extended conformations that act as recognition signal for proteins containing Ub-
binding in ABIN and NEMO (UBAN) domains, such as NEMO, ABIN1-3, and Optineurin
(OPTN) (Wagner et al., 2008). The structure of the NEMO UBAN domain in complex with
linear di-Ub reveals a parallel coiled-coil dimer that contacts both the proximal and distal
Ub moieties (Rahighi et al., 2009). UBAN-UDb interactions are mediated through residues in
the linker region between the linear-linked Ub molecules and explain the high affinity of the
UBAN toward linear as compared to K-linked chains (Dynek et al., 2010; Lo et al., 2009;
Rahighi et al., 2009). On the other hand, K63-linked poly-Ub chains are also found to adopt
open conformations but are selectively recognized by another subset of UBDs, well-studied
examples being the Npl4 zinc finger (NZF) of TAK1 binding protein 2 (TAB2) (Komander
et al., 2009; Kulathu et al., 2009; Sato et al., 2009b) or the Ub interaction motifs (UIMs) of
receptor-associated protein 80 (RAP80/UIMC1) (Sato et al., 2009a). Interestingly, the TAB2
NZF and the UIM of RAP80 do not contact the isopeptide linkage but make specific
contacts with the surfaces of two ubiquitin moieties in the K63-linked chains.

To understand the biological significance of differently linked Ub chains, it is essential to
study polymeric Ub signals in endogenous settings (reviewed in lkeda et al., 2010).
However, despite years of intense research and recent technological advances in mass
spectrometry (Kim et al., 2011; Xu et al., 2010), the development of chain-specific
antibodies (Matsumoto et al., 2010, 2011b; Newton et al., 2008), and genetic approaches
(Xu et al., 2009), visualizing endogenous ubiquitination events in cells remains problematic.
High expression levels, differential abundances of chain types, and the dynamic nature of
Ub chains complicate the detailed study of poly-Ub chain behavior. In order to monitor the
dynamics of Ub chain formation in vivo, we proposed to establish Ub sensors based on the
use of selective UBDs that can recognize endogenous pools of Ub chains coupled to diverse
physiological functions (lkeda et al., 2010).

Here, we describe the technical development of such sensors and demonstrate that they can
be used in vitro and in vivo to monitor localization and functions of specific Ub chains. By
using GFP as a fluorescent tag, we have established UBD-based biosensors to study linear
and K63-linked Ub chains. The ability of linear and K63 chain sensors to label their cognate
chains was challenged in different biological processes. Linear and K63 chain sensors were
able to decorate cytosolic Sa/monella upon infection, depending on recognition and binding
to their cognate chains within the Ub coat. Recruitment of linear and K63 sensors to
cytosolic Salmonella coincided with costaining by linear and K63-specific poly-Ub
antibodies. In addition, K63-specific UIM and NZF-derived sensors were able to monitor
DNA double-strand breaks (DSBs) and Parkin-mediated mitochondrial autophagy,
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respectively. Finally, linear and K63 sensors can act as differential modulators of ubiquitin-
dependent signal transduction pathways, such as TNF- and IL-1-induced NF-xB signaling.

RESULTS
Validation of Ubiquitin-Binding Specificity

Different polymeric Ub signals adopt distinct structural arrangements, such as the closed
K48-linked chains, or more open and elongated conformations, as is the case for linear and
K63-linked chains (Fushman and Walker, 2010). From a structural perspective, linear and
K63-linked chains appear very similar. Thus, a prerequisite for useful chain-specific sensors
is to discriminate between structurally similar chains in order to interact solely with their
cognate chain types. The NEMO coiled coil 2 (CC2) and leucine zipper (LZ) region (CoZi
domain; amino acids 183-339) encompassing the UBAN domain form a parallel coiled-
coiled homodimer that binds linear di-Ub with approximately 100-fold higher affinity than
K63- or K48-linked di-Ub (Rahighi et al., 2009). Therefore, we decided to fuse enhanced
green fluorescent protein (EGFP) to the CoZi domain of murine NEMO (hereafter referred
to as GFP-UBAN) (Figure 1A) and used GFP-UBAN F305A as a Ub-binding-deficient
form, as shown previously (Rahighi et al., 2009). Similarly, to monitor K63 chains, a fusion
protein of GFP and the NZF domain of human TAB2 was constructed (Figure 1A).

