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Abstract
Connexin 35 (Cx35) is a major component of electrical synapses in the central nervous system. Many
gap junctions containing Cx35 are regulated by dopamine receptor pathways that involve protein
kinase A (PKA). To study the mechanism of PKA regulation, we analyzed direct phosphorylation
of Cx35 by PKA in vitro, and studied the regulation of Neurobiotin tracer coupling in HeLa cells
expressing Cx35 or Cx35 mutants that lack phosphorylation sites. In Cx35-transfected cells,
application of the PKA activator Sp-8-cpt-cAMPS caused a significant decline in coupling, while a
PKA inhibitor, Rp-8-cpt-cAMPS, significantly increased tracer coupling. In vitro phosphorylation
and mutagenic analysis showed that PKA phosphorylates Cx35 directly at two major sites, Ser110
in the intracellular loop and Ser276 in the carboxyl terminus. In addition, a minor phosphorylation
site in the C-terminus was identified by truncation of the last 7 amino acids at Ser298. The mutations
Ser110Ala or Ser276Ala significantly reduced regulation of coupling by the PKA activator, while a
combination of the two eliminated regulation. Truncation at Ser298 reversed the regulation such that
the PKA activator significantly increased and the PKA inhibitor significantly decreased coupling.
The activation was eliminated in the S110A,S276A,S298ter triple mutant. We conclude that PKA
regulates Cx35 coupling in a complex manner that requires both major phosphorylation sites.
Furthermore, the tip of the C-terminus acts as a “switch” that determines whether phosphorylation
will inhibit or enhance coupling. Reliance on the combined states of three sites provides fine control
over the degree of coupling through Cx35 gap junctions.
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1. INTRODUCTION
Electrical synapses, consisting of gap junctions between two neurons, occur frequently
throughout the central nervous system. With the identification of connexin 35 (Cx35) [35,36]
and its mammalian homologue Cx36 [5,44] as major neuronal connexins, the understanding
of electrical synapses has increased rapidly. Many, if not most, gap junctions among neurons
in the brain and spinal cord contain Cx35/36 [39,42,43]. In the retina, Cx36 is a critical
component of the rod visual pathway, forming the gap junctions of AII amacrine cells with

*Corresponding author: John O’Brien, Department of Ophthalmology and Visual Science, University of Texas, Houston Health Science
Center, 6431 Fannin St., MSB 7.024, Houston, Texas 77030, Phone: (713) 500-5983, FAX: (713) 500-0682, e-mail:
John.OBrien@uth.tmc.edu.

NIH Public Access
Author Manuscript
Brain Res Mol Brain Res. Author manuscript; available in PMC 2008 January 23.

Published in final edited form as:
Brain Res Mol Brain Res. 2005 April 27; 135(1-2): 1–11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



each other and with cone ON bipolar cells [11,29]. Cx35/36 is also an important component
of cone-cone and rod-cone gap junctions [10,23,37].

Disruption of the Cx36 gene in mice impaired firing synchrony [7] and gamma-frequency
oscillations [17] in the neocortex, and led to anomalous patterns of sharp-wave bursts and ripple
oscillations in the hippocampus [25,38]. Cx36-null mice also showed deficits in visual
transmission through the rod pathway [8,15], consistent with disruption of AII amacrine-cone
ON bipolar cell and rod-cone gap junctions.

In many retinal neurons, the degree of electrical coupling varies with light adaptation state.
Cone-cone coupling has been observed to increase with light adaptation in the turtle [6], as did
rod-cone coupling in salamander [51]. This effect of light was partially mimicked by dopamine
D2/D4-like receptor activation [20], which results in reduction of adenylyl cyclase activity and
cytoplasmic cAMP concentration [4,34]. On the other hand, light adaptation [1] or dopamine
application [16] reduced coupling in AII amacrine cells, which respond to dopamine through
D1 dopamine receptors and elevation of cytoplasmic cAMP.

In both photoreceptors and AII amacrine cells, gap junctions contain Cx35/Cx36 [10,11,23,
29,37]. Thus it is expected that Cx35/36 is regulated by pathways that alter cAMP levels and
PKA activity. We have previously found that activation of PKA in HeLa cells results in
uncoupling of Cx35 gap junctions, and that Cx35 is phosphorylated by PKA in vitro [37]. In
this study, we examine the mechanism by which PKA regulates coupling in Cx35 gap junctions
in more detail. We find that PKA regulation is complex, requiring several phosphorylation
events that likely involve both direct and indirect pathways.

2. MATERIALS AND METHODS
Fusion protein constructs

Portions of the perch Cx35 cDNA coding for intracellular domains were cloned separately into
bacterial expression vectors. The intracellular loop domain, amino acids 102-178, was cloned
previously into pET15b [36]. The resulting construct codes for an 11.5 kDa fusion protein with
an N-terminal 6x His tag. The carboxyl-terminal domain, consisting of amino acids 254-304,
was subcloned into the EcoRI and HindIII sites of pET42c (Novagen, Madison, WI) from a
pGexKG clone described previously [37]. This construct coded for a 38.5 kDa fusion protein
containing amino-terminal glutathione-S-transferase and 6x His tags. A pET42 control clone
was made by cutting pET42a with HindIII and EcoRV, filling the HindIII end with Klenow,
and resealing the vector. This construct codes for a 31.7 kDa protein containing GST and the
pET42 His-tag and multiple cloning site up to a point very close to the position into which the
Cx35 CT was cloned.

