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ABSTRACT  
 

Regulating intercellular communication is essential for multicellular organisms. Gap junction 

channels are the major components mediating this function, but the molecular mechanisms 

underlying their opening and closing remain unclear. Single-particle cryo-electron microscopy 

(cryo-EM) is a powerful tool for investigating high-resolution protein structures that are difficult to 

crystallize, such as gap junction channels. Membrane protein structures are often determined in a 

detergent solubilized form, but lipid bilayers provide a near native environment for structural 

analysis. This review focuses on recent reports of gap junction channel structures visualized by 

cryo-EM. An overview of the differences observed in gap junction channel structures in the 

presence and absence of lipids is described, which may contribute to elucidating the regulation 

mechanisms of gap junction channel function.  
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Introduction: 

Gap junction channels are critical for chemical and electrical coupling of adjacent cells. Electrical 

coupling of native neuronal cells was reported more than 60 years ago [1,2], and the morphology of the 

cellular components involved was subsequently observed by electron microscopy [3,4]. The molecular 

mechanisms underlying their functionality, specifically with regard to channel opening and closure, and 

the permselectivity and modulation by chemical compounds, however, remain unclear. 

Electrophysiologic studies revealed that gap junction channels exhibit characteristic gating features in 

response to transjunctional voltage [5], membrane potential [6], and chemical factors such as calcium and 

pH [reviewed in 7]. The structures of gap junction channels that account for their closure, however, are 

less well studied.  

Two protein families are known to form gap junctions, chordate connexins and pre-chordate innexins 

[8]. Both protein families possess four transmembrane helices forming oligomeric structures of a 

hemichannel in a single membrane, and an intercellular junction channel comprising face-to-face docked 

hemichannels spanning two plasma membranes. Gap junction structures are historically studied using 

electron crystallography and X-ray crystallography [9–14]. Single-particle cryo-electron microscopy 

(cryo-EM), however, provides markedly improved resolution [15,16]. This method has allowed us to 

visualize the atomic structure of the innexin-6 (INX-6) gap junction channel [17]. The gap junction 

channel structures determined by electron crystallography, X-ray crystallography, and single-particle 

cryo-EM were summarized in a recent review [18]. Interestingly, many gap junction structures exhibit a 

wide pore in the open form, except for low-resolution two-dimensional crystallographic structures of 

Cx26M34A [11] and N-terminal deleted INX-6 [13] in a lipid bilayer. Because these structures are mutant 

channels, however, it remains uncertain if they correspond to physiologic closure. Two recent studies 

reported cryo-EM structures of gap junction channels. One was a Cx46/50 gap junction channel in 

amphipol isolated from sheep lens [19●●], and the other was undocked INX-6 hemichannels in a 

nanodisc or detergent [20●●]. The latter study provided the first high-resolution structure of a gap 

junction channel in phospholipids, although lipid molecules are not usually considered when elucidating 
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the mechanism of gap junction channel closure. In this review, updated reports on gap junction structural 

biology observed using cryo-EM are featured for discussing channel closure, and shedding light on the 

contribution of the lipid bilayer environment for elucidating channel structure.  

 

Cryo-EM structure of Cx46/50 gap junction channels isolated from sheep eye lens 

The structure of Cx46/50 determined using a cryo-EM technique was recently reported [19●●]. This 

was intriguing because this is a native membrane protein and not a recombinant membrane protein, and 

the structure comprised a mixture of two connexin isoforms, Cx46 and Cx50. Most cell types are 

generally considered to express multiple connexin isoforms [21], which contributes to the difficulties in 

solving a high-resolution structure of native gap junction channels [22]. In this cryo-EM study, the 

structure was determined at 3.4 Å resolution. Atomic structures of Cx46 and Cx50 were generated based 

on this high-resolution map along with the comparative analysis. Experimental density identified features 

of both models that were less well-defined by the density map at which the two isoforms differ in 

sequence. On the other hands, the densities of the amino acid side chains are clearly resolved where the 

two isoforms share a sequence. These allow for modeling of the two atomic structures of Cx46 and Cx50. 