The GFP-tagged UBDs were subsequently expressed and purified from Escherichia coli (see
Figure S1A available online). Attaching GFP to the UBAN domains did not interfere with
dimer formation, as revealed by gel filtration (data not shown). Selective binding of the
GFP-UBD:s to differentially linked Ub chains was confirmed in pull-down assays.
Incubation of purified linear and K63 tetra-Ub with the sensors showed that GFP-UBAN
was able to interact with linear Ub chains, whereas binding to K63 chains was not detected
(Figure 1B). In contrast, GFP-TAB2 NZF did not interact with linear chains but specifically
pulled down K63 chains (Figure 1B). GFP-UBAN F305A bound neither linear chains nor
K63 tetra-Ub chains, confirming its use as a negative control (Figure 1B). The binding
affinity of GFP-UBAN for linear tetra-Ub was confirmed by determining a dissociation
constant of 4.7 wM, as compared with GFP-UBAN/mono-Ub and GFP-UBAN F305A/linear
tetra-Ub, all of which bound below the detection level (Figure S1B). Previous studies and
our measurements of the dissociation constants revealed that UBAN domains do not display
binding affinities toward mono-Ub (Wagner et al., 2008). Using steady-state GFP
anisotropy, we measured in-solution homo-FRET of GFP-UBAN in combination with
increasing concentrations of either linear tetra- or mono-Ub. Upon incubation of GFP-
UBAN with linear tetra-Ub, a dose-dependent decrease in anisotropy could be observed,
whereas equal amounts of mono-Ub did not affect anisotropy (Figure 1C). Additionally,
changes in anisotropy were not detected when GFP-TAB2 NZF was combined with
increasing concentrations of linear chains or mono-Ub (Figure S1C), emphasizing chain
interaction selectivity in solution.

Sensor selectivity was next assessed in in vitro competition assays, in which GFP-UBDs
were incubated with equal amounts of linear and K63 tetra-Ub. Despite having identical
molecular masses, linear and K63-linked chains display different electrophoretic mobility
due to chain-specific structural constraints. Even when both chain types were present, GFP-
UBAN exclusively bound to linear chains, efficiently discriminating against K63-linked Ub
(Figure 1D). On the other hand, GFP-TAB2 NZF selectively bound K63 chains and did not
interact with linear poly-Ub (Figure 1D). As expected, GFP-UBAN F305A did not show any
interaction with either linear or K63-linked chains.

Different amounts of K63 and linear chains have been detected in cells at steady state and in
cells stimulated with cytokines (Matsumoto et al., 2011b; Phu et al., 2011). To test if the
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UBD sensors could distinguish these physiologically relevant stoichiometric distributions,
GFP-UBD pull-downs were performed with increasing amounts of linear chains combined
with decreasing concentrations of K63-linked poly-Ub. Even when low amounts of linear
Ub were combined with a 10-fold excess of K63 Ub, GFP-UBAN was able to interact
exclusively with linear chains (Figure 1E). Additionally, GFP-TAB2 NZF only interacted
with K63-linked chains, indicating that the sensors exhibit selectivity even under conditions
where high levels of structurally similar chains are present.

UBD-Based Sensors Label Cytosolic Salmonella typhimurium

The performance of the sensors in vitro prompted us to test their ability to monitor poly-Ub
chains in cells. Upon overexpression in HeLa cells, both wild-type and F305A GFP-UBAN
sensors showed cytoplasmic localization (Figure S2A), whereas the K63-specific GFP-
TAB2 NZF could be observed in the nucleus as well as in the cytoplasm (Figure S2B).
Linear and K63-specific sensors were expressed at similar level (Figure S2C).

We first tested the sensors in epithelial cells infected with Salmonella typhimurium, which
following internalization resides in Sa/monella-containing vacuoles (SCVs). However, a
small fraction evades into the cytosol and becomes covered with a Ub coat that initiates
autophagic clearance (Perrin et al., 2004; Thurston et al., 2009; Wild et al., 2011). The
identity of substrates as well as the types of Ub chain linkages on the surface of cytosolic
Salmonella remains enigmatic. Three autophagy receptors, p62, NDP52, and OPTN, have
been shown to link ubiquitinated bacteria with LC3-positive autophagosomal membranes
(Perrin et al., 2004; Thurston et al., 2009; Wild et al., 2011) Their UBDs bind to mono-Ub
through Ub-binding zinc fingers (NDP52) or K63 and K48 chains through a phosphory-lated
UBA domain (p62/SQSTM2) (Matsumoto et al., 2011a). Recruitment of OPTN to bacteria
is mediated via recognition of linear chains by the UBAN domain (Wild et al., 2011). This
implies that different Ub signals could be part of the Ub coat and recruit distinct autophagy
receptors. To evaluate the ability of the sensors to recognize cytosolic bacteria, cells
expressing the UBD sensors were infected with Sa/monella and processed for
immunofluorescence. GFP-UBAN efficiently labeled a subpopulation of cytosolic
Salmonella that also stained positive for conjugated Ub (Figure 2A) (using the FK2 anti-Ub
antibody). In all cases, GFP-UBAN sensors labeled only Ub-positive Sal/monella, while
bacteria that stained negative for Ub located in SCVs did not recruit GFP-UBAN (Figure
2A), underscoring that sensor recruitment is not a consequence of nonselective binding.
Consistently, the Ub-binding-deficient GFP-UBAN F305A was not enriched on Salmonella,
in line with the UBAN-dependent OPTN recruitment described previously (Wild et al.,
2011) (Figures 2A and 2C).

