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Abstract
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Calmodulin (CaM) is an intracellular Ca2+ transducer involved in numerous activities in a broad
Ca2+ signaling network. Previous studies have suggested that the Ca2+/CaM complex may
participate in gap junction regulation via interaction with putative CaM-binding motifs in
connexins; however, evidence of direct interactions between CaM and connexins has remained
elusive to date due to challenges related to the study of membrane proteins. Here, we report the
first direct interaction of CaM with Cx45 (connexin45) of γ-family in living cells under
physiological conditions by monitoring bioluminescence resonance energy transfer. The
interaction between CaM and Cx45 in cells is strongly dependent on intracellular Ca2+
concentration and can be blocked by the CaM inhibitor, N-(6-aminohexyl)-5-chloro-1naphthalenesulfonamide hydrochloride (W7). We further reveal a CaM-binding site at the
cytosolic loop (residues 164–186) of Cx45 using a peptide model. The strong binding (Kd ~ 5 nM)
observed between CaM and Cx45 peptide, monitored by fluorescence-labeled CaM, is found to be
Ca2+-dependent. Furthermore, high-resolution nuclear magnetic resonance spectroscopy reveals
that CaM and Cx45 peptide binding leads to global chemical shift changes of 15N-labeled CaM,
but does not alter the size of the structure. Observations involving both N- and C-domains of CaM
to interact with the Cx45 peptide differ from the embraced interaction with Cx50 from another
connexin family. Such interaction further increases Ca2+ sensitivity of CaM, especially at the Nterminal domain. Results of the present study suggest that both helicity and the interaction mode
of the cytosolic loop are likely to contribute to CaM’s modulation of connexins.
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Introduction
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Gap junctions formed by two hemichannels of connexins between two adjacent cells provide
a direct pathway for cell communication and the cell-to-cell transfer of small molecules (<1
kDa). This specialized membrane structure integrates broad cellular functions, including cell
differentiation, growth, and development, in nearly all mammalian tissue [1]. To date, ~21
human genes coding gap junction proteins have been discovered [2]. These share the same
structural topology with four highly conserved transmembrane regions, a short N-terminal
cytoplasmic region, one intracellular and two extracellular loops, and a C-terminal
intracellular tail that exhibits the greatest sequence variation among the connexins. As a γfamily connexin, Cx45 (connexin45) has a much longer cytoplasmic loop region than α- and
β-family connexin isoforms Cx43 and Cx50, and Cx26, respectively. The expression of
Cx45 was first identified in chick embryos where its expression was found to be 10-fold
lower in adults compared with early embryos [3]. Subsequently, Cx45 was identified as one
of the main three connexin isoforms found in the heart, specifically in the sinoatrial node,
the atrioventricular node, and His-bundle and bundle branches [4–8]. Studies have reported
that Cx45-deficient mice typically died within 9–10 embryonic days due to heart
abnormality, suggesting its important role in heart development [9–11]. Cx45 is also
expressed in other tissues such as smooth muscle and brain [4,12,13].

Author Manuscript

Multiple factors, including intracellular Ca2+ concentrations ([Ca2+]i) and activation of CaM
(calmodulin), have been reported to regulate intercellular communication mediated by gap
junctions [14,15]. CaM is a key multifunctional transducer of Ca2+ signals in eukaryotes,
responding to the changes in [Ca2+]i. An increase in [Ca2+]i initiates the downstream
signaling cascade [16–18]. Upon Ca2+ binding to its four EF-hand Ca2+-binding motifs in
two globular N- and C-domains, CaM undergoes a conformational change exposing
hydrophobic patches that are essential to its ability to bind more than 300 target proteins in
multiple cellular processes [19–21]. Because its N- or C-domains exhibit different Ca2+binding affinities and kinetic properties, CaM is able to differentiate between local and
global Ca2+ changes to regulate various membrane channels/pumps with different
interaction modes [20,22–26]. Results of a study by Kink et al., indicating that CaM can
function as a modulator on Ca2+-dependent Na+ current or K+ current [27], significantly
expanded our perception of its potential role in the regulation of many other ion channels
[28–33].

Author Manuscript

Various past studies have proposed that CaM may play an active role in the regulation of gap
junctions comprised of all three connexin subfamilies [34–37]. Evidence of CaM’s role in
regulation of Cx45 was first reported by Peracchia et al. by monitoring the sensitivity of
Cx45 channels to CO2 and inhibiting CaM expression in oocytes [38]. Elevating [Ca2+]i
(within seconds) leads to a rapid inhibition of cell-to-cell communication with increased
internal electrical resistance [39]. This process was prevented by pre-incubation with CaM
antagonists [40–42]. Since then, several additional studies have reported that CaM
participates in the operation of gap junctions [35,43–46]. We have also previously reported
that gap junctions formed by α-family connexins such as Cx43, Cx44, or Cx50 can be
effectively closed by elevating intracellular Ca2+ and CaM antagonist [47–49]. It remains
hotly debated as to whether or not CaM directly interacts with connexins, which has been
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difficult to measure due to the technical challenges and limitations of studying integral
membrane proteins. Since connexins have four transmembrane segments, they often fail to
assume a native conformation following expression and purification and have very limited
solubility in solution. Moreover, the cytosolic intracellular loop and carboxyl terminus of
connexins remain ‘invisible’ even in the recently determined X-ray structures of connexins
[50,51]. Furthermore, CaM regulates numerous variable cellular target proteins, but there are
currently few reagents available capable of inhibiting CaM with desired specificity.
Consequently, the molecular mechanism of CaM-mediated regulation of Cx45 remains
poorly understood.
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In the present work, for the first time, we have demonstrated that there is direct interaction
between Ca2+/CaM and full-length Cx45 in HEK293 cells using BRET (bioluminescence
resonance energy transfer) assay. We then identified the CaM-binding site using a peptide
model and probed the molecular interactions between CaM and Cx45 using various
spectroscopic methods, including high-resolution nuclear magnetic resonance (NMR). We
further reported here the differential action of Ca2+/CaM on the cytosolic loop of Cx45,
which exhibits an extended conformation that is different from α-family connexins.
Together, our findings provide important insights into the molecular mechanism of
intracellular Ca2+ and CaM regulation of γ-family con-nexin—Cx45.

