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ABSTRACT

Connexin43 (Cx43) forms gap junction channels but also serves as a signaling center by binding to proteins via its C-terminus. We have
previously demonstrated that transfection of Cx43 leads to significantly reduced proliferation of placental tumor cells through upregulating
and binding of the growth regulator CCN3 (NOV) at the C-terminus of Cx43. Here, we combined fluorescence resonance energy transfer
(FRET), co-immunoprecipitation and proliferation and expression assays to characterize the interaction complex of Cx43 and CCN3. FRET
measurements confirmed the interaction of CCN3 with wild-type Cx43 (amino acids 1-382) and with mutants of Cx43 truncated at the C-
terminus resulting in Cx43 proteins of amino acids 1-374, 1-273, 1-264, 1-257 in 293T cells. These results matched the co-immunoprecipita-
tion data. Interestingly, although FRET revealed distinct efficiencies in interaction of Cx43 with CCN3 for all deletion constructs only wild-
type Cx43 and one deletion construct (1-374) led to increased CCN3 expression. Only these interactions which were associated with increased
CCN3 expression resulted in a reduced cell proliferation. Our study provides evidence that only defined binding properties between Cx43 and
CCN3 leading to an upregulation of CCN3 are needed for signaling. Furthermore, the data obtained by FRET analysis allowed us to model the
3D structure of the C-terminus of Cx43 interacting with CCN3. J. Cell. Biochem. 110: 129-140, 2010. © 2010 Wiley-Liss, Inc.
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P rotein-protein interactions are crucial for establishing
signaling pathways for almost all cellular processes. To
determine where and how a protein interacts with its partner will
provide significant insights into the initiation of signaling path-
ways. Gap junctional connexin proteins do not only enable cells to
directly cooperate both electrically and metabolically but are
thought to serve as signaling proteins acting via its cytoplasmic
C-terminus. Several lines of evidence indicate that gap junctions are
important for regulating cell growth and differentiation and for
maintaining tissue homeostasis [Loewenstein, 1972]. Recently, a
growing number of reports indicate that tumorigenesis is associated
with decreased or missing gap junctions [Mesnil et al., 2005; Leithe
et al.,, 2006; Sato et al., 2008]. However, defined molecular
mechanisms how the gap junction channel can interfere with the
cell-cycle regulation have remained elusive.

Gap junctions are plasma membrane bound intercellular channels
composed of 12 connexin proteins forming a water filled pore for
the exchange of ions and small molecules such as second
messengers including siRNA [Harris, 2007; Mese et al., 2007;
Dbouk et al., 2009]. Until now, 20 connexin genes have been
identified in the mouse and 21 in the human genome [Soehl and
Willecke, 2003, 2004]. The different types of connexin channels can
differ in the permeability for one specific molecule [Harris, 2007].
Though the transmembrane part and the extracellular loops are
highly conserved among the different connexin isoforms the
carboxyl terminus is most variable in length and amino acid
sequence. The carboxyl terminus of several connexins contains
various phosphorylation sites which play an important role in
regulating gap junction channel conductivity and function [Moreno
and Lau, 2007; Solan and Lampe, 2009].
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Recently, a channel-independent role for connexins in intracel-
lular signaling was suggested [Giepmans, 2004; Kardami et al.,
2007; Dbouk et al., 2009]. Up to now several interaction partners are
known to bind to the Cx43 tail, for example, Z0-1, c-Src, tubulin,
drebrin, and CIP75 [Giepmans and Moolenaar, 1998; Giepmans
etal., 2001a,b; Toyofuku et al., 2001; Butkevich et al., 2004; Li et al.,
2008]. The interaction of Z0O-1 with Cx43 is probably required for
appropriate assembly and stabilization of Cx43 gap junctions
[Toyofuku et al., 1998; Hunter et al., 2005]. Analysis of the specific
binding domains in the C-termini of the different interaction
partners of Cx43 indicated that positions -3 and -2, and the final
hydrophobic amino acid at the C-terminus of the PDZ2 domain, are
critical for ZO-1 binding [Jin et al., 2004; Chen et al., 2008]. Though
the binding sites for Z0-1 and c-Src are separated by about 100
amino acids c-Src can disrupt this Cx43-Z0-1 interaction, leading to
downregulation of gap junction intercellular communication which
points to a multimolecular complex for action [Sorgen et al., 2004].
Interestingly, these results differ from interactions with Cx40
because the Cx40/Z0-1/PDZ2 complex was unaffected by SH3/c-Src
domain and both domains interacted simultaneously with the
C-terminus of Cx40 suggesting different mechanisms of regulation
between the connexin isoforms [Bouvier et al., 2008].

It was demonstrated that, independently from gap junction
channel formation, the Cx43 protein itself is able to affect growth
control. Moorby and Patel [2001] showed that the C-terminus of
Cx43 (243-382aa) alone is as effective as the full-length protein in
suppressing neuroblastoma cell growth.

The mostly unique and tissue-specific functions of the connexin
channels have been found by generating connexin-deficient mice as
well as by exchanging connexin isoforms [Willecke et al., 2005].
Multiple phenotypes support the hypothesis of additional channel
independent functions which are cell and tissue specific. In recent
publications [McLeod et al., 2001; Fu et al., 2004; Gellhaus et al.,
2004] it has been demonstrated that in communication-deficient
tumor cells restoration of the gap junction channels by transfection
of Cx43 significantly reduced tumor proliferation and tumor growth
associated with an upregulation of CCN3, a growth regulator protein
of the CCN family. We and others could show that this upregulation
of CCN3 was combined with a translocation of the protein from the
nucleus and cytoplasm to the membrane where it interacts with
Cx43 [Fu et al., 2004; Gellhaus et al., 2004; Sin et al., 2009]. Co-
immunoprecipitation revealed a binding of CCN3 specifically to the
C-terminus of Cx43.