This paper also discusses the use of electrostatistic potentials to study ion permeation and selectivity. 

The coulombic surface potential of the Cx50 pore constriction is strongly negative (Fig. 1(A)), consistent 

with the lowest energy barrier for K+ (1.4 kcal/mol), whereas the peak energy barrier to Cl- is higher (4.8 

kcal/mol). This trend is also observed for Cx46 (Fig. 1(B)) and is consistent with the high cation 

selectivity of Cx50 and Cx46 [23,24]. Cx26 has a weaker barrier because it has more positive residues at 

the cytoplasmic entrance than Cx46 and Cx50 (Fig.1(C)), and reportedly prefers cation permeation over 

anion permeation [25]. The surface potential becomes more complicated when Cx46 and Cx50 are mixed 

to form heteromeric or heterotypic channels. The uneven distribution of the coulombic surface potential 

may account for the rectification of Cx46/50 heterotypic channels by asymmetric free-energy landscape 

where Cx46 exhibits higher than Cx50 for K+ [19●●]. The importance of the electrostatic surface 

potential for channel gating was implicated by the recent X-ray structures of Cx26 bound with and 
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without Ca2+ on the extracellular side of a conduit [14], but this structure does not show the arrangement 

of the N-terminal domain, which is considered essential for voltage-dependent gating in Cx26 and Cx32 

[5,26].  

 

Similar but distinct organization of the Cx46/50 N-terminus 

The structure of Cx46/50 takes on an N-terminal funnel configuration to stabilize the open state. The 

X-ray structure of Cx26 is also interpreted to be an open form [12], but shows a distinct feature in terms 

of the arrangement of the N-terminal helix. The N-terminus of Cx46/50 is stabilized by hydrophobic 

anchoring between the hydrophobic faces of the N-terminus and pore-lining helices of TM1 and TM2 

(Fig.2(A)) rather than the hydrogen bond network through D2 in Cx26 (Fig. 2(B)). In molecular dynamics 

simulations, a transient intermolecular hydrogen-bond network interaction is observed in a non-N-

terminal acetylated state [19●●], similar to those observed in the Cx26 X-ray structure that does not show 

the densities for M1 or acetylation [12], while mass spectrometry analysis revealed that the N-terminus of 

Cx26 is acetylated [27]. Because Cx26 is categorized as a beta-type connexin and exhibits no 

compatibility for functional heteromeric channel formation with either Cx46 or Cx50 [28], which are 

classified as alpha type connexins. The N-terminus of Cx26 is quite flexible and dynamic as implicated 

by molecular dynamics simulations and NMR structural analyses [29–31], which is consistent with high 

temperature factor distribution in the Cx26 X-ray structure [12] (Fig. 2(C)). It is not surprising that the N-

terminal arrangement and its stability are not identical between these two types of connexins. The 

structure of Cx46/50 in a lipid bilayer would be interesting to learn about the stability of the N-termini of 

Cx46/50 in a more native environment. 

 

Structures of INX-6 gap junction hemichannels in phospholipids or detergent 

The high-resolution structures of connexin and innexin gap junction channels described above are all 

in a detergent-solubilized form, not in the native plasma membrane. A cryo-EM structure of INX-6 in a 

nanodisc was recently determined at 3.8 Å resolution [20●●] (Fig. 3(A)). This structure is an undocked 
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hemichannel embedded in phospholipids. The extracellular surface in an undocked form is partially 

disordered, but rearrangement, such as in a model of loop-gating [32], is not observed. The INX-6 

undocked hemichannel in detergent clearly shows an N-terminal funnel in the pore (Fig.3(B)), consistent 

with a docked junction form in detergent [17]. The structure in a nanodisc, however, exhibits an N-

terminal conformation that differs from the pore funnel in detergent, deflecting to the cytoplasmic side, 

and the pore is blocked by double-layer densities (Fig. 3(A)). In comparison with the hemichannel 

structure of the N-terminal deleted INX-6 (Fig. 3(C)), these layer densities may be accounted for by 

phospholipid head groups. The INX-6 N-terminus is assumed to be flexible enough to take various 

conformations with different distribution probabilities in and around the pore depending on presence or 

absence of a lipid bilayer (Fig. 3(D)). As none of the earlier studies of gap junction channels suggested 

that the N-terminus is oriented to the outside of the channel, the N-terminal helix (NTH) is simply assigned 

on the density inside the pore. It is important to note that artifacts resulting from the nanodisc 

reconstitution cannot be excluded. In addition, this flexible distribution of the N-terminus may be specific 

to INX-6 channels, and not a general feature of connexin channels.  

