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Abstract

The connexin carboxyl-terminal (CxCT) domain plays a role in the trafficking, localization, and
turnover of gap junction channels, as well as the level of gap junction intercellular communication
via numerous post-translational modifications and protein—protein interactions. As a key player in
the regulation of gap junctions, the CT presents itself as a target for manipulation intended to
modify function. Specific to intrinsically disordered proteins, identifying residues whose
secondary structure can be manipulated will be critical toward unlocking the therapeutic potential
of the CxCT domain. To accomplish this goal, we used biophysical methods to characterize CxCT
domains attached to their fourth transmembrane domain (TM4). Circular dichroism and nuclear
magnetic resonance were complementary in demonstrating the connexin isoforms that form the
greatest amount of a-helical structure in their CT domain (Cx45 > Cx43 > Cx32 > Cx50 > Cx37
Cx40 ~ Cx26). Studies compared the influence of 2,2,2-trifluoroethanol, pH, phosphorylation, and
mutations (Cx32, X-linked Charcot-Marie Tooth disease; Cx26, hearing loss) on the TM4-CxCT
structure. While pH modestly influences the CT structure, a major structural change was
associated with phosphomimetic substitutions. Since most connexin CT domains are
phosphorylated throughout their life cycle, studies of phospho-TM4-CxCT isoforms will be
critical toward understanding the role that structure plays in regulating gap junction function.
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INTRODUCTION

Gap junctions allow the exchange of ions, second messengers, and small metabolites
between adjacent cells. This enables individual cell events to synchronize into the functional
response of an entire organ.12 Dysfunctional intercellular communication via gap junctions
has been implicated as a causative factor in many human diseases.3 Gap junction channels
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are formed by the apposition of two connexins from adjacent cells. Each connexin consists
of six connexin proteins, which are named based on their molecular mass (e.g., 43 kDa
isoform, Connexin43 (Cx43)). The 21 known human connexin isoforms share a highly
conserved A-terminus, two extracellular loops (EL1 and EL2), and four transmembrane
domains. In contrast, the cytoplasmic loop and carboxyl-terminal (CT) domains are
divergent and variable in length and sequence.

The CT plays a role in the gating, trafficking, and localization of gap junction channels, as
well as the level of gap junction intercellular communication.*-1 The CT domain is
involved in regulating many of these cellular events through the interaction with different
molecular partners and/or post-translational modifications,212:13 which are features typical
of many intrinsically disordered proteins (IDPs) such as the connexin CT domain.14-18 From
a thermodynamic perspective, the entropic cost of coupled folding and binding a molecular
partner results in high-specificity, low-affinity interactions, which are advantageous in
signaling and regulatory functions for IDPs.1® Additionally, many IDPs have a
conformational preference consistent with the bound state.20 Altering the conformational
preference of an IDP can modulate the favorability of a molecular partner interaction. One
cellular event regulating protein function that causes significant structural rearrangement and
is disproportionately common for IDPs is phosphorylation.2:22 Connexins, with the
exception of Cx26, are differentially phosphorylated at numerous CT residues at various
times throughout their life cycle.23-27 Another cellular event that can influence the structure
of IDPs is a change in pH.28 Generally, IDPs contain few hydrophobic residues and are
enriched in residues carrying a net charge; this combination prevents a high degree of
folding at physiological pH. Conversely, IDPs typically gain structure under highly acidic or
basic conditions.28

Gap junction channels are not passive pores, but are highly regulated and respond to the
cellular environment to open, close, or turnover as needed. Unlike many other ion channels
for which there are selective agents to characterize the function of one ionic current in a
complex environment, there are few highly specific chemical tools that modulate gap
junction channels. Some reagents can modify the function of these channels; however, most
lead to nonspecific and complex effects.2% Peptide-based approaches have been used to
block formation of gap junction channels,2%-30 but the result is to render the gap junctions
closed, independent of any regulatory trigger. As a key player in the regulation of gap
junctions, the CT presents itself as a target for manipulation intended to modify function. A
critical step toward unlocking the therapeutic potential of the connexin CT domain is
defining residues that can form and conditions that can manipulate the secondary structure.
In addition, we do not yet fully understand the mechanisms that make each gap junction
channel different. Investigation of the most divergent domain between connexins, the CT
domain, would be a prime location to develop high-affinity binding pharmacophores that
regulate specific connexins; missing is the structural information in normal and diseased
states.

Toward accomplishing this goal, biophysical methods were used to structurally characterize
Cx26, Cx32, Cx37, Cx40, Cx43, Cx45, and Cx50 CT domains alone and when attached to
their fourth transmembrane (TM4) domain. Studies compared the influence of 2,2,2-
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trifluoroethanol, pH, phosphorylation, and mutations on the TM4-CxCT structure.
Membrane tethering was necessary to elicit any change in CT structure. While pH modestly
influences the CT structure, a major structural change was associated with phosphomimetic
substitutions.