The CCN family belongs to a group of structurally related proteins
which are not only intracellularly located but are also secreted and
bind to the extracellular matrix defining an important role for
members of this family in internal and external cell-signaling
pathways. CCN functions seem to be predominantly mediated via
extracellular cell adhesion receptors such as integrins [Chen and
Lau, 2008; Holbourn et al., 2008]. The CCN family consists of six
members, cystein-rich 61 (CYR61, CCN1), connective tissue growth
factor (CTGF, CCN2), nephroblastoma overexpressed (NOV, CCN3)
and Wnt-induced secreted proteins (WISP1-3, CCN4-6) which are
involved in the regulation of various cellular processes such as
proliferation, adhesion, migration, and differentiation [Perbal,
2004; Leask and Abraham, 2006; Katsube et al., 2009]. CCN3 was

the first member of the CCN family to show anti-proliferative
activity in several tumors such as neuroblastoma, glioma, and
chronic myeloid leukemia. In stem cells such as hematopoetic
progenitor cells or mesenchymal cells CCN3 acts through the
membrane bound Notch receptor to regulate self-renewal and
differentiation potential [McCallum and Irvine, 2008; Katsuki et al.,
2008].

The binding capacity of CCN3 to the cytosolic C-terminus of Cx43
which results in an increase in CCN3 expression could provide the
missing link between connexin expression and the regulation of
tumor growth. To analyze the binding properties of CCN3 to the
different C-terminus domains required for physiological conse-
quences we have chosen FRET analysis combined with co-
immunoprecipitation studies to prove interaction of CCN3 and
Cx43 C-terminus in 293T cells.

These approaches were extended by proliferation and expression
assays to combine the binding capacities with functional con-
sequences. Only binding to almost the complete C-terminus
associated with an increase in CCN3 expression was able to reduce
cell proliferation. Our data obtained by FRET analysis together with
already known NMR data of the Cx43 C-terminus [Sorgen et al.,
2004] let us create a 3D model of the CCN3/Cx43 interaction
complex.

CELL CULTURE AND TRANSIENT TRANSFECTION

Human embryonic kidney epithelial cells (293T) were grown in
Dulbecco’s modified Eagle medium (DMEM; Invitrogen, USA)
supplemented with 10% fetal calf serum and penicillin/streptomycin
(10 ml/L). Cells were cultured in 24-well plates on cover slips for
FRET studies and without cover slips for cell proliferation analysis.
For co-immunoprecipitation analysis as well as immunoblots cells
were cultured on 6-well plates.

For transient transfection the appropriate amount of plasmid
DNA was mixed with Fugene6 (Roche, Mannheim, Germany) and
suspended in appropriate volume of DMEM for each culture dish.
Cells were transfected with different DNA constructs for 48 h (FRET,
co-immunoprecipitation, expression analyses) and cultured for up
to 6 days for proliferation studies. Medium was renewed and all
experiments started after 24 h.

PLASMID CONSTRUCTION

The coding sequences of Connexin43 full length (1-382), various
C-terminal truncated Cx43 constructs (1-257, 1-264, 1-273, and
1-374) as well as full-length HIF-1a and full-length CCN3 were
amplified by polymerase chain reaction (PCR) from pFlag-Cx43
(1-382), pcDNA3-HIF-1a, and pHis-NOV/CCN3 [Gellhaus et al.,
2004]. PCR products were ligated into pECFP-N1 and pEYFP-N1
(Clontech, Heidelberg, Germany), respectively, generating the
following expression vectors: ECFP-Cx43-WT (1-382), Cx43-257,
-264, -273, and -374 (1-257; 1-264; 1-273; 1-374), EYFP-CCN3,
and ECFP-HIF-1a with the CFP and YFP tags fused to the C-termini
of full length and Cx43 with different truncations of the C-terminus,
HIF-1ao and CCN3 protein, respectively. All constructs were
confirmed by sequencing.
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FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET)
PROTEIN-PROTEIN INTERACTION ANALYSIS

The interaction analysis between Cx43 or its deletion variants and
CCN3 was performed with the sensitized FRET technique. For
experiments the confocal Nikon PCM2000 system equipped with
two photomultipliers, a 442 nm DPSS laser for ECFP excitation, a
532nm DPSS laser for EYFP excitation (Crysta Laser, Reno, USA)
and the inverse microscope Nikon Eclipse TE300 were used
[Wotzlaw et al., 2007]. Image acquisition was performed with a
60x/1.20 water objective (Nikon, Diisseldorf, Germany).

The ECFP signal of Cx43 chimeras after excitation with the 442 nm
laser was collected via a 480/30 filter (intensity of the donor, ID), the
signal of EYFP-CCN3 after excitation with the 532nm laser was
collected using a 565/40 filter (intensity of the acceptor, IA). All filters
were from AHF Analysentechnik AG (Tiibingen, Germany). The
intensity of the FRET signal (IF) was collected by a photomultiplier
with a 565/40 filter after excitation with the 442 nm DPSS laser. FRET
efficiency was calculated according to the following equation:

FRET efficiency E
D (1)
(ID +1IF — ID x BTD — IA x BTA)

BTD and BTA represent the amount of spectral bleedthrough as
described by Feige et al. [2005].

For automated data analysis the software package rrygFRET V10
was programmed. Algorithms were included to balance for
inhomogeneous scan area illumination and to allow automated
detection of background. Results are presented as a graph showing
the mean FRET efficiency of a cell calculated from Equation (1) as a
function of the ratio of the intensities in the EYFP (acceptor) channel
to that in the ECFP (donor) channel. The correlation between the
emission signal values and real amount of the fluorophores was
determined with a tandem construct with one EYFP and one ECFP
molecule spaced by an intermediate short protein (PIN1; ECFP-2
amino acids (aa)-PIN1 (161 aa)-2 aa-EYFP).