Tandem fusion of multiple identical UBDs can affect binding affinities to Ub chains (Hjerpe
et al., 2009), and we therefore constructed a GFP fusion with three tandem UBAN domains
(GFP-3xUBAN and GFP-3xUBAN F305A) (Figures S2D-S2F). GFP-3xUBAN was
recruited to cytosolic Salmonella, while the triple F305A mutant was not detected at the
bacteria. In addition, we could detect more GFP-3xUBAN-positive Sa/monellacompared to
GFP-UBAN (Figure 2D and Figure S2F). GFP-TAB2 NZF localization on Ub-coated wild-
type Salmonella could be detected at low levels (Figures 2B and 2C).

To further examine the recruitment of sensors to cytosolic bacteria, we performed infection
experiments with Salmonella strains lacking the bacterial effector SifA. These bacteria
undergo more frequent evasion from SCVs, leading to an enhanced number of ubiquitinated
cytosolic Salmonella compared to wild-type strains (Wild et al., 2011). Upon infection with
SifA-deficient Salmonella, GFP-TAB2 NZF was recruited to the Ub coat, while enrichment
of a Ub-binding deficient NZF E685A could not be detected (Figure 2D and Figure S2G). In
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agreement with wild-type Salmonella experiments, GFP-UBAN was also detected
surrounding SifA-deficient Sa/monella (Figure 2D).

Sensor recruitment to the bacterial Ub coat implies the presence of K63 and linear signals,
and immunofluorescence staining revealed that antibodies recognizing K63-linked and
linear-linked poly-Ub clearly colocalized with bacteria (Figure S2H). Interestingly, GFP-
UBAN and GFP-TAB2 NZF were recruited to bacteria that stained positive for linear and
K63-linked Ub chains, respectively (Figure 2D), suggesting that UBD sensors detect
cytosolic Salmonellathrough selective recognition of Ub chains. The colocalization of the
sensors with K63 and linear chain-specific antibodies on Salmonella suggests that the coat
contains multiple types of Ub signals. This also demonstrates that the sensors can be used as
genetically encoded reagents to visualize linear and K63 chains in cells. To strengthen this
idea, HeLa cells expressing an mCherry-UBAN sensor were infected with constitutively
GFP-expressing Salmonella and subjected to live-cell imaging. mCherry-tagged UBAN
could be imaged in time lapse on Sa/monella during live-cell infection, indicating that
UBAN-based sensors are able to track linear chains in living cells (Figures 2E and 2F and
Movie S1).

Selective Monitoring of DNA Double-Strand Breaks by RAP80-UIM K63 Sensors

Ub signals have been implicated in the coordinated recruitment and assembly of DNA repair
protein complexes (Bergink and Jentsch, 2009; Ulrich and Walden, 2010). DNA double-
strand breaks (DSBs) led to the recruitment of the E3 ligases RNF8 and RNF168 that
catalyze K63 chain assembly (Doil et al., 2009; Kim et al., 2007; Sobhian et al., 2007;
Stewart et al., 2009; Wang et al., 2007). These chains are recognized by RAP80 through its
tandem UIMs (Kim et al., 2007; Sobhian et al., 2007; Wang et al., 2007). Linear and K63
sensors were tested for their ability to monitor DSB damage repair by treating HelLa cells
expressing UBD sensors with the chromophore neocarzinostatin (NCS) for 30 min to allow
initiation of DNA damage and its subsequent repair. The K63-specific GFP-RAP80 UIM
was readily recruited to y-H2Ax-containing foci, colocalizing with Ub (Figures 3A-3C).
Nuclear localization of GFP-UBAN sensors was achieved by inserting the S\V40 nuclear
localization signal (NLS) (GFP-UBAN NLS). Both GFP-UBD sensors were expressed at
comparable levels (Figure S2C), and insertion of an NLS did not interfere with UBAN poly-
Ub binding (Figure S3). In contrast to the UIM sensor, nuclear-localized GFP-UBAN was
not significantly enriched on damaged-induced y-H2Ax- or Ub-positive foci (Figures 3A
and 3B). This indicates that K63-specific sensors efficiently localize to sites where K63
chains are being generated and that linear-specific sensors, upon artificial introduction into
the nucleus, retain their discriminative selectivity against alternative K63-linked chains.