Sample Conditions

In this study, CD and NMR experiments were performed on soluble and membrane-tethered
connexin CT domains (Table I). The connexins in this investigation were selected to
represent the three major subfamilies (a: Cx37, Cx40, Cx43, and Cx50; B: Cx26 and Cx32;
. Cx45). Most of them have well-characterized protein partners that interact with their CT
domain, contain phosphorylation modification(s) in their CT domain, and are linked to
human disease(s).331 Data were collected at either physiological (pH 7.5) or acidic (pH 5.8)
conditions. Intracellular acidification, which is a major consequence of tissue ischemia,
leads to closure, degradation, and altered expression of gap junction channels.32-34 Data
were also collected at various concentrations of TFE. The cosolvent TFE is a helix-
stabilizing compound that is readily used in protein folding and structural studies, as a tool
for probing the helical propensity of proteins and peptides.3°:36 At low levels (<50%), TFE
will stabilize regions with intrinsic a-helical character and, at high levels (>50%), can
induce an a-helical conformation.3” We previously used 10% TFE to stabilize innate a-
helical content and improve NMR spectra for the TM4-Cx43CT.38-40 Importantly, 10% TFE
did not induce a-helical structure.3® Finally, the estimated amount of a-helical content for
any CT construct was reproducible within the same preparation and differed by no more
than 1-2% when using the same CT construct from a different preparation.

Secondary Structure of Soluble Connexin CT Constructs

CD spectroscopy in the far-UV spectral region (190-250 nm) was used to gain insight into
the secondary structure of the soluble CT domain from different connexin isoforms at pH
7.5 and 5.8 (Figure 1 and Table I, Soluble CT). Of note, CD data for the soluble Cx37CT,
Cx40CT, Cx43CT, and Cx45CT domains have been published and were placed in
Supporting Information, Figure 1 for easier comparison with the soluble Cx26CT, Cx32CT,
and Cx50CT domains.1441:42 CD spectra of the soluble Cx26CT at both pH 7.5 and pH 5.8
have a minimum at 197 nm (negative MRE value) and a maximum around 222 nm (positive
MRE value) indicating a random coil structure. The CD spectra of the soluble Cx32CT and
Cx50CT domains at pH 5.8 and pH 7.5 also present a high proportion of random coil
structure. However, in comparison to the Cx26CT domain, the right shift of the major
absorption minima (between 199 and 202 nm) and the decrease in signal at 222 nm (negative
MRE value) are due to the contribution of a-helix signal at 208 and 222 nm, respectively.
This suggests the presence of a small amount of a very dynamic a-helix. These data also
indicate that pH has little-to-no effect on the secondary structure of soluble connexin CT
domains.

CD measurements were next carried out in various concentrations of TFE (Figure 2, pH 7.5
and Figure 3, pH 5.8; published data at pH 7.5 (Cx45CT) and pH 5.8 (Cx40CT, Cx43CT,
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and Cx45CT) are in Supporting Information, Figure 2). In general, increasing amounts of
TFE at both pH 5.8 and 7.5, in varying degrees, caused a right shift in the ~200 nm peaks, a
decrease in the 222 nm values, and an increase in the 195 nm values, which indicates
additional a-helical content for each of the CT domains. TFE had the least influence on the
Cx26CT (least a-helical) structure, and TFE had the greatest influence on the Cx32CT and
Cx50CT structures. These results suggest that TFE can stabilize the innate a-helical
structure and/or residues susceptible to a-helical formation for these connexin isoforms.

We have previously shown that calmodulin induces a-helical structure within the Cx32CT
domain.1> An explanation for the increase in a-helical content with the treatment of TFE as
observed by CD is stabilization of the Cx32CT residues involved in binding calmodulin. To
test this possibility, we identified the Cx32CT residues that were induced to form the a-
helical structure in the presence of TFE by NMR. 1°N-HSQC spectra of the Cx32CT were
collected as a function of TFE concentration (Figure 4A). The 1°N-HSQC is a two-
dimensional NMR experiment where each amino acid (except proline) gives one signal (or
chemical shift) that corresponds to the N—H amide group. These signals are sensitive to the
chemical environment, and even small changes in structure and/or dynamics can change the
chemical shift of an amino acid. The addition of TFE from 5% to 25% caused a majority of
the Cx32CT amino acids to shift upfield (lower chemical shift value) and several amino
acids to shift and then disappear or “broaden beyond detection.” These effects are consistent
with the formation of a-helical structure.#3-4> Based upon these criteria, three distinct
regions (C217-N226, F235-K250, and K260-5266) were identified to form a-helical
structure (Figure 4B). These three regions that change in TFE treatments correspond to the
same residues that are affected when calmodulin binds the Cx32CT domain.1®