GFP and its derivatives (e.g., ECFP and EYFP) tend to dimerize via
hydrophobic interaction, especially at higher concentrations
[Zacharias, 2002]. This defines the biochemical limit of detection
of signal due to molecular interaction. To determine the detection
limit of our scanning system 293T cells were co-transfected with the
empty control vectors pECFP-N1 and pEYFP-N1 (Invitrogen,
Karlsruhe, Germany). Twenty-five cells were scanned to determine
FRET efficiency values as a function of the acceptor EYFP/donor
ECFP ratio (A/D). The graph is described by a three parameter
sigmoidal function in a multi-donor-multi-acceptor system [Feige
et al., 2005]. Regression analysis by Sigmaplot 2001 software (Systat
Software GmbH, Germany) resulted in a FRET efficiency of 8.6% at
the plateau value. Graphs were calculated for the sigmoidal
relationship between the FRET efficiency and the ratio A/D of
EYFP-CCN3/ECFP-Cx43 signals according to:

a

FRET efficiency E=————— 2
[1+ e*((A/D*Xo)/b)} (2)

where A/D, a and b represent the three parameters of the function.
Values for xo and b were taken from cells co-transfected with ECFP-
N1 and EYFP-N1. For each construct a combination of 6-15 cells
was analyzed.

In a system of one donor and one acceptor molecule the distance
between both fluorophores can be calculated using the formula:

R = Ro((1/E)-1)"/° (3)

where R is the distance between the donor and acceptor and Ry is the
distance at which 50% of the energy is transferred characterizing the
properties of the used dyes. Ry was set to 4.92 nm (Patterson et al.,
2000). R, covers the relative orientation between the two dyes and is
called k. It is known that the dipole moments of donor and acceptor
molecules are free to rotate in all directions which result in a
geometric averaging of the angles: k*=2/3.

For the modeling we assumed that in a biological system with
several fusion proteins only the nearest acceptor fluorophore
attached to the CCN3 interacting with its chimeric Cx43 counterpart
is absorbing energy from the Cx43 donor fluorophore during the
FRET process. This allows the calculation of distances between
fluorophores using formula (3). The plateau of the graph reflects the
state of no competition of donor molecules for an acceptor molecule
during the FRET process. These maximum FRET efficiency values
were taken for calculation of mean distances between the C-terminal
localized fluorophores at the Cx43 and CCN3 molecules.

For the graphical visualization of the relative positions of Cx43
and CCN3 C-termini NMR data of the Cx43 C-terminus [Sorgen
et al., 2004] were implemented into Cinema 4D (Maxon Computer
GmbH, Germany) used for 3D modeling of interaction complexes.

IMMUNOBLOT ANALYSIS

Whole protein extracts were prepared with NETN lysis buffer (20 mM
Tris/HCl, pH 8, 100mM NaCl, 0.5% NP-40, 1mM EDTA)
supplemented with EDTA free complete protease inhibitors (Roche,
Penzberg, Germany). Protein content was quantitated using the Bio-
Rad protein assay reagent. After addition of one-fourth of volume of
4x sample buffer (50mM Tris, pH 6.8, 2% sodium dodecyl
sulfate, 5% B-mercaptoethanol, 0.0125% bromphenol blue, and
1% glycerine), samples were subjected to 10% polyacrylamide gel
electrophoresis, and transferred to a nitrocellulose membrane
(Whatman, Schleicher & Schuell, Dassel, Germany). Blots were
stained with Ponceau S solution (Bio-Rad, Munich, Germany) to
ensure equal protein loading and transfer. Membranes were blocked
with 5% non-fat dried milk in Tris-buffered saline (TBS) with 0.15%
Tween-20 and incubated with the primary antibody. The following
primary antibodies were used: monoclonal mouse anti-Cx43NT1
(clone P1E11; FHCRC, Washington, USA), polyclonal CCN3 anti-
serum raised in rabbits against the full-length CCN3 protein
(affinity-purified; generated by N. Schuetze, Wiirzburg, Germany
and A. Gellhaus), monoclonal CCN3 anti-serum raised in goats (R&D
Systems, Wiesbaden, Germany), monoclonal anti-HIF-1a (BD
Biosciences, Heidelberg, Germany), and polyclonal rabbit anti-
actin (Sigma-Aldrich, Steinheim, Germany) for normalization
of protein expression. Secondary antibodies were anti-rabbit and
anti-mouse IgG antibody conjugated to horseradish peroxidase
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(Santa Cruz Biotechnologies, Heidelberg, Germany). Immunoreac-
tive proteins were visualized using the luminol coumarin acid H,0,
system (per membrane: 12.5 pl 90 mM coumarin acid, 25 pl 250 nM
luminol, 1.5 pl 30% H,0, in 5ml 100 mM Tris/Cl, pH 8.5) and ECL
Advanced System (GE Healthcare, Munich, Germany) followed by
exposure to X-ray film (Agfa, Cologne, Germany).

CO-IMMUNOPRECIPITATION (CO-IP)

293T cells were transiently co-transfected with EYFP-CCN3 and the
different ECFP-Cx43 labeled constructs (wild-type or variants) with
Fugene6 (Roche, Mannheim, Germany) and harvested 48h after
transfection by lysis of the cells in 100 ul NETN lysis buffer (see
above) per well at 4°C. Samples were incubated on ice for 20 min,
ultrasonicated for 3 x 1 min, centrifuged at 15,0009 for 10 min, and
the supernatant was transferred to a fresh tube. To preclear the
lysates to lower the amount of non-specific contaminants in the cell
lysates and to remove proteins with high affinity for Protein G or
Protein A, 30 pl of protein A/G agarose (Santa Cruz Biotechnology,
Heidelberg, Germany) was added and the samples were incubated
overnight at 4°C on a Rotator (Labnet, NJ, USA). Tubes were spun at
4°C and 15,000¢ for 5 min, the precleared lysate was transferred to a
fresh tube and protein content was quantitated using the Bio-Rad
protein assay reagent. One to 5 ug polyclonal anti-CCN3 was added
to the precleared lysates and the samples were incubated overnight
at 4°C on a Rotator. As a control, 10 pl of precleared homogenate
was collected for the immunoblot analysis, corresponding to a 1:100
dilution of the initial amount subjected to the immunoprecipitation
reaction. As a further control we used PBS buffer instead of anti-
CCN3 for the immunoprecipitation reaction as well as cells
transfected with ECFP-labeled HIF-1a instead of the different
Cx43 constructs which has no affinity to CCN3.

