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Alterations in connexin 26 protein structure
from lethal keratitis-ichthyosis-deafness
syndrome mutations A88V and G45E

To the Editor

Recent analysis of keratitis-ichthyosis-deafness (KID) syn-
drome patients correlated genotype (GJB2 mutations p.A88V and
p.G45E) with lethal clinical phenotype and identified that these
patients have multiple organ system defects [1]. GJB2 encodes
connexin 26 (Cx26). Several biochemical experiments established
that Cx26 has carbon dioxide (CO2) sensing function, mediated by
the carbamylation of Lys125 with subsequent salt bridge formation
to Arg104 (from a neighboring Cx26 protomer) on the intracellular
region of the Cx26 hemichannel [2,3]. Moreover, HeLa cells
expressing Cx26A88V demonstrated hemichannels that lack sensi-
tivity to CO2 [3]. Since KID syndrome patients with lethal GJB2
mutations have respiratory difficulties, we investigated using
molecular modeling whether the CO2-sensing mechanism of Cx26
might be altered by A88 V and G45E mutations. These mutations
were modeled using the Cx26 crystal structure (PDB Code 2ZW3)
[1,4]. The structural analyses described here help connect the
biochemistry experiments with the clinical observations; they
support an effect of the A88 V, but not the G45E, mutation on CO2

sensing.
To understand how A88 V alters Cx26 structure and CO2

sensing, we characterized the molecular interactions occurring
around A88. A88 follows a proline (P87), which is highly conserved
across connexins (Fig.1a). P87 exists in the second transmembrane
helix (TM2) of Cx26 where it induces a proline kink essential for
the transduction of voltage gating [1,5]. This kink imposes unique
steric constraints on TM2; it also exists in Cx32 [6]. Mutations to
P87 in Cx26 [5] and to T86 or P87 in Cx32 [6] cause functional
changes in voltage gating.

Given P87’s proline kink and its imposed constraints, we
determined whether Cx26A88V would physically clash with
adjacent residues. We identified that substitution of any of the
three possible valine rotamers at position 88 results in one or more
steric clashes with neighboring residues (Fig. 1b,c). Specifically,
V88 is detrimental to protein packing because it generates short
interaction distances (ranging from 2.04 to 2.61 Å) between V88 Cg
atoms and either the S85 backbone carbonyl (rotamers 2 and 3) or
the R143 guanidinium group NH2 (rotamers 1 and 2). This data
suggests that the initial step towards altered Cx26 CO2 sensing is
V88 physically clashing with S85 and/or R143 because of the local
structural environment created by P87 [7,8].

Analysis of the solvent accessible surface area (SASA) of Cx26
revealed that A88 is mostly buried within the protein core that is
embedded in the lipid bilayer (~17% SASA) (Fig. 1d,e). Furthermore,
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P87 and A88 on TM2, and R143 on TM3, exist in regions calculated
to have high protein rigidity, meaning they help stabilize the Cx26
core (Fig. 1d). To avoid unfavorable stereochemistry in that core,
Cx26A88V can only be accommodated if a compensatory rearrange-
ment in the packing of transmembrane helices occurs during
protein folding. Small changes in helical packing near V88 can lead
simultaneously to repositioning of the helices distally. The distance
between CO2-sensing residues K125 and R104 ranges from 6.3 to
6.5 Å (from crystal structure) [1]. R104 exists on the distal
intracellular aspect of TM2; TM2 also contains A88 proximally.
Therefore, re-packing of the proximal region of TM2 to accommo-
date the sterically unfavorable A88 V may alter the distal TM2
positioning of R104 and disrupt the delicate stereochemistry with
K125 that is needed for carbamate salt bridge formation and CO2

sensing. This mechanism is supported by biochemical experiments
demonstrating the precision of the K125-R104 interaction: 1)
Cx26K125R mutation prevents carbamylation; 2) Cx26R104A muta-
tion disrupts salt bridge formation; 3) neither Cx26K125R nor
Cx26R104A display CO2 sensitivity [2]. Ala88 is conserved in CO2-
sensing connexins Cx26, Cx30, and Cx32, but not other connexins
(Fig. 1a). This suggests alanine is stereochemically superior at
position 88 for establishing proper structural chemistry at the CO2-
sensing residues.

In contrast, lethal KID syndrome mutation G45E is unlikely to
alter CO2 sensing. G45 exists at the junction of TM1 and the first
extra-cellular loop (E1) (Fig. 2a), not in the rigid Cx26 core (Fig. 1d).
This region helps regulate voltage sensing [4,9]. Whereas A88 V is
predicted to alter protein conformation, G45E changes the charge
distribution and pore diameter of the connexin channel (Fig. 2a–c).
Since G45 is at the solvent-exposed surface of the channel pore,
mutation to glutamate reduces the pore diameter around the
connexin hemi-channel. Based on electrostatic potential calcu-
lations, G45E also adds negative charge potential to the pore lining,
possibly affecting electrostatic interactions within the channel
(Fig. 2c). From a structural perspective, CO2 sensing at the
channel’s intracellular surface should not be affected by this
solvent-exposed pore-lining mutation. Structural analysis suggests
G45E alters a different critical aspect of Cx26 function (charge
selectivity and pore diameter), which could be clinically detri-
mental independent from CO2 sensing.