Mutations in the connexin intracellular domains were made with a PCR-based site-directed
mutagenesis protocol [12] using Pfu polymerase (Stratagene, La Jolla, CA). Mutations were
designed to eliminate a putative phosphorylation site by converting the phosphorylatable serine
or threonine residue to alanine. All constructs were sequenced on both strands to confirm
mutations and screen for the presence of PCR-introduced mutations.

Fusion proteins were expressed in E. coli strain BL21(DE3). Intracellular loop proteins were
purified by binding to Ni-NTA magnetic beads (Qiagen, Valencia, CA) using the
manufacturer’s procedures. Proteins were left bound to the beads and stored in 25 mM Tris-
Cl, pH 7.5, 5 mM MgCl2, and 50% glycerol. Due to lability of the C-terminal fusion proteins,
different procedures were used to minimize proteolytic degradation. Proteins were expressed
by induction with 1mM IPTG at 30°C for 1 hour. Cells were pelleted, suspended in water plus
1 mg/ml lysozyme (Sigma) for 3 minutes at RT, and then supplemented with 5 μl/ml of a
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protease inhibitor cocktail (Sigma). Cell suspensions were sonicated on ice for 30 sec, and
brought to final solute concentrations of 50 mM Tris-Cl, pH 8.0, 0.3 M NaCl, 10 mM Imidazole
by addition of a concentrated buffer stock. Fusion proteins were then purified from the soluble
extract by binding to a Ni-NTA resin in spin columns (Active Motif, Carlsbad, CA) using the
manufacturer’s protocol. Proteins were stored following elution in 25 mM Tris-Cl, pH 8.0, 150
mM NaCl, 125 mM imidazole, and 50% glycerol. Fusion protein concentration was estimated
by densitometry of Coomassie blue stained bands compared to a series of BSA standards run
in the same minigels. In the case of the C-terminal fusion protein preparations that contain
proteolytic cleavage products, only the intact protein band was used for the protein
determination.

In Vitro Phosphorylation Assays
Fusion proteins (200 or 400 ng protein per reaction) were incubated with 0.15 units PKA
catalytic subunit (mouse α isoform; New England Biolabs, Beverly, MA) and γ32P-ATP or
γ33P-ATP (ICN, Irvine, CA) for 40 min. at 37°C. For intracellular loop fusion proteins, the
final solution contained 50 mM Tris-Cl (pH 7.5), 10 mM MgCl2, 20 μM ATP, 46 mM NaCl,
1 mM KCl, 4 mM Na2HPO4, and 27% glycerol. For C-terminal fusion proteins, the final
solution contained 66 mM Tris-Cl (pH 7.7), 10 mM MgCl2, 20 μM ATP, 94 mM NaCl, 78
mM imidazole, and 31% glycerol. Reactions were stopped by addition of SDS sample buffer,
heated to 70°C for 10 min., and electrophoresed on SDS polyacrylamide gels. Gels were blotted
onto PVDF or nitrocellulose membranes for imaging onto X-ray film (Kodak). Estimates of
phosphorylation were made by densitometry of the developed films using an Alpha Imager
2000 system (Alpha Innotech, San Leandro, CA).

Phosphoamino Acid Analysis
Phosphorylated proteins bound to PVDF membranes were excised from the membrane and
hydrolyzed in 5.7M HCl at 110°C for 1 hr. The hydrolyzed proteins were dried, mixed with
phosphoamino acid standards (Fluka, Buchs, Switzerland), and spotted onto cellulose plates
(EM Sciences, Gibbstown, NJ) for one-dimensional thin layer electrophoresis [18].
Phosphoamino acid standards were visualized with ninhydrin and compared to 32P-
phosphoamino acid residues detected by autoradiography.

Expression of connexins in HeLa cells
The full coding sequence of perch Cx35 was sub-cloned into pcDNA 3.1 Zeo (Invitrogen,
Carlsbad, CA) from a previously-described pBluescript cDNA clone [36]. The Cx35 cDNA
was excised with AluI and XhoI and cloned into the EcoRV and XhoI sites of pcDNA. HeLa
cells (ATCC clone CCL2) were transfected with 2 μg of plasmid using GenePorterII reagent
(Gene Therapy Systems, San Diego, CA) and grown under zeocin selection (100 μg/ml) for 6
weeks. Resistant colonies were isolated and amplified under selection. Clones were tested for
connexin expression by immunostaining and RT-PCR as described previously [37] (data not
shown). The Cx35 wild type cell line has been characterized previously [37].

To prepare mutated connexin constructs, we used the same primers and cycling conditions as
used to make mutations in the fusion protein constructs. Wild-type Cx35 pcDNA clone was
used as the template. For multiple mutants, appropriate singly or doubly-mutant Cx35 pcDNA
clones were used as the templates. All mutants were confirmed by sequencing on both strands.
Transfection was performed in the same manner. Stable cell lines were selected for each of the
singly mutated connexin clones and used for tracer coupling assays. For analysis of double and
triple mutants, transient transfection assays were utilized (see below). Transfection was
performed as described above except that 5 μg of the mutant plasmid DNA was used per
transfection. The wild-type Cx35 plasmid construct was used as a control.
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Tracer Coupling Experiments
Connexin-transfected HeLa cells were maintained under zeocin selection until plating onto
coverslips for tracer coupling experiments. One to two days prior to experiments, cells were
fed with fresh medium, trypsinized, and plated at approximately 50% confluence onto glass
cell culture coverslips (Fisher Scientific, Houston, TX). Cells were fed again 2 to 12 hours
prior to experimentation. For transient transfection assays, non-transfected HeLa cells were
plated onto coverslips as described above. 24-36 hours after plating, the cells were transfected
with 5 μg of wild-type or mutant connexin plasmid in 1 ml of medium as described above, and
grown for 24 hours without selective antibiotic. The cells were then fed with fresh medium
and scrape-loading experiments were performed as with the stably-transfected cell lines.