The next day, 50 wl of protein A/G agarose was added and the
samples were incubated at 4°C for 2h on a rotator. The CCN3
antibody-protein A/G agarose complex was spun down at 15,000g
for 1min and washed with PBS for five times containing 2x
Complete™ proteinase inhibitor minimizing electrophoresis arte-
facts due to ionic composition during SDS-PAGE. Thirty microliters
of 4x sample buffer (see above) was added to the precipitate,
samples were incubated at 95°C for 10 min and spun at 15,000¢ for
2 min to pellet the protein A/G immunocomplex. Fifteen microliters
of supernatant per sample was subjected to a 10% polyacrylamide
gel electrophoresis and co-immunoprecipitates were investigated
using monoclonal mouse anti-Cx43NT1 (clone P1E11, FHCRC) and
polyclonal rabbit anti-CCN3 as primary and horseradish peroxidase-
conjugated goat anti-mouse or goat anti-rabbit IgG as secondary
antibodies (Santa Cruz Biotechnology). Four independent experi-
ments were performed.

IN VITRO PROLIFERATION ASSAY

For analysis of cell proliferation 293T cells were plated at a density
of 5 x 10* cells/well in 24-well plates in triplicate, were transfected
with different ECFP-labeled Cx43 constructs and were counted at
day 1, 3, and 6 after transfection using a CASY cell counter (Casy1;
Schaerfe System, Reutlingen, Germany). As controls for stable
expression of the transfected constructs protein expression was
primarily checked by immunoblotting and localization of the

ECFP-labeled Cx43 proteins. To test the expression of the different
transfected Cx43 constructs cells were plated on cover slips, fixed at
the indicated time points of 1, 3, and 6 days after transfection,
mounted in Mowiol (Roth, Karlsruhe, Germany) and studied using a
confocal laser-scanning microscope (LSM 510; Zeiss, Germany).

STATISTICAL ANALYSIS

If not otherwise mentioned data for statistical significance were
analyzed by the Mann-Whitney test for non-parametric indepen-
dent two-group comparisons with the program SPSS 16 for
Windows (SPSS, Inc., Chicago, IL). Differences with a P-value
<0.05 were regarded as statistically significant.

CHARACTERIZATION OF THE C-TERMINUS TRUNCATED

CX43 CONSTRUCTS

Previously we demonstrated that restoration of communication
properties via Cx43 in a placental tumor cell line led to a significant
reduction of tumor proliferation and growth [Gellhaus et al., 2004].
This was associated with binding of CCN3 (NOV) to the C-terminus
of Cx43 in the region between 257 and 382 amino acids combined
with an upregulation of CCN3 expression.

In order to narrow down the binding site, Cx43 constructs with
truncations of the C-terminus of Cx43 were generated considering
already known binding sites for other previously identified
interaction proteins of Cx43. In frame (x43 deletion variants
consisting of amino acids 1-257, 1-264, 1-273, and 1-374 (named
Cx43-257, Cx43-264, Cx43-273, and Cx43-374) were generated.
The Cx43-257 and Cx43-264 deletion variants comprised most parts
of the tubulin binding domain (228-263) but contain a deletion of
the SH2 (262-267), SH3 (274-284) and the PDZ2 binding domain
(378-382) which is the binding site for Z0-1; the Cx43-273 variant
covers the tubulin and SH2 binding domain but lacks the SH3 and
PDZ domain and the Cx43-374 variant only contains a deletion of
the PDZ2 domain. In addition, we used the full-length Cx43
construct (Cx43-WT).

DIFFERENT BINDING CAPACITIES OF ECFP-CX43 DELETION
CONSTRUCTS AND EYFP-CCN3 IN 293T CELLS USING

FRET ANALYSIS

We used the sensitized FRET technique to analyze the interaction of
EYFP-CCN3 and the different ECFP-Cx43 deletion constructs in
human embryonic kidney 293T cells.

In Figure 1 the localization of the transfected EYFP-CCN3
proteins and ECFP-Cx43 constructs in 293T cells is exemplarily
summarized. The schematic drawing of the different fusion deletion
constructs is represented in the first column whereas the FRET
efficiency values are encoded in false colors in the right column. In
general and irrespective of the transfected Cx43 deletion construct
interaction of both proteins was mostly found at membrane borders.
To some extent both proteins were also localized in the cytosol
surrounding the nucleus, indicating a potential localization in the
ER/Golgi system. However, interaction of Cx43 and CCN3 constructs
in the cytoplasm were only sparsely observed.

