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Background: SAP97 and CaM play a role in the regulation of connexin 32 (Cx32) gap junctions.

Results: SAP97 and CaM affect the same Cx32CT residues, calmodulin induces Cx32CT a-helical structure, and Cx32CT
mutations that cause X-linked Charcot-Marie-Tooth disease (CMTX) affect the binding of SAP97 and CaM.

Conclusion: Cx32-protein partner interactions are important for channel regulation and myelin homeostasis.

Significance: Cx32CT mutations may cause CMTX by disrupting the binding of SAP97 and CaM.

In Schwann cells, connexin 32 (Cx32) can oligomerize to form
intracellular gap junction channels facilitating a shorter path-
way for metabolite diffusion across the layers of the myelin
sheath. The mechanisms of Cx32 intracellular channel regula-
tion have not been clearly defined. However, Ca’*, pH, and the
phosphorylation state can regulate Cx32 gap junction channels,
in addition to the direct interaction of protein partners with the
carboxyl-terminal (CT) domain. In this study, we used different
biophysical methods to determine the structure and character-
ize the interaction of the Cx32CT domain with the protein part-
ners synapse-associated protein 97 (SAP97) and calmodulin
(CaM). Our results revealed that the Cx32CT is an intrinsically
disordered protein that becomes a-helical upon binding CaM.
We identified the GUK domain as the minimal SAP97 region
necessary for the Cx32CT interaction. The Cx32CT residues
affected by the binding of CaM and the SAP97 GUK domain
were determined as well as the dissociation constants for these
interactions. We characterized three Cx32CT Charcot-Marie-
Tooth disease mutants (R219H, R230C, and F235C) and identi-
fied that whereas they all formed functional channels, they all
showed reduced binding affinity for SAP97 and CaM. Addition-
ally, wereport thatin RT4-D6P2T rat schwannoma cells, Cx32 is
differentially phosphorylated and exists in a complex with
SAP97 and CaM. Our studies support the importance of pro-
tein-protein interactions in the regulation of Cx32 gap junction
channels and myelin homeostasis.

In the peripheral nervous system Schwann cells wrap around
the axon multiple times forming an insulating envelope (i.e.
myelin sheath) that benefits neuron function by increasing the
transmission of nerve impulses. Schwann cell-axon interac-
tions are important because axons regulate the survival, prolif-

* This work was supported, in whole or in part, by National Institutes of Health
Grant 2R01GM072631, American Heart Association Grant 11GRNT7820017,
and Eppley Cancer Center Support Grant 2P30CA036727.

"To whom correspondence should be addressed. Tel.: 402-559-7557; Fax:
402-559-6650; E-mail: psorgen@unmc.edu.

AUGUST 10, 2012+VOLUME 287+NUMBER 33

eration, and differentiation of Schwann cells that in turn deter-
mine the distribution of ion channels and support the
maintenance and survival of axons (1-4). Schwann cell wrap-
ping is followed by compaction where the majority of the cyto-
plasm from the myelin sheath is excluded resulting in two
distinct domains, compact and noncompact myelin, each char-
acterized by their own unique set of proteins. For example,
areas of noncompact myelin, including the Schmidt-Lanter-
man incisures and paranodes, contain myelin-associated glyco-
protein, E-cadherin, calmodulin (CaM),” synapse-associated
protein 97 (SAP97), and connexin 32 (Cx32) (5-7).

Cx32 is the most abundant connexin isoform in Schwann
cells, as well as being expressed in the liver, lung, and several
other tissues. Connexins are tetraspan transmembrane domain
proteins with intracellular amino and carboxyl termini. These
integral membrane proteins oligomerize to form hexameric
connexons, which usually are contributed by two adjacent cells
and interact across the extracellular space to form gap junction
channels allowing for the exchange of ions and small metabo-
lites. However, gap junctions in Schwann cells can form intra-
cellular channels through the layers of myelin. Aggregates of
these Cx32 channels are found predominantly at the Schmidt-
Lanterman incisures and paranodal regions providing a direct/
shorter route for the diffusion of second messengers and other
small molecules from the Schwann cell perinuclear cytoplasm
to the adaxonal region (8, 9). This pathway across the myelin
sheath is important because it allows the Schwann cell and axon
to maintain communication, which is likely necessary for
proper myelin formation. In fact, demyelination is the first
alteration seen in Cx32-deficient mice, further supporting the
importance of Cx32 in Schwann cells (10, 11).

2The abbreviations used are: CaM, calmodulin; CL, Cx32, connexin 32; CT,
carboxyl-terminal; SAP97, synapse-associated protein 97; GUK, guanylate
kinase domain; ITC, isothermal titration calorimetry; TFE, trifluoroethanol;
CMTX, X-linked Charcot-Marie-Tooth disease; Mtmr2, myotubularin-re-
lated protein 2; Y2H, yeast two-hybrid; IP, immunoprecipitation; SH3, Src
homology domain 3; bd, binding domain; ad, activation domain; HSQC,
heteronuclear single quantum coherence.
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Although much of the protein sequence is conserved
throughout the connexin family, the major divergence occurs
in the cytoplasmic loop (CL) and carboxyl-terminal (CT)
domains, which leads to their classification into subdivisions (c,
B, and y). CT domains, in particular, contain multiple sites for
protein-protein interactions that play essential roles in channel
localization and regulation (12—14). The cytoplasmic domains
of transmembrane proteins are often intrinsically disordered,
including the gap junction proteins Cx43CT and Cx40CT from
the a subdivision (12). Intrinsically disordered proteins play
important roles in regulation, signaling, and control pathways,
where binding to multiple partners via high-specificity/low-af-
finity interactions is facilitated via a disordered to ordered con-
formational transition (15-17). Unaddressed to date is
whether the CT domain of the 8 subdivision connexins (e.g.
Cx32) have similar structure and function as their « subdi-
vision counterparts.

There are several known binding partners to the Cx32CT,
and specifically two that play a role in the regulation of
Schwann cell function, the Ca®* -sensing protein CaM and the
scaffolding protein SAP97. CaM is a Ca>" -binding protein that
acts by transducing the effect of a rise in intracellular Ca®>* to
create physiological responses; specifically it has been impli-
cated in mediating the Ca”>*-dependent down-regulation of
Cx32 gap junction channels (18, 19). Cx32 has been shown to
interact with CaM directly via the Cx32CT domain in a Ca®*-
dependent manner (13). Additionally, elevated Ca®" levels in
the Schwann cell paranodes has been implicated in demyelin-
ation due to increased proliferation and impaired Schwann cell
function (1, 20, 21). The observation of reduced myelination
and Cx32 channel closure in response to elevated Ca®", the
direct interaction between Cx32 and CaM, and their overlap-
ping expression in Schwann cells, suggests that this complex is
important for Ca®>" regulation or sensing across the myelin
sheath (6).