Tracer coupling within Cx35 wild type and mutant cell lines was analyzed by scrape loading.
HeLa cells were incubated at 25°C in oxygenated modified Ringer’s medium (containing in
mM: 150 NaCl, 6.2 KCl, 1.2 NaH2PO4, 1.2 MgSO4, 2.5 CaCl2, 10 Hepes, 10 glucose, pH 7.4).
The medium was supplemented with 0.05 % Neurobiotin (Vector Laboratories, Burlingame,
CA) and 0.05% Alexa-488 dextran (Molecular Probes, Eugene, OR), and cells were scraped
with a 25-guage needle. Incubation was continued for 10 minutes at 25°C to allow for loading
and diffusion. Cells were then fixed with 4% formaldehyde in 0.1 M phosphate buffer for 1
hour, and visualized with streptavidin-Cy3 (Jackson ImmunoResearch). Fluorescence signals
were photographed on a Zeiss fluorescence microscope with a 12-bit Hamamatsu Orca-100
digital camera using Simple PCI software (Compix, Cranberry Township, PA).

Drugs were applied by exchanging the bathing solution with oxygenated incubation medium
plus drug for 10 minutes prior to scrape-loading. Cells were exposed continuously to drugs
thereafter without further supplementation or washout. The PKA activator, Sp-8-cpt-cAMPS
and PKA inhibitor, Rp-8-cpt-cAMPS, were from Alexis (San Diego, CA). Purity and
concentration of cAMP analogs was assessed by reversed phase liquid chromatography using
a BioCAD/Sprint system (Applied Biosystems, Framingham, MA) and a Poros20 HC column
with a 20-70% acetonitrile gradient.

All tracer coupling experiments were performed on two to six separate days resulting from
different platings of the HeLa cell lines. In the case of HeLa-Cx35S298ter, two independent
clones were examined and the data combined. One clone was studied for the other Cx35
mutants analyzed. For all experiments, control and drug-treated conditions were examined on
the same day with the same batch of cells. Due to some day-to-day variation in the level of
tracer coupling, the diffusion data for some experiments were normalized to the mean diffusion
coefficient (see below) for each cell line under control (no drug) conditions measured on the
same day of experiments.

Data analysis
DNA and protein sequence analyses were performed with GeneTool 1.0 and Peptool 2.0
software (Biotools, Inc., Edmonton, AB). Additional analyses were done with PhosphoBase
online [19], and basic statistical analyses were performed with Microsoft Excel.

For tracer coupling analyses, fluorescence intensities of coupled cells were used to calculate
diffusion coefficients in a manner similar to that described in Mills and Massey [28], and
extended in O’Brien et al. [37]. This procedure utilizes a linear 25-compartment diffusion
model of the type described by Zimmerman and Rose [52] in which the movement of tracer
between adjacent compartments (cells) is described by a series of 25 differential equations that
are solved for tracer flux given the total amount of diffusion time and a diffusion coefficient,
k. The diffusion coefficient, k, represents the proportion of tracer that diffuses from one
compartment to another per second. All k values larger than 0 represent measurable tracer
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coupling. Optimal fits of intensity data to the model were determined in the program MatLab
(Mathworks, Natick, MA) by systematically varying k and another parameter, bo, the bolus
loading rate. The parameter bo defines the rate of addition of tracer to the initial compartment
for the loading period, which was assumed to be 1 minute for scrape-loading experiments, and
was set to zero thereafter. The value of this parameter is determined by the total amount of
tracer in all the compartments and is insensitive to the diffusion rate between the cells [28].
Data fits were determined by plotting cell intensities on a log intensity axis and determining
the diffusion coefficient k that best fit the rate of decline with distance, and the rate of delivery,
bo, that fit the overall tracer concentration. An iterative procedure that minimized the sum of
squared errors between the model and data was used to achieve these fits.

Since the model used is linear and assumes that a single compartment is loaded, we limited the
data analyzed to narrow clusters of cells extending perpendicular to a loaded cell. In practice,
analysis of scrape-loading data with this model yielded data with the same relative responses
but larger absolute k’s compared to data obtained by microinjection with the same cell lines
and drug treatments [37]. The larger k values in scrape-loading data could be explained entirely
by tracer loading from multiple sources along the scrape rather than a single point source (data
not shown). A more complicated 2-dimensional model with multiple loaded cells was not used
for calculations due to the computational intensity of these models and the large number of
repetitions required for iterative fitting to the data. Since relative changes in k were the
important parameters in this study, the linear model was found to provide robust analysis of
the data.