1 3 2 CCN3/CONNEXIN43 INTERACTION COMPLEX
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Cx43 CCN3
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Fig. 1. Localization of ECFP-Cx43 and EYFP-CCN3 fusion proteins in 293T cells and FRET interaction. Localization of ECFP-Cx43 and EYFP-CCN3 fusion proteins in 293T cells
is exemplarily shown in the two central columns. The design of the proteins is schematically explained in the left column. For protein-protein interaction analysis the
Fluorescence Resonance Energy Transfer (FRET) technique and confocal microscopy were used. The right column revealed areas where the laser microscopy system detected
signals indicate a potential interaction between Cx43 and CCN3 proteins. The FRET efficiency values are coded in false colors. The mapping is explained in the legend in the
upper right image. A-E: Represent specific localization of Cx43 (or deletion mutants) and CCN3 fusion proteins in the cell membrane and cytoplasmic regions (A: Cx43-WT;
B: Cx43-374; C: Cx43-273; D: Cx43-264; E: Cx43-257). Cx43-WT (A), Cx43-374 (B), Cx43-257 (E) as well as Cx43-273 (C) showed strong (A,B,E) and moderate (C) FRET
efficiency mainly at the cell membrane. The FRET efficiency values were high compared to low values of Cx43-264 (D). F: Low FRET efficiency in 293T cells co-transfected with
the empty control vectors pECFP-N1 and pEYFP-N1 due to hydrophobic interaction between the fluorophores.
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ratio of ECFP-Cx43 and EYFP-CCN3

Fig. 2. Different FRET efficiency values in interaction of Cx43 with CCN3 for
all Cx43 deletion constructs. Calculated graphs show the typical sigmoidal
shape of the curve when mean FRET efficiency values are plotted over the ratio
of EYFP-CCN3 to ECFP-Cx43 fusion proteins. The control graph represents
experimental data of co-transfected pECFP and pEYFP plasmids delineating
random FRET. Graphs above this limit indicate true protein-protein interac-
tion. The highest FRET efficiency graph plateau significantly differs from
random FRET (Control) and is represented by Cx43-374 (N =9) followed by
Cx43-257 (N = 15), Cx43-WT (N = 6), and Cx43-273 (N = 6). The lowest but
significantly different graph from control plateau was that of Cx43-264
(N =6). “P< 0.05, significant difference between mean FRET efficiency values
of Cx43 and CCN3 co-transfected cells and control cells.

For FRET analysis only single cells which are co-transfected with
EYFP-CCN3 and ECFP-Cx43 were chosen. Results from a detailed
interaction analysis of selected areas at the cell membrane with 6-15
cells for each construct combination are summarized in Figure 2.
Because ECFP and EYFP tend to dimerize via hydrophobic
interaction, especially at higher concentrations [Zacharias, 2002],
we determine the detection limit of our scanning system, called
random FRET, with 293T cells co-transfected with the empty control
vectors pECFP-N1 and pEYFP-N1 (Fig. 1F). The graph in Figure 2
shows the typical sigmoidal curves of the mean FRET efficiency
values over the ratio of EYFP-CCN3 to ECFP-Cx43 fusion protein
fluorescence taking into consideration the different amount of the
two transfected fluorophores. Graphs with FRET efficiency higher
than the control indicate specific protein-protein interaction. After
scanning of all Cx43-CCN3 constructs all pairs showed different
plateau levels of FRET efficiency indicating interaction with
different proximity of the CCN3 and Cx43 protein.

In Figure 1A the interaction of Cx43-WT and CCN3 was mostly
localized at the cell membrane. A subsequent detailed image
analysis revealed a heterogeneous distribution of FRET efficiency
values at these localizations with some spots showing an efficiency
of more than 30% (Fig. 2). The heterogeneity in this interaction
intensity within one cell may be due to different acceptor (EYFP-
CCN3)/donor (ECFP-Cx43) ratio values or due to temporarily

different distances between the fluorophores imaged with the laser
microscopy system. The deletion construct Cx43-374 and CCN3
(Figs. 1B and 2) revealed higher FRET efficiency compared to Cx43-
WT (see Figs. 1A and 2). Co-localization and resulting FRET
efficiency of Cx43-273 (Figs. 1C and 2) and Cx43-264 (Figs. 1D
and 2) with CCN3 was lower compared to Cx43-WT and Cx43-374.
For the shortest Cx43 deletion construct, Cx43-257, the same co-
localization pattern and a moderately higher FRET efficiency
(Figs. 1E and 2) as for Cx43-WT (see Figs. 1A and 2) was observed.

In summary, the FRET efficiency for Cx43-264 and CCN3
interaction was lowest, but still significant. Highest FRET intensity
was found for interaction of CCN3 with Cx43-374, the construct
lacking the PDZ2 domain. FRET efficiencies for CCN3 and Cx43-
257, Cx43-WT and Cx43-273 were moderate but significantly
higher than for the control.

The data of the different intensities in FRET signals as a function of
the acceptor (EYFP-CCN3)/donor (ECFP-Cx43) ratios presented in
Figure 2 allow for interpretation of the relative distances of Cx43 and
CCN3 C-termini as shown in Table I. FRET efficiency values are
primarily a function of the mean distances between the fluorophores,
their orientation and spectral characteristics when attached to the
C-termini of both molecules. As described (in the Material and
Methods Section) the relationship between FRET efficiency and
distance between the fluorophores is reciprocal which means the
higher the FRET efficiency the lower is the distance between the
fluorophores. After scanning of all Cx43-CCN3 constructs all pairs
showed different plateau levels above the control (see Fig. 2)
indicating different distances between the two molecules (assuming
that other factors which may influence the energy transfer mentioned
above are in the same range in all experiments). Thus, the results of
FRET analysis indicated a small distance between the C-termini of
CCN3 and Cx43 fusion proteins. With these data we created a three-
dimensional model of the Cx43/CCN3 interaction complex.

3D MODEL OF THE CCN3/CX43 INTERACTION COMPLEX

In Table I the calculated distances between the fluorophores
attached to the C-termini of Cx43 mutants and CCN3 are shown. The
shortest distance is between the C-terminus of Cx43-374 and the
C-terminus of CCN3 (4.7 nm) followed by Cx43-257 (5.5 nm), Cx43-
WT (5.8 nm) and Cx43-273 (6.0 nm) whereas the Cx43-264 construct
revealed the longest distance (6.8 nm) during interaction with CCN3.
These different values were taken into account for the calculation of
the interaction complex.