SAP97 was also found to be enriched at Schwann cell para-
nodes (5). SAP97 is a member of the membrane-associated gua-
nylate kinase family, whose members are involved in the clus-
tering of ion channels, regulation of cell adhesion molecules, as
well as downstream signaling (22—24). These multidomain pro-
teins are composed of three PDZ domains, a SH3 domain, a
HOOK region, and a guanylate kinase-like domain (GUK
domain). The SH3-HOOK-GUK domains of SAP97 are the pri-
mary sites for a number of protein-protein interactions. Our
laboratory has previously shown that Cx32 interacts directly
somewhere within the SH3-HOOK-GUK region of SAP97 and
in mouse liver the loss of Cx32 altered the levels, localization,
and interactions of the tumor suppressor protein SAP97 (25).
SAP97 plays an important role in maintaining myelin homeo-
stasis in Schwann cells via interactions with myotubularin-re-
lated protein 2 (Mtmr2) at sites of membrane remodeling
and the exocyst protein Sec8 to promote membrane addition
(5). The observation that Cx32 is important for SAP97 scaffold-
ing, the necessity for SAP97 to localize at the Schwann cell
membrane for myelin homeostasis, and their overlapping
expression in Schwann cells, suggests that this complex is
important for the regulation of the myelin sheath.
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Here, we have characterized the structure and biophysical
properties of the Cx32CT domain and examined its interaction
with SAP97 and CaM. Our studies determined that the
Cx32CT is intrinsically disordered; however, in the presence of
trifluoroethanol (TFE), some Cx32CT residues had a propen-
sity to form a-helical structure. The Cx32CT residues showing
a-helical propensity were the same residues involved in binding
to the SAP97 GUK domain and CaM. Unlike SAP97, CaM
binding induced the a-helical structure within the Cx32CT and
involved both the N- and C-lobes. We also characterized the
structural and functional consequences, compared with wild
type Cx32CT, of three Cx32CT Charcot-Marie-Tooth disease
(CMTX) mutations: R219H, R230C, and F235C. All three
mutants formed functional channels; however, they all showed
reduced binding affinity for SAP97 and CaM. Finally, we con-
firmed the direct Cx32 interaction with SAP97 and CaM in
RT4-D6P2T rat schwannoma cells. Thus, we propose that one
mechanism by which Cx32 channels are regulated in Schwann
cells is via the interactions with SAP97 and CaM.

MATERIALS AND METHODS

Expression and Purification of Recombinant GST-tagged
Proteins—The rat Cx32CT(217-283) (and Cx32CT-R219H,
Cx32CT-R230C, and Cx32CT-F235C mutants), mouse SAP97
GUK(701-764), mouse SAP97 GUK(701-927), mouse SAP97
END(569-764), and mouse SAP97 END(569-927) polypep-
tides as well as bovine CaM (unlabeled, **N-labeled, or **N,*3C-
labeled) were expressed and purified as described previously
(26, 27). One exception, after digestion of SAP97 END(569 —
927) off of the GST, the supernatant was added to a 50,000
Amicon centrifuge filter to concentrate the protein down to
500 wl, which was equilibrated in 50 mm Tris-HCI, pH 7.0,
buffer containing 100 mm NaCl, 1 mm EDTA, 1 mm DTT, and
10% ammonium sulfate using a NAP-5 column (GE Health-
care). The protein was then applied to a phenyl-Sepharose col-
umn (GE Healthcare) and eluted using ammonium sulfate-free
buffer (50 mm Tris-HCI, pH 7.0, 100 mm NaCl, 1 mm EDTA, 1
mwm DTT). All polypeptides were confirmed for purity and ana-
lyzed for degradation by SDS-PAGE and equilibrated in 25 mm
Tris-HCI, pH 7.0, 100 mm KCl, and 1 mm DTT, using NAP-5
columns (GE Healthcare). Protein concentrations were deter-
mined using the Bradford assay and UV spectroscopy.

Circular Dichroism (CD)—CD experiments were performed
on aJASCO-815 spectrometer at 7 °C with a 1-mm path length
quartz cell using a bandwidth of 1 nm, an integration time of 1 s,
and a scan rate of 50 nm/s. Each spectrum is the average of 5
scans. All spectra were corrected by subtracting the solvent
spectrum acquired under identical conditions. The protein
concentration for each sample was 200 um. All CD data were
processed using CDtool (28). In the Cx32CT titrations with
SAP97 GUK and CaM, up to 60 um Cx32CT in 50 mm Tris-HCl,
pH 7.0, buffer containing 100 mm NaCl and 1 mm DTT was
added to 30 um GUK or CaM with 5 mm CaCl, or 5 mm EGTA.
The signals from the Cx32CT itself were subtracted. All of the
measurements were carried out in triplicate and were baseline
corrected. Mean residue ellipticity and molar ellipticity are
defined by the units degree cm® dmol ' and 1 X 10° degree cm®
dmol ' residues ™', respectively.
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Nuclear Magnetic Resonance (NMR)—All NMR data were
acquired at 7 °C using a 600-MHz Varian INOVA NMR spec-
trometer outfitted with a cryoprobe. Experimental data to
determine the Cx32CT backbone sequential assignments have
been described (29). Gradient-enhanced two-dimensional **N-
HSQC experiments (30) were used to observe all backbone
amide resonances from the '’N-labeled Cx32CT and '°N-la-
beled CaM samples in the absence and presence of different
combinations of unlabeled CaM (Sigma), Cx32CT, SAP97
GUK(701-927), and SAP97 END(569-927) domains. Data
were acquired with 1024 complex points in the direct dimen-
sion and 512 complex points in the indirect dimension. NMR
spectra were processed using NMRPipe (31) and analyzed using
NMRView (32). Binding isotherms from the **N-HSQC titra-
tion experiments were calculated with GraphPad Prism 5 soft-
ware (GraphPad Software, Inc.) and Origin 6 software
(Microcal).

Yeast Two-hybrid Assay (Y2H)—The Saccharomyces cerevisiae
strain AH109 (BD Biosciences Clontech) was maintained on yeast
extract, peptone, and dextrose agar plates. Co-transformation was
done by the lithium acetate procedure as described in the manu-
facturer’s instructions for the MATCHMAKER two-hybrid kit
(BD Biosciences Clontech) with the following GAL4ad fusion con-
structs: GAL4ad-SH3 (SAP97(569—644)), GAL4ad-HOOK
(SAP97(645-700)), GAL4ad-GUK (SAP97(701-764)), GAL4ad-
END (SAP97(569-764)), GAL4ad-SV40 Large T antigen (con-
trol), and with the following GAL4bd fusion constructs: GAL4bd-
Cx32CT(217-283) and GAL4bd-pVA3 murine p53 (control).
For colony growth assays, AH109 co-transformants were
streaked on plates lacking leucine and tryptophan and
allowed to grow at 30 °C usually for 3 days or until colonies
were large enough for further assays. An average of three to
four colonies was then chosen and suspended in water, equil-
ibrated to the same optical density at 600 nm, and replated
on plates lacking leucine and tryptophan (+His) as well as
plates also lacking histidine (—His).

Isothermal Titration Calorimetry (ITC)—The heat for the
reaction of Cx32CT with CaM was measured directly by iso-
thermal titration calorimetry using the iTC,,, titration calo-
rimeter from Microcal (Northampton, MA). ITC binding iso-
therms were obtained as follows; 21 injections of 1-2 ul of
Cx32CT (400 um) were used to titrate a 200-ul CaM solution
(30 wum) in the reaction cell at 37 °C. The reaction heat of each
injection was measured by integration of the area of the injec-
tion peak, corrected for the dilution heat of the Cx32CT, and
normalized by the moles of Cx32CT added. The resulting calo-
rimetric binding isotherm, heat/(mole of injectant) versus
[Cx32CT]/[CaM], was fitted with the Origin 7 software, sup-
plied by Microcal Inc. We used a model of one single binding
site to fit each binding isotherm. These fits are characterized by
a set of three parameters: binding constant (K), binding
enthalpy (AH,), and number of sites (). The Gibbs free energy
(AG°,) was determined from the equation: AG®, = RT InK,,
where R is the molar gas constant and 7 is the temperature at
which the experiment is performed. The entropy of binding
(AS,) was calculated from the Gibbs equation.