3. RESULTS
Cx35 gap junctions are regulated by PKA activity

To study the functional regulation of Cx35 gap junctions, we used stably transfected HeLa cell
lines that express this connexin [37]. HeLa cells transfected with Cx35 support the transfer of
Neurobiotin (figure 1A), but not Lucifer Yellow or Alexa-488 dextran (not shown), to adjacent
cells through gap junctions. The diffusion of Neurobiotin could be measured by the
fluorescence intensity of Cy3-streptavidin labeling in cells adjacent to the scrape. Fluorescence
intensity declined with distance in either direction perpendicular to the scrape (figure 1D and
E), and could be fit with the linear diffusion model described in the methods. The diffusion
coefficients (k) measured in either direction from the scrape were similar: 0.0013 cells2/sec
and 0.0012 cells2/sec. Since no diffusion was observed with Lucifer Yellow or Alexa-488
dextran, the diffusion coefficients for these dyes were 0 cells2/sec.

We have previously observed using microinjection protocols that activators and inhibitors of
PKA modulated tracer transfer in Cx35-transfected cells [37]. In scrape-loading experiments,
tracer coupling was also inhibited by bath application of 20 μM Sp-8-cpt-cAMPS, a membrane-
permeant PKA activator (figure 1B and F). The diffusion coefficient measured in this example
was 0.0006 cells2/sec. 20 μM of the membrane-permeant PKA inhibitor Rp-8-cpt-cAMPS
caused an increase in tracer coupling to 0.0021 cells2/sec (figure 1C and G).

Figure 1H shows the quantitative tracer coupling analysis of non-transfected and Cx35-
transfected HeLa cells exposed to PKA activators and inhibitors. Under control conditions,
Cx35-transfected cells transferred Neurobiotin with a diffusion coefficient of 0.0084 ± 0.0008
cells2/s (mean ± SEM; n = 32). This was significantly larger than the diffusion coefficient for
Neurobiotin transfer in non-transfected HeLa cells (0.0051 ± 0.0003 cells2/s, n = 43; t = 4.09,
p < 0.01). 20 μM Sp-8-cpt-cAMPS significantly reduced coupling in Cx35-transfected cells to
0.0042 ± 0.0003 cells2/s (n = 14; t = -5.93, p < 0.01), while 20 μM Rp-8-cpt-cAMPS
significantly increased coupling to 0.0127 ± 0.0010 (n = 24; t = 3.92, p < 0.01). Neither drug
caused a significant change in coupling in non-transfected HeLa cells (Sp vs. control: t = -0.61,
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p > 0.05, n = 46 for Sp; Rp vs. control: t = 1.89, p > 0.05, n = 53 for Rp). These data indicate
that activation of PKA in HeLa cells causes uncoupling of Cx35 gap junctions, while inhibition
of PKA increases coupling.

Cx35 contains predicted PKA phosphorylation sites
The observed regulation of gap junctional coupling by protein kinase A could occur through
either direct or indirect pathways. We have previously observed that PKA catalytic subunit
can phosphorylate Cx35 intracellular domains [37], suggesting that regulation of coupling may
be a direct effect. To characterize this pathway further, we performed a phosphorylation motif
analysis of the Cx35 sequence and those of its gene homologues mouse Cx36 and skate Cx35.
Figure 2 shows that perch Cx35 contains several predicted PKA phosphorylation sites. Serines
110 and 128 in the intracellular loop, and threonine 265 and serine 276 in the carboxyl terminal
tail were identified as consensus sites for PKA phosphorylation. The sequence surrounding
Ser110 is conserved in mouse Cx36, and differs in skate Cx35 by only one amino acid (Gln109)
that disrupts the predicted PKA recognition motif. In the C-terminus, the consensus PKA
phosphorylation motif centered on Ser276 is completely conserved among perch, mouse, and
skate connexins. The other two sites predicted in perch Cx35 are not conserved in the other
connexin homologues.

In addition to predicted PKA phosphorylation motifs, the C-terminus contains a region rich in
residues that may be phosphorylated. The last 7 amino acids of the CT contain 3 serine and
one tyrosine residues with high potential for phosphorylation. Although not contained within
a PKA consensus phosphorylation sequence, this region has substantial similarity to the
consensus, and contains predicted phosphorylation sites for other kinases (analysis not shown).

PKA phosphorylates Cx35 at several sites
The predicted PKA phosphorylation sites contained both serine and threonine target residues.
To examine whether all of these were phosphorylated by PKA, we performed phosphoamino
acid analyses of in vitro phosphorylated fusion proteins containing the Cx35 intracellular loop
(IL) and carboxyl terminal (CT) domains. Figure 3 shows that the only radioactive spots
detected were those that co-migrate with the phosphoserine standard. No phosphothreonine
was detected in our analyses, indicating that the predicted threonine target sites were negligibly
phosphorylated.

To determine which phosphorylation sites were used, we made mutants in the predicted
phosphorylation sites that converted the acceptor serine or threonine to alanine. Mutant fusion
proteins were expressed in bacteria and used for in vitro phosphorylation assays. Within the
IL, two sites were predicted. Figure 4A shows that mutation of Ser110 (S110A) reduced
phosphorylation by approximately 90%, while mutation of Ser128 (S128A) had little effect
compared to the wild type control. The Ser110 mutant did not completely abolish
phosphorylation, suggesting that a minor phosphorylation site exists in the IL. However, the
conserved Ser110 site was the major site phosphorylated in this domain.

