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1. Introduction

The inner ear is a most complicated and highly organized anatomical region that possess-
es an elaborate system for hearing. It requires a unique structure for discriminating between
the physical vibrations caused by various sounds and specific cellular mechanisms to
convert the physical sounds received into chemical signals that must be transmitted to the
brain correctly. For normal hearing, the highly optimized environment is controlled by the
concerted function of an enormous number of expressed proteins. If proteins comprising
the elements of hearing are damaged, it is possible that the normal hearing function might
be impaired.

So, how do sound waves travel through the ear canal and integrate in the inner ear?
Vibrations that come into contact with the tympanic membrane travel through the air-
filled middle ear cavity via auditory ossicles: namely, the malleus, incus and stapes. These
ossicles convert lower-pressure eardrum sound vibrations into higher-pressure sound
vibrations at a smaller membrane called the oval window. This window is a membrane-
covered opening that leads from the middle ear to the vestibule of the inner ear or cochlea
(Figure 1a, b, c). The sound waves are transduced into nerve impulses, which are per-
ceived by the temporal lobe of the brain. A core component of the cochlea is the Organ of
Corti-the sensory organ of hearing-which is distributed along the partition that separates
fluid chambers in the coiled, tapered tube of the cochlea (Figure 1d). Sound waves passing
through the scala timpani in the cochlea vibrate the tectorial membrane and stimulate
stereocillia, which are located on the periplasmic region of hair cells (Figure 2). A shear-
ing movement between the tectorial membrane and the basilar membrane deflects the
stereocilia, affecting tension on the tip-link filaments, which then open and close non-
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specific ion channels [1]. When the tension increases, the flow of ions across the mem-
brane into the hair cell also rises. This is the first step of the mechanoelectrical transduction
system and causes receptor depolarization, which subsequently excites the cochlear nerve
afferents that are located at the base of the hair cell. In the cochlea, many specific genes
such as ion channels, mechanical proteins and signal transduction-related molecules, among
others, are expressed and function in hearing [2]. In the case that more than one of these
proteins is mutated, hearing function might be impaired or lost. This is one of the main
causes of congenital hearing loss, which can be inherited.

It is widely known that deafness is a frequently inherited sensory disorder: one in every
500 new-borns has bilateral sensorineural hearing loss (SNHL) and 70% of these cases are
congenital [3, 4]. Hereditary hearing loss is classified as either syndromic or nonsyndrom-
ic [5]. It is assumed that hearing-associated genes amount to over 400 [6]; to date, 76 genes
involved in syndromic and nonsyndromic hearing loss have been identified [7]. The genetic
causes of nonsyndromic hearing loss are autosomal dominant (27 identified genes),
autosomal recessive (40 genes), X-chromosome-linked (three genes) and mitochondrial (six
genes) [7].

The expression patterns of genes in the inner ear can be visualized on the Hereditary
Hearing Loss Homepage [7]. In terms of genes associated with deafness, many different
types of mutation have been identified, including missense, nonsense, splicing, regulato-
ry, deletions, insertions, indels and duplications. So far, missense/nonsense mutations have
been shown to account for 55.4% of all mutation types [2]. Identification of phenotype-
genotype correlations is crucial for determining the aetiology of congenital hearing loss and
has implications for prognostic and therapeutic outcomes. For missense mutations in the
coding regions of a gene, it is assumed that the mechanism of hearing loss is based on
functional disorders of the gene product. Thus, to understand congenital hearing loss it is
essential to study extensively the functions of proteins expressed in the inner ear.

Hearing levels and patterns are represented by an audiogram, which is a graph showing
the results of pure-tone hearing tests (Figure 3). Hearing loss can be categorized in terms
of which part of the auditory system is damaged. There are three basic types of hearing
loss: conductive hearing loss, SNHL and mixed hearing loss. In most cases, hearing loss is
SNHL and nonsyndromic [8]. It is clear that some correlations between hearing loss and
specific genes are robust, such as the low-frequency audioprofile associated with WEFSI-
related hearing loss [9] and the mid-frequency audioprofile associated with TECTA-
related hearing loss [10]. High-frequency hearing loss, by contrast, can be the consequence
of mutations in a large number of different genes such as KCNQ4, DFNA5, COCH and
POU4F3 [9]. As part of an approach to determining how mutations of these proteins cause
dysfunction in the inner ear, analysis of their three-dimensional structures is indispensable.