Selective Sensing of Ubiquitin Signals in Mitophagy

We next investigated sensor function in autophagy-mediated destruction of damaged
mitochondria, in which the E3 ligase Parkin mediates the K63- and K27-linked chain-
dependent mitochondrial clearance (Geisler et al., 2010; Vives-Bauza et al., 2010). The
GFP-TAB2 NZF and GFP-UBAN sensors were coexpressed with myc-tagged Parkin, and
mitochondrial depolarization was induced with carbonyl cyanide m-chlorophenylhydrazone
(CCCP). CCCP treatment induced the characteristic fragmented and perinuclear cluster-like
structures of mitochondria in a Parkin-dependent fashion (Figure 4A). GFP-TAB2 NZF was
enriched on mitochondria in CCCP-treated cells expressing Parkin, colocalizing with the
mitochondrial remnants, Parkin, and the mitochondrial marker Tom20 (Figures 4A and 4C).
In contrast, GFP-UBAN was not detected on damaged mitochondria, suggesting that linear
chains might not play prominent roles in mitophagic clearance (Figures 4B and 4C). These
findings support the current model in which K63 Ub chains are prominently involved in
removal of damaged mitochondria. It furthermore demonstrates that UBAN-based sensors
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display selectivity within the cytoplasm and discriminate against high local concentrations
of lysine-linked Ub chains.

The GFP- TAB2 NZF and GFP-UBAN sensors were also used to monitor mitophagy in
living cells. HeLa cells were cotransfected with GFP sensors and mCherry-tagged Parkin,
followed by the addition of CCCP. Cells were subsequently imaged over a period of 2 hr. As
demonstrated in Figure 4D and Movie S2, mCherry-tagged Parkin translocated to
mitochondria 25 min after the addition of CCCP. GFP-TAB2 NZF displayed a delayed
recruitment as compared to Parkin and could be detected after approximately 45 min
following CCCP treatment (Figure 4D and Movie S2). As expected, GFP-UBAN was not
recruited to depolarized mitochondria (Figure 4D and Movie S3). Recruitment of GFP-
TAB2 NZF to mitochondria was dependent on Ub binding, since the TAB2 NZF E685A
Ub-binding deficient sensor did not translocate to mitochondria (Figure S4A and Movie S4).
Furthermore, recruitment of K63 sensors was dependent on the addition of CCCP (Figure
S4B and Movie S5). These findings indicate a sequential order of recruitment to depolarized
mitochondria, where Parkin relocates first, followed by Ub-dependent translocation of Ub
Sensors.

UBD Sensors Affect NF-kB Signaling

The specific localization of sensors at cytosolic Sa/monella, DNA damage sites, and
damaged mitochondria underscores their usefulness as genetic visualization reagents to
better understand the spatial control of Ub signaling networks (Grabbe et al., 2011). These
reagents could also have the potential to monitor the activity of Ub-regulated signaling
pathways in vivo. Toward this end, we focused on TNFa-induced activation of NF-xB
signaling, since distinct activation steps require K63, linear, and K48 chains, which are
dynamically regulated by E3 ligases and deubiquitinating enzymes (DUBSs) (Bianchi and
Meier, 2009; Grabbe et al., 2011). Cells expressing GFP-UBDs were TNFa stimulated and
stained for endogenous p65 (RelA), a NF-xB transcription factor that translocates to the
nucleus where it activates target gene expression. In untreated cells, nuclear p65
accumulation was not detected (Figure 5A). Cells expressing GFP-UBAN displayed a
prominent inhibition of nuclear accumulation of p65 after 15 min of TNFa-stimulation,
whereas in cells expressing GFP alone or GFP-UBAN F305A, less inhibition of nuclear p65
localization was observed (Figures 5A and 5B). The sensors were expressed at equal levels,
and therefore the observed effects cannot be explained solely by differences in abundances
of the UBD-based sensors (Figure S2C). Direct interaction between GFP-UBDs and
endogenous NEMO could not be detected (data not shown); therefore, we believe that the
observed effects on NF-xB signaling are caused by sensor binding to endogenous linear Ub
chains. These findings suggest that UBAN-based sensors, apart from acting as genetic
visualization reagents, also exert functional inhibitory effects on endogenous signaling
complexes. On the other hand, K63-binding sensors did not significantly block TNF-induced
nuclear p65 accumulation compared to the UBAN sensor (Figures 5A and 5B), confirming
previous observations that K63 Ub chains are not essential for efficient TNF-mediated NF-
xB signaling (Xu et al., 2009; Kensche et al., 2012).