Within the CT, a serine and a threonine site were predicted to be phosphorylated, although no
phosphothreonine was detected in the amino acid analysis. We nonetheless examined
mutations in both Thr265 (T265A) and Ser276 (S276A). Figure 4B shows that mutation of
Ser276 eliminated most of the phosphorylation, while mutation of Thr265 had little effect.
Since the remaining phosphorylation was likely to be on serine, we made a mutation that
truncated the CT at position 298 (labeled S298ter), eliminating the last 7 amino acids including
3 potentially phosphorylated serine residues. The S298ter mutation had little effect on total
phosphorylation either alone or in combination with T265A. However, combination of S298ter
with S276A completely eliminated phosphorylation (figure 4B). Thus PKA phosphorylated
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the CT at two sites, the major conserved consensus site (Ser276), and a minor site that does
not strictly adhere to the consensus motif. The latter site, however, is completely conserved
among the Cx35/36 homologues.

Mutation of phosphorylation sites reveals complex regulation by PKA
In order to study the contribution of each of the identified phosphorylation sites to regulation
of Cx35 gap junctions, we made single mutants in the full-length connexin and generated
stably-transfected HeLa cell lines expressing these mutants. The mutants examined were point
mutations of the two major phosphorylation sites (S110A and S276A), and the truncation
mutant in the minor C-terminal site (S298ter). We examined tracer coupling in these cell lines
using the scrape-loading technique. Figure 5 shows the summary data for these experiments.
These data have been normalized to the control condition for each cell line on each day of
experimentation to account for differences in expression level of the connexins in the different
cell lines. The Cx35 wild type data are the same as shown in figure 1H, being derived from 14
to 33 measurements under control conditions (cntrl) and after treatment with the PKA activator
Sp-8-cpt-cAMPS (Sp) and PKA inhibitor Rp-8-cpt-cAMPS (Rp).

Mutation of either of the two major PKA phosphorylation sites (S110A and S276A) reduced
the effects of PKA activation or inhibition. Activation of PKA with 20 μM Sp-8-cpt-cAMPS
caused significant reduction in coupling in both mutants (S110A: cntrl = 1.0 ± 0.06, n = 36,
Sp = 0.82 ± 0.04, n = 34, t = -2.59, p < 0.05; S276A: cntrl = 1.0 ± 0.06, n = 39, Sp = 0.80 ±
0.06, n = 30, t = -2.38, p < 0.05), however, the reductions in coupling were significantly less
than in wild type (S110A Sp vs. Cx35 Sp: t = 6.18, p < 0.01; S276A Sp vs Cx35 Sp: t = 4.61,
p < 0.01). The changes in coupling caused by 20 μM Rp-8-cpt-cAMPS were not significant
for either of these mutants. These data suggest that direct phosphorylation at both Ser110 and
Ser276 is important for regulation; phosphorylation of either alone produces significantly
reduced regulation.

Truncation of the last 7 amino acids of Cx35 resulted in anomalous reversal of the pattern of
regulation by PKA (figure 5, right panel). Activation of PKA with 20 μM Sp-8-cpt-cAMPS
resulted in significant increase in coupling (cntrl = 1.0 ± 0.07, n = 24, Sp = 1.40 ± 0.16, n =
23; t = 2.27, p < 0.05) while inhibition of PKA with 20 μM Rp-8-cpt-cAMPS resulted in
significant decrease in coupling (Rp = 0.75 ± 0.07, n = 16; t = -2.49, p < 0.05). This effect was
observed in two independent stable cell lines (data combined in figure 5), and so is not a result
of unusual positional effects caused by insertion of the mutated clone into the genomic DNA.
While the tip of the C-terminus was only a minor PKA phosphorylation site, these results
suggest that the state of this region acts as an important “switch” in determining the regulation
of coupling through Cx35 channels.

To examine further the dependence of Cx35 tracer coupling on the combined states of
regulatory sites we prepared multiple mutants lacking both major phosphorylation sites, Ser110
and Ser276, and mutants lacking all three sites identified. We used transient transfection
experiments to evaluate the effects of these mutations on tracer coupling. Figure 6, left panel,
shows that Neurobiotin tracer coupling in HeLa cells transiently transfected with wild-type
Cx35 was regulated by PKA activators and inhibitors in a manner qualitatively similar to that
seen in the Cx35 stably-transfected cell line. 20 μM Sp-8-cpt-cAMPS significantly reduced
coupling (cntrl = 1.0 ± 0.08, n = 24; Sp = 0.58 ± 0.06, n = 23, t = -4.45, p < 0.01), as was seen
in the stable Cx35 cell line. 20 μM Rp-8-cpt-cAMPS did not produce a significant increase in
coupling (Rp = 1.27 ± 0.12, n = 22; t = 1.88, p = 0.07), although the diffusion coefficient
measured could not be distinguished from that of the Cx35 cell line under the same conditions
(t = -1.43, p > 0.1). These results indicate that the transient transfection assay can be used to
evaluate the effects of mutations on coupling through Cx35 gap junctions.
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The double mutant, Cx35-S110A, S276A lacks both major PKA phosphorylation sites. Figure
6, center panel, shows that this mutant transiently transfected into HeLa cells showed no
significant changes in coupling upon application of either Sp-8-cpt-cAMPS or Rp-8-cpt-
cAMPS compared to control conditions (Sp vs. cntrl: t = 1.50, p > 0.05, n = 20 cntrl, n = 19
Sp; Rp vs. cntrl: t = 0.48, p > 0.05, n = 20 Rp). However, when compared to the stably-
transfected S110A and S276A cell lines, the 20 μM Sp-8-cpt-cAMPS treatment resulted in a
significantly elevated normalized diffusion coefficient in the double mutant (normalized k =
1.24 ± 0.10; double vs. S110A: t = 3.93, p < 0.01; double vs. S276A: t = 3.85, p < 0.01). No
significant differences were found in treatments with 20 μM Rp-8-cpt-cAMPS (normalized k
= 1.08 ± 0.11; double vs. S110A: t = 1.11, p > 0.1; double vs. S276A: t = -0.52, p > 0.1). These
data confirm that the combined phosphorylation of both Ser110 and Ser276 is essential for the
reduction of coupling observed when PKA is activated. Phosphorylation of either site alone
results in moderate regulation of coupling that can be seen in the single-mutant cell lines.