Secondary Structure of TM4-Tethered Connexin CT Constructs

CD spectroscopy was also used to determine the secondary structure of connexin CT
domains when tethered to their TM4 domain (Figure 5 and Table I, membrane-tethered CT).
CD data for the TM4-Cx43CT and TM4-Cx45CT domains at pH 7.5 and pH 5.8 have been
published and placed in Supporting Information, Figure 3A for easier comparison with the
other TM4 constructs.14:39 CD spectra for the TM4-Cx26CT, -Cx32CT, -Cx37CT, -Cx40CT,
and -Cx50CT domains at pH 7.5 have two peak minima at ~208 and ~222 nm indicating the
presence of a-helical structure. Under acidic conditions (pH 5.8, no TFE; Table II), the CT
domain of each construct, except TM4-Cx40CT, had an overall small increase in a-helical
content. A similar trend of more a-helical content was also observed for most of the
constructs with treatment of TFE (5%—30%) at pH 7.5 (Figure 6 and Table I11) and pH 5.8
(Figure 7 and Table 11; published data for TM4-Cx43CT in Supporting Information, Figure
3B). The exceptions were TM4-Cx37CT at both pH values and TM4-Cx40CT at pH 7.5,
which were unaffected by TFE. TFE had the greatest influence on the a-helical content of
TM4-Cx45CT at both pH values and TM4-Cx50CT at pH 5.8. An important point, both pH
and TFE have no effect on the linker and TM4 secondary structure (Figure 8).

Secondary Structure of TM4-Tethered Cx32 and Cx26 CT Mutants

Mutations in connexin genes are associated with a number of human diseases.3 In particular,
Cx32 mutations cause X-linked Charcot-Marie-Tooth disease (CMTX) and Cx26 mutations
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account for ~50% of inherited childhood nonsyndromic recessive hearing loss (deafness is
also associated with a number of congenital skin disorders). Cx32 and Cx26 mutations affect
every portion of the proteins; here, we investigated a subset that either forms (Cx32: R219H,
R230C, and F235C15:46-49) or does not form (Cx26: L214P and K224Q5%9:51) functional gap
junction channels. The goal is to determine if one potential mechanism leading to the
diseased state is a change in secondary structure. CD spectra of the TM4-Cx32CT mutants
R219H and F235C at pH 7.5 contain a similar amount of a-helical content as wild-type with
and without TFE (Figure 9 and Table 1V, top). Conversely, the R230C mutant had a decrease
in a-helical content alone (7.1%) or in the presence of TFE (e.g., 30% TFE, 6.1%) when
compared to wild-type. At pH 5.8 (Figure 9 and Table IV, bottom), all three mutants had a
decrease in a-helical content when compared to wild-type, with R219H completely losing
its pH responsiveness. However, TFE enabled the final amount of a-helical content to be at
comparable levels with wild-type.

For the TM4-Cx26CT mutants L214P and K224Q, there was a large decrease in a-helical
content as compared to wild-type at pH 7.5 and no TFE (Figures 10A and 10B and Table V,
top). At pH 5.8 (no TFE), while there was an overall increase in the a-helical content,
K224Q more closely resembled wild-type while L214P was significantly lower. TFE
increased the a-helical content of L214P and K224Q to levels comparable with wild-type.
Since the L214P mutation is located in the TM4 portion of Cx26, CD spectra of the TM
domain only, with and without the mutation were also collected (Figure 10C). The TM
domain only data strongly suggest that the pH-independent structural change observed in the
TM4-Cx26CT L214P mutant is localized within the TM4 domain.

Feasibility of Structural Analysis by NMR of the TM4-CxCT Constructs

Different connexin isoforms—2D NMR 1°N-HSQC spectra were used to evaluate the
sample properties of the TM4-CxCT constructs in LPPG micelles to determine the
feasibility of solving their structures (Figure 11). Previous NMR studies identified that the
His-tag, linker, and first 46 residues of the TM4-Cx43CT (D197-G242), which are the TM4
residues and residues immediately flanking the TM4, were not visible in the spectrum.40
Assignment of these residues was most likely complicated by the increased line widths
associated with slower tumbling in the LPPG detergent micelles.4? The 1°N-HSQC spectrum
of the shortest construct, TM4-Cx26CT (D179-V226), only contains a few peaks. This
observation is consistent with the area not observed (TM4 and adjacent residues) in the
TM4-Cx43CT 1°N-HSQC spectrum. The spectrum of TM4-Cx32CT, the next longest
construct (D178-C283), also contained only a few number of peaks. A larger number of
peaks, however, were observed in the TM4-Cx37CT, -Cx40CT, and -Cx50CT spectra. As
was previously reported for the TM4-Cx43CT and TM4-Cx45CT domains (Supporting
Information, Figure 4),14:38:39.52 the TM4-Cx37CT, Cx40CT, and Cx50CT domains are pure
and contain a single conformation. This is indicated by the number of Gly (8, 11, and 11,
respectively black circle) residues in the 1°N-HSQC spectrum matching the number of Gly
residues expected to be observed from their CT domain (excluding the linker, TM, and Gly
residues within 5 residues of the TM4 domain). Another useful piece of information that can
be obtained from an 1°N-HSQC spectrum, based upon the spectral width, is an estimate of
the amount of secondary structure present; the larger the peaks are spread out in the 1H ppm
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dimension equates to a larger amount of a-helical and/or B-sheet structure. The rank order
of a-helical structure based upon CD spectra at pH 5.8 and 10% TFE is TM4-Cx45CT >
TM4-Cx43CT > TM4-Cx37CT and TM4-Cx50CT > TM4-Cx40CT. This correlates with the
rank order of spectral width from the 1°N-HSQC spectra at pH 5.8 and 10% TFE, TM4-
Cx45CT (1.1 ppm) > TM4-Cx43CT (1.0 ppm) > TM4-Cx37CT and TM4-Cx50CT (0.9
ppm) > TM4-Cx40CT (0.6 ppm). Altogether, the CD and NMR data portray the CT domain
from different connexin isoforms as being predominately intrinsically disordered with small,
but varying amounts of a-helical structure that can be influenced by changes in pH and TFE
concentrations.