Coimmunoprecipitation (Co-IP)—RT4-D6P2T rat schwan-
noma cells were lysed in complete lysis buffer (50 mm Tris-HCl,
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pH 7.4, 0.25 mm sodium deoxycholate, 150 mm NaCl, 2 mm
EGTA, 1 mm Na;VO,, 1 mm NaF, 1 mm phenylmethylsulfonyl
fluoride, 1% Triton X-100, and one-half tablet of Complete Pro-
tease Inhibitor (Roche Applied Science)), maintained on ice for
30 min, and then spun at 12,000 X g for 15 min. Total protein
was assessed using the BCA protein assay kit (Pierce). The
lysate (50 g of total protein) was incubated with 2 ug of rabbit
anti-SAP97 (Abcam), rabbit anti-CaM (Sigma), or rabbit anti-
IgG (Jackson ImmunoResearch) for control. After a 4-h incu-
bation with the antibody at 4 °C, 100 ul of protein A-Sepharose
(GE Healthcare) was added to the samples and incubated over-
night at 4 °C. The Sepharose was washed four times with cold
lysis buffer, and the immunoprecipitated complex was resolved
by SDS-PAGE and Western blot. Additional conditions tested
were the presence of 5 mm EGTA or 5 mm CaCl, to the lysate
and lysis buffer, or the general phosphatase APP (New England
Biolabs) in the lysate prior to IP (30 °C for 1 h), then washed four
times after IP with cold buffer (50 mm Tris-HCI, 150 mm NaCl).

For transfection of wild type Cx32 and mutants, GeneEx-
presso (Excellgen) and plasmid DNA were incubated separately
in nonsupplemented Dulbecco’s modified Eagle’s medium
(DMEM) for 10 min at room temperature, then combined for
another 15 min. HeLa cells (~80% confluent) were washed with
DMEM and then incubated with combined GeneExpresso/
DNA solution for 24 h at 37 °C. HeLa cells were lysed 24 h
post-transfection in complete lysis buffer (50 mm Tris-HCI, pH
7.4,0.25 mMm sodium deoxycholate, 150 mm NaCl, 2 mm EGTA,
1mMmNa;VO,, 1 mm NaF, 1 mm phenylmethylsulfonyl fluoride,
1% Triton X-100), maintained on ice for 30 min, and then spun
at 12,000 X g for 15 min. Plasmid DNA amounts used for trans-
fection were optimized to acquire equal expression of each pro-
tein, which was confirmed by densitometric analysis of West-
ern blots. Total protein was assessed using the BCA protein
assay kit (Pierce) to normalize the amount of protein in each
co-IP. The lysate (50 ug of total protein) was incubated with 2
g of mouse anti-Cx32 (Sigma), or mouse anti-IgG (Jackson
ImmunoResearch) for control. After a 4-h incubation with the
antibody at 4 °C, 100 ul of protein A-Sepharose (GE Health-
care) was added to the samples and incubated overnight at 4 °C.
The Sepharose was washed four times with cold lysis buffer, and
the immunoprecipitated complex was resolved by SDS-PAGE
and Western blot. All co-IP experiments were performed in
triplicate.

Scrape-loading Assay—Cells were scrape-loaded and immu-
nostaining were performed as described in (33, 34). Briefly,
HelLa cells were seeded in six-well clusters at a density of 1.5 X
10°/well and grew for 24 h prior and post-transfection. Cell
culture medium from freshly confluent cells was removed and
replaced with 1 ml of medium containing rhodamine-conju-
gated fluorescent dextran (10 kDa, 1 mg/ml; fixable) and Luci-
fer Yellow (0.5%). Cells were scrape-loaded using a sterile scal-
pel by two longitudinal scratches and incubated for 1 min at
room temperature. Cells were washed quickly two to three
times with warm PBS containing calcium and magnesium and
returned to the incubator for 5 min, after which the medium
was removed, cells were washed 2 times with PBS and fixed with
3.7% buffered formalin at room temperature. The autofluores-
cence of cells was quenched with 0.1 m glycine and after wash-
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FIGURE 1. Secondary structure and resonance assignments of the Cx32CT. A, CD spectrum of Cx32CT. Mean residue ellipticity (MRE; deg cm? dmol ") as a
function of wavelength was recorded at 7 °C at a protein concentration of 280 um. B, ’N-HSQC NMR spectrum of the Cx32CT. The assignments are shown by
the residue name and number according to the rat Cx32 sequence. C, CD spectra of Cx32CT were obtained in the absence and presence of varying concen-

trations of TFE (% displayed in each panel).

ing once with PBS, the coverslips were mounted on glass slides
in a droplet of SlowFade. After scrape-loading, cells were
immunostained at room temperature with rabbit anti-Cx32CL
(Sigma) after fixing. Secondary antibody conjugated to Alexa-
594 (Invitrogen) was used. Images of the scrape-loaded cells
were captured using a CCD camera (Retiga 2000R, FAST 1394)
with the aid of Volocity software (Improvision, Lexington,
MA). The experiment was repeated 3 times and in each trial, 4
side by side images were captured and estimation of junction
permeability was based on methods described previously where
the number of fluorescent cells (containing Lucifer Yellow)
were counted, excluding the cells containing dextran, which
indicates the initially loaded cells (33, 34). Data were analyzed
statistically by analysis of variance with Tukey post hoc tests.

RESULTS

Secondary Structure and Resonance Assignments of the
Cx32CT—To evaluate the global structure of the soluble
Cx32CT(217-283) domain, the secondary structure was deter-
mined using CD. Random or flexible protein structures are
characterized by a peak minimum at 198 nm and a-helical con-
tent by two peak minima around 208 and 222 nm. The soluble
Cx32CT showed a peak minimum near 198 nm and little ellip-
ticity at 222 nm (Fig. 14), characteristic of a flexible, intrinsi-
cally disordered protein.
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Although unstructured, the resonance assignments of the
Cx32CT domain were determined to characterize the interac-
tions with the molecular partners SAP97 and CaM (described
later). The Cx32CT contains 67 amino acids with a molecular
mass of 7.8 kDa. The assignments comprise 100% of all H-N,
N, *CO, '*Caq, and ">Cp resonances covering 62 of the 62
nonproline residues. Fig. 1B shows the '>’N-HSQC spectrum
labeled with the assigned amino acids. Analysis of the '°N-
NOESY spectra did not produce NOEs consistent with any sec-
ondary structure (data not shown). The intrinsically disordered
structure for the soluble Cx32CT domain as determined by CD
is consistent with the narrow 'H chemical shift dispersions (<1
ppm) observed in the '"*’N-HSQC (Fig. 1B).

Although stable secondary structure was not observed for
the soluble Cx32CT, the possibility exists that the inherent sec-
ondary structure could form when tethered to the membrane
(i.e. attached to 4th transmembrane domain) or when bound to
a protein partner. Therefore, to identify if the Cx32CT contains
an inherent propensity to adopt secondary structure, we
acquired CD spectra in the absence and presence of various
concentrations of TFE (Fig. 1C). TFE is capable of stabilizing
intramolecular hydrogen bonding and is known to stabilize the
intrinsic secondary structure in peptides (35, 36). Here, TFE is
being used as a tool to address the ability of the Cx32CT domain
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FIGURE 2. Characterization of the Cx32/SAP97 interaction by the Y2H.
A, schematic representation of the SAP97 domains and constructs used in the
Y2H assay. B, the Saccharomyces cerevisiae yeast strain AH109 was cotrans-
formed with GAL4ad fusion constructs GAL4ad-SH3 (SAP97(569-644)),
GAL4ad-HOOK (SAP97(645-700)), GAL4ad-GUK (SAP97(701-764)), GAL4ad-
END (SAP97(569-764)), or GAL4ad-SV40 Large T antigen (control) and with
GALbd fusion constructs GAL4bd-Cx32CT (Cx32(217-283)) or GAL4bd-pVA3
murine p53 (control). Cotransformants were assayed for growth on nonselec-
tive (+His) and selective (—His) media. Abbreviations are as follows; ad, acti-
vation domain; bd, DNA-binding domain.

to form structure. When the TFE concentration was increased
to 15%, the weak absorption at 222 nm increased and the min-
imum absorption near 198 nm shifted to 205 nm. Moreover,
this change was further enhanced upon the addition of 25%
TFE. These results strongly suggest that the Cx32CT domain
has a propensity to form a-helical structure.