Materials and methods
Cell culture

Author Manuscript

HeLa cells from ATCG (Manassas, VA) were fed on Dulbecco’s Modified Eagle Medium
and 10% fetal bovine serum. The cells were cultured at 37°C in a humidified incubator with
5% CO2.
Bioluminescence resonance energy transfer

Author Manuscript

The yellow fluorescent fusion protein expression vector Venus-C1 and the Renilla luciferase
(Rluc) fusion protein expression vectors were used [52]. Construction of luciferase fusion
protein vector mCx45-Rluc was achieved by insertion of the PCR product of the mouse
Cx45 into vector Rluc-N1 at XhoI and HindIII enzyme sites upstream of luciferase. Venus–
CaM (Venus to CaM) was generated by insertion of rat CaM gene into vector pVenus-N1 at
NheI and XmaI. The BRET assay was carried out on a TriStar LB941 multimode microplate
reader. The HEK293 cells cotransfected with Venus–CaM, and Cx45-Rluc were detached
and suspended in sterilized BRET buffer (140 mM NaCl, 2.7 mM KCl, 1 mM CaCl2, 1 mM
MgCl2, 0.37 mM NaH2PO4, 24 mM NaHCO3, 25 mM HEPES, and 0.1% Glucose) and
distributed into 96-well plates. Before measurement, coelenterazine was added to a final
concentration of 5 μM and sequential measurements were performed at 460 ± 25 and 525
± 25 nm. In some cases, cells were treated either with BAPTA-AM (50 μM) or CaCl2 (5 mM
CaCl2 and 10 μM ionomycin) or W7 [N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide
hydrochloride] (50 μM) for 20, 10, and 30 min, respectively, before BRET measurement.
The average BRET signals from three experiments were plotted as a function of the ratio of
acceptor over the donor.
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Prediction of CaM-binding motif
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The Cx45 sequences were examined for CaM-binding sites based on common features by
analysis of determined structure complexes and reported CaM-binding studies in addition to
the CaM target database [53,54]. A sequence alignment was performed using Clustal W2
[55].
Cx45 peptide
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The peptide derived from the cytoplasmic loop of Cx45 (Cx45p164–186,
Ac-164GRRRIREDGLMKIYVLQLLARTV186-NH2) was obtained commercially from
AnaSpec, Inc. The peptide was >90% pure on the basis of high-performance liquid
chromatography and was used without further purification. Peptide size was verified by
electrospray ionization mass spectrometry (ESI-MS). Acylated N-termini and aminated Ctermini were designed to mimic the protein environment and remove extra charges.
Purified proteins
Unlabeled or 15N isotopically labeled recombinant rat CaM and CaM half domains (N-CaM:
resides from 1 to 75 and C-CaM: resides from 76 to 148) were expressed in Escherichia coli
and were purified as described previously [47,56]. Protein concentrations were determined
using the molar absorption coefficients ε277 of 3030 M−1 cm−1 for CaM.
Dansylated CaM (D-CaM) and CaM half domains (D-N-CaM and D-C-CaM) were
synthesized according to the method described previously [57]. The dansylation of CaM was
confirmed by ESI-MS. Concentrations of D-CaM, D-N-CaM, and D-C-CaM were measured
by using the ε335 of 3980 M−1 cm−1.
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CD spectroscopy
CD spectra were recorded on a Jasco-810 spectropolarimeter at ambient temperature using a
0.1-cm path length quartz cuvette, an integration time of 1 s, and a scan rate of 100 nm/s.
The far UV CD spectra of CaM (8 μM) and CaM–Cx45p164–186 complex (8 μM) were
obtained in 10 mM Tris, 100 mM KCl, at pH 7.5 with 5 mM CaCl2 or 5 mM EGTA. The far
UV CD spectra of the peptide in different percentages of TFE (trifluoroethanol) were
obtained using a concentration of 20 μM Cx45p164–186 in the same buffer. Multiple scans
(10) were averaged and baselines were subtracted. Each spectrum shown is the ellipticity
(mdeg) as a function of wavelength. The secondary structure contents of the peptide were
calculated using DICHROWEB [58].
Fluorescence spectrometry
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Steady-state fluorescence measurements were carried out in triplicate with a QM1
fluorescence spectrophotometer (PTI) at ambient temperature using a cell path length of 1
cm. Dansylated CaM samples (0.25 μM) were prepared in 10 mM Tris–HCl buffer (pH 7.5)
containing 100 mM KCl, 5 mM Ca2+, or 5 mM EGTA. Titration was carried out by
gradually adding the peptide stock solution (25 μM) prepared in the same buffer. The
excitation wavelength was 335 nm, with fluorescence emission intensity recorded between
400 and 600 nm. The binding constant of the synthetic peptide to modified CaM was
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obtained with a 1 : 1 binding model by fitting normalized fluorescence data as described
previously [47].
Equilibrium Ca2+ titrations were performed at room temperature using the same
spectrophotometer as described above. CaM (8 μM) or with Cx45p164–186 peptide (molar
ratio of 1 : 1.2) in 50 mM HEPES (pH 7.4), 100 mM KCl, 5 mM nitrilotriacetic acid (NTA),
and 0.05 mM EGTA were titrated with 15 or 50 mM calcium solution prepared in the same
buffer. The intrinsic fluorescence of tyrosine (λex = 277 nm, λem= 320 nm) or phenylalanine
(λex = 250 nm, λem= 280 nm) was used to monitor the Ca2+ binding to the CaM C- and Ndomains, respectively [59]. The fluorescent Ca2+ indicator dye (0.2 μM) Oregon Green 488
BAPTA-5N (Oregon Green) was used to determine the free Ca2+ concentration at each
titration point using eqn (1) as previously described.
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Ca2 +