 

Characteristic features in the pore of undocked INX-6 gap junction hemichannels in phospholipids 

The hemichannel structure of INX-6 reconstituted in a nanodisc is the first report of a gap junction 

protein in phospholipids at near atomic resolution that shows a blocked pore. While it is uncertain if this 

structure is physiologic, the structure in a nanodisc provides implications for interpreting the channel 

closure of gap junctions. There are two notable features. One feature is the N-terminal rearrangement 

depending on the presence and absence of phospholipids. The electrophysiology of connexins suggests 

that transjunctional voltage-dependent gating is initiated by the movement of an N-terminal voltage 

sensor [26,33]. It remains unresolved, however, how the N-terminus moves during its functional process. 

Simple plugging with the N-termini would allow for opening the pore when the N-terminal plug goes to 

the cytoplasmic side [11]. This is not very consistent with a proposed model based on functional studies 

that the hemichannel is closed when the N-terminus moves to the cytoplasmic side and is open when it is 



A. Oshima 

-7- 

located at the extracellular side in the pore [ 33]. If the lipid bilayer environment induces the N-terminal 

deflection to the cytoplasmic side, the situation becomes more complicated as the protein-lipid interaction 

should be incorporated into the molecular machinery. 

The second feature is pore blockage by a double-layer obstruction such as a lipid bilayer. At 

present, the plausibility of this interpretation is tentative because it is difficult to clearly label lipid 

molecules in a cryo-EM map [20●●]. Alternative possibility is unresolved N-terminal portion may 

contribute to these pore densities. More than 10 amino acid residues are still unresolved in the structure of 

wild-type INX-6 in a nanodisc. Interestingly, in contrast to connexin structures, in INX-6 structures 

unassigned densities are usually found in the space between the transmembrane helix bundles (Fig. 3(E)) 

[17,20●●]. Although this space itself is not large enough for a lipid molecule like POPC (1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine) to pass through back and forth, molecular dynamics simulations 

suggest that the space is still accessible for lipids [20●●]. If INX-6 can assume asymmetric conformations 

like the relaxed and compact forms found in the leucine-rich repeat-containing 8A (LRRC8A) channel 

[34●●], lipid access to the pore would be more likely. The driving force required for N-terminal 

rearrangement in a lipid bilayer environment, however, remains to be clarified. Studies of the open 

conformation structure of INX-6 in a lipid bilayer are necessary to further understand the mechanisms of 

closure. In addition, structure determination under membrane potential conditions would be useful to 

elucidate whether the movement depends on the voltage, but this would be very difficult with single 

particle cryo-EM as well as crystallography. 

Previous works have demonstrated that the mutants of gap junction proteins with deletions or point 

mutations in the N-terminus often result in the loss of function [13,35–38]. These findings conflict with 

the notion of a simple blocking mechanism by the N-terminal helices [11,39], because the N-terminal 

deletion mutants, without a funnel in the pore, should have an open pore because of the wider space of the 

pore pathway if the pore is regulated only by the N-terminal peptides. To interpret the closure of the N-

terminal deletion mutants of gap junction channels, an alternative factor other than the N-terminal 

domains should be considered, such as the involvement of phospholipids in the pore as implicated for 
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INX-6 channels. Again, it should be noted that the lipid-mediated closure and N-terminal rearrangement 

may be specific to INX-6 gap junction channels. 