Interaction between the Cx32CT Domain and SAP97—Previ-
ously, we identified that the Cx32CT interacts with SAP97 res-
idues Val®*°-Ser’®* (25). These SAP97 residues contain the
SH3, HOOK, and part of the GUK domains (missing the C-ter-
minal residues Cys”®>-Leu®?” of the GUK domain) and were
referred to as the END(569 —764) domain. To identify the min-
imal domain of SAP97 END(569 —764) that is involved in the
Cx32CT interaction, we performed an Y2H assay. The Cx32CT
and the SH3, HOOK, GUK(701-764), and END(569-764)
regions of SAP97 (constructs depicted in Fig. 24) were coex-
pressed in AH109 yeast cells as GAL4 DNA-binding domain
(bd) fusion proteins and as GAL4 transactivation domain (ad)
fusion proteins, respectively (Fig. 2B). The direct interaction
previously observed between the SAP97 END(569-764)
domain and the Cx32CT domain was confirmed, in addition to
identifying the minimal region involved, the SAP97 GUK(701-
764) domain. Originally, when the SAP97 END construct (and
subsequent GUK only construct) was created the carboxyl-ter-
minal residues Cys”®>-Leu””” were deleted due to their known
involvement in the intramolecular interaction with the SAP97
SH3 domain, which could potentially block the binding of
Cx32CT, as has been observed with other GUK-binding pro-
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teins (e.g GKAP) (37). However, deleting portions of a protein
to obtain minimal regions of interaction can disrupt secondary/
tertiary structures that are important for the function of the
native protein. Therefore, CD was used to determine whether
the secondary structures of these minimal regions retain their
native conformations.

The secondary structure of SAP97 GUK(701-764) shows a
minimum near 198 nm indicating a random coiled structure
(Fig. 3A). The crystal structure of the SH3-HOOK-GUK
domains of SAP97 revealed that the GUK domain consists of an
a-helical core and some B-strands, suggesting that deletion of
the C-terminal residues is disrupting the secondary structure
(38, 39). Additionally, even in the presence of TFE no secondary
structure could be stabilized. Conversely, we observed that the
presence of the C-terminal residues (Cys”°>-Leu®*’) was neces-
sary for proper folding as evident by the minima around 208
and 220 nm, indicating the a-helical structure (Fig. 3B). The
contribution of B-strands in far-UV is sometimes not visible
and is overlapped by a-helical content, yet dicroweb was able to
deconvolute the data to show that the contribution from
B-strand was 13% and «-helix was 75% (40). A similar result was
found when we investigated the SAP97 SH3-HOOK-GUK
domains together (END). The C-terminal GUK residues in the
END(569-927) construct (as compared with the END(569 —
764)) were necessary for a properly folded structure (Fig. 3, C
versus D). In the presence of TFE, the a-helical structure was
induced for the END(569 -764), unlike GUK(701-764), sug-
gesting the stabilization was in the SH3-HOOK domains (Fig. 3,
Cversus A).

NMR titrations were used to confirm the Cx32CT interac-
tion with the full-length SAP97 GUK(701-927) and END(569 —
927) domains and determine the K,,. NMR experiments
were performed with unlabeled SAP97 GUK(701-927) or
END(569 —927) titrated into a Tris-HCI buffer solution, pH 7.0,
containing ">N-Cx32CT and '*"N-HSQC spectra were acquired
(Fig. 4, A and B). We calculated the K, for both the Cx32CT/
GUK(701-927) and Cx32CT/END(569-927) interactions by
holding the concentration of the **N-labeled CT domain con-
stant (100 uMm) and titrating the unlabeled full-length GUK or
END domain from 25 to 300 um. The decreasing signal inten-
sity for a subset of Cx32CT residues affected as a result of the
increasing GUK or END concentrations (Fig. 4, A and B) were
fit according to the nonlinear least squares method and the
titration data provided a K, of 14.7 £ 5.9 um (mean * S.D.) for
the Cx32CT/GUK(701-927) interaction and a K of 25.3 *
14.4 puMm for the Cx32CT/END(569-927) interaction. The
Cx32CT residues that are involved in the interaction with the
SAP97 GUK(701-927) and END(569-927) domains were
mapped onto the Cx32CT sequence (Fig. 4C). The affected res-
idues for each interaction were similar and corresponded to the
N-terminal portion of the Cx32CT (Cys>'”-Ser**®). The
strongly affected residues are suggested to be the direct site of
SAP97 binding (Cys*'”-GIn***). The observation of similar dis-
sociation kinetics between the Cx32CT and SAP97 domains
with and without the SH3-HOOK suggest that the GUK
domain alone is sufficient for the Cx32CT interaction consis-
tent with the Y2H data. Additionally, the carboxyl-terminal res-
idues Cys”**-Leu®”” of the GUK domain are necessary for a
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higher binding affinity with Cx32CT because the K, for the
Cx32CT/GUK(701-764) interaction was in the low mm range
(data not shown). Therefore, we used the SAP97 GUK(701—
927) domain for differential CD studies to determine whether
binding induces secondary structure for the Cx32CT domain.
The addition of Cx32CT to SAP97 GUK(701-927) (1:1 molar
ratio) results in no change in the CD spectrum, and the differ-
ence spectrum obtained by subtracting the GUK(701-927)
spectrum from the GUK(701-927)/Cx32CT spectrum also
showed no significant change because the minima remained at
200 nm (data not shown). These data suggest no change in the
Cx32CT structure upon binding GUK(701-927).

Interaction between the Cx32CT Domain and CaM—Gap
junctions are regulated by intracellular Ca>"; such that high
nanomolar to low micromolar concentrations inhibit gap junc-
tional communication. CaM has been implicated in mediating
the Ca®*-dependent regulation of gap junctions via interacting
directly with the intracellular domains of connexins (13, 18, 19).
A CaM-binding region has been identified in Cx32CT peptides
(residues Ala®'®-Arg?*° and Glu*°%-Asn?®) and kinetic studies
showed a K, of 2.1 and 3.5 um, respectively (13, 41). Initially,
ITC experiments were performed using our longer Cx32CT
construct (Cys*'”-Cys**®) to determine the stoichiometry of
this interaction as well as confirm the K. Our ITC results
revealed that the Cx32CT/CaM interaction is 1:1 with a K, of
4.7 uMm (Fig. 5A). In addition, the ITC results revealed that the
binding of Cx32CT to CaM is exothermic and driven by an
enthalpic component (Table 1).
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The previously identified Cx32CT peptide (Glu®*®-Pro*”)
that interacts with CaM was shown to bind only one lobe of
CaM at a time (41). Therefore, we performed NMR titration
experiments using a longer, more native like Cx32CT construct
(Cys®'7-Cys®®®) to test if both CaM lobes can bind simultane-
ously, consistent with the known binding mechanism for CaM.
Unlabeled CaM was titrated into a Tris-HCl buffer solution, pH
7.0, containing '*N-Cx32CT, and **N-HSQC spectra were
acquired (Fig. 5B). We determined the Cx32CT residues
affected by CaM binding and these are highlighted in Fig. 5C.
Those residues most strongly affected (Cys*!”-Asn®*°) corre-
spond to the previously identified CaM binding motif in the
Cx32CT (13); however, we also observed residues affected
downstream of this site within the Cx32CT sequence (Gly**°-
Ser®*®). These data, combined with the ITC data showing a 1:1
stoichiometry, suggest both the C- and N-lobes of CaM can
interact at the same time with the Cx32CT domain. To confirm
this observation, we investigated this interaction from the CaM
point of view.