To shed more light on the mechanism of the “switch” revealed by the S298ter truncation
mutant, we examined the triple mutant, Cx35-S110A, S276A, S298ter (figure 6, right panel).
Activation of PKA with 20 μM Sp-8-cpt-cAMPS did not change coupling significantly
compared to control conditions (cntrl = 1.0 ± 0.08, n = 16, Sp = 0.90 ± 0.06, n = 18, t = -1.01,
p > 0.1). This contrasts with the S298ter single mutant cell line, which displayed significantly
elevated coupling when PKA was activated (figure 5, right panel). The difference in coupling
between the triple mutant and the S298ter single mutant was statistically significant (t = -2.94,
p < 0.01), suggesting that the elevated coupling when PKA is activated was due to
phosphorylation at the Ser110 and/or Ser276 sites. Thus the S298ter mutation does switch the
major phosphorylation sites from inhibitory to activating. Curiously, inhibition of PKA with
Rp-8-cpt-cAMPS produced a small but significant decrease in coupling in the triple mutant
(Rp = 0.75 ± 0.06, n = 18, t = -2.55, p < 0.05), which was indistinguishable from the response
of the S298ter single mutant (t = 0.06, p > 0.9). Thus a small component of the regulatory
response of Cx35 is not eliminated even in the triple mutant.

4. DISCUSSION
Gap junctional coupling is a highly dynamic property of cellular networks. Many processes
influence the degree of coupling including gene transcription, plaque assembly, channel gating,
and connexon degradation. Protein phosphorylation has an influence on many of these
processes, and is a central element of gap junction regulation [22]. The neuronal gap junction
protein connexin35/36 is regulated by the activity of protein kinase A in both cell culture
systems [37] and intact neurons [27]. In the present study, we found that this regulation occurs
via direct phosphorylation of the connexin, and not through indirect effects on synthetic or
degradative pathways.

The pathway that regulates Cx35 is complex. We identified two major PKA phosphorylation
sites, Ser110 and Ser276, by in vitro phosphorylation and mutagenesis. Both of these sites
proved to be important for regulation of Cx35-mediated tracer coupling, since mutation of
either site reduced the observed changes in tracer coupling. While either of these sites can
confer some regulatory response to the connexin, our data suggest that both sites must be
phosphorylated to achieve the degree of regulation observed in wild type channels.

Mitropoulou and Bruzzone [30] recently reported that perch Cx35 hemichannels were
regulated by cAMP analogs in Xenopus oocytes. They found that conversion of the PKA
recognition site associated with the Ser110 phosphorylation site to the sequence found in skate
Cx35 eliminated regulation by cAMP analogs. They further found that conversion of skate
Cx35 to the perch sequence in this region conferred cAMP regulation to the connexin, which
was not otherwise responsive to cAMP analogs. Their findings are in agreement with the results
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of our study in that disruption of phosphorylation at Ser110 significantly reduced regulation
by PKA. Thus regulation of hemichannel activity reflects the regulation in intact gap junction
channels, as has been reported previously by DeVries and Schwartz [9] for fish horizontal cell
gap junctions. Given this relationship between hemichannel and intercellular channel
regulation, we would predict that similar results would also be obtained by mutation of the
PKA recognition site associated with the Ser276 phosphorylation site.

Both Ser110 and Ser276 are conserved in all Cx35 homologues for which sequences have been
deposited in GenBank, and only the skate Cx35 so far lacks the PKA consensus recognition
sequence at one of these sites. This suggests that regulation by phosphorylation at these two
sites is likely to be conserved in the Cx35 homologues. In the case of skate Cx35, it is unclear
whether or not a skate isoform of PKA might recognize the modified recognition sequence and
confer the expected regulation in skate neurons. It is also possible that other protein kinases
recognize this sequence with higher efficiency and thus may accomplish regulation by
phosphorylating Ser110 in conjunction with PKA (or other kinase) phosphorylation of Ser276.

The most unusual finding of this study is of the presence of an apparent “switch” located in
the tip of the C-terminus. Truncation of the last 7 amino acids of Cx35 resulted in reversal of
the effect of phosphorylating Ser110 and Ser276, and this unusual effect could be blocked by
eliminating the latter two phosphorylation sites. These findings suggest that regulation of Cx35
channels by PKA depends on a set of interdependent sites.