Phosphorylated connexin isoforms—Using Asp substitution(s) to mimic
phosphorylation, we determined that a single kinase (e.g., cdc2, PKA, and PKC) can alter
the a-helical propensity of the Cx43CT when membrane-tethered (TM4-Cx43CT) at
residues proximal and distal to the site(s) of modification.>3 To model the next generation of
molecules that could potentially regulate Cx43 function and determine if altered CT
secondary structure by phosphorylation is a mechanism that modulates the binding affinity
for protein partners involved in Cx43 regulation, here we characterized the CT structure with
a phosphorylation pattern (i.e., multiple kinases) that more closely resembles connexins
observed during gap junction channel assembly (CK1 and PKA; S325, S328, S330, S365D)
and disassembly (Src, MAPK, and PKC; Y247, Y265, S255, S262, S279, S282, S368D).
Importantly, studies have demonstrated simultaneous phosphorylation by CK1 and PKA
(assembly) and Src, MAPK, and PKC (disassembly) residues with phospho-specific
antibodies.23:54-57

CD was used to analyze the secondary structure of the TM4-Cx43CT assembly and
disassembly constructs. Of note, we confirmed that Asp substitutions (like pH and TFE)
only affect the CT structure (not TM453), The assembly and disassembly constructs have
25% and 40% greater a-helical content compared to wild-type, respectively (Figure 12A
and Table VI). NMR was then used to map these structural changes caused by
phosphorylation to specific CT residues using the resonance assignments of TM4-Cx43CT
wild-type.53 Upon initial investigation, the number of peaks in the 15N-HSQC spectrum of
the assembly and disassembly constructs indicates a single conformation (Figures 12B and
12C, top; 11 Gly in black circle). Examination on a residue-by-residue basis using the
change in N-H chemical shift indicates that phosphorylation is having a global effect on the
CT structure from both the assembly and disassembly constructs (Figures 12B and 12C,
bottom). The greatest changes in chemical shift are localized to the residues around the
phosphomimetic substitutions. Based on our previous study, we would predict these residues
with changes in their N-H chemical shift have transitioned from random coil to fluctuating
between random coil and a-helical structure.>3

Technical note—Several problems have contributed to the difficulty of elucidating the
mechanisms by which kinases affect gap junction intercellular communication; the transient
nature of a particular CT phosphorylation state, the ability of many kinases to phosphorylate
more than one CT residue, the ability of various kinases to phosphorylate the CT at the same
time, and the inability to precisely control which residue(s) are phosphorylated. Strategies
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employed to overcome these difficulties include the use of phospho-specific CT antibodies®®
and short CT phosphopeptides.59-60 Also well appreciated is the use of Asp (or Glu)
substitutions as a mimetic for phosphorylation. Asp substitutions allow for the precise
control of the site(s) modified and the production of enough protein for biophysical studies.
Moreover, we and others have demonstrated that an Asp can mimic a phosphorylated
connexin residue i vivo (e.g., PKA, CK1, and MAPK?2361,62)

DISCUSSION

Soluble connexin CT domains have proven to be a useful model for defining regulatory
features of gap junctions®-10:63-65: however, they may not be the best model system for
investigating structure-based mechanisms. The clearest example is provided from the well-
studied Cx43 isoform. The electron crystallography structure of the CT-truncated Cx43
mutant (terminates at T263) suggested that region S255-T263 adopts an a-helical
structure.56 Our NMR data for the soluble CT indicated that this region was highly flexible
and did not have a-helical structure.1” Additionally, not all the expected nuclear Overhauser
effects (NOESs) were observed in the two a-helical regions of the soluble CT structure. The
differences can be attributed to the constraints imposed when attached to the transmembrane
domain. Evidence to support this hypothesis was initially provided from CD data indicating
the TM4-Cx43CT has more a-helical content than can be attributed solely to the addition of
the individual TM4 and soluble CT domains.*? Subsequent studies identified the need of the
TM4 for a structural responsiveness of the Cx43CT domain to changes in pH and
phosphorylation state.3953 The alterations in the secondary structure were global, suggesting
channel permeability could be modulated by a relay mechanism whereby the additional CT
structure affects the orientation of the transmembrane a-helices thereby influencing pore
size. Intercellular communication would also be affected if the binding affinity of molecular
partners involved in regulation were modulated by a change in the conformational
preference of the CT.