Figure 3A shows a model of the elongated form of the Cx43
C-terminus taken from the NMR data published by Sorgen et al.
[2004]. In this Figure 3A the NMR data of the C-terminus of Cx43
are visualized using a CPK model, a kind of calotte model. To give
an overview of the relative positions of the last amino acids at the

TABLE 1. Calculated Distances Between the Fluorophores Attached to the C-Termini of Cx43 Mutants and CCN3

Interacting molecules

Cx43-WT CCN3 (Cx43-374 CCN3 (Cx43-273 CCN3 (x43-264 CCN3 (x43-257 CCN3

Distance between their C-terminal fluorophores 5.8 nm

4.7 nm

6.0 nm 6.8 nm 5.5nm

The shortest distance is between the C-terminus of Cx43-374 and the C-terminus of CCN3 (4.7 nm) whereas the Cx43-264 construct revealed the longest distance (6.8 nm)
during interaction with CCN3. For more details see the Material and Methods Sections.
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Fig. 3. 3D model of the CCN3/Cx43 interaction complex. Calculation of the putative position of CCN3 C-terminus relative to the C-terminus of cell membrane associated
Cx43. The position is deduced from FRET efficiency data (Fig. 2) and NMR data by Sorgen et al. [2004]. In general, the FRET efficiency values are a function of the mean distances
between the fluorophores attached to the C-termini of both molecules allowing an estimation of relative positions between the C-termini of proteins. A: CPK model of the C-
terminal Cx43. The carboxy terminal carbon of the last amino acids of the Cx43 deletion mutants used in the experiments is labeled in blue, other atoms are labeled in white. B,C:
Principle of graphical modeling of the position of the CCN3 C-terminus relative to the C-terminus of Cx43 (for more details see the Results Section). D: The area with the highest
probability for the position of the CCN3 C-terminus relative to Cx43 calculated from FRET and NMR data used for the graphical modeling is labeled in red. E,F: Top and bottom
views of the three-dimensional arrangement of the Cx43 and CCN3 C-termini (latter is shown in red) in the interaction complex.
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C-termini of the different Cx43 deletion mutants the carboxy
terminal carbon of each construct is labeled in blue. The
plateau values of the FRET efficiency data of each fusion
protein pair in graph Figure 2 were used for the calculation of an
estimation of distances between the fluorophores inside the fusion
proteins [Berney and Danuser, 2003]. Thus, we obtain information
of the putative localization of the C-terminus of CCN3 binding to
the C-terminus of Cx43 by combining the distance information
of the C-termini of all Cx43 variants relative to the CCN3 C-terminus
into one 3D model. Figure 3B shows the next step to deduct a three-
dimensional graphical model in this case with data from the
pairs Cx43-WT/CCN3 and Cx43-257/CCN3 as examples. As
mentioned before the plateau values of the FRET efficiency graphs
in Figure 2 are taken to calculate distances between the
corresponding fluorophores (see the Material and Methods Section).
In the graphical model these distance values are interpreted as radii
of spheres around the appropriate distal amino acids (Fig. 3B). With
respect to the uncertainty implicated in every calculation we used an
arbitrary uncertainty factor of 15% expressed by the given thickness
of the two axially cropped sphere shapes. The resulting region of
overlapping sphere shapes represents the possible localization of
the EYFP fluorophore inside the CCN3 fusion protein which is
highlighted in red in Figure 3B,C. To locate this area more precisely
all FRET data of Figure 2 were then included into the calculation
process. The resulting calculated area of the putative position of the
CCN3 C-terminus relative to the C-terminal domain of Cx43 appear
in red in Figure 3D. The top and bottom views are shown in
Figure 3E,F to visualize the interaction complex (for 3D animation
of the CCN3/Cx43 interaction complex please refer to the
supplementary data). To summarize, our FRET data in combination
with the information gained by NMR [Sorgen et al., 2004] let us
create a model of the three-dimensional CCN3/Cx43 interaction
complex.

MAPPING OF THE CCN3-BINDING REGION IN THE C-TERMINUS
OF CX43 BY CO-IMMUNOPRECIPITATION

We transiently transfected embryonic kidney epithelial 293T cells
with the ECFP-labeled Cx43-WT and deletion constructs together

C WT 257 264 273 374

with full-length EYFP-CCN3—the same constructs as using for
FRET. Co-immunoprecipitation was performed on cell lysates with a
CCN3 antibody as bait. All Cx43 deletion constructs were
precipitated with the CCN3-specific antibody and immunoblotted
for Cx43 with an N-terminal specific antibody. Co-IP experiments
revealed that all C-terminal deleted Cx43 constructs as well as wild-
type Cx43 were able to bind CCN3 in this assay (Fig. 4). We
confirmed the specificity of the results by analyzing the precleared
lysates of all constructs for expression of EYFP-CCN3 and ECFP-
Cx43 (data not shown). Replacing the CCN3 antibody by PBS (C1 in
Fig. 4) in the Co-IP approach revealed no binding of CCN3 and
Cx43-WT. As a further important control for Co-IP we used ECFP-
labeled HIF-1a protein to test the specificity for Cx43 C-terminus
binding to CCN3. HIF-1a protein—as an inappropriate binding
partner—revealed no binding properties to CCN3 (Fig. 4).

The results of the co-immunoprecipitation data combined with
the different controls provide evidence for specific binding of CCN3
to the C-terminus of Cx43 in the region between 257 and 382.
However, a preferential binding domain within the Cx43 C-terminus
was not identified which confirmed the results obtained by FRET
analysis.