= Kd ⋅
free

F − F min
F max − F

(1)

In eqn (1), F represents the fluorescence intensity of Oregon Green at each titration point,
while Fmax and Fmin represent the fluorescence intensity of dye at Ca2+-saturated and Ca2+free states, respectively.
Ca2+ titrations of CaM samples were repeated at least three times and fitted to a non-linear
Hill equation (eqn 2).
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f =

n
free
2+ n
Ca free

Ca2 +
Kd +

(2)

where f is the fractional change of intrinsic fluorescence intensity; [Ca2+]free is the
concentration of free ionized Ca2+ in solution; Kd represents the Ca2+ dissociation constants
and n is the Hill coefficient.
Surface plasmon resonance
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Using a Biacore T100 SPR (surface plasmon resonance) system, we determined the kinetics
of CaM binding to Cx45p164–186 which was immobilized on a CM5 sensor chip by amine
coupling. Cx45 peptide was immobilized on a CM5 sensor chip to a final response unit of
2000. Various concentrations of CaM in HEPES buffer [10 mM HEPES, 150 mM KCl, and
5 mM CaCl2 or EGTA (pH 7.5)] were injected for 10 min at 15 μl/min. The sensor chip was
regenerated by 10-time injection of 30 mM NaOH for 30 s. All of the binding curves were
collected by reference flow cell subtraction.
NMR spectroscopy
All 15N-1H HSQC spectra were recorded on either Varian Inova 600 or 800 MHz
spectrometers. CaM NMR samples were prepared by diluting protein samples to 250 or 500
μM using buffer with the following composition: 10% D2O, 5 mM MES, 10 mM Bis–Tris,
Biochem J. Author manuscript; available in PMC 2018 May 30.
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100 mM KCl, and 0.02% NaN3 with 10 mM Ca2+ or 10 mM EGTA. The pH values were
adjusted to 7.4. NMR spectra were acquired at 37°C. 15N uniformly labeled CaM was
titrated with different amounts of peptide derived from Cx45 in a series of peptide/CaM
ratios (0, 0.5, 1, 1.5, and 2). NMR data were processed using NMRPipe [60] and analyzed
using SPARKY [61] software package. Chemical shift perturbations (Δ) of the 1H-15N
HSQC spectra with and without peptide were calculated using the same methods as
described previously [49].
Mass spectrometry
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The MALDI mass spectrometry analysis was performed on an Applied Biosystems 4800
plus MALDI TOF/TOF analyzer mass spectrometer (Framingham, MA). The data were
acquired in a linear positive mode with sinapinic acid (SA) as a matrix for CaM (50 μM) and
CaM–Cx45p complex. The molecular mass of the Cx45 peptide was also confirmed by
MALDI with α-cyano-4-hydroxycinnamic acid (CHCA) as a matrix. CaM (50 μM) and
Cx45 peptide (50 μM) were mixed in 100 mM KCl and 50 mM Tris–HCl, at pH 7.5. A 1 μl
mixture was added with 10 μl of saturated SA solution and then dried on the MALDI plate
for the measurements.
Statistical analysis
The data are presented as means ± SE of three independent experiments. Statistical analyses
were carried out using the unpaired Student’s t-test for comparison of two datasets. A Pvalue of <0.05 was considered statistically significant.

Results
Author Manuscript

Identification of a putative CaM-binding motif in the single cytoplasmic loop of Cx45
We identified a potential CaM-binding site within Cx45 based on several characteristics,
including the hydropathy, α-helical propensity, residue weight, residue charge, hydrophobic,
and helical residue contents [53]. Figure 1 reveals a conserved putative CaM-binding
domain in the intercellular loop covering residues 164–186 of Cx45
(GRRRIREDGLMKIYVLQLLARTV). This putative CaM-binding motif possesses some of
the characteristics of IQ-like motif ((F/I/L/V)Qxxx(R/K)Gxxxxxxx), but lacks conserved G
after R/K [62–64]. On the other hand, it has some characteristics of motifs 1–10, 1–12, or 1–
14 with hydrophobic residues spaced apart 10, 12, and 14 residues, respectively.
CaM interacts with Cx45 in live cells

