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Direct Monitoring of the Inhibition of Protein—Protein Interactions in
Cells by Translocation of PKCd Fusion Proteins**
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In the field of drug discovery and development, the increasing
use of cell-based assays has resulted in an increased demand
for novel cellular bioassays. Such bioassays are expected to
detect a wide variety of functional molecules in live cells.!
Fluorescence-based imaging techniques such as fluorescence
resonance energy transfer (FRET) and biomolecular fluores-
cence complementation (BiFC) have been developed to
analyze protein—protein interactions (PPIs) and inhibition of
PPIs (iPPIs) in live mammalian cells. Although these
techniques have been useful, they require a variety of fusion
constructs to determine the relative locations of fluorophores
and binding pairs for optimal performance as well as
appropriate linker domains.®

Alternatively, translocation-based cellular assays (redis-
tribution approaches), which are cell-based assay techniques
utilizing protein translocation as the primary readout, have
been used to study the PPIs between specific proteins and
other intracellular events.’! These methods use a bait (target)
molecule fused to a protein that changes its localization
within the cell following a stimulus. Such assays can be
formatted as agonist or antagonist assays, in which com-
pounds are tested for their ability to promote or inhibit,
respectively, protein translocation caused by a known agonist.
Translocation-based cellular assays do not require much
construct optimization and boast a high signal-to-noise ratio.
These assays are robust, fast, and flexible; thus, these systems
have been considered as an ideal assay for high-content-
screening approaches to drug discovery.”*! Despite these
advantages, few experimental applications of translocation-
based cellular assays have been reported. Most of these have
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been based on regulated transport between the cell nucleus
and the cytoplasm using a combination of nuclear localization
signals and/or nuclear export signals. Several technologies are
already commercially available.

Recently, the groups of Schultz and Heo independently
reported that PPIs can be visualized by cotranslocation of a
target protein from the cytoplasm to the plasma membrane
and to the endosome, respectively.!! Schultz et al. demon-
strated the direct cotranslocation of a protein complex
through the Ca’'-induced translocation of a bait protein
fused to Annexin A4, a phospholipid- and Ca®"-binding
protein.*? Heo and colleagues showed that Rab5, an endo-
some-localized protein, recruited an interacting protein to the
endosome through an FKBP-rapamycin—-FRB complex inter-
mediate.[*" These studies were focused on the visual detection
of PPIs so that new conceptual and novel applications of
redistribution approaches have vastly expanded what can be
explored in live cells.

Herein we demonstrate that the inhibition of protein—
protein interactions (iPPI) using a small molecular inhibitor
can be monitored directly by a redistribution approach.
Protein kinase C (PKC) is known to translocate from the
cytoplasm to the plasma membrane in response to physio-
logical stimuli, as well as exogenous ligands such as phorbol
esters.’l In a study using PKC tagged with green fluorescent
protein (GFP) the dynamics of PKC translocation in response
to different stimuli was monitored in real time in live cells.[”
PKCd has a Cl domain that binds diacylglycerol, but an
impaired C2 domain that does not bind Ca®" ions. Thus, PKCd
responds to an increase in phorbol esters in the cell but not
Ca®" ions.’"l Therefore we hypothesized that a PKCS-fused
bait protein would guide cotranslocation with the target
protein, and a chemical inhibitor would interrupts PPI,
making it possible to monitor iPPI (Scheme 1).