UPREGULATION OF ENDOGENOUS CCN3 EXPRESSION UPON
ECFP-CX43-WT AND ECFP-CX43-374 TRANSFECTION

As previously shown, induction of Cx43-WT resulted in an
upregulation of endogenous CCN3 transcripts [Gellhaus et al.,
2004]. Here we ask if and to which extent endogenous CCN3
expression is increased dependent on the different Cx43 deletion
constructs. For this investigation we transfected 293T cells only with
the different ECFP-labeled Cx43 constructs and analyzed endo-
genous CCN3 protein expression. Since we observed different
transfection efficiencies resulting in different Cx43 expression
levels dependent on the Cx43 mutant construct used we normalized
the endogenous CCN3 expression level to the amount of transfected
Cx43. Our results showed different levels of endogenous CCN3
protein dependent on the different Cx43 deletion constructs
(Fig. 5A,B). Compared to the Cx43-257, -264, and -273 constructs
we found a twofold significantly higher level of endogenous CCN3

Co-IP

HIF

IB: anti-CCN3 - g IB: anti-CCN3
IP: anti-CCN3 H - - EYFP-CCN3 | |p: anti-CCN3 'ﬂ EYFP-CCN3
C1 { IP: PBS)
:PE: ant!-i:xcﬁ - e —
: anti-CCN3 : anti- ]
SR S— ECFP-Cx43 | |p: anti-cCN3 ECFP-HIF

Fig. 4. ECFP-Cx43 variants and EYFP-CCN3 interact in transiently transfected 293T cells using Co-IP. Whole cell lysates were immunoprecipitated (IP) with anti-CCN3
antibody and blotted with anti-Cx43NT1 as well as anti-HIF-1« antibodies (IB). Note that all ECFP-Cx43 truncated constructs (Cx43-257: 55 kDa, -264: 56 kDa, -273: 57 kDa,
-374: 68 kDa) as well as the wild-type construct (Cx43-WT: 70 kDa) were specifically immunoprecipitated with EYFP-CCN3 (75 kDa) except for HIF-1a (147 kDa) and the C1
control of Cx43-WT and CCN3 transfected 293T cells (IP: PBS). C: non-transfected cells. One representative immunoblot of four performed independent experiments is shown.
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Fig. 5. Upregulation of endogenous CCN3 upon ECFP-Cx43-WT and ECFP-
Cx43-374 transfection after normalization to the amount of transfected Cx43.
A: Immunoblotting with anti-CCN3 and anti-Cx43NT1 in transfected cells
analyzing endogenous CCN3 expression and exogenous ECFP-Cx43 expression.
Equal loading of proteins was confirmed by immunoblotting with anti-actin.
B: Densitometric analysis of endogenous CCN3 expression normalized to the
amount of transfected ECFP-Cx43 (exo Cx43). In detail, endogenous CCN3/
actin expression of the cells transfected with the different Cx43 constructs was
normalized to the CCN3/actin expression of the mock transfected cells for each
of the four experiments. Next, these expression values were further normalized
to the Cx43 expression levels of each of the Cx43 constructs. Strong expression
of endogenous CCN3 was found in Cx43-WT and Cx43-374 transfected
cells where the C-terminus is not deleted (Cx43-WT) or only minimally
deleted (Cx43-374) compared to the other C-terminal deleted Cx43 constructs
(Cx43-257, -264, -273). One representative immunoblot of four performed
independent experiments is shown. “P < 0.05, significant difference compared
to Cx43-257, -264, and -273 transfected cells.

expression in Cx43-WT and in Cx43-374 transfected cells (3.9-fold)
lacking the PDZ2 domain (Fig. 5B), however, with high variations
among the different experiments.

To summarize, the FRET data of the interaction analysis of CCN3
with Cx43-WT and deletion constructs revealed a strong correlation
with the positive Co-IP results. However, only transfection with
Cx43-WT and Cx43-374 is accompanied by an upregulation of
endogenous CCN3.

REDUCED PROLIFERATION OF 293T CELLS UPON ECFP-CX43-WT
AND ECFP-CX43-374 TRANSFECTION

Transfection of 293T cells with the various ECFP-labeled Cx43
constructs revealed differences in proliferation properties (Fig. 6).
Stable expression of the different constructs was confirmed by
immunoblotting of Cx43 protein and by fluorescent microscopy of
the Cx43 fusion constructs (data not shown). In addition to previous
results in Jeg3 and C6 glioma cells [Gupta et al., 2001; Gellhaus
et al., 2004] we now show that in addition transfection of the human
embryonic kidney 293T cells with full-length Cx43 protein (Cx43-
WT) leads to reduced proliferation (Fig. 6). Significant reduction in

total cell number x 10°
5

days after transfection

Fig. 6. Reduced proliferation of 293T cells upon ECFP-Cx43-WT and ECFP-
Cx43-374 transfection. Cells transfected with Cx43-WT and -374 revealed a
significantly reduced cell growth compared to the mock-transfected cells
6 days after transfection, whereas the other Cx43 deletion constructs Cx43-
257, =264, and -273 showed an enhanced proliferation rate. “P< 0.05,
significant difference compared to mock-transfected cells.

proliferation was only found in cells transfected with full-length
Cx43-WT and Cx43-374 compared to the mock-transfected cells
(Fig. 6) but not with the mutants containing the shorter Cx43
C-terminus domains (Cx43-257, -264, -273) which showed an
enhanced proliferative capacity.

To summarize, exclusively expression of Cx43-WT and Cx43-374
constructs which leads to an upregulation of endogenous CCN3 was
correlated with a reduced proliferation. In contrast, the shorter
deletion constructs Cx43-257, -264, and -273 failed to upregulate
CCN3 and did not reduce proliferation.

In this study we were able to show for the first time that CCN3/NOV
and Cx43 interact in living cells using FRET technology. Our data
obtained by FRET analysis allowed us to model the 3D structure of
the C-terminus of Cx43 interacting with CCN3/NOV.