Author Manuscript

To determine whether CaM associates directly with full-length Cx45 channels in live cells,
we used the energy transfer-based technique BRET, in which the energy is transferred
between bioluminescent and fluorescent tags in close proximity. We tagged the
bioluminescent donor Renilla reniformis luciferase (Rluc) to Cx45 and the yellow
fluorescent acceptor Venus–CaM (Figure 2A). HEK293 cells were cotransfected with a fixed
amount of Cx45-Rluc and an increasing amount of Venus–CaM. As shown in Figure 2B,
Venus–CaM is capable of producing a significant BRET signal determined as the ratio of
light emitted at 525 nm over the light emitted at 460 nm. Elevating intracellular Ca2+ by
preincubating cells with Ca2+-ionomycin notably increased the BRET ratio 1-fold. In
Biochem J. Author manuscript; available in PMC 2018 May 30.
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contrast, decreasing intracellular Ca2+ (~0.27 nM) with 50 μM BAPTA-AM largely
decreased BRET signal from 0.12 to ~0.03. The addition of CaM inhibitor (antagonist) W7
in the presence of Ca2+ also effectively reduces the BRET signal to the level of background
noise (Figure 2B). We also verified the linear increases of the fluorescence intensity of the
acceptor as a function of its expression. The same expression level of the donor Cx45-Rluc
was confirmed by luminescence intensity. Taken together, these results indicated that CaM
interacts with Cx45 in living cells and such interaction is Ca2+-dependent and can be
blocked by the specific CaM inhibitor W7.
Formation of 1 : 1 complex between CaM and Cx45p164–186
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To overcome the limitations associated with studying membrane protein interactions, we
next probed the site-specific interaction of CaM to this putative binding motif of Cx45 using
a peptide model. Peptide Cx45p164–186 encompassing the predicted CaM-binding region was
synthesized and characterized by various spectroscopic methods.
Interaction between CaM and Cx45p164–186 and the associated stoichiometry was examined
by mass spectrometry and NMR. Figure 3A (inset) shows that CaM and peptide
Cx45p164–186 forms a 1 : 1 complex in the presence of 5 mM Ca2+ with a molecular mass of
19.69 kDa, which is in a good agreement with the calculated mass of a 1 : 1 complex (19.69
kDa). In contrast, the observed complex was significantly smaller when incubated with
EGTA.

Author Manuscript

High-resolution HSQC NMR with15N labeled CaM enables us to identify residue by residue
interaction. A large number of dispersed resonances exhibited large chemical shift changes
in the presence of Ca2+ following the addition of unlabeled peptide Cx45p164–186. In
contrast, there is no such significant changes were observed for resonances of CaM in the
presence of 5 mM EGTA (Figure 3B). In the presence of Ca2+, a progressive disappearance
of the amide signal from residue A57 of CaM at 8.6 ppm was accompanied by the
concomitant emergence of a new peak at 8.4 ppm upon the addition of peptide Cx45p164–186
(Figure 3C). This slow chemical exchange behavior reached saturation at a ratio of 1 : 1
peptide:CaM complex. This further confirmed that the direct interaction between CaM and
Cx45p164–186 was Ca2+ dependent, and indicated a 1 : 1 stoichiometry. This slow exchange
phenomenon is consistent with a strong protein–peptide interaction [48,65].
Measurements of CaM-binding affinity to Cx45 peptide
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Fluorescence and Biacore studies were conducted to determine kinetic properties and
binding affinity of CaM to Cx45p164–186 peptide. Taking advantage of the dansyl emission
near 500 nm that is very sensitive to the local conformational changes associated with
formation of a protein–ligand complex, we labeled CaM with a dansyl moiety (D-CaM)
[57,66]. The emission of D-CaM shifts from 520 to 500 nm as a consequence of Ca2+induced conformational change. The subsequent addition of Cx45p164–186 further enhanced
the intensity of D-CaM and shifted the emission peak to 496 nm (Figure 4A, inset), whereas
the peptide did not induce any dansyl florescence change when Ca2+ was absent (Figure
4B). The fluorescence enhancement plotted against the concentration of D-CaM coincided
with a 1 : 1 binding model, yielding a Kd of 5.0 ± 0.6 nM (Figure 4A). This strong
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interaction is consistent with the slow chemical shift exchanges observed in the HSQC
spectra (Figure 3C).
The interaction between CaM and the Cx45p164–186 was further confirmed by SPR assay
using Biacore 2000 sensor technology. The Cx45p164–186 was immobilized to a CM5 sensor
chip. The rapid and reversible association of CaM to Cx45p164–186 was observed in the
presence of 5 mM Ca2+ (Figure 5), but not in the presence of 5 mM EGTA. Rapid
dissociation was also observed when using CaM-free buffer to wash the chip. No significant
binding was observed between CaM and the chip surface.
Probing conformational change upon protein–ligand interaction
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Secondary structure of the peptide conformation was evaluated in solution using far UV
circular dichroism (CD) (Figure 6A). Deconvolution of the far UV CD spectrum suggested
that Cx45p164–186 is 45% α-helical, 5.2% β-strand, and ~50% unordered. Its conformation
was not altered upon the addition of Ca2+. Since TFE has proved to induce and stabilize the
intrinsic helical conformation of peptides [67–70], we then examined the helical formation
by far UV CD in the presence of increasing percentages of TFE. The addition of 20% TFE
dramatically increases helical content from 45 to 75%, suggesting high helical propensity of
Cx45 peptide (Figure 6A, inset).
Figure 6B shows that a 10.8% increase of α-helix signal was observed after the addition of
Cx45p164–186 to Ca2+/CaM, while the addition of Cx45p164–186 to apo-CaM resulted in a
slight decrease of helicity. The helix increase of Ca2+/CaM is likely due to the stabilization
of helix formation or change of helix packing as observed in trigger proteins CaM [47,49]
and TnC [71].