To verify our approach, we examined iPPI using the p53
(tumor suppressor)/MDM?2 (negative regulator of the p53)
protein pair” and Nutlin-3 (see the Supporting Information
for experimental details). The small molecular inhibitor
Nutlin-3 is a cis-imidazoline analogue commonly used in
anticancer studies that inhibits the interaction between p53
and MDM2; this inhibitor resulted from the optimization of a
lead structure identified by the screening of a chemical
library.®! We prepared the C-terminal fusion constructs
PKCd/monomeric red fluorescent protein (mRFP)/p53
(bait) and enhanced GFP (eGFP)/MDM2 (target). Both the
pmRFP plasmid encoding PKC&-mRFP-p53 and the peGFP
plasmid encoding eGFP-MDM?2 were transiently cotrans-
fected into HEK-293T cells. When the exogenous ligand
phorbol 12-myristate 13-acetate (PMA) was added, both p53
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Scheme 1. A schematic representation of a protein—protein interaction
inhibition assay involving chemical inhibitors. A PKCS fusion protein
translocates from the cytoplasm to the plasma membrane in response
to a translocation signal (in this study provided by PMA). Left: If the
bait and the interacting partner (target) bind, the bait/target proteins
are cotranslocated to the plasma membrane. Right: If bait and target
do not bind owing to the addition of a chemical inhibitor, the target
protein remains in the cytoplasm.

and MDM?2 were cotranslocated to the plasma membrane
(Figure 1a bottom row; also see Movie S1 and Figure S1 in
the Supporting Information). The extent and rate of cotrans-
location depended on the concentration of PMA (data not
shown). In contrast, Figure 1b shows that in cells treated with
Nutlin-3 before PMA treatment the interaction between p53
and MDM?2 was inhibited. The bottom row shows that only
the p53 protein was translocated to the plasma membrane
while the distribution of eGFP-MDM?2 did not change (see
Movie S2, Figures S1 and S2 in the Supporting Information).
To evaluate the specificity of our system, we tested non-
interacting protein pairs such as mRFP/eGFP, p53/e GFP, and
pS3/CHMP1A. The target proteins (eGFP and CHMP1A)
were not translocated to the plasma membrane (see Figure S3
in the Supporting Information). These results indicate that
nonspecific interactions do not occur between the PKCO
fusion construct and eGFP, nor between mRFP and eGFP.

We also found that the induction and reversal of PPIs can
be detected in our assay with the FKBP (FK506 binding
protein)/FRB (FKBP-rapamycin binding protein) protein
pair.”’ This is an ideal system since the formation of this
complex is directly induced by rapamycin and competitively
inhibited by FKS506, thereby ensuring that the observed
complementation is driven by specific molecular interac-
tions.” The fusion constructs PKCS-mRFP-FKBP12 and
eGFP-FRB were prepared and co-expressed in cells. The
cells were treated with rapamycin and/or FK506. In the
absence of inducer, we observed that the FKBP12 protein was
translocated to the plasma membrane (Figure2a). As
expected, treatment with rapamycin (20 nM for 10 min)
induced an interaction between FKBP12 and FRB. Thus,
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Figure 1. Confocal images of a specific PPl and iPPI in cells. a) HEK-
293T cells were cotransfected with PKCO-mRFP—p53 (bait) and eGFP-
MDM2 (target). Before PMA treatment, the p53 and MDM2 proteins
were localized in the cytoplasm (top row). However, after PMA (1 um)
had been added, MDM2 was cotranslocated to the plasma membrane
because of the translocation property of PKCO (bottom row). b) When
cells were treated with Nutlin-3 (1 um, inhibitor) for 30 min before
PMA treatment, only the p53 protein was translocated to the plasma
membrane (bottom row). The scale bar is 10 um. See the Supporting
Information for details of the imaging techniques.

FRB was cotranslocated to the plasma membrane (Fig-
ure 2b). Finally, the FK506-treated cells (preincubated with
20 nM of rapamycin) exhibited competitive iPPI between
FKBP12-rapamycin and the FRB complex (Figure 2¢ and
Figure S5 in the Supporting Information). These results
strongly support that this assay can be used to monitor
directly constitutive PPI and iPPI in live cells, and suggests
potential for active compound screening of chemical libraries.

Since this approach makes it possible to visualize Nutlin-3
and FK506 iPPI in live cells, we also examined whether our
assay monitors the blockage of signaling pathways. The
modulation of individual components in signaling pathways
has attracted a great deal of attention for the development of
anticancer drugs. For example, mitogen-activated protein
kinase (MAPK) cascades are key signaling pathways involved
in the regulation of normal cell proliferation, survival, and
differentiation. MAPKs are activated by means of a kinase
cascade that results in dual phosphorylation at tyrosine and
threonine residues and consequent activation.'”! Aberrant
activation of the Ras/Raf/mitogen-activated ERK-activating
kinase (MEK)/extracellular-regulated kinase (ERK) signal-
ing pathway is commonly observed in a wide variety of
cancers.['!]