In order to provide confidence in the interpretation of the TM4-CxCT structural data
provided herein, verification is needed that the pH and TFE changes in a-helical content are
real. A compelling case for pH can be made based upon correlating the CD and NMR data
performed on the soluble Cx43CT and TM4-Cx43CT. CD data identified that the soluble
Cx43CT domain at pH 5.8 is ~7% a-helical (little-to-no a-helical at pH 7.5).42 The solution
structure of the Cx43CT (pH 5.8) confirmed a small amount of a-helical structure and
identified their location (~16% a-helical, A315-T326 and D340-A3487). CD data
determined that the TM4-Cx43CT (pH 5.8, 10% TFE) was 26.4% a-helical. Using the
prediction of transmembrane helices in proteins program TMHMM Server v. 2.0, Cx43
cryo-electron crystallography structure,%6 and the Cx26 X-ray crystal structure®” to calculate
the amount of a-helical residues in the TM4 of Cx43 (~15%), the remaining ~11.4% a-
helical content would be attributed to the Cx43CT domain. The resonance assignments of
the TM4-Cx43CT were used to predict the a-helical residues in the CT domain and
confirmed this larger amount of a-helical structure than the soluble Cx43CT (~30%%0).

Providing confidence that the findings herein with TFE have significance are studies
involving the Cx32CT domain. We previously identified that the intrinsically disordered
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soluble Cx32CT domain becomes a-helical upon binding calmodulin.1® The Cx32CT
residues affected by calmodulin correspond exactly to those affected in the presence of TFE;
suggesting TFE is stabilizing CT residues that are induced to form a-helical structure upon
binding a molecular partner. Additionally, our data would suggest that a decrease in pH
would elicit a stronger binding affinity as less energy would be needed to induce the
formation of a-helical structure by calmodulin. Previously, we characterized three Cx32CT
CMTX mutants (R219H, R230C, and F235C) and identified that while they formed
functional channels, they all showed reduced binding affinity for calmodulin.’® The data
presented here suggest the observed decrease in binding affinity for these mutations is
caused by a decreased ability to form a-helical structure. For example, the R230C mutant
has less a-helical structure than wild-type at pH 7.5 and all three mutants have less a-helical
structure than wild-type at pH 5.8.

Comparison of the CD and NMR data indicates that CD underestimates the total number of
CT residues that are a-helical. With this in mind, and because CD is an average of the
ensemble of protein conformations in solution, the absolute number of CT residues sampling
a-helical structure for each TM4-CxCT construct is most likely larger than the numbers (in
parenthesis, estimate) provided in Tables 1l and I11. This number represents residues in a
stable a-helical conformation (e.g., 2 = 2) and does not take into account if they are
fluctuating between a-helical and random coil structures (e.g., 2 = 4 residues in 50%
conformational exchange). Support for the later occurring is provided from the chemical
shift index (CSI) and NOE data from the TM4-Cx43CT.40 CSI predicts up to 70 of the CT
residues could be a-helical; however, a large number of the expected NOEs for these a-
helical regions are not present. The lack of NOEs is due to the dynamic nature of the a-
helical regions (a key attribute for the function of an IDP—high specificity/low affinity).
Additionally, studies involving phosphorylation of the TM4-Cx43CT determined that
increases in a-helical content were not due to stabilization of rigid secondary structure,
rather phosphorylation shifted the conformational preference of random coil residues to
form a dynamic a-helical structure.53 A key attribute for the function of an IDP is to lower
the energetic cost in order to enable binding of a select molecular partner. We predict that
solvent acidification (and TFE) is causing a similar effect as phosphorylation to increase a-
helical structure. Together with the observation that pH and TFE do not affect the His-tag/
linker/remaining extracellular loop 2 residues or TM4 domain, the data strongly suggest that
the CD can be used to predict a-helical content in order to compare the CT domain from
connexin isoforms.

The Cx43 cryoelectron and Cx26 X-ray crystallography structures®6:67 suggest a small
number of CT residues may extend the TM4 a-helix into the cytoplasm. Based on this
information, we expect at physiological pH with no phosphorylation and no interaction with
a molecular partner, the a-helical content of the Cx26CT, Cx32CT, Cx37CT, Cx40CT, and
Cx50CT domains will be limited to the TM4-CT interface (Tables Il and I, in parenthesis),
unlike the Cx43CT and Cx45CT domains. TFE, which our data suggest is stabilizing
inherent a-helical structure (that phosphorylation and molecular partners would
accomplish), is increasing the amount of a-helical structure outside the region juxtaposed to
the membrane, for the Cx32CT, Cx43CT, and Cx45CT domains. Interesting, TFE has no
effect on the Cx26CT structure which has no known phosphorylation sites or binding
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partners. Under acidic pH conditions (no TFE), the Cx32, Cx43, and Cx45 isoforms gain CT
a-helical structure outside the membrane interface. TFE increases the a-helical content for
the Cx32CT, Cx43CT, and Cx45CT domains, as well as the Cx50CT domain.

Our studies have identified that tethering of a connexin CT to its TM4 is necessary for any
structural analysis of the CT domain. While pH modestly influences the CT structure,
phosphorylation has the most dramatic effect. Since the CT domain of most connexins are
phosphorylated throughout their life cycle, future studies using phospho-TM4-CxCT
isoforms will be critical toward understanding the role that structure plays in regulating gap
junction function. With a better understanding of the phosphorylation pattern of all
connexins, not just Cx43, easier will be the identification of regions (i.e., form a-helical
structure) that can be exploited to aid in the design of chemical modifiers to regulate the
function of gap junctions.