Stimulation of the IL-1 receptor by IL-1p also involves differentially linked polymeric Ub
chains (Iwai and Tokunaga, 2009; Tokunaga et al., 2011), but IL-1 receptor signaling relies
more on K63-linked chains than TNF signaling does (Xu et al., 2009). In contrast to what is
observed for TNF-mediated NF-xB signaling, upon IL-1p stimulation we could detect equal
inhibition of nuclear p65 accumulation by K63-specific NZF sensors and GFP-UBAN
(Figures 5C and 5D).

Transient overexpression of the sensors inhibits Ub-dependent processes. To expand the
applicability of the sensors to long-term experiments or even whole-organism incorporation,
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we also studied the consequences of prolonged sensor exposure. HelL a cells stably
expressing the UBD-based sensors at comparable levels were generated (Figures 6A and
6B). Notably, no obvious alterations in cell morphology were observed (Figure 6A),
indicating that cells tolerate long-term expression of Ub-binding sensors and that toxicity
associated with prolonged exposure is unlikely. Surprisingly, stable expression of GFP-
UBAN or GFP-TAB2 NZF did not affect TNF-induced nuclear p65 translocation (Figures
6C and 6D), implying that cells stably expressing UBD sensors underwent a certain degree
of adaptation to resist the inhibitory function of the sensors. The same cells were
subsequently infected with SifA-deficient Sa/monella, and stably expressing GFP-UBAN
could still recognize cytosolic Sa/monella (Figure S5).

These findings illustrate a differential role of short-term or chronic expression of UBAN
sensors in monitoring localization or functional inhibition. Acute expression of sensors
blocks endogenous signaling complexes, whereas stable expression (at moderate level)
induces compensatory mechanisms that enable cells to adjust to the permanent presence of
sensors. These observations also indicate that the sensors can be used to track Ub-dependent
processes without altering Ub conjugation and deconjugation machineries.

DISCUSSION

Here we reveal two important features of UBD-based sensors (see the schematic model in
Figure S6). The first is their usefulness to visualize local Ub chain production and
accumulation upon Sa/monella infection, DNA damage, and mitophagy. For certain chain
types, antibodies have been developed and applied to monitor ubiquitin chains in vitro and
in fixed cells (Matsumoto et al., 2010, 2011b; Newton et al., 2008). Compared to chain-
type-specific antibodies, sensor-based visualization has several advantages. Sensors can be
expressed genetically in isolated cells or in complete organisms, enabling flexibility to study
ubiquitin-mediated processes in many settings. The binding properties of the sensors can be
modulated by mutagenesis to decrease or increase affinity, such as described for the UBA
domain of p62 (Matsumoto et al., 2011a). Furthermore, sensors provide better spatial
resolution than currently available Ub chain antibodies and can be used to capture Ub chains
and their substrates in combination with mass-spectrometric analysis (lkeda et al., 2011), in
a similar manner as that described for tandem-repeated ubiquitin-binding entities (TUBES)
(Hjerpe et al., 2009). Finally, sensors have also a potential to be applied in live-cell imaging
combined with superresolution microscopy as well as with FRET and FRAP, to study Ub
chain behavior in living cells.