The scheme of regulation we have described in this study is summarized in the model in figure
7. The effects of phosphorylation on Ser110 and Ser276 are well described. However, the nature
of the “switch” mechanism is unclear and may depend either on direct effects of PKA on Cx35
or on indirect effects mediated by other proteins. The C-terminal site was phosphorylated very
weakly by purified PKA catalytic subunit in our in vitro assays. For this reason, we consider
it unlikely that direct phosphorylation by PKA accounts for the regulatory capacity of this site.
However, it is possible that PKA alters the activity of a different protein kinase or phosphatase
that influences the level of phosphorylation at this site. Such a scheme predicts that inhibition
of the appropriate kinase or phosphatase or expression of Cx35 in a cell line lacking the protein
would prevent reversal of regulation when the C-terminal truncation is present.

A second possibility is that the regulatory capacity of the C-terminal site depends on a binding
interaction with another protein. The mutation we used to identify this site removed the last 7
amino acids of the Cx35 C-terminal domain. Such a mutation may disrupt a binding interaction
that involves the tip of the C-terminus. Several connexins have been shown to interact with
proteins via the C-terminal domains [13,21,32,33,45], with the scaffolding protein ZO1 being
the most prevalent partner. Indeed Cx36 has recently been found to interact with ZO1 at this
site [24]. It is possible that such an association may have influence on dynamic channel
regulation, either through physical effects on gating or through assembly of a signaling complex
that acts upon the connexin.

Several other connexin types are regulated by cAMP and the cAMP-dependent protein kinases
(PKA). For example, junctional coupling in cells containing Cx43 is generally increased within
a few minutes by activation of PKA [2,14]. Increases in coupling have also been observed in
T84 cells, which express Cx32 [3]. Conversely, Cx45 transfected into HeLa cells was weakly
uncoupled by 1 mM 8-Br-cAMP [48].

The effects of cAMP on gap junction coupling may occur through several mechanisms. There
are indirect effects of cAMP on connexin transcription and trafficking. For example, cAMP
upregulates transcription of Cx43 15-40 fold in a rat hepatoma cell line [26], and Traub et al.
[46] observed a 20% increase in amount of the 26 kD gap junction protein in mouse hepatocytes
in 15 minutes in response to 1 mM dibutyryl-cAMP. However, there are also direct effects of
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phosphorylation on gap junction coupling. Moreno et al. [31] found that dephosphorylation of
Cx43 with alkaline phosphatase led to a shift in the single channel conductance to larger values,
but also reduced the number of active channels. On the other hand, 8-Br-cAMP caused a shift
toward larger subconductance states in Cx40 channels expressed in SkHep1 cells [47].

In the mammalian retina, gap junctional coupling in AII amacrine cells, which express Cx36
[11,29], is closely regulated by cAMP levels. Treatment with dopamine D1 receptor agonists
or forskolin plus IBMX, both of which elevate cAMP level, reduces coupling [16]. More
specific PKA activators and inhibitors have the same effect [27], suggesting that this is due to
PKA activity. Cx36 is highly homologous to Cx35 [36], and the PKA phosphorylation sites
identified in this study are completely conserved (see figure 2). Thus it is likely that PKA
regulation of coupling, as seen in Cx35, is a feature common to Cx36 gap junctions.

Many areas of the central nervous system express Cx35 or Cx36. The regulation of these
channels by cAMP levels and PKA may have profound influence on the magnitude of electrical
coupling. A few examples of this have been observed, such as in rat hippocampal neurons,
where dopamine D1 receptor pathways reduce coupling and spikelet amplitude [49].
Interestingly, in the goldfish Mauthner cell mixed synapse, which has been shown recently to
use Cx35 [39], electrical transmission is enhanced by dopamine, postsynaptic cAMP, and
postsynaptic PKA activity [40,41,50]. Based on the results of our study, we would expect that
the state of the “switch” at the C-terminus of Cx35 is different in this neuron upon D1 receptor
activation than it is in other neurons that have been studied. Thus regulation of coupling through
Cx35 by PKA activity in a neuronal system can be either positive of negative. The
characteristics of this regulation will depend on the condition of all of the regulatory sites found
in this study.
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Figure 1. Effects of PKA activation and inhibition on tracer coupling in Cx35-HeLa cells measured
by scrape-loading
Neurobiotin loaded into cells along a scrape passes through gap junctions in HeLa cells
expressing Cx35 (A). The concentration of Neurobiotin, as measured by the fluorescent
intensity following fixation and staining with Cy3-streptavidin (see methods), declines with
distance below (D) or above (E) the scrape. Diffusion coefficients (k) measured by fitting a
linear diffusion model to the data (see methods) were 0.0013 cells2/s below and 0.0012
cells2/s above the scrape. Bath application of the PKA activator Sp-8-cpt-cAMPS (20 μM)
reduced the spread of tracer (B) and reduced the diffusion coefficient (F) to 0.0006 cells2/s in
Cx35-HeLa. Application of the PKA inhibitor Rp-8-cpt-cAMPS (20 μM) increased the spread
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of tracer (C) and increased the diffusion coefficient (G) to 0.0021 cells2/s. (H) Summary data
for scrape-loading in HeLa-Cx35 and non-transfected HeLa cells. For Cx35-HeLa cells, the
reduction in k relative to control (cntrl) caused by 20 μM Sp-8-cpt-cAMPS (Sp) and the increase
in k relative to control caused by 20 μM Rp-8-cpt-cAMPS (Rp) were significant at the p < 0.01
level using a t-test. For non-transfected HeLa cells, neither drug treatment changed k
significantly. Data shown are means of 14-53 measurements; error bars are +1 SEM.
Significance of statistical comparisons is indicated by * for p < 0.05 and ** for p < 0.01.
Significance symbols within the control condition bar represent comparison of the Cx35 cell
line to the non-transfected cell line under control conditions.
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Figure 2. Amino acid alignment of perch Cx35 with its homologues
Perch Cx35 is highly similar to its homologues, mouse Cx36 and skate Cx35. In this diagram,
amino acid identity is designated by an asterisk (*) and similarity by a period (.) below the
alignment. Transmembrane domains (M1-M4) are shown with shaded boxes. Several
consensus sequences for PKA phosphorylation are present (outlined residues). Two of these
are conserved across species: serine 110 in the intracellular loop and serine 276 (numbering
from perch Cx35) in the C-terminus. Perch Cx35 also has non-conserved sites at serine 128
and threonine 265.