MATERIALS AND METHODS

Plasmid Construction

DNA encoding the different connexin TM4-CxCT domains (Table 1) was cloned by PCR
and ligated into the £. coli pET-14b expression vector (N-terminal 6x His-tag, ampicillin
resistance; Novagen). The soluble Cx50CT domain was cloned, using PCR, into the
bacterial expression vector pGEX-6P-2 (Amersham Biosciences). This vector contains the
coding region of glutathione S-transferase fused to the cleavage site for the PreScission
protease (GE Heathcare). All constructs were verified by the University of Nebraska
Medical Center’s DNA Sequencing Core Facility.

TM-CXCT Protein Expression and Purification

Expression plasmids for the TM4-Cx26CT (and mutants K224Q and L214P), TM4-Cx32CT
(and mutants R230C, R219H, and F235C), TM4-Cx37CT, TM4-Cx40CT, TM4-Cx43CT
(and assembly (CK1 and PKA; S325, S328, S330, S365D) and disassembly (Src, MAPK,
and PKC; Y247, Y265, S255, S262, S279, S282, S368D) constructs), and TM4-Cx50CT
were transformed into the C41(DE3) E. coli strain while TM4-Cx45CT was transformed
into the C41(DE3) E. coli strain containing the Rosetta2(DE3)pLysS plasmid (Table I). All
cells were then inoculated in Luria—Bertani (LB) medium or enriched minimal media.t®
Cultures were incubated at 37°C with continuous agitation. At an optical density of 0.6 at
600 nm, 0.5 mM isopropyl S-D-thiogalactopyranoside was added, and growth was allowed
to proceed for 4 h (typical final optical density ~1.6). The cells were harvested by
centrifuging (1,000¢ for 30 min), washed with 1x phosphate-buffered saline (PBS), and their
pellet weight recorded before storing at —20°C.

Cells were resuspended in 1x PBS (5 mL/g cells), mixed with bacterial protease inhibitor
cocktail (250 uL/10 g cells; Sigma-Aldrich), and disrupted with three passages through an
EmulsiflexC3 (Avestin) at 15,000 psi. Cell debris were removed by centrifugation (1,000¢g
for 30 min) and a pellet containing the inclusion bodies was collected by high-speed
centrifugation of the supernatant (25,000¢g for 1 h). The pellet was resuspended in 6 M urea,
1x PBS (pH 8.0), 1% Triton X-100, 1 mM B-mercaptoethanol, and 20 mM imidazole and
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placed on a rocker at 4°C overnight. The suspension was centrifuged again (25,000¢ for 1 h)
and the supernatant was loaded onto a HisTrap HP affinity chromatography column using an
AKTA FPLC (GE Health-care). The TM4-CxCT polypeptides were eluted at 300 mM
imidazole using a step gradient of 20, 40, 80, 100, 300, and 500 mM imidazole. Fractions
containing TM4-CxCT were identified by SDS-PAGE, pooled, and dialyzed overnight at
4°C using a 10 kDa Slide-A-Lyzer dialysis cassette (Pierce) against 1 M urea, 1% Triton
X-100, 1 mM DTT, and 1 mM EDTA. In some cases, the optimal precipitate occurred when
the dialysis buffer above was gradually reduced from 1 M urea and 1% Triton X-100 to
water only (20% intervals, 2 h). The precipitate was collected and centrifuged (300g for 5
min), washed three times with MES buffer (20 mM MES buffer, 1 mM DTT, 1 mM EDTA,
and 50 mM NaCl, pH 5.8), and resuspended in 500 4L of 20 mM MES buffer (pH 5.8 or
7.5) and 8% 1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-RAC-(1-glycerol)] (LPPG) at
42°C (overnight). The TM4-Cx50CT construct never precipitated and MES buffer/LPPG
was added to the solution after dialysis against water. The concentrations of TM4-Cx37CT,
TM4-Cx40CT, TM4-Cx43CT, TM4-Cx45CT, and TM4-Cx50CT were determined using a
Jasco J-815 Circular Dichroism Spectrophotometer (high tension voltage to optical density
conversion at 280 nm in spectra analysis) and/or a NanoDrop 1000 UV-visible
spectrophotometer (Thermo Scientific) at 280 nm. The concentrations of TM4-Cx32CT,
TM4-Cx26CT, and their mutants were determined using a NanoDrop 2000/2000c
spectrophotometer (Thermo Scientific) at 205 nm. All proteins were confirmed for purity
and analyzed for degradation by SDS-PAGE.

Soluble CxCT Protein Expression and Purification

The soluble Cx32, Cx37, Cx40, Cx43, Cx45, and Cx50 CT domains (Table I) were
expressed and purified as described previously.141541.69 The soluble Cx26CT peptide was
purchased from LifeTein. All polypeptides were equilibrated in 1x PBS at pH 5.8 or pH 7.5
and 1 mM DTT and confirmed for purity by SDS-PAGE.