Analysis of protein structures (i.e., by X-ray crystallography, NMR, cryo-EM, etc.) is very
effective in elucidating the mechanisms of hearing loss. However, the reported protein
structures that are related to hearing loss account for only 16 of the 97,789 structures
deposited in the Protein Data Bank (PDB) [11]. Most hearing-related proteins are adhe-
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sion molecules (e.g., Gap junction, CDH23), ion transporters (e.g., KCNQ4, SLC26A4) or
proteins involved in vesicular transport such as SNARE proteins (e.g., Otoferlin) [12, 13],
for which it is difficult to elucidate the three-dimensional structure owing to technical
difficulties such as protein expression, purification and crystallization, among others. Thus,
the protein structures of hearing-related proteins are not well elucidated.

However, it is possible to generate computer-predicted structures of disease-related proteins
if appropriate template structures are available in the PDB and also to elucidate the
mechanism of protein function impairment by comparing wild-type and mutant struc-
tures. This alternative approach has an advantage in that the association of ligands such as
sugar chains with a protein is extremely difficult to examine by crystallization, due to the
structural mobility of the sugar chain, whereas it can be easily investigated by docking
simulations. Thus, in silico modelling can help explain the functional impairment caused
by mutation in terms of protein structure.

In this chapter, we describe a protein, namely a voltage-gated potassium channel, which is
implicated in hearing loss. We discuss how mutants of this protein from patients cause hearing
impairment from the point of view of molecular structure. Several types of software are freely
available for these kinds of study and are useful for pharmacologists, molecular biologists and
physicians. In addition, information on the three-dimensional structure is essential for
discovering seed compounds in the field of drug design. Elucidation of structural data and the
mechanisms of functional impairment due to mutations, coupled with computer-aided drug
design, can lead to clinical benefits.

Round window
Oval window

Scala media

Figure 1. Structures of the rat's inner ear. (a, b): Whole-mount structure of the left (a) and right (b) inner ear with
bone tissue dissected from rat. (c, d): The vestibular organ (c) and cochlea (d) extracted from bone tissues.
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Figure 2. Schematic diagram of the coronal section of the cochlear duct. The majority of hearing loss-related genes
are expressed in the cochlea. Hereditary Hearing Loss Homepage [7]
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Figure 3. Hearing levels expressed on an audiogram. Frequency is expressed in terms of the number of cycles per sec-
ond, or “Hertz". The range of most of the sounds in speech is 250Hz to 8000Hz. Loudness or “level of sound” is meas-
ured in units called decibels (dBs). The audiogram shows hearing loss across a range of frequencies; both the hearing
level and the threshold of hearing level are indicated.
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2. The voltage-gated potassium channel KCNQ4

KCNQ4, which encodes the voltage-gated potassium channel KQT-like subfamily mem-
ber 4, has been identified as a causative gene in hearing loss [14]. The gene encodes a
protein of 695 amino acid residues in its longest isoform and contains six transmembrane
a-helices, (51-56), a pore helix (PH), a pore-loop (P-loop), a short N-terminal region and a
long C-terminal region (Figure 4). As in other KQT-like channels, the ion-selective chan-
nel formed by KCNQ4 comprises a tetramer of identical subunits in which the highly
conserved P-loop of each subunit combines to form the pore structure [15]. The pore region
of the KCNQ4 channel consists of contiguous structures of S5 PH, P-loop and S6 ele-
ments. Functional and structural analyses of Kv channels have demonstrated that the PH
and the P-loop are responsible for the selective K'penetration, whereas 54 regulates the
open-closed state of the channel as a voltage sensor [16-18].
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Figure 4. Schematic representation of the six transmembrane helices (S1-56) and the K* selective channel pore re-
gion(S5, PH, P-loop and S6) of KCNQ4. Yellow, red, orange and green circles indicate the p.Ser260del, p.Y270H,
p.G285Sand p.G287R mutations, respectively. Dark blue spheres indicate potassium ions. This figure was made with
some modification using the figure in our previous study [23].