Author Manuscript

Interaction mode between Cx45p164–186 and CaM
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Detailed assignment of 15N-labeled CaM NMR spectra in the presence and absence of
peptide Cx45p164–186 was achieved for ~54 residues using our established methods for Cx43
and Cx50 [47,49]. The weight-averaged chemical shift change was plotted as a function of
residue number in Figure 7. The overall change of the N-lobe residues (4.68 ppm) was
greater than that in the C-lobe residues (2.30 ppm). It is interesting to note that residues at
the N- and C-domain as well as the linker region of CaM exhibited chemical shift changes
greater than 0.05 ppm in the presence of Cx45p164–186, suggesting a global conformation
change upon formation of Ca2+/CaM–Cx45p164–186 complex. These broad changes of CaM
induced by Cx45 binding are very different from the localized change of CaM induced by
Cx43 and Cx50 binding with an embraced conformation similar to CaM kinase II [49]. In
addition, Cx45 induces larger chemical shift changes of CaM than Cx50 [49].
We then determined the hydrodynamic radius of CaM and its changes upon formation of
CaM–ligand complex using the pulsed-field gradient NMR. Figure 8 shows that the
hydrodynamic radius of CaM (22.6 ± 0.6 Å) did not change significantly after formation of
the CaM–Cx45p164–186 complex. Conversely, Cx50 exhibited a significant decrease in
hydrodynamic radius of 5.3 Å that is consistent with a collapsed complex formation [49].
This result further suggested that binding of Cx45p164–186 to CaM involves an extended
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conformation that is different from α-connexin Cx50 with an embraced compact form
[34,49].
Effect of Cx45p164–186 on the domain-specific Ca2+-binding affinity of CaM
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Ca2+-binding affinities of both N- and C-domains of CaM upon formation of complex with
Cx45p164–186 were determined by monitoring the intrinsic fluorescence intensity change of
Phe and Tyr, respectively. Binding of Ca2+ to the N-domain (Sites I and II) decreases Phe
fluorescence intensity in the absence and presence of 1 : 1 molar ratio of Cx45p164–186
(Figure 9A). On the other hand, binding Ca2+ to the C-domain (Sites III and IV) increases
Tyr fluorescence intensity in the absence and presence of 1 : 1 molar ratio of Cx45p164–186
(Figure 9B). Both Phe and Tyr fluorescence intensity changes of CaM as a function of free
Ca2+ concentrations determined by Ca2+indicator Oregon Green could be fit with a Hill
equation. In the absence of Cx45p164–186, CaM has a domain-specific affinity for Ca2+ of 11
and 2.3 μM. The formation of complex with Cx45p164–186 results in 15-fold and 2-fold
increases in Ca2+ affinity of N- and C-domains with Kd ~0.7 and 1.2 μM, respectively (Table
1).

Discussion
Regulation of connexins by Ca2+/CaM and challenges in probing interactions
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The role of CaM in the regulation of connexin channels was proposed 35 years ago by
Peracchia et al. [72] based on the observation that CaM inhibitor trifluoperazine (TFP)
protected amphibian embryonic cells from electrical uncoupling. They subsequently applied
additional CaM blockers, calmidazolium, and W7 to prevent uncoupling of Xenopus
embryonic cells [73] and crayfish axons [74,75], suggesting the generalized nature of CaM’s
role in regulating gap junctions. The gap junction protein Cx32 bound to CaM was later
observed in gel overlays [76–78]. The suppression of CaM expression in oocytes can also
inhibit CO2-induced electrical uncoupling, which can subsequently be recovered by
injection of CaM [44]. The effect of inhibiting CaM expression on CO2-induced electrical
uncoupling of Xenopus oocyte pairs expressing Cx45 demonstrated that both chemical and
Vj sensitivities of Cx45 channels are reduced predominantly by inhibition of CaM
expression through injecting of oligonucleotides that are antisense to CaM mRNAs [38]. The
versatile binding capability of CaM to bind numerous targets, and the associated potential
for perturbing other multiple targeting processes by CaM inhibitors, has suggested the
potential for indirect rather than direct interaction with connexins. For example, both CaMand CaM-dependent kinase II were reported to interact with Cx36 in an overlapping
sequence region [79,80]. Unfortunately, the cytosolic regions for potential regulation
locations in several determined structures of connexins are ‘invisible’ likely due to
conformational ensembles [50,51]. The analyses of CaM interactions with connexins and
associated Ca2+ dependence of this regulation in cells require a sensitive method of
detection, and detailed examination of CaM’s sensitivity to Ca2+ in the presence and absence
of connexins.
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In the present study, we report for the first time the direct interaction of CaM with Cx45
expressed in live cells under physiological conditions using a BRET-based assay. The BRET
method uses non-radioactive (dipole– dipole) transfer of energy from a donor Luciferase
enzyme to a suitable acceptor molecule such as YFP (Venus) after oxidation of the substrate.
In BRET, resonance energy transfer efficiency depends on several factors based on the
Förster rate equation, such as donor lifetime, distance between donor and acceptor, relative
orientation, and degree of spectral overlap [81]. This technique overcomes problems such as
photobleaching, auto-fluorescence, and especially simultaneous excitation of both donor and
acceptor fluorophores [81]. This technique has been applied to study many protein–protein
interactions in various cellular compartments of live cells, from G protein-coupled receptors
[82–84] to nuclear cofactors [85]. While our findings here using BRET cannot completely
rule out the possible contribution of a third protein mediating CaM and Cx45 interactions in
live cells, the strong BRET signal we observed can only occur when proteins are within less
than 10 nm, which is consistent with direct binding. Our complementary studies with
peptide further reinforce that the CaM–Cx45 interaction is direct.
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We have observed that the interaction between CaM and Cx45 can be monitored by tagging
YFP (Venus) at either end of CaM (data not shown). The resulting BRET ratio is strongly
CaM-dependent because it can be completely eliminated by the addition of CaM inhibitor
W7. Such interaction is also strongly Ca2+-dependent, because it can also be completely
eliminated by reduction of intracellular Ca2+ using BAPTA. It is interesting to note that the
detected maximum BRET ratio for CaM–Cx45 complex in HEK293 cells is about half of
the maximum value in the presence of excess Ca2+ with ionomycin. This strong Ca2+dependent result suggests that CaM is well positioned in a sensitive state from which it can
regulate Cx45 following changes in cellular conditions.
Increased Ca2+sensitivity of CaM upon formation of CaM/Cx45p164–186 complex
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The Ca2+-affinities of the two terminal domains of CaM can have differential sensitivities to
the microenvironment of various target proteins [26,86–89]. By monitoring Phe and Tyr
fluorescence signal changes, we determined N- and C-domain Ca2+-binding affinities of
CaM with Kd values of 11 and 2.8 μM, respectively. The addition of Cx45p164–186 peptide to
CaM increased the Ca2+-binding affinity of both domains of CaM. However, the N-domain
of CaM experienced a much greater decrease in dissociation constant (~15-fold) than the Cdomain of CaM (~2-fold). This result is consistent with data from HSQC NMR (Figure 7),
where the overall chemical shift changes in the N-lobe residues were greater than those of
C-lobe residues. These results suggest a greater conformational change of the N-terminal
lobe than that of C-lobe of CaM upon binding to Cx45p164–186. We have also observed
strong Ca2+-dependent BRET signals using CaM tagged Venus (Figure 2). Additionally,
results from the bell-based BRET assay along with the Ca2+-binding affinity and NMR
studies, when taken together, suggest that CaM’s Ca2+ sensitivity, especially for the Ndomain, is likely enhanced upon formation of a complex with Cx45. Thus, the overall
cooperativity of both domains of CaM by Ca2+ is signifi-cantly enhanced. These findings are
consistent with previous studies on CaM regulation with α-family connexins Cx43, 44, and
50 from α-subfamily [47–49], and other proteins, including Ca (V) 1.2 channels and RyR
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[88–93]. Our results are very different from those reported for other proteins. For example, a
reduction in Ca2+-binding affinity of CaM was observed following complex formation with
neuronal voltage-dependent sodium channels [64,94], which was achieved by lowering the
Ca2+ affinity of the C-domain of CaM. Also, while it has been suggested that CaM may
interact with Cx36, the physiological role of CaM binding is unclear since CaM kinase also
directly interacts at the same region of the protein. Thus, it remains to be determined
whether Ca2+ sensitivity of CaM is changed upon formation of a complex in the regulation
of Cx36 [79,80].
CaM uses a novel extended action mode to regulate Cx45 that is different from the
reported compact form of connexin