The NMR resonances of Ca®>"-CaM have been assigned by
several groups (42—44). By following their movements during
titration of '>N-CaM with unlabeled Cx32CT with and with-
out Ca®>", we were able to identify the affected CaM residues.
In the absence of Ca’>”, only small changes in a few CaM
residues were observed (Fig. 6A4); confirming the Ca®"
dependence for this interaction. In contrast, in the presence
of Ca®", a number of CaM resonances corresponding to res-
idues in both the N- and C-lobes as well as the linker region

VOLUME 287+NUMBER 33-AUGUST 10, 2012



Cx32CT Interaction with Protein Partners

A B
108 - Cx32CT 108 ’ Cx32CT
® + GUK 1:0.25 ® + END 1:0.25
+GUK 1:0.75 8 +END 1:0.75
+GUK 1:3 - +END 1:3
112 “ 112
° o - °
“ =< = =t
- @ @ <
116 & 16 =
N15 e - N15
g £
120 S e 120
e o e
- T &
2 e
- .
124 b o t 124
@ b @
& &
f). ..
128l 128
8.8 8.6 8.4 8.2 8.0 7.8 7.6 8.8 8.6 8.4 8.2 8.0 7.8 7.6
H1 H1
1.0 1.0
” Kp=14.7+59 uM - C217 ” Kp=25.3+14.4 uM - C217
:%o.s - A218 = - A218
g - A221 g -+ R220
£ 06 - Q222 E - A221
T - R223 E -~ Q222
% 0.4 - R224 .% -©- R223
E o3 8 S225 E a8 S225
2 A N226 S A S229
0.0 N K244 N K244
(1] 100 200 300 L) 100 200 300
SAP97 GUK741.927 (BM) SAP97 ENDsgg.927 (1M)
C - Cx32CT Sequence
SAP97 GUK: [CARRAQRRSNPPSRKG! P IDGSLKDILRRSPGTGAGLAEKSDRCSAC
SAP97 END: |[CARRAQRRSNPPSRKGSG Pl QDESLKDILRRSPGTGAGLAEKSDRCSAC

FIGURE 4. NMR studies characterizing the Cx32CT residue affected upon SAP97 binding. The Cx32CT was titrated with the SAP97 GUK(701-927) (A) or
END(569-927) (B) domains. >N-HSQC spectrum for Cx32CT alone (black) has been overlaid with spectra obtained in the presence of different concentrations
of the SAP97 domains GUK(701-927) and END(569-927). The cross-peak color changes according to the concentration ratio (Cx32CT:SAP97 domain 1:0 (black),
1:0.25 (red), 1:0.75 (blue), 1:3 (green)). Titrations of 1:0.5 and 1:1 were also collected and used for calculating the dissociation constant (K,,) (lower panels A and
B), but were not included for easier visualization of the chemical shift changes. The K, for the Cx32CT/GUK(701-927) and Cx32CT/END(569-927) interaction
was estimated by fitting the decrease in signal intensity for the Cx32CT residues Cys®'”, Ala®'®, Arg?2°-Asn??¢, Ser®??, and Lys*** as a function of GUK(701-927)
or END(569-927) concentration. C, schematic representation of the residues of Cx32CT affected by the binding of the SAP97 GUK(701-927) and END(569 -927)
domains. Highlighted in yellow are the residues that were most affected (peaks broaden beyond detection or shift with no overlap at 1:0.25 ratio) and those in

green were less affected (shift at 1:0.75 ratio).

showed significant intensity changes >10% following the
addition of Cx32CT (Fig. 6, B and C). These NMR results
strongly suggest that CaM folds around the Cx32CT, binding
via both the N- and C-lobes.

A common mechanism upon CaM binding with both lobes is
induction of a-helical structure for the target peptide/protein,
as has been observed for the Cx43CL and Cx44CL (45, 46). To
determine whether the a-helical structure can be induced for
the Cx32CT upon CaM binding, the Cx32CT(217-283)/CaM
interaction was examined structurally by differential CD. As
seen in Fig. 74, the addition of Cx32CT to Ca>"-CaM (1:1
molar ratio) results in a more negative signal at 222 nm in the
CD spectrum. Studies have revealed no change in CaM second-
ary structure when bound to different peptides (47, 48), there-
fore the observed net change in the CD signal can be attributed
to the CaM-bound Cx32CT. The difference spectrum obtained
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by subtracting the Ca®>"-CaM spectrum from the Ca*>"-CaM/
Cx32CT spectrum showed the 198 nm minimum shift to 208
nm and the absorption at 222 nm increased, indicating a change
to a-helical structure from the intrinsically disordered Cx32CT
alone (Fig. 1A versus 7A). Comparison of the CaM/Cx32CT
difference spectrum (Fig. 7A) with the spectrum of the Cx32CT in
25% TFE (Fig. 1C) reveals that both conditions stabilize the
formation of similar a-helical structures because the minima
are at 208 and 222 nm.

SAP97 and CaM Interaction with Cx32 in RT4-D6P2T Rat
Schwannoma Cells—The importance of Cx32 within Schwann
cells has been demonstrated by its involvement in a sensory
and motor neuropathy called Charcot-Marie-Tooth disease
(CMTX), which is caused by mutations throughout Cx32 (49,
50). Interestingly, the Cx32CT residues strongly affected in the
presence of the GUK domain and CaM contain several residues
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TABLE 1

Thermodynamic parameters for the interaction of Cx32CT-WT and
mutants with calmodulin

Experiments were done in buffer containing 25 mm Tris-HCI, 100 mm KCI, 1 mm
B—ME, and 5 mm CaCl, at pH 7.0. Experimental errors are as follows: AH,, (£5%),
AK, (£20%), AS, (=5%), and AG,, (=7%).

Protein AH, n K, x 10* AG,° TAS
cal/mol e cal/mol
Cx32CT-WT —8082 1.01 21.5 —7567 —514.6
Cx32CT-R219H —7376 1.00 9.6 —7071 —305.0
Cx32CT-R230C —6825 0.99 6.7 —6851 26.1
Cx32CT-F235C —4558 1.00 2.6 —6260 1701.9

that are mutated in CMTX (51). However, these interactions
have not been identified in Schwann cells, which demyelinate as
a result of the Cx32CT mutations.