To investigate changes in Cx26 stability caused by A88 V and
G45E, we utilized PoPMuSiC [10] to predict change in folding free
energy (DDG, kcal/mol) of Cx26 based on the wild-type structure
and single-site mutations. Of seven Cx26 mutations analyzed, six
are predicted to have destabilizing structural effects (positive
DDG: S17 F, M34 T, A40 V, D50 N, V84 L, A88 V) and one a
stabilizing structural effect (negative DDG: G45E) (Fig. 2d).
PoPMuSiC is predicated on the fact that mutations to residues
buried within the protein interior will have greater consequence to
protein stability than mutations to highly solvent-accessible
er B.V. All rights reserved.
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Fig. 1. Lethal connexin 26 A88 V mutation disrupts transmembrane helix 2 hydrophobic packing. (a) Multiple sequence alignment of connexins demonstrating complete
conservation of P87 (blue). The CO2-sensing connexins (26, 30, 32 [7]) conserve A88, whereas other connexins do not (yellow). (b) Atomic distances betweenposition 88 andthe closest
atomsofsurroundingresiduesinCx26.CB, betacarbon;CE,epsiloncarbon;CG,gammacarbon;O,carbonyloxygen;NH,aminogroup;R1-R3,valinerotamers1-3.Distancesarebasedon
subunitAoftheCx26hexamer(PDBCode2ZW3)withoutmodelingofhydrogenatoms.Anasterix(*)denotesmajorstructuralclashes,whichwerevalidatedusingMolprobityanalysisof
the mutated structure with hydrogen atoms. (c) Chemical structure of the residues surrounding P87 and A88 in wild-type Cx26 compared to the three possible valine rotamers in a
Cx26A88Vmutant.Allpositionsofvalinehavestericclashesthatwouldforceproteinre-packing.(d)TheCx26wild-typeprotomerisdepictedasaribbondiagramandpartiallytransparent
molecular surface, with A88 highlighted in red, demonstrating A88 is buried within the protein (upper left). Protein rigidity, expressed as a force constant, was calculated across all Cx26
residues using ProPHet and four regions of higher rigidity were identified within the transmembrane (TM) helices (TM1: L25-W44; TM2: H73-A88; TM3: S139-Y158; TM4: K188-N206)
(bottom). Protein rigidity was plotted onto a ribbon diagram of Cx26 (upper right) and colored (white, low rigidity; red, high rigidity) to visualize that P87, A88, and R143 lie within the
highly rigid Cx26 core whereas G45 does not. (e) The Cx26 hemichannel embedded in a lipid bilayer viewed from an intracellular (left) and perpendicular (right) perspective. A88 exists
on ahelix within the lipid bilayer, whiletheR104and K125residues involvedinCO2sensingreside intracellularly.Howexactly A88 Vaffects the distalposition of TM2(includingR104) is
challenging to model in silico. Energy minimization algorithms excel at removing steric clashes around local energy minima, but cannot accurately predict larger protein
conformation changes induced by amino acid mutation. Due to these limitations, crystal structures of Cx26 mutants are needed to understand the structural changes at CO2-
sensing sites.
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Fig. 2. Lethal connexin 26 G45E mutation alters channel pore diameter and charge. (a) The wild-type Cx26 crystal structure is presented as ribbon diagrams as follows:
orientations viewing the channel from the extracellular compartment (left) or side-view (center); it is also presented as a molecular surface viewing the channel from the
extracellular compartment (right). A zoomed and rotated (by 20� about the y-axis) view of the channel pore is shown (right) in order to visualize the small and non-protruding
glycine residues (green). G45 from all 6 monomers of the hexameric hemichannel are colored green; they are difficult to visualize at the E/TM junction because glycine lacks a
side chain moiety. (b) Cx26G45E structure presented in the same orientations as for panel a. Because the glutamate residue (red) is larger than the glycine, there is decrease in
the channel diameter at the E/TM junction. (c) Electrostatic potential mapped onto the molecular surface of the Cx26 wild-type structure (top) and Cx26G45E structure
(bottom) demonstrating increased negative electrostatic potential (red) lining the extracellular portion of the channel (left images), but no difference in the intracellular
aspect of the channel which has positive electrostatic potential (blue). White arrows indicate G45E residues (bottom left). E, extracellular region; TM, transmembrane region;
I, intracellular region. Electrostatics were calculated using PDB2PQR and Adaptive Poisson-Boltzmann Software (APBS). (d) PoPMuSiC analysis of how seven patient-derived
single-site mutations of Cx26 alter protein folding free energy (DDG) and stability (top). The locations of the mutations are mapped onto a Cx26 protomer (bottom). The
mutation predicted to stabilize the Cx26 structure (G45E) occurs in a residue with a high solvent accessible surface area. Mutations predicted to destabilize the Cx26 structure
occur in residues with low solvent accessible surface area, and therefore are more likely to disrupt internal protein packing. Protein structure alterations will not necessarily
impact CO2 sensing, depending on location and degree of structure perturbation. (e) HoTMuSic analysis of how A88 V and G45E mutations change the melting temperature
(DTm) of Cx26. A88 V is destabilizing to Cx26 because it lowers the melting temperature (negative DTm), whereas G45E is stabilizing to Cx26 because it raises the melting
temperature (positive DTm).
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residues. G45 has the highest solvent accessibility of the residues
analyzed (63%), suggesting mutations at Cx26 position 45 are less
likely to disturb overall protein structure. To corroborate these
findings, we also analyzed the change in protein melting tempera-
ture (DTm, Kelvin) due to A88 V or G45E mutation using HoTMuSiC
(Fig. 2e). Calculations show G45E raising Tm (increased Cx26
stability), whereas A88 V lowers Tm (decreased Cx26 stability).

In conclusion, DDG and DTm analyses concur with our structural
analysis that A88 V is a destabilizing mutation to Cx26. However,
data that G45E is stabilizing suggests that A88 V and G45E cause
lethal pathophysiology from distinct biochemical mechanisms. This
is consistent with our clinical observations that patients with lethal
KID syndrome mutations demonstrate abnormalities in many organ
systems [1], and suggests that respiratory difficulties can occur from
other mechanisms besides CO2 sensing.
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