Author Manuscript

Structural characterization of CaM by NMR illustrated that, in the Ca2+-bound state (holoCaM), CaM exists in a dynamic equilibrium of two major conformations, an extended form
and a semi-compact form, which provide sufficient flexibility for CaM to bind targets in
variably extended conformations and to form interdomain connections [46]. Various target
recognition modes have been attributed to CaM which can be classified into two general
binding styles: extended and collapsed [95].
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The novel CaM-binding motif from residues 164 to 186 in Cx45 has several characteristics
of CaM-binding motifs. It is similar to the reported IQ-like motif pattern ((F/I/L/V)Qxxx(R/
K)Gxxxxxxx) based on the absence of a conserved G residue following the charged R/K in
the sequence. This identified CaM-binding site in Cx45 can also be classified as motifs 1–
10, 1–12, and 1–14, because it has some characteristics of motifs 1–10, 1–12, or 1–14 with
hydrophobic residues spaced apart 10, 12, and 14 residues, respectively. To the best of our
knowledge, no such Ca2+-dependent CaM-binding motif has been reported previously,
especially for gap junction regulation. The conventional complete IQ motifs primarily
associate with CaM primarily in a Ca2+-independent manner, as seen with myosin. An
important characteristic of the IQ motif is that it binds relatively tightly to CaM at basal
levels of intracellular Ca2+, and the interaction changes when Ca2+ levels are increased
[95,96]. However, in some instances, IQ motif-containing proteins (including utrophim, Ras
GRF1, Nina C myosins, and other proteins) have been reported to bind CaM in a Ca2+dependent manner. In those proteins, CaM can maintain its interaction with the IQ domains
both in the presence and absence of Ca2+, with dissociation constants ranging from subnanomolar to micromolar levels. However, the IQ motif-binding affinity of CaM varies with
the Ca2+ concentration and the particular IQ motif in the target protein [36]. Additionally,
Ca2+-free CaM interacts with IQ motifs only through the C-domain [97], while Ca2+-loaded
CaM utilizes both N- and C-domains [98]. The IQ motif identified in the Cx45 cytosolic
loop is incomplete, containing only the first part of an IQ motif (IQXXXR). When bound
with a complete IQ motif, the C-domain of CaM is estimated to be in a semi-open
conformation, while the N-terminal lobe is in a closed conformation. In contrast, it has been
suggested that the N-domain of CaM would adopt an open conformation when only the first
part of the IQ motif is present [99]. The Cx45p164–186-binding affinity to CaM is also
comparable to other IQ motifs found in channel proteins. For example, the disassociation
constant of neuronal voltage-dependent sodium channel type II IQ motif for interaction with
CaM is reported to be less than 10 nM.
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The CaM-binding motif of Cx45 reported in the present paper exhibits a different mode of
action than in previously reported gap junction studies. Our previous pulsed-field gradient
NMR results indicated that the dynamic radius of holo-CaM decreased significantly upon
Cx50-derived peptide binding [49]. For α-family connexins, the CaM-binding sites in Cx43,
Cx44, and Cx50 follow a 1-5-10 binding motif in a compact form. CaM is also reported to
have a compact form upon formation of a complex with a peptide encompassing the Cterminal region of Cx36 [79,80]. Conversely, results of our pulsed-field diffusion NMR
studies suggested that the addition of the Cx45-derived peptide to Ca2+–CaM did not change
the dynamic radius of CaM which is consistent with an extended mode observed in other
proteins such as the IQ motif of myosin V Ca2+ channels, anthrax toxin, SK channels (small
conductance Ca2+-activated potassium channels), Ca2+ pump, and glutamate decarboxylase
[34]. CaM also exhibited widespread chemical shift changes upon binding with Cx45
peptide, which were significantly different from the domain localized changes observed with
complex formation between CaM and Cx50, 43, and 44. The observed strong affinity of
CaM binding for Cx45 is consistent with a greater degree of interactions and chemical shift
changes.
Key factors in CaM contributing to interaction with Cx45p164–186
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Using fluorescence spectroscopy, we have demonstrated that Cx45p164–186 binds to CaM
with a Kd value of 5.0 ± 0.6 nM in the presence of Ca2+. Compared with dissociation
constants of different connexins from the same family (γ-family) that have been previously
reported [45], Cx45p164–186, which covers the intercellular loop, has stronger binding
affinity for CaM than high-affinity sites of C-terminal domains in Cx34.7 (Kd = 29 ± 2 nM),