The leucine-rich repeat-containing 8 (LRRC8) protein family has homology with innexin [40,41], 

and members of this family are categorized as volume-regulated anion channels in a single membrane 

[41,42]. Recently, the LRRC8A channel was determined by cryo-EM in detergent and in a nanodisc 

[34●●,43–45●]. Unfortunately, the N-terminal region (amino acids 1-14) is disordered in those structures. 

In detergent, the two forms of LRRC8A, compact and relaxed, exhibit different amounts of space between 

the adjacent subunits in the transmembrane domains [34●●]. These two loose and tight interfaces may 

represent the regulation of the gating function of LRRC8A. In a nanodisc, however, the rearrangement 

between constricted and expanded states is mainly observed on the cytoplasmic side, not in the 

transmembrane domains [45●]. The intrinsic function in vivo differs between the LRRC8A anion channel 

and INX-6 gap junction channel. Nevertheless, the two distinct conformations of LRRC8A may provide 

insight into the tertiary structural change of other homologous proteins such as INX-6. 

 

Phospholipid distribution in the structures of other membrane proteins 

A few reports suggest that phospholipids are associated with the closure or regulation of the protein 

activity. An electron crystallographic study reported an unassigned density in the middle of a rotor ring of 

an ATP synthase [46]. This density is estimated to comprise phospholipids [47]. In the X-ray structure of 

the K-ring of bacterial V-ATPase, phospholipids are observed on the inside surface of the rotor ring [48]. 

A recent high-resolution cryo-EM structure of a V-ATPase Vo proton channel reconstituted in a nanodisc 

exhibited helices, not phospholipids, of Voa1 and c’’ inside the rotor ring [49], indicating that the density 

inside the ring should be cautiously interpreted. The pore diameter of wild-type INX-6, 30 ~ 40 Å, is 

consistent with the rotor ring diameters of V-ATPase [48] and FoF1-ATP synthase [50]. These structures 

suggest that an occluded space of this size can be occupied by lipids or helices when oligomerized 

structures are embedded in the membrane.  

TWIK-1, a tetrameric ion channel, shows side fenestrations that are occupied by lipid alkyl chains, 
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and these lipids are able to access the ion-conducting pore through the fenestrations [51]. Additionally, it 

has been proposed for TRAAK that lipid acyl chain access controls the gating and mechanosensitivity of 

the channel [52]. In the crystal structure of the NabAb, a bacterial sodium channel, the side fenestration is 

also speculated to be occupied by phospholipids [53]. Because these channels possess distinct functions 

from gap junctions, care should be taken against overestimating and extending the interpretation to gap 

junction channels. The contribution of lipid-protein interactions to the channel function should be 

considered when a difference is observed between high-resolution structures in detergent and in 

phospholipids as found for the INX-6 structures. 

 

Perspective 

In previous functional and structural studies of gap junctions, protein-lipid interactions have not 

attracted a lot of attention because of the lack of high-resolution structures reconstituted in phospholipids. 

This is because high-resolution structures are often studied with detergent-solubilized proteins [12,14] 

and two-dimensional crystallographic studies have not reached high-resolution [9–11,13]. The structure 

of an undocked INX-6 hemichannel in phospholipids suggests that the molecular mechanism of 

functionality should be interpreted in consideration of a lipid bilayer environment. As elucidated for INX-

6, cryo-EM with nanodiscs would be a promising strategy for studying connexin channels. While there 

have been several regulatory models of gap junction activity proposed on the basis of structural and 

functional approaches [9,14,39,54,55], these are not well cross checked by different isoforms of 

connexins or innexins. To investigate membrane protein structures in their more native lipid environment, 

cryo-EM techniques were effectively used for two-dimensional crystals of membrane proteins embedded 

in lipid bilayer [56,57], and now applied to membrane proteins in nanodiscs with single particle analysis. 