Second, the fluorescence-labeled sensors may exhibit functional inhibitory activities on
pathways that rely on Ub chains, like TNF- and IL-1p-mediated NF-xB signaling. Hitherto,
deciphering the involvement of specific ubiquitin chains required genetic interference with
the Ub conjugation machinery, i.e., deletion or mutation of E3 ligases (Emanuele et al.,
2011) or the introduction of ubiquitin mutants (Xu et al., 2009). We also demonstrated that
UBD-based sensors could functionally interfere with ubiquitin-mediated processes without
the need to modify the ubiquitin-conjugation machinery genetically. Differences in
functional inhibition of K63 and linear chain sensors might be explained by differential
abundances of the target Ub chains in time and space (Grabbe et al., 2011). Activation of
and signal propagation from the activated TNFR1 is thought to take place in a highly
controlled manner (Haas et al., 2009; Grabbe et al., 2011). Within this dynamic window,
many chain types have been found in the activated TNFR1 complex, such as linear, K63,
and K11 chains, and many substrates become modified with one or multiple types of these
chains (Bianchi and Meier, 2009; Gerlach et al., 2011; Ikeda et al., 2011; Dynek et al.,
2010). The use of sensors that can specifically interfere with K11, K63, and linear pathways
may provide new insights in quantitative and qualitative regulation in the NF-xB pathway.
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Very recently, avidity-based triple fusions of the K63-specific UIMs of Vps27 and RAP80
have been shown to bind K63 chains selectively in vitro and in vivo (Sims et al., 2012).
These reagents emphasize that tandem UBDs often exhibit increased Ub binding affinities
and specificities compared to single UBDs (Hjerpe et al., 2009). Intriguingly, both the
avidity-based sensors and single-UBD sensors recognized K63 chains in DNA damage
repair and mitophagy. One aspect of sensors with ultra-high affinities is a longer residence
time of sensor bound to a certain chain in the cell. This could potentially affect DUB access
to the chains and hydrolysis. In contrast, single UBD-based sensor might display higher on/
off rates and thereby allow a more dynamic access of additional factors to the chains.
Additional experiments, including SILAC-based mass spectrometry in combination with
AQUA approaches, are required to quantify alterations in mono-Ub and Ub chain pools in
the presence of different sensors.

Cells that stably express GFP-UBD sensors were insensitive to the inhibitory effects of the
sensors. Interestingly, in these cells we were able to detect sensor recruitment to the Ub coat
of cytosolic Salmonella, indicating that the sensors lose their inhibitory effects upon long-
term exposure but retain the ability to visualize Ub-enriched structures. This opens new
possibilities to incorporate UBD-based sensors in complete organisms to track and monitor
Ub signals in highly complex environments.

The described linear- and K63-specific sensors serve as prototypical systems to study the
significance and physiology of Ub signals in many different biological settings. We
anticipate that additional Ub sensors, targeting mono-Ub, K11, or K48 chains or other
ubiquitin-like signals (e.g., SUMO or the autophagy modifier LC3), can be created and
efficiently used in living cells.

EXPERIMENTAL PROCEDURES

Plasmids, Antibodies, and Cells

Wild-type and F305A murine CoZi domain (referred to as UBAN), human TAB2 NZF, and
human RAP80 UIM were subcloned into pGEX-4T-1 (GE Healthcare) and pEGFP-C1
(Clontech). The integrity of all plasmids was verified by DNA sequencing. HeLa and
HEK?293T (ATCC) cells were maintained under standard conditions and transfected using
GeneJuice (Merck). Experimental details regarding plasmids, antibodies, cells, and
additional reagents are specified in the Supplemental Experimental Procedures.

Recombinant Protein Expression and Purification

Expression of GST proteins was performed in Escherichia coli (BL21) and verified by
resolving on SDS-PAGE and analyzed by Coomassie staining and immunoblotting (see the
Supplemental Experimental Procedures).

Ubiquitin Pull-Downs

Linear and K63-linked ubiquitin chains of defined lengths and the K63-linked polyubiquitin
mixture were produced as described previously (Reyes-Turcu et al., 2008). A mixture of
linear polyubiquitin chains was generated in an in vitro ubiquitination reaction as reported
earlier (Tokunaga et al., 2009). Additional technical background is described in the
Supplemental Experimental Procedures.

Biophysical Analysis

Steady-state anisotropy was measured as described by (Squire et al., 2004). See the
Supplemental Experimental Procedures for detailed experimental information for anisotropy
and affinity measurements.
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Immunofluorescence

Detailed technical information regarding Salmonella infections, DNA double-strand break
repair, mitochondrial depolarization, cytokine stimulations, and immunofluorescence can be
found in the Supplemental Experimental Procedures.

Live-Cell Imaging

Live-cell imaging was performed in LabTek dishes (NUNC), and time-lapse images were
acquired on a Nikon Eclipse TE2000-E confocal microscope using a Nikon Plan
Apochromat 60.03/1.40/0.21 spring-loaded oil-immersion objective or an Olympus wide-
field fluorescence microscope (CellR 1X81 Life Science Imaging Station) using an Olympus
Plan Apochromat 60.0x/1.40/0.21 oil-immersion objective (Supplemental Experimental
Procedures).
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Figure 1. Validation of Sensor Chain Interaction Selectivity

(A) Schematic representation of GFP-UBD sensors (GFP-UBAN WT and F305A [residues
183-339], GFP-TAB2 NZF WT and E685A [amino acids 628-693], and RAP80 UIM
[residues 1-124]).