Cx35 (Kd = 72 ± 9 nM), and Cx36 (Kd = 11 ± 3 nM) in the presence of Ca2+. Comparison
between Cx45p164–186 and connexins from the α-family also suggests that the binding
affinity of this peptide is stronger than Cx43p136–158 (860 ± 20 nM) and Cx44p132–153 (49
± 3.0 nM) and similar to Cx50p141–166 (4.9 ± 0.6 nM), which is also observed in the
presence of Ca2+ [2]. In addition, Cx45p164–186 binds much stronger to CaM than the Nterminal domain (Kd = 27 nM) and C-terminal region (Kd = 1200 nM) of Cx32 from the βfamily [45].
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The stronger binding affinity of Cx45p164–186, compared with other connexins, may
originate at least in part from the relative helical content of the peptide in solution without
formation of complex with CaMas shown by CD spectroscopy (Figure 6A, inset) [34]. This
strong helical content is much greater than connexins from α-family Cx50, Cx44, and Cx43.
On the other hand, Cx50, Cx44, and Cx43 exhibit 94, 55, and 33% helical conformation,
respectively, in the presence of 30% TFE [49]. Cx45 also has demonstrated to have the
highest α-helical content induced by TFE and is similar to Cx50, indicating that the intrinsic
helicity of the peptide may also contribute to the strong binding affinity of Cx45. This
observation is consistent with previous reports that CaM binds to various target proteins
whose binding domains have a strong propensity for forming α-helices [100]. CaM can also
bind with high affinity to a relatively small α-helical region of many target proteins [36].
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Implication for CaM regulation of connexins
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Previous studies regarding the role of CaM in the regulation of Cx45 have been arguably
inconclusive. Perrica and co-workers first reported the potential regulation of γ-connexin
Cx45, by CaM, by monitoring the sensitivity of Cx45 channels to CO2. Additionally, they
reported that inhibiting CaM expression in oocytes using CaM inhibitor TFP,
calmidazolium, or W7 reversibly inhibited the CO2-induced electrical uncoupling in
amphibian embryo cells by interfering with the mechanism which closes the cell-to-cell
channels. Bader et al. also observed the regulation of the Cx45 hemichannel expressed in
HeLa cells by intracellular Ca2+ [101]. However, their study excluded the role of CaM in
regulation based on the rapid kinetics of co-regulation by extracellular Ca2+. Therefore,
results of our current study using in-cell BRET provide the first evidence that CaM is
directly involved in the regulation of Cx45 in cells.

Author Manuscript
Author Manuscript

Based on our current results and previously published studies involving functional
regulation, it is hypothe-sized that elevated [Ca2+]i is initially sensed by CaM, and this
promotes interaction between CaM and the CL domain of Cx45 to inhibit gap junctionmediated intercellular communication. Ca2+/CaM binding to the Cx45p164–186 region
induces a gating response that closes the Cx45 gap junctions and follows the closure gating
mechanism [34]. Further detailed studies are required to determine whether Ca2+/CaM
together with the CL domain of Cx45 function as a ‘cork’ to block the gap junction channel
or if it induces a conformational change in the CL domain to occlude the cytoplasmic
vestibule of Cx45 gap junction channel. Nevertheless, our study provides insights for
defining the critical cellular changes and molecular mechanisms contributing to gap
junctions. This information may greatly facilitate the development of new therapies to better
manage and/or prevent human genetic diseases. In addition, the importance of Cx45 can be
perceived by its presence in crucial locations of the human body such as the atrium in the
working myocardium and in the conduction and central nervous system. Moreover,
understanding the direct Ca2+-dependent interaction of Cx45 with CaM may provide
additional insights into the functional mechanism of Cx45 in brain and heart, and possibly
an explanation as to how Cx45 in the cortex and hippocampus can contribute to the recovery
of function following cell injury or neurological disorders associated with it [102].
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BRET

bioluminescence resonance energy transfer

CaM

calmodulin

CD

circular dichroism

Cx45

connexin45

D-CaM

dansylated CaM

ESI-MS

electrospray ionization mass spectrometry

NMR

nuclear magnetic resonance

SA

sinapinic acid

SAN

sinoatrial node

SPR

surface plasmon resonance

TFE

trifluoroethanol

TFP

trifluoperazine

Venus–CaM Venus to CaM
W7

N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride
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Figure 1. Cx45 membrane topology and the putative CaM-binding site