Circular Dichroism (CD) Measurements

CD experiments were performed using a Jasco J-815 spectrophotometer fitted with a Peltier
temperature control system. Spectra for the soluble CxCT domains were recorded at 7°C
(for Cx45CT 25°C), in 1x PBS (no LPPG detergent present) at pH 5.8 or 7.5. Spectra for the
TM4-CXCT domains (100-200 uM) were recorded at 42°C in the MES buffer (with 8%
LPPG) at pH 5.8 or 7.5. Additional CD spectra were collected in the presence of 2,2,2-
trifluoroethanol (TFE; 5%, 10%, 15%, and 30% (v/v)). Of note, we have identified that
LPPG, which is needed to solubilize the membrane-tethered CT, does not affect the structure
of the soluble CT domain.14 The membrane-tethered CT experiments were performed in
MES buffer with 8% LPPG. MES buffer was used because it is optimal for NMR
experiments using cryo-probes.”® We have identified that phosphate buffer (i.e., used for the
soluble CT) has a similar CD profile as the MES buffer.3? For each sample, 5 scans
(wavelength range: 190-250 nm; response time, 1 s; scan rate, 50 nm/min; bandwidth 1.0
nm) were collected using a 0.01 cm quartz cell and processed using Spectra Analysis
(Jasco). The concentrations for samples used for CD were as follows: soluble CT — Cx26,
590 uM; Cx32, 85 1M; Cx37, 150 pM; Cx40, 120 1M; Cx43, 125 1M; Cx50, 125 pM; TM4-
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tethered CT-Cx26 wild-type and mutants, 100 £M; Cx32 wild-type and mutants, 100 /M;
Cx37, 150 uM; Cx40, 245 1M; Cx45, 100 tM; Cx50, 200 M.

CD Data Analysis

DicroWeb analysis using the CONTINLL program with the SP175 reference set was used to
estimate the total amount of a-helical content for each TM4-tethered construct (Tables (11—
V))."1-73 The percentage of regular and distorted a-helices and S-sheets, g-turns, and
random structures, which totaled 100% for all peptides (and were accepted only if the root
mean square deviation (rmsd) between the observed and calculated value was below 0.1)
was combined and averaged across experiments; however, predicted g-sheet, S-turn, and
random coil structure content are not presented here. a-helical structure has a higher
correlation coefficient and less RMS deviation than for other secondary structures, given that
[B-sheets appear mostly unordered in agueous solution* (no CD spectra show peak maxima
at about 198 nm and peak minima about 215 nm, characteristic of beta sheet content). We
therefore emphasize only the extent of a-helical structure in each peptide.

Nuclear Magnetic Resonance

NMR data were acquired at 42°C using a 600 MHz Varian INOVA NMR spectrometer fitted
with a cryoprobe at the University of Nebraska Medical Center’s NMR Shared Resource
Facility. Gradient-enhanced two-dimensional 15N-HSQC experiments were used to observe
backbone amide resonances of 15N-labeled TM4-CxCT domains in MES buffer and 8%
LPPG. The concentrations for TM4-tethered CT samples used for NMR were each ~500
4M. Data were acquired with 1024 complex points in the direct dimension and 128 complex
points in the indirect dimension. Sweep widths were 8000 Hz in the proton dimension and
1720 Hz in the nitrogen dimension. NMR spectra were processed using NMRPipe’® and
analyzed using NMRView."®

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Secondary structural analysis of soluble connexin CT domains. CD spectra of the soluble
Cx26CT, Cx32CT, and Cx50CT domains in 1x PBS at pH 5.8 and pH 7.5.
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FIGURE 2.
Secondary structural analysis of soluble connexin CT domains in 2,2,2-trifluoroethanol

(TFE) at pH 7.5. CD spectra of the soluble Cx26CT, Cx32CT, Cx37CT, Cx40CT, Cx43CT,
and Cx50CT domains in 0%, 5%, 15%, and 30% TFE, 1x PBS, and at pH 7.5.
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Secondary structural analysis of soluble connexin CT domains in 2,2,2-trifluoroethanol

(TFE) at pH 5.8. CD spectra of the soluble Cx26CT, Cx32CT, Cx37CT, and Cx50CT

domains in 0%, 5%, 15%, and 30% TFE, 1x PBS, and at pH 5.8.
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FIGURE 4.

Identification of Cx32CT regions that have a-helical propensity. (A) NMR control spectrum,
Cx32CT-only (black), has been overlapped with spectra obtained when the Cx32CT was in
the presence of 5% (red), 15% (blue), and 25% (green) 2,2,2-trifluoroethanol (TFE). Spectra
for the Cx32CT in the presence of 10%, 20%, and 30% TFE were also collected but not
shown due to peak overlap. (B) From (A), each residue was plotted against their change in
chemical shift (Ao = V((Adun)? + (Abns5))?) as a function of TFE concentration. The three
regions that form a-helical structure in the presence of TFE are indicated with bars. The
horizontal line indicates the chemical shift change cut-off at 0.4 ppm.
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FIGURE 5.
Secondary structural analysis of TM4-CxCT domains. CD spectra of TM4-Cx26CT, -

Cx32CT, -Cx37CT, -Cx40CT, and -Cx50CT domains in MES buffer, 8% LPPG, and at pH
5.8and pH 7.5.
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FIGURE 6.