(B) Pull-down analysis of immobilized GFP-UBDs with linear or K63-linked tetra-Ub. Input
is 10%. Ponceau S-stained membrane shows GFP-tagged UBDs.

(C) Steady-state anisotropy of GFP-UBAN with indicated amounts of linear tetra- or mono-
Ub as box plots of two independent measurements. A Kolmogorov-Smirnov statistical test
was used to determine significance *p < 0.005, NS, nonsignificant.
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(D) Ub competition pull-down assay as in (B), in which equal amounts of linear and K63-
linked were combined as input. Input is 10%.

(E) Ub competition pull-down analysis of different amounts of linear and K63 Ub.
Increasing amounts of linear 4x Ub were mixed with decreasing amounts of K63-linked 4x
Ub. GFP immunoprecipitations were performed, followed by SDS-PAGE, immunoblotting,
and probing with anti-Ub antibody.

Mol Cell. Author manuscript; available in PMC 2013 July 18.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

van Wijk et al.

Page 15
A GFP Ub (FK2) CSA-1  Merge By 40 - -
£
w
= 85 30
<< aH
[=a) S e
2 S5 20 A
& e
w ] 15}
(U] g g
2 10 A
<T &‘ n=188 n=33
n=54
3 2 0 - —mm BN
@ GFP GFP-UBAN GFP-UBAN GFP-TAB2
=4 F305A NZF
<<
o0
2
a
w
(U]
C GFP-TAB2 NZF Ub (FK2) CSA-1
D GFP-TAB2 NZF  DAPI

a-K63 Ub
a-K63 Ub

a-Ub (FK2)

a-linear Ub

a-Ub (FK2)

. . . '
o

=]

©

3

=

8. . . '
- - - At

Figure 2. UBD-Based SensorsLabel Cytosolic Salmonella

(A) Confocal images of HeLa cells expressing wild-type GFP-UBAN (upper panels) and
GFP-UBAN F305A (lower panels), infected with wild-type Sa/monella strain SL1344 and
processed for immunofluorescence at 2 hr postinfection. Cells were simultaneously stained
with antibodies against ubiquitin (FK2) and the Sa/monella marker common structural
antigen-1 (CSA-1), followed by incubation with Cy3- and Cy5-labeled secondary
antibodies, respectively. DNA was counterstained with DAPI (shown false colored in white
in merged panels). Scale bars, 10 pm. Note the mutual exclusive FK2/CSA-1 staining on
Salmonella.

(B) As (A), but with GFP-TAB2 NZF.
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(C) Quantification of UBD sensor recruitment to intracellular wild-type Salmonella. n
represents the number of bacteria counted from three independent experiments.

(D) Confocal images of HeLa cells expressing wild-type GFP-UBAN (left panels) and GFP-
TAB2 NZF (right panels), infected with Salmonella strain SBM256 (s/ifA.kan), and
processed for immunofluorescence at 1 hr postinfection. Cells were stained with antibodies
against ubiquitin (FK2), K63-linked Ub (Apu3.A8), and linear Ub (1F11/3F5/Y102L),
followed by incubation with Cy3-labeled secondary antibodies. DNA was counterstained
with DAPI. Scale bars, 5 pm.

(E) Time-lapse imaging of HeLa cells expressing mCherry-UBAN were infected with
Salmonella strain SFH4 (sifA-kan/puHpF-GFP; green). After infection, cells were grown in
medium containing gentamycin, and images were acquired at 45 s intervals for a total period
of 15 min. Scale bar, 10 um. See also Movie S1.

(F) Enlargements of the white-boxed region from (E). Shown are mCherry (a), GFP (b), and
merged (c) channels.
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Figure 3. Selective Monitoring of DNA Double-Strand Breaks by UBD Sensors

(A) Confocal images of HeLa cells expressing GFP-RAP80 UIM that were treated with 200
ng/ml neocarzinostatin (NCS) for 30 min, followed by washout of NCS and recovery in
normal medium for 2 hr. Cells were simultaneously stained with antibodies against ubiquitin
(FK2) and y-H2AX, followed by incubation with Cy5- and Cy3-conjugated secondary
antibodies. DNA was counterstained with 4”,6-diamidino-2-phenyl-indole (DAPI). Scale
bars, 5 um. Inset panels are enlarged from dashed boxes. Arrowheads emphasize foci
containing Ub and y-H2AX staining.