To verify the blockage of the MAPK kinase signaling
pathway, we prepared both the C-terminal PKC-mRFP-
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Figure 2. Confocal images of the induction and competitive inhibition
of PPl in cells. HEK-293T cells were cotransfected with PKCO—mRFP—
FKBP12 and eGFP-FRB. a) In the absence of inducer, FKBP12 and FRB
did not interact. b) After induction (20 nm rapamycin for 10 min), FRB
was cotranslocated to the plasma membrane. c) FK506-treated cells
exhibited competitive iPPI between FKBP12—rapamycin and the FRB
complex (100 nm of FK506 was added for 10 min after treatment of
cells with 20 nm of rapamycin for 10 min). The scale bar is 10 pm.

p90RS¥! and eGFP-ERK2 fusion constructs. The p90 riboso-
mal S6 kinase (p90%5¥) is a downstream effector of MAPK
and one of the substrates of ERK1/2.1% U0126 (1,4-diamino-
2,3-dicyano-1,4-bis(2-aminophenylthiol)butadiene), a potent
and specific inhibitor of MEK1/2, is capable of inhibiting
activated MEK1/2 directly and preventing endogenously
active MEK1/2 from phosphorylating and activating ERK1/
2. Therefore, the compound UO0126 blocks downstream
MAPK signaling.'¥ In the absence of serum stimuli, only
the p90RSK! protein was translocated to the plasma membrane
(Figure 3a). In contrast, in the presence of epidermal growth
factor (EGF), a serum stimulus induced the MEK/ERK/
p90®SK signaling pathway, resulting in the cotranslocation of
ERK?2 to the plasma membrane (Figure 3b). The stimulation
of cells by EGF changes the levels of phosphorylation of
ERK2. Thus, activated ERK2 interacts with p90*s*! so that
bound ERK2 can phosphorylate p90RS¥![2I Finally, U0126-
pretreated cells (10 um) exhibited the blockage of the MAPK
signaling pathway between ERK2 and p90%°¥!, The ERK2
protein did not translocate to the plasma membrane (Fig-
ure 3¢). These results show that our assay can also be used to
visualize the interaction/inhibition (blockage) of individual
components of signal transduction pathways.
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Figure 3. Confocal images of the blockage of the MEK/ERK/p90®**
signaling pathway in cells. HEK-293T cells were cotransfected with
PKCO-mRFP-p90"*" and eGFP-ERK2. a) In the absence of inducer,
p90"*K! and ERK2 did not interact. b) After induction (100 ngmL™" of
EGF for 5 min), ERK2 was cotranslocated to the plasma membrane.

c) Cells treated with U0126 before EGF treatment exhibited blockage of
the MEK/ERK/p90™* signaling pathway between ERK2 and p90**"'

(10 um of U0126 was added to cells for 1 h before EGF treatment).
The scale bar is 10 um.

In summary, we have developed a simple method for
directly monitoring iPPI in live cells using a small molecular
inhibitor. The bait protein was fused to PKC9, which enables
the bait and target proteins to cotranslocate from the
cytoplasm to the plasma membrane. In contrast, when the
bait/target interaction was inhibited by chemical inhibitors,
only the bait protein was translocated to the plasma
membrane while the distribution of target protein remained
unchanged. Furthermore, we demonstrated that our assay can
be expanded to test whether different sets of protein pairs
interact. We verified three cases of interaction: p5S3/MDM2
for interaction and inhibition, FKBP/FRB for induction and
competitive inhibition, and p90*S*!/ERK?2 for the blockage of
signaling pathways. Our technique is robust and widely
applicable to the analysis of novel interacting partners such
as chemical compounds, peptides, and proteins for library
screening.
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