Co-IP studies in the rat schwannoma cell line RT4-D6P2T
were performed to identify if full-length Cx32 complexes with
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SAP97 and CaM (Fig. 8). The co-IP showed that SAP97 and
CaM could pull-down Cx32 because the SAP97 and CaM anti-
body immunoprecipitates contained a 26-kDa protein that was
immunoreactive to the Cx32 antibodies (Fig. 8, A and B). We
also observed additional bands above the 26 kDa for the Cx32
protein, which suggests different phosphorylation states (52).
Therefore, we added a general phosphatase (A) to the lysate and
Cx32 immunoprecipitates. The immunoblot revealed the loss
of the upper band and retention of the lower 26-kDa band sug-
gesting Cx32 is differentially phosphorylated in Schwann cells
(Fig. 8C). To confirm the presence of phosphorylated Cx32,
Cx32 antibody immunoprecipitates were immunoblotted with
phospho-Tyr and phospho-Ser antibodies. In the presence of
the phosphatase, no bands were detected. In the absence of
phosphatase, the 26-kDa band was reactive to both the phos-
pho-Tyr and phospho-Ser antibodies; however, the additional
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band above 26 kDa was only reactive to the phospho-Ser anti-
body (Fig. 8C). Because the Cx32/CaM interaction is known
to be Ca®>"-dependent we also added Ca*" or EGTA to see if
we could enhance/disrupt the interaction, respectively. This
Cx32/CaM interaction was indeed sensitive to changes in
Ca*" levels in the precipitates suggesting that intracellular
Ca*" levels could increase this complex (Fig. 8B). The pres-
ence of Ca>" in both pull-downs revealed a band lower than
26 kDa, which could be the result of Cx32 proteolysis caused
by Ca®>"-dependent calpains (53). Fig. 8D provides controls
demonstrating that these proteins do not bind the protein
A-Sepharose beads or the antibodies nonspecifically. The
identification of these complexes using full-length proteins
combined with the in vitro studies strongly suggests that
Cx32 interacts directly with SAP97 and CaM in RT4-D6P2T
rat schwannoma cells.

Functional Studies of Cx32 Channels with CMTX Mutations
in the CT Domain—The Cx32 mutations that cause CMTX
affect every portion of the protein. The means by which many of
these mutants lead to disease is fairly well understood (i.e.
altered trafficking resulting in no channels, formation of non-
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functional channels or channels with altered biophysical prop-
erties at the plasma membrane) (51, 54). However, some CT
mutations (F235C, R238H, C280G, and S281x) still form func-
tional gap junction channels, suggesting other mechanisms
cause CMTX (51, 55-57). One possibly, as in the case of F235C,
is through altered interactions with protein partners that regu-
late channel function, such as CaM and SAP97 (57). Other
Cx32CT CMTX mutations within the CaM and SAP97 binding
domain form gap junctions, however, to the best of our knowl-
edge, only the mutants mentioned above have been tested for
functionality. Therefore, before testing if the CMTX mutations
affect binding of CaM and SAP97 (next section), we performed
functional studies on two additional Cx32CT CMTX muta-
tions, R219H and R230C. These mutations were chosen to rep-
resent different areas of the SAP97 and CaM binding domain
and different types of amino acid substitutions (e.g. change in
charge, change in hydrophobicity, and a more conserved
change). The junctional transfer of the fluorescent tracer, Luci-
fer Yellow (M, 443) was measured by scrape-loading (Fig. 9), in
transfected HeLa cells grown on glass coverslips. We found that
the wild type Cx32 (Cx32-WT) transfected cells communicated
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mixture.

extensively. The cells transfected with all three CT mutants
(R219H, R230C, and F235C) were also able to form channels
that were functional, however, the mean (* S.E.) number of
fluorescent cells after scrape-loading was significantly reduced
in the R219H- and R230C-transfected cells as compared with
Cx32-WT (Fig. 9B). In HeLa cells, the Cx32-WT and mutants
assembled into gap junctions at cell-cell contact regions,
although some of the protein was also intracellular as observed
by discrete puncta (Fig. 10). Interestingly, despite the formation
of smaller gap junction plaques the F235C mutant transferred
dye similar to WT.

Interaction between Cx32CT CMTX Mutants and the SAP97
GUK Domain—SAP97 has been shown to maintain myelin
homeostasis in Schwann cells and down-regulation of SAP97
leads to demyelination (5). We have identified that the SAP97
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GUK domain interacts directly with the Cx32CT domain (Fig.
4) and the loss of Cx32 alters the levels, localization, and inter-
actions of SAP97 (25). These findings suggest that any disrup-
tion of the Cx32/SAP97 interaction at the membrane, for exam-
ple, by Cx32CT mutations, could alter myelin homeostasis.

To determine whether the Cx32CT mutations disrupt the
binding of SAP97, we performed NMR titration experiments.
The unlabeled SAP97 GUK domain was titrated into a Tris-HCI
buffer solution, pH 7.0, containing '°N-labeled Cx32CT
mutants and "*N-HSQC spectra were acquired (Fig. 11). We
calculated the K, for these interactions by holding the concen-
tration of the mutants constant (100 wMm) and titrating the
SAP97 GUK domain from 100 to 500 um. Although the K, for
the interaction between Cx32CT-WT and the SAP97 GUK
domain was 14.7 um (Fig. 4), all three of the mutations had a
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ments were performed in triplicate.

similar 8-fold decrease in the binding affinity for the GUK
domain (Fig. 11).

The crystal structure of the SAP97 SH3-HOOK-GUK
domains in complex with a peptide revealed that the GUK
domain can induce structure in its partner (38). Although no
change in the Cx32CT-WT structure was observed upon bind-
ing to the SAP97 GUK domain, we used differential CD to test
if the Cx32CT CMTX mutants behaved in a similar manner
(data not shown). The data showed that the mutants interacted
with the SAP97 GUK domain in a similar mode of binding as
the Cx32CT-WT although with decreased affinity because no
change in structure was observed.

Interaction between Cx32CT CMTX Mutants and CaM—
Cx32 intracellular channels mediate the exchange of small mol-
ecules (e.g. Ca®") across the Schwann cell myelin sheath. In
response to increased Ca*>*, CaM binds to the Cx32CT and
Cx32NT domains closing Cx32 channels (13, 58). Interestingly,
elevated Ca®>* in Schwann cell paranodes and incisures, where
Cx32 gap junctions are located, is implicated in demyelination
(20, 59). Therefore, if the Cx32/CaM interaction is disrupted,
Ca®" would be allowed to permeate throughout the layers of
the myelin sheath ultimately leading to demyelination. NMR
titrations were performed to determine whether the Cx32CT
CMTX mutants affect the binding of CaM, as was observed for
the SAP97 GUK domain.

NMR experiments were performed with unlabeled CaM
titrated from 100 to 300 um into a Tris-HCI buffer, pH 7.0,
solution containing each '*’N-Cx32CT CMTX mutant (100 um)
and 'N-HSQC spectra were acquired (Fig. 12, top). CaM inter-
acted in the same general region of the CT for each of the
mutants as compared with Cx32CT-WT; however, the peak
intensities were different between the mutants and the
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Cx32CT-WT. Because the peaks broaden beyond detection
even at the early titration points, the K, for each interaction
could not be accurately determined; therefore, we used ITC
experiments.

Although the K, for the Cx32CT-WT interaction with CaM
was 4.7 uMm (Fig. 5), all three of the Cx32CT CMTX mutations
caused a significant decrease in the binding affinity for CaM
(Fig. 12, bottom, and Table 1). Among the CMTX mutants,
Cx32CT-F235C caused the most significant effect, decreasing
the K, to 388 um, whereas the K, for the R230C and R219H
mutants were 104 and 149 um, respectively. Additionally, the
ITC experiments revealed that the interaction between the
Cx32CT and CaM is driven by exothermic enthalpy, which
suggests that van der Waals, ionic bonds, and/or hydrogen
bonds predominate over nonspecific hydrophobic forces
(Table 1). This observation is consistent with the type of
amino acids that were substituted (e.g. R219H and R230C,
disrupting electrostatic interactions; F235C, disrupting
hydrophobic interactions).