Secondary structural analysis of TM4-CxCT domains in 2,2,2-trifluoroethanol (TFE) at pH
7.5. CD spectra of TM4-Cx26CT, -Cx32CT, -Cx37CT, -Cx40CT, -Cx43CT, -Cx45CT, and -
Cx50CT domains in 0%, 5%, 10%, 15%, and 30% TFE, MES buffer, 8% LPPG, and at pH

7.5.
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FIGURE 7.

Secondary structural analysis of TM4-CxCT domains in 2,2,2-trifluoroethanol (TFE) at pH
5.8. CD spectra of TM4-Cx26CT, -Cx32CT, -Cx37CT, -Cx40CT, -Cx45CT, and -Cx50CT
domains in 0%, 5%, 10%, 15%, and 30% TFE, MES buffer, 8% LPPG, and at pH 5.8.

Biopolymers. Author manuscript; available in PMC 2017 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Spagnol et al. Page 23

_ Cx43 linker _ Cx43 TM4 Domain _ Cx45 TM4 Domain
Tm " - TW
o § 15000 — 0% TFE . 8. 99008 — 0% TFE x & 00 — 0% TFE
52 ==+ 5% TFE $2 -- 5% TFE 52 = 5% TFE
38 7556 —-= 10% TFE 3 § 400001 = 10% TFE 3 § 400009 = 10% TFE
il i == 15% TFE B eme 159 e me 159
T W= 50000 15% TFE W= 0000 15% TFE
g g - 30% TFE g § 200001 - 30% TFE g § 200007 - 30% TFE
z s TS i -l 3
] ] o ® -
&5 &% &%
,§ g é g 20000+ é g 20000
) - ; : - . ; ® 40000 e :
= 190 210 230 250 = 190 210 230 250 = 190 210 230 250
Wavelength (nm) Wavelength (nm) Wavelength (nm)
FIGURE 8.

Effect of 2,2,2-trifluoroethanol (TFE) on the linker and TM4 domains. CD spectra of the (A)
Cx43 linker, (B) Cx43 TM4 domain, and (C) Cx45 TM4 domain in 0%, 5%, 10%, 15%, and
30% TFE, MES buffer, 8% LPPG, and at pH 5.8.
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FIGURE 9.

Secondary structural analysis of TM4-tethered Cx32CT CMTX mutants. CD spectra of
TMA4-Cx32CT mutants: (A) R219F, (B) F235C, and (C) R230C alone and in the presence of
0%, 5%, 10%, 15%, and 30% TFE, MES buffer, 8% LPPG, and at pH 7.5 and pH 5.8.
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FIGURE 10.

Secondary structural analysis of TM4-tethered Cx26CT nonsyndromic recessive hearing
loss mutants. CD spectra of TM4-Cx26CT mutants (A) L214P and (B) K224Q alone and in
the presence of 0%, 5%, 10%, 15%, and 30% TFE, MES buffer, 8% LPPG, and at pH 7.5
and pH 5.8. (C) CD Spectra of the Cx26 TM4 WT and L214P at pH 7.5 and 5.8.
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Structural analysis of TM4-CxCT domains by NMR. 15N-HSQC spectra were collected for
the TM4-Cx26CT, -Cx32CT, -Cx37CT, -Cx40CT, and -Cx50CT domains in 10% TFE, MES
buffer, 8% LPPG, and at pH 5.8. The black circles highlight the glycine residues.
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FIGURE 12.

Cx43 Residue Number

Structural analysis of multi-phosphorylated TM4-Cx43CT domains. A) CD and 1°N-HSQC
spectra of the (B) TM4-Cx43CT assembly(sazs 328,330,3650) and (C)
disassembly(y247,265:5255,262,279,282,368D) Phosphomimetic constructs in 10% TFE, MES
buffer, 8% LPPG, and at pH 5.8. Black circles highlight the glycine residues. From the 1°N-
HSQC data, each (D) TM4-Cx43CT assembly(5325‘328,330,365D) and (E)
disassembly(y247,265:5255,262,279,282,368D) residue was plotted against their change in
chemical shift (Ao =V((A&uN)? + (AbNs5))?) as compared to TM4-Cx43CT wild-type. The
asterisks denote the serine/tyrosine residues substituted for an aspartic acid.
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Table |

Sequence of the Connexin Constructs Used in This Study

Isoform  SolubleCT Membrane-tethered CT residues  Species

Cx26 R216-V226 D179-V226 Homo sapiens
Cx32 C217-C283 D178-C283 Rattus norvegicus
Cx37 C233-Vv333 D197-V333 Mus musculus
Cx40 S251-V356 N194-V356 Rattus norvegicus
Cx43 V236-1382 D197-1382 Rattus norvegicus
Cx45 K265-1396 D219-1396 Mus musculus
Cx50 S232-1440 D200-1440 Mus musculus
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