Previous studies have already shown that connexin proteins
tagged with a fluorescent label at the C-terminus can provide
valuable tools for investigating connexins in living cells [Falk and
Lauf, 2001; Laird et al., 2001]. In these studies C-terminal tagging of
Cx43 allowed normal trafficking and assembly in the membrane to
form functional channels. For this reason we used C-terminal tagged
constructs of Cx43 for our FRET studies to determine binding with
its interaction partner CCN3. FRET technology was already
employed to measure the permeability of single gap junction
channels for second messengers such as cAMP and ions [Hernandez
et al., 2007; Ponsioen et al., 2007]. So far, only in very few studies
FRET technology was used to analyze the interaction of connexins
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with binding partners such as it has been shown for drebrin
interaction with the Cx43 C-terminus [Butkevich et al., 2004].

In former studies we already revealed that CCN3 interacts with the
C-terminus of Cx43 in the region between 257 and 382 [Gellhaus
et al., 2004]. In this study we wanted to narrow down the binding site
at the C-terminus of Cx43 to delineate the region of interaction with
CCN3. We used sensitized FRET for interaction studies which allows
multiple scanning and continuous observation of the cells to
investigate the interaction properties of different C-terminal
deletion constructs of Cx43 with CCN3. The results were in part
unexpected. Binding of CCN3 to Cx43 was demonstrated with all
constructs of the truncated Cx43-C-terminus in FRET studies but
with different binding capacities. These results were fully confirmed
by co-immunoprecipitation. In respect to the Cx43 C-terminus
mutant (1-257) binding data differed from our previous study where
we used Flag- and His-tagged constructs instead of ECFP and EYFP
[Gellhaus et al., 2004] and this discrepancy may well be due to the
different tags used. In a recent study Sin et al. [2009] suggest that the
C-terminal residues 260-340 of Cx43 contains the CCN3 binding
site(s) by using a co-immunoprecipitation competition assay with a
series of (x43 C-terminal deletion constructs in Hs578T breast
cancer cells. These different findings needs further clarification and
may depend on differences in the co-immunoprecipitation methods
and/or cell types used.

Though binding of CCN3 with the different truncated C-termini of
Cx43 was evident, the Cx43 constructs exerted different effects on
proliferation and increase of CCN3 protein. As already shown for
Jeg3 cells [Gellhaus et al., 2004] as well as for glioma cells [Gupta
et al., 2001; Fu et al., 2004], we found a significantly reduced
proliferation of human embryonic kidney epithelial 293T cells
transfected with the full-length Cx43 protein. Interestingly, only the
full-length Cx43 and the longest C-terminal mutant of Cx43, 1-374,
but not the Cx43 constructs Cx43-257, -264, and -273, were able to
reduce proliferation and correlated with increased endogenous
CCN3 levels in the 293T cells. Moreover, CCN3 overexpressing Jeg3
cells but lacking the Cx43 protein showed also a significant
reduction in growth [Gellhaus et al., 2004]. The findings here extend
and support our previous results that Cx43 mediates its growth
regulatory properties by elevating the CCN3 protein level. Thus,
binding of CCN3 and Cx43 is indirectly necessary for growth
reduction but only if this binding capacity leads to an increase in
endogenous CCN3. CCN3 seems to be the key factor in regulating
proliferation properties by a still unknown signaling cascade.
Because we have shown that the shortest truncated Cx43 C-terminus
(1-257) construct is still able to form functional channels [Maass
et al., 2004] a failure in direct cell-cell communication by
exchanging small molecules is unlikely to be responsible for
changes in proliferation.

Because CCN3 needs to bind to nearly the complete C-terminus of
Cx43 to fulfil its growth repressive functions, we surmise that not
the binding of CCN3 at the C-terminus of Cx43 alone is sufficient to
initiate growth suppression but other proteins may be then recruited
which bind to the Cx43 C-terminus and are equally important.

Obviously in our study the exclusive deletion of the PDZ2 domain
located at the end of the Cx43 C-terminus (Cx43-374) enhanced the
binding capacity of CCN3 to Cx43 and was accompanied with

induction of high levels of endogenous CCN3 and significant growth
reduction. This may indicate that the PDZ2 domain has a steric
inhibitory influence on CCN3 binding or that some inhibitory factor
is introduced by the fluorescent protein tag at the end of the PDZ
domain which influence binding with CCN3 [van Ham and Hendriks,
2003]. In addition, we cannot exclude further signaling molecules
which are involved in this growth regulatory pathway of CCN3/
Cx43 interaction and fail to interact with the Cx43 1-374 construct
lacking eight amino acids.

This hypothesis is supported by studies of Sorgen et al. [2004]
who showed that c-Src binding can disrupt the Cx43-Z0-1
interaction, leading to downregulation of gap junction intercellular
communication pointing to a multimolecular complex for action.
The authors showed [Sorgen et al., 2002, 2004] that the C-terminus
of Cx43 primarily exists as an elongated random coil with two
regions of a-helical structure. Further analysis of the interaction
between Cx43-CT and c-Src SH3 domain and Z0-1 demonstrated
that the SH3 domain could partially displace the Cx43-CT PDZ
complex for ZO-1 interaction which means that the structural
modifications brought about by this interaction are flexible [Sorgen
et al., 2004]. The authors stated that a disordered C-terminus of Cx43
could control intercellular signaling between different binding
partners that may be important for regulation of Cx43. In this study
we cannot exclude that the known flexibility of the Cx43 C-terminus
may has an effect on FRET efficiency.

In summary, binding of the C-terminus of Cx43 and CCN3
revealed that only an interaction of CCN3 with nearly the complete
C-terminus of Cx43 led to an increase in CCN3 expression combined
with a reduced cell proliferation. The analysis of Cx43/CCN3
interaction by FRET in 293T cells provides new insights into the
interaction of these two important signaling molecules involved in
cell proliferation and allows modeling the 3D structure of this
complex.
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