CaM was identified to induce the Cx32CT to form the a-heli-
cal structure (Fig. 7A). Because the mutations had a similar
propensity as the Cx32CT-WT to form a-helical structure in
the presence of TFE (data not shown), we used differential CD
to test if the Cx32CT mutations alter the ability for the CT to
adopt a-helical structure upon binding CaM. As seen in Fig. 7,
B-D, the presence of CaM affected each of the mutants differ-
ently when compared with the Cx32CT-WT. The Cx32CT-
R219H formed a-helical structure upon binding CaM although
to a lesser extent than Cx32CT-WT. The decrease in a-helical
constant is consistent with a lower K, (i.e. less Cx32CT binding
CaM, less induced a-helical structure) and involves the binding
of both the N- and C-lobes of CaM. On the other hand, the
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in Hela cells. A, cells were grown on glass coverslips and scrape-loaded with
Lucifer Yellow and Alexa 594-conjugated dextran. Note that control cells
were not transfected and no transfer is observed, whereas Lucifer Yellow has
transferred from scrape-loaded (red) cells to neighboring cells when trans-
fected with Cx32-WT and all three mutants studied (R219H, R230C, and
F235C). B, effect of Cx32 mutation on the gap junctional permeability
expressed as the number of fluorescent cells. Cx32-WT, 45 * 5.7%; Cx32-
R219H, 34 = 6.1%; Cx32-R230C, 30 * 5.6%; Cx32-F235C, 53 + 6.1%. Results
are the mean = S.E. values (n = 4). *, significantly (p < 0.05) different as
compared with Cx32-WT and Cx32-F235C. Magnification at X 10.

binding of CaM did not induce the formation of a-helical struc-
ture for the R230C and F235C mutants. The lack of structure
and similar K, for the R230C mutant as compared with the
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R219H mutant suggests the binding of only one lobe of CaM.
The lack of a-helical structure and even lower affinity for the
F235C mutant also suggests that only one lobe of CaM can bind
at a time. Additionally, the reduced binding affinity for the
F235C mutant may reflect the importance of hydrophobic over
electrostatic contacts for this direct interaction.

Effect of Cx32CT CMTX Mutants on Pull-downs of SAP97
and CaM—As a compliment to the in vitro studies using min-
imal domains, we assessed the ability of the full-length SAP97,
CaM, and Cx32 proteins to interact when Cx32 contains the CT
CMTX mutations. We performed co-IP in the connexin-defi-
cient HeLa cell line transfected with the Cx32-WT and mutants
(Fig. 13). The co-IP showed that the Cx32 mutants could all
pull-down SAP97 as evident from the immunoprecipitates that
contained a 130-kDa protein that was immunoreactive to the
SAP97 antibodies (Fig. 13A4). We also observed that CaM could
pulldown the Cx32 mutants because the CaM antibody immu-
noprecipitates contained a 26-kDa protein that was immuno-
reactive to the Cx32 antibodies (Fig. 13B). However, all of the
Cx32 mutations significantly reduced the amount of SAP97
that was pulled down and Cx32 that could be pulled down by
CaM compared with Cx32-WT (Fig. 13, Cand D). These results
are consistent with the NMR and ITC data and suggest that the
Cx32CT CMTX mutations tested in this study disrupt the
binding of SAP97 and CaM in vivo providing a mechanism for
demyelination.

DISCUSSION

In this study we have biophysically characterized the
Cx32CT domain and its interaction with two molecular part-
ners, SAP97 and CaM. The Cx32CT domain alone in solution
exists as an intrinsically disordered protein; however, unlike the
SA97 GUK domain, CaM induced a-helical structure. Both the
SAP97 GUK domain and CaM interacted with similar Cx32CT
residues, yet their mode of binding was different. These inter-
actions were confirmed with full-length proteins in rat Schwan-
noma cells and Cx32 was found to be differentially serine and
tyrosine phosphorylated. We also determined that three
Cx32CT CMTX mutations significantly decreased the Cx32
binding affinity for SAP97 and CaM. These studies represent
the first structural characterization of the CT domain of Cx32
alone and when integrated in a complex with molecular part-
ners, providing insight into the molecular mechanisms
involved in the regulation of Schwann cell myelination.

Functional Significance of the Cx32CT Secondary Structure—
The Cx32CT structure was determined to be intrinsically dis-
ordered; however, CaM binding induced the Cx32CT to form
a-helical structure. The ability to form the a-helical structure
as observed for the CT domains from the « (Cx43) (12), B
(Cx32), and 7y (Cx45)? subdivisions suggests this transitioning
from a intrinsically disordered to a-helical structure is a general
mechanism for connexins to facilitate a biological reaction,
such as modulating protein-protein interactions. However, we
did not observe a change in the Cx32CT structure when bound
to the SAP97 GUK domain. The crystal structure of the SAP97
SH3-HOOK-GUK domains in complex with a peptide reveals

3 J. Kopanic and P. L. Sorgen, unpublished data.
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FIGURE 10. Localization of Cx32-WT and CMTX mutants in HeLa cells. Hela cells were seeded on glass coverslips and immunostained for Cx32. Note that
Cx32-WT and mutants (R219H, R230C, and F235C) assembled into gap junctions (white arrows). White dashed box within merge image was enlarged on the right
to show the gap junctions at sites of cell-cell contact. The scrape line was located to the right of the imaged cells (white dashed line). Note also that some of the
protein remains intracellular as vesicular puncta in HeLa cells. Magnification at X63 oil using extended focus.

that when the GUK domain binds to certain binding partners
(e.g. mitotic spindle regulatory protein LGN) the interaction is
inducing a one turn a-helix in the LGN protein (38). Therefore,
the Cx32CT might also be induced to form the a-helical structure
upon binding the GUK domain; however, this minimal structural
change would be difficult to observe by differential CD.
Functional Significance of the Cx32CT/CaM Interaction—
Cx32 gap junction channels mediate a pathway for Ca>" signal-
ing across the myelin sheath from the adaxonal cytoplasm to
the perinuclear region of Schwann cells (7-9, 64). Under nor-
mal conditions, neuron activity results in ATP release that
causes a rise in the intracellular Ca*>" levels in Schwann cells
(20, 21). In response to increased intracellular levels of Ca**,
Cx32 channel closure is facilitated by the binding of activated
CaM and Ca®" is extruded via channels on the plasma mem-
brane to maintain [Ca®"], homeostasis (6, 18 —20). However, if

AUGUST 10, 2012+VOLUME 287+NUMBER 33

[Ca"], is maintained at elevated concentrations, the resulting
effect is Schwann cell demyelination and proliferation (1, 20,
59). The Ca®>"-mediated demyelination affects the paranodes
and Schmidt-Lanterman incisures first and then progresses to
disrupt the compact myelin (59). This observation emphasizes
the importance of the Cx32 gap junctions because the localiza-
tion of these channels is in the same area initially affected by
increased Ca®>". The elevated Ca®>* would inhibit the Cx32/
SAP97 interaction because CaM binds the same Cx32CT resi-
dues with higher affinity. However, if Ca®>" levels returned to
normal, SAP97 could once again bind Cx32 to restore myelin
homeostasis. This is consistent with the observation that after
elevated [Ca>"],, Schwann cells can recover and remyelinate
axons (1, 59).

Our data revealed that all three Cx32CT CMTX mutations
(R219H, R230C, and F235C) had reduced binding affinities
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FIGURE 11. Characterizing the interaction between the Cx32CT CMTX mutants and the SAP97 GUK domain. Each titration contained the same concen-
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for CaM suggesting that elevated Ca>" levels would no lon-
ger close the Cx32 channels. Therefore, if the Cx32/CaM
interaction is inhibited, Ca>" would permeate throughout
the layers of the Schwann cell ultimately leading to demyelin-
ation. Consistent with this hypothesis are the functional
studies of the Cx32-F235C channels that were predomi-
nantly open (57) and our scrape-loading assay, which dem-
onstrated that all three CMTX mutations form functional
channels, albeit to different degrees.