Cx45 has four transmembrane domains connected by two extracellular loops and one
intracellular loop, which is longer than α- and β-class of connexins. The CaM-binding site is
located in the second half of the intracellular loop. The predicted CaM-binding motif is
conserved in Cx45 from different species.
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Figure 2. CaM interacts with Cx45 in live cells in a Ca2+-sensitive manner
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(A) Interaction between CaM and Cx45 was assessed by BRET in live HEK293 cells.
HEK293 cells were cotransfected with a fixed amount of Cx45-Rluc and with an increasing
DNA concentration of Venus–CaM (expression level was verified by fluorescence intensity
measurement). BRET assays were performed 24 h after transfection. Cells were treated with
5 μM coelenterazine, followed by immediate BRET measurement. (B) Cells were treated
with only BRET buffer, or buffer containing either 50 μM W7, or 5 mM Ca2+/10 μM
ionomycin, or 50 μM BAPTA-AM for 30, 10, or 20 min, respectively, before BRET
measurement. The net BRET ratios shown above are the mean ± S.E.
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Figure 3. Ca2+-dependent specific interaction between CaM and Cx45p164–186 characterized by
NMR

Author Manuscript

(A) Overlay of HSQC spectra of holo-CaM (red) with the spectra of holo-CaM–
Cx45p164–186 complex (green). Inset, the MALDI-MS spectrum of the free form of CaM
(left peak) and the CaM–Cx45p164–186 complex (right peak) formed in the presence of Ca2+.
(B) Overlay of HSQC spectrum of apo-CaM with the spectrum of apo-CaM–Cx45p164–186
mixture. (C) The chemical shift change of A57 during titration of holo-CaM with
Cx45p164–186. The disappearance of the peak (free form) was accompanied by the
appearance of the corresponding peak (bound form) at a shifted position.
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Figure 4. Determination of the CaM–Cx45p164–186-binding affinity by steady-state fluorescence
studies

Author Manuscript

(A) The titration curve of D-CaM (0.25 μM) with Cx45p164–186 in the presence of 5 mM
Ca2+. The fluorescence spectra of D-CaM with (solid line) or without Cx45p164–186 (dotted
line) are seen in the inset. (B) The fluorescence spectra of D-CaM (0.25 μM) with 0 or 0.37
μM Cx45p164–186 in the presence of 5 mM EGTA. All experiments were repeated in
triplicate.
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Figure 5. Ca2+-sensitive interaction between CaM and Cx45p164–186 is confirmed by SPR
analysis

The response unit was recorded with Cx45 peptide immobilized on a CM5 sensor chip under
Ca2+-supplemented conditions using a sensitivity-enhanced Biacore T100 SPR system. The
concentrations of CaM were 5–100 μM.
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Figure 6. Revealing CaM–peptide interactions with CD spectroscopy

(A) Far UV spectra of Cx45p164–186 were obtained in the presence of 0% (dotted line), 20%
(thin solid line), and 60% (bold solid line) TFE (v/v). Inset: the helical content of
Cx45p164–186 was plotted against TFE concentration. (B) Far UV CD spectra of CaM in the
presence of 5 mM EGTA (□) or CaCl2 (○) and a 1 : 1 CaM/Cx45p164–186 complex with 5
mM EGTA (▪) or CaCl2 (●).
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Figure 7. Chemical shift perturbation in CaM induced by Cx45p164–186

The weight-average chemical shift changes (Δδ) were calculated and plotted as a function of
amino acid residue number. The upper and lower values are chemical shift perturbations in
CaM induced by Cx45p164–186. The value of Δδ > 0.05 is considered as a significant change.
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Figure 8. Cx45p164–186 binding to CaM without significant hydrodynamic radius change

Hydrodynamics of the holo-CaM–connexin peptide complex were determined by pulsedfield gradient NMR. The holo-CaM (○) NMR signal decay curve did not change upon the
addition of Cx45p164–186 (●), which indicates that the hydrodynamic radius was not altered.
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Figure 9. Binding of Cx45p164–186 expands the Ca2+ sensitivity of both domains of CaM
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Equilibrium Ca2+ titrations of CaM with (solid cycles) or without (open cycles)
Cx45p164–186 were evaluated by monitoring fluorescence emission. (A) The Phe
fluorescence emission changes were utilized to reflect changes in the Ca2+-binding affinity
of the N-domain of CaM. (B) Changes in CaM C-domain Tyr fluorescence emission upon
the addition of Ca2+ in the presence or absence of Cx45p164–186 were also monitored. Free
Ca2+ concentration was determined using the Ca2+ indicator Oregon Green.
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Effects of Cx45p164–186 binding on the Ca2+-binding properties of CaM
N-domain

C-domain

Kd (μM)

Hill

Kd (μM)

Hill

CaM

11 ± 0.03

1.6 ± 0.07

2.8 ± 0.02

2.3 ± 0.03

CaM–Cx45p

0.7 ± 0.02

1.0 ± 0.03

1.2 ± 0.02

1.9 ± 0.06
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