(B) As in (A), but for GFP-UBAN.

(C) Quantification of colocalization. Fraction of nuclei displaying >10 GFP-positive, Ub-
and -y-H2Ax-positive foci were quantified. 77 represents number of nuclei counted. Data are
shown as mean.
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Figure 4. Selective Sensing of Ubiquitin Signalsin Parkin-M ediated Mitophagy

(A and B) Representative confocal images of HeLa cells coexpressing GFP-TAB2 NZF (A)
or GFP-UBAN (B) with myc-tagged Parkin. Cells were treated with DMSO as vehicle
control or with 25 um CCCP for 2 hr and prepared for immunofluorescence. Stainings were
performed simultaneously with antibodies against Tom20 and myc, followed by incubation
with Cy3- and Cy5-conjugated secondary antibodies, respectively. Scale bars, 10 pm.

(C) Quantification of GFP-UBD colocalization with myc-Parkin-induced mitochondrial
remnants after 2 hr of CCCP treatment. Tresholded Pearsons correlations were calculated
between mitochondria and GFP-UBDs. Data are shown as mean + standard error of the
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mean (SEM) of two independent experiments. Number of quantified cells is as follows:
GFP-TAB2 NZF, n = 189 cells; GFP-UBAN, n = 89 cells. *p < 0.0005 by Student’s t test.
(D) Representative time-lapse imaging of UBD sensor recruitment to Parkin-associated
CCCP-induced depolarizing mitochondria. HeLa cells coexpressing mCherry-parkin and
GFP-TAB2 NZF (upper panels) or GFP-UBAN (bottom panels) were treated with 25 um
CCCP and time-lapse imaged for a total period of 2 hr. Images were taken every 10 min.
Scale bar, 10 pm.
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Figure 5. UBD Sensors Affect NF-xB Signaling Differentially

(A) Confocal images of HeLa cells expressing indicated GFP or GFP-UBD constructs that
were stimulated with 20 ng/ml TNF-a for 15 min. Staining was performed with p65/RelA
antibody, followed by incubation with Cy3-labeled secondary antibody. DNA was
counterstained with 4”, 6-diamidino-2-phenylindole (DAPI). Scale bars, 10 m.

(B) Quantification of TNF-a-induced p65/RelA nuclear accumulation. Shown is fraction of
GFP-positive cells with nuclear p65/RelA accumulation. Gray bars, unstimulated; black
bars, TNF stimulated. Data are shown as mean = SEM, n > 150 for each condition, *p <
0.0005 by Student’s t test.

(C) Asin (A), but cells were stimulated with 10 ng/ml IL-1f for 15 min.
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(D) As in (B), but cells expressing GFP-UBAN and GFP-TAB2 NZF were stimulated with

IL-1p for 15 min. Data are shown as mean + SEM, n > 150 cells for each condition. NS,
nonsignificant.
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Figure 6. Stable Expression of GFP-UBD Sensor s Induces Resistance within the NF-xB
Signaling Pathway

(A) Representative confocal images of HeLa cells stably expressing indicated GFP-UBDs
after a 28 day selection period with G418 (600 mg/ml). DNA was counterstained with
DAPI. Scale bar, 10 um.

(B) Expression levels of HelLa cells stably expressing the indicated GFP-UBDs. Total cell
lysates were immunoblotted and probed with antibodies against GFP and vinculin (a-vinc)
as loading control. Asterisk indicates a specific background band.

(C) Confocal images of HelLa cells stably expressing indicated GFP or GFP-UBD constructs
that were stimulated with 20 ng/ml TNF-a. for 15 min. Staining was performed with p65/
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RelA antibody, followed by incubation with Cy5-labeled secondary antibody. DNA was
counterstained with 4”,6-diamidino-2-phenylindole (DAPI). Scale bars, 10 pwm.

(D) Quantification of TNF-a-induced p65/RelA nuclear accumulation in HeLa cells stably
expressing GFP, GFP-UBAN, and GFP-TAB2 NZF. Threshold for quantifying GFP-
positive cells was set at four times the intensity of background cells. Shown is fraction of
threshold GFP-positive cells with nuclear p65/RelA accumulation. Gray bars, unstimulated:;
black bars, TNF stimulated. Data are shown as mean + SEM, n > 150 for each condition
from two independent selection experiments.
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