Previous studies showing that CaM interacts directly with
two small Cx32CT peptides (Ala*'°-Arg?*® and Glu®°®-Asn?*°)
suggested that only one lobe of CaM binds at a time with the
C-lobe having a higher affinity than the N-lobe (13, 41). Using a
longer Cx32CT construct (amino acids Cys*!”-Cys>*?), we con-
firmed that CaM interacts with Cx32CT residues Cys>'’-
Arg?®® however, we also observed additional affects extending
to residue Ser*®®. This observation combined with CaM induc-
ing a Cx32CT a-helical structure with a 1:1 stoichiometry, indi-
cates that both lobes of CaM bind the Cx32CT at the same time.
Consistent with this observation is that the Cx32CT domain
affected both the N- and C-terminal lobes of CaM, indicating
that a global conformational change occurred when bound to
the Cx32CT domain. Previous reports of other CaM com-
plexes, such as Ca>"-CaM/CaMKI, also showed such global
changes in the amide chemical shifts (60).
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Functional Significance of the Cx32CT/SAP97 GUK In-
teraction—The interaction between Cx32 and SAP97 was
shown to be important for the proper localization of SAP97 to
the cell membrane suggesting a role for Cx32 in the regulation
of cell proliferation (25). SAP97 is enriched at Schwann cell
paranodes where it coordinates membrane homeostasis during
Schwann cell myelination via interacting with Mtmr2 to nega-
tively regulate membrane addition and the exocyst protein Sec8
to promote membrane formation (5). Additionally, the loss of
SAP97 expression and mutations in Mtmr2 individually both
lead to Schwann cell demyelination (5, 61).

Our studies have identified that the SAP97 GUK domain is
involved in the interaction with Cx32CT. This is important
because Mtmr2 and Sec8 would be able to interact with the
SAP97 PDZ2 and PDZ1 + 2 domains, respectively, when
SAP97 is bound to Cx32 at the membrane (5). Our studies dem-
onstrating that Cx32CT CMTX mutations cause a decrease in
the binding affinity for the Cx32/SAP97 interaction strongly
suggest that in Schwann cells these mutations disrupt the
proper localization of SAP97, thus inhibiting Mtmr2- and Sec8-
mediated myelin homeostasis.

Structural and functional studies of SAP97 and its homolog
PSD-95 revealed that the intramolecular SH3 domain interac-
tion with the GUK domain can regulate the binding of intermo-
lecular partners (37, 38, 62). Using NMR we showed that the
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FIGURE 12. Thermodynamic and structural characterization of the interaction between the Cx32CT CMTX mutants and CaM. NMR spectra and the ITC
profile of the CaM/Cx32CT-R219H (A), CaM/Cx32CT-R230C (B), and CaM/Cx32CT-F235C (C) interactions. Top panels, each titration contained the same concen-
tration of ">N-Cx32CT mutant (100 um) with different concentrations of CaM. >N-HSQC spectrum for each Cx32CT mutant alone (black) has been overlaid with
spectra obtained in the presence of different concentrations of CaM (Cx32CT:CaM 1:0 (black), 1:0.25 (red), 1:0.5 (blue), 1:1.5 (green)). Lower panels, the ITC runs
were performed at 37 °C. The upper halves show the original heat production upon injection and the lower panels show the integrated, dilution-corrected, and

normalized peaks. /B, immunoblot.

Cx32CT domain binds to SAP97 with a similar K, regardless of
the presence of the SAP97 SH3 domain. Although the GKAP/
SAP97 GUK interaction is inhibited by the SH3 domain (37),
our data show that the presence of the SH3 domain does not
interfere with Cx32CT binding, similar to SAP97 binding to the
kinesin-3 motor protein GAKIN (63).

Relationship between Cx32/SAP97/CaM—The finding that
SAP97 and CaM affect the same region of the Cx32CT suggests
that both proteins cannot bind Cx32 at the same time. In gen-
eral, the preference for binding could be regulated via several
different mechanisms such as changes in cellular conditions
and phosphorylation state of Cx32. Changes in intracellular
Ca®" levels could regulate which partner binds to the Cx32CT
such that upon an increase in [Ca®>"], SAP97 would be dis-
placed by CaM. If this shift in partner preference occurred near
the axon, the Ca®>*-dependent closure of Cx32 channels by
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CaM would inhibit the diffusion of Ca®>* to the outer mem-
brane thus maintaining the SAP97/Cx32 interaction at the site
where Mtmr2 and Sec8 tethering is required for myelin
homeostasis.

The phosphorylation of connexin proteins is involved in reg-
ulating gap junctional communication at several stages includ-
ing trafficking, assembly/disassembly, degradation, as well as
gating of the channels (66). The role that phosphorylation plays
with regards to Cx32 has been less well characterized; however,
some serine kinases have been identified such as cAMP-PK,
Ca®"-CaM PK I, and PKC (67, 68). The Cx32CT contains sev-
eral serine residues within the SAP97 and CaM binding sites
that are suggested sites for phosphorylation, Ser*** and Ser**°
as well as Ser>®? (68). We observed that Cx32CT is differentially
phosphorylated on tyrosine and serine residues in RT4-D6P2T
rat schwannoma cells. The Cx32CT contains only one tyrosine
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FIGURE 13. Cx32-WT and mutants, SAP97, and CaM co-IP studies using HeLa cell lysates. A, lysates of nontransfected and transfected (Cx32-WT and
mutants) Hela cells were incubated with antibodies directed against Cx32 (Cx32 IP) and probed for Cx32 and SAP97. B, lysates of nontransfected and
transfected (Cx32-WT and mutants) Hela cells were incubated with antibodies directed against CaM (CaM IP) and probed for Cx32 and CaM. Input is the HelLa
lysate. Co-IP experiments were performed in triplicate. C, quantification of the data shown in A. SAP97 co-IP intensity was normalized to Cx32-WT IP (Cx32-WT,
100%; Cx32-R219H, 83.2 = 2.5%; Cx32-R230C, 61.5 * 3.3%; Cx32-F235C, 61.3 * 2.1%). Results are the mean = S.E. values (n = 3).a and b are significantly (p <
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residue (Tyr>*?), which is located within the SAP97 and CaM  kinase receptors (related to epidermal growth factor receptor)
binding domain, and can be phosphorylated by the epidermal are up-regulated in CMT patients that exhibit demyelinated
growth factor receptor (67). This suggests that alterationsinthe  axons (70). Future studies will address if any of the serine resi-
phosphorylation state of the Cx32CT could also play a role in  dues also alter the binding affinity for the Cx32/CaM (and
regulating myelin homeostasis. Consistent with this possibility =~ SAP97 GUK domain) interaction.

are studies showing that tyrosine phosphorylation of Cx32 is In summary, we describe here the biophysical characteriza-
inhibited in the presence of CaM and CaM binding can be dis-  tion of the Cx32CT domain alone and in complex with two
rupted when its targets are phosphorylated (65, 67, 69). There- molecular partners, SAP97 and CaM. Our studies support the
fore, any increased tyrosine kinase activity leading to Cx32CT  importance of protein-protein interactions in the regulation of
phosphorylation could also decrease CaM binding leading to  Cx32 gap junction channels and for myelin homeostasis. The
the same CMTX phenotype as the Cx32CT mutations. Consis-  significance of these findings is enhanced in the context of
tent with this possibility is the observation that ErbB tyrosine ~CMTX, where mutations in the Cx32CT could cause demyelin-
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ation by disrupting the binding of protein partners such as
SAP97 and CaM.
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