Ouyang et al. Page 16

Brain Res Mol Brain Res. Author manuscript; available in PMC 2008 January 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Phosphoamino acid analysis of in vitro phosphorylated perch Cx35 I-loop and C-terminal
fusion proteins
Cx35CT and Cx35IL fusion proteins phosphorylated in vitro with PKA were subjected to acid
hydrolysis and one-dimensional thin layer electrophoresis with phospho-amino acid standards.
Phospho-amino acid standards were detected with ninhydrin and phosphorylated residues by
autoradiography. Positions of the phospho-amino acid standards are shown by dashed outlines,
and the sample origin is labeled with a +. In both CT and IL fusion proteins, only phosphoserine
was detected.
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Figure 4. Mutational analysis of PKA phosphorylation in Cx35 IL and CT domains
A. A 6x-His tagged construct of the Cx35 I-loop was expressed in bacteria and purified either
in wild-type form, or with single mutations in each of the two predicted PKA recognition sites.
Autoradiograph of the in vitro phosphorylation analysis shows that the mutation Ser110Ala
eliminated most of the phosphorylation in this domain. Phosphorylation reactions contained
400 ng protein each.
B. Similar analysis of the Cx35 CT domain fused to GST. Note that the CT construct was prone
to proteolytic degradation in bacteria. The topmost band represents non-degraded fusion
protein, and protein content in the phosphorylations was normalized to this band (200 ng protein
per reaction). The single mutation Ser276Ala had a much larger effect on phosphorylation than
either Thr265Ala or Ser298ter, eliminating about 90% of phosphorylation. The double
mutation, Ser276Ala, Ser298ter eliminated all phosphorylation, indicating that the minor
phosphorylation site is in the final 7 amino acids of the C-terminus.
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Figure 5. Effects of single mutations in PKA phosphorylation sites on regulation of coupling by
PKA
Neurobiotin tracer coupling was measured using the scrape-loading technique in HeLa cells
stably transfected with Cx35 or phosphorylation-deficient Cx35 mutants. Treatments with the
PKA activator Sp-8-cpt-cAMPS (designated Sp) and the PKA inhibitor Rp-8-cpt-cAMPS
(designated Rp) were the same as in figure 1. Data shown are normalized to the no drug
condition (cntrl) for each cell line examined, and data for Cx35 wild type are the same as in
figure 1H. The single mutations Ser110Ala or Ser276Ala significantly reduced the effect of
the PKA activator, and prevented the effect of the PKA inhibitor. In the truncation mutant,
Ser298ter, the PKA activator increased coupling and the PKA inhibitor decreased coupling.
Data shown are means of 14 to 39 independent measurements; error bars are +1 SEM.
Significance at the p<0.05 level (using a t-test) is shown by *; significance at the p<0.01 level
is shown by **.
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Figure 6. Effects of combined mutations on regulation of coupling by PKA
Neurobiotin tracer coupling was measured by scrape loading in HeLa cells transiently
transfected with wild-type Cx35 or with the multiple mutants Cx35-S110A, S276A and Cx35-
S110A, S276A, S298ter. Drug treatments were the same as shown in figure 5. Cells transfected
with the Cx35 wild-type construct showed a similar pattern of regulation to that seen in the
stably-transfected cell line (figure 5). The S110A, S276A double mutant did not show any
statistically significant responses to the PKA activator or inhibitor, while the S110A, S276A,
S298ter triple mutant showed no response to the PKA activator (Sp) and a small significant
reduction in coupling with the PKA inhibitor (Rp). Data are means of 16-24 measurements;
error bars are +1 SEM. Significance is displayed as in figure 5.
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Figure 7. Regulation of Cx35 by protein kinase A
Schematic diagram of Cx35 showing the regulatory sites identified in this study. One major
PKA phosphorylation site is present in the intracellular loop (Ser110) and one in the C-terminus
(Ser276). Phosphorylation at both of these sites is required for the full inhibitory effect observed
by activating PKA in HeLa cells. The domain containing the last 7 amino acids of the C-
terminus has an important role in the regulatory response since truncation of this domain causes
PKA phosphorylation at the other two sites to increase coupling. This constitutes a molecular
“switch.” Candidates for the control of this site include: a) PKA phosphorylation at a minor
site within the domain, b) phosphorylation/dephosphorylation by other protein kinases or
phosphatases that act in this domain, c) direct physical interaction with a protein that binds this
domain, or d) signaling via proteins assembled in a complex by a binding partner associated
with the domain. The activity of PKA may change the properties of any of these signaling
pathways.
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