This cutting-edge technique is necessary for elucidating the closed form of gap junction channels at high-

resolution. Protein-lipid interactions may be a crucial factor for resolving the discrepancy in terms of 

functional models of gap junction channels.  
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●● This work shows the first high-resolution structure of an undocked INX-6 gap junction hemichannel 

in a nanodisc determined by cryo-EM. The pore of the channel is blocked by double-layer densities 

along with N-terminal rearrangement suggesting a conformational change in the N-terminal domains 

in the presence and absence of phospholipids. 
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●● The cryo-EM structures of Cx46/50 isolated from native sheep lens are reported. Intriguingly, high-

resolution structure determination was achieved even though a single channel contains mixed 

connexins of Cx46 and Cx50. The N-terminus is reasonably oriented in the pore as hydrophobic side 
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chains face the pore wall. 
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Kusakizako T, Tsutsumi A, et al: Cryo-EM structures of the human volume-regulated anion 

channel LRRC8. Nat Struct Mol Biol 2018, 25:797–804. doi: 10.1038/s41594-018-0109-6. 

●● This work reports a cryo-EM structure of human LRRC8A. Interestingly, a C3 hexameric channel 

with a different amount of space between the adjacent transmembrane bundles was determined. The 

asymmetric feature of compact and relaxed forms may be useful for understanding the molecular 

mechanism of the LRRC8A channel gating. 

 

45. Kern DM, Oh S, Hite RK, Brohawn SG: Cryo-EM structures of the DCPIB-inhibited volume-

regulated anion channel LRRC8A in lipid nanodiscs. Elife 2019, 8:e42636. 

●  The cryo-EM structure of mouse LRRC8A in complex with DCPIB, an anionic inhibitor, in lipid 

nanodiscs is reported. The structure suggests a mechanism of channel inhibition by DCPIB along with 

lipid molecules, where DCPIB stays like a cork in a bottle. Six-fold rotational symmetry has been 

applied. 
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Figure legends 

 

 

 

Figure 1 

Electrostatic surface potential distribution of three connexin gap junction channels. 

The pore surfaces of Cx50 (A) [19●●], Cx46 (B) [19●●], and Cx26 (C) [12] are shown. Negative 

potentials are colored in red, and positive potentials are in blue. The contour level is from –10 kT/e to +10 

kT/e.  
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Figure 2 

Structures of the N-terminal domains of Cx46 and Cx26 

(A) The Cx46 pore wall viewed from inside the pore [19●●]. The N-terminal helix (NTH) of Cx46 

(magenta) is distributed in the pocket generated by TM1, TM2 (green), and adjacent subunit TM1 (cyan), 

where the hydrophobic face of NTH is buried. The nearby hydrophobic side chains are depicted as a stick 

model. 

(B) The X-ray structure of Cx26 shows the six NTHs forming a pore funnel stabilized by a circular 

network of hydrogen bonds between Asp2 and Thr5 [12]. The hydrogen bonds are shown as red dashed 

lines. NTH of each subunit is color coded. The pore wall of Cx26 is shown as a surface representation. 

(C) Crystallographic temperature factor distribution of Cx26 [12]. A gap junction channel (left) and a 

monomer (right) of Cx26 are shown with colors representing the range between 70 Å2 (blue) and 220 Å2 

(red).  
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Figure 3 

Cryo-EM structures of undocked INX-6 hemichannels [20●●] 

 (A~C) The three-dimensional structures of undocked INX-6 hemichannels of a nanodisc-reconstituted 

wild-type INX-6 (A), wild-type INX-6 in detergent (B), and N-terminal deleted INX-6 in a nanodisc (C). 

The nanodisc densities are colored in magenta, and the double-layer pore obstructing densities are shown 

in green. Densities, probably corresponding to the N-terminus, are shown in slate and orange, 

respectively. (D) Schematic representation of the N-terminal rearrangement of the INX-6 undocked 

hemichannel in the lipid bilayer environment. Upon reconstitution in phospholipids, the N-terminus might 

be deflected toward the cytoplasmic side of the channel from a funnel. It remains uncertain if the N-

terminus can be deflected outside the channel. Labeling is as follows; C-dome: cytoplasmic dome, E1: 

first extracellular loop, E2: second extracellular loop, TM1~TM4: transmembrane helix 1 to 4, NTH: N-

terminal helix. (E) Unassigned densities are observed in the space between adjacent transmembrane helix 

bundles (orange ellipse). 
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