KCNQ4 is expressed predominantly in the basolateral membrane of outer hair cells, a type of
auditory sensory cell in the cochlea (Figure 5) and plays an important role in the proper
electrophysiological function of these cells [19]. KCNQ4 is also expressed in spiral ganglion
(SG) cells, although its function in SG cells is unknown. A mouse model expressing a dominant-
negative form of KCNQ4 demonstrates hearing loss with slowly progressive degeneration of
the outer hair cells owing to chronic depolarization caused by loss of the major K'efflux
pathway [20]. The clinical features-namely, congenital, progressive high-frequency sensori-
neural hearing loss (Figure 6) without substantial loss of speech recognition during the first
decade of life-exhibit a very strong hereditary tendency for patients with mutated KCNQ4
proteins [21, 22]. Since patients with KCNQ4 mutations show progressive hearing loss, the
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development of a drug to improve the function of the KCNQ4 channel might attenuate the
symptoms.
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Figure 5. Expression pattern of the KCNQ4 channel in the cochlea. Protein expression is indicated in purple.

We identified two disease-associated mutations of KCNQ4: in one, a tyrosine residue (Tyr270)
is replaced with histidine (His); and in the other, there is a deletion, ¢.806_808delCCT, leading
to a p.Ser260del located between S5 and the pore helix (PH) in the gene product of KCNQ4 [23,
24]. We then generated a computational structural model of the KCNQ4 channel by referring
to the crystal structure of the Shaker family K*channel, Kv1.2 [23, 24]. In the following sections,
we speculate about the molecular mechanism underlying hearing loss according to the basic
quantum chemistry of a KCNQ4 channel formed with the Tyr270His (p.Y270H) and
p-Ser260del (p.S269del) mutations and we discuss how two more severe mutations-
p-Gly285Ser (p.G285S) [14] and p.Gly287Arg (p.G287R) [25]-might cause severe to profound
hearing loss from a structural point of view.

3. Materials and methods

3.1. Genetic analysis

Initially, KCNQ4 was selected as a candidate gene involved in hearing loss on the basis of
clinical features [26]. Prior to this study, the patient was confirmed to have neither G/B2
mutations, the most common causative gene of hereditary hearing loss, nor the mitochondrial
m.1555A > G and m.3243A > G mutations. Genomic DNA was extracted from blood samples
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Figure 6. An audiogram from a patient with the KCNQ4 Tyr270His mutation [23]. Open circles indicate the hearing
levels of air conduction for the right ear. Crosses indicate the hearing levels of air conduction for the left ear. “[" and
“1" indicate the hearing levels of bone conductions in the right and left ear, respectively. In conductive hearing loss,
the bone conduction hearing thresholds are normal but there is a loss of hearing for air conduction sounds. This
means that the cochlea is normal, but there is a blockage to sound in the middle or outer ear. This audiogram shows
that the patient has sensorineural hearing loss (SNHL) because the hearing pattern of air conduction is close to that of
the bone conductions.

via the Gentra Puregene Blood Kit (QIAGEN, Hamburg, Germany). PCR primers specific for
KCNQ4 were designed in our laboratory [23].

3.2. Molecular modelling of KCNQ4

A series of molecular modelling was conducted by the following procedures.

1. PDBsum: To find structural relatives of KCNQ4 for molecular modelling, we utilized
PDBsum [27] and Gapped BLAST [28] in an attempt to search for the protein that is most
homologous in amino acid sequence to the full length of KCNQ4 and that has a macro-
molecular structure deposited in the Protein Data Bank.

2. Swiss-Model: Among the channels with available three-dimensional structures, the
sequence of Kv1.2 was most similar to that of KCNQ4 (27.5% identity for the transmem-
brane sequence Ser32 to Thr417). The transmembrane domains (51-56) including the
voltage sensor and the pore region of KCNQ4 (Tyr80 to GIn329) and its Tyr270His and
p-Ser260del mutants were modelled using the fully automated protein structure model-
ling server Swiss-Model [29-31] and the crystal structure of Kv1.2 (PDB ID: 3LUT, chain
B) as a template [17]. The structural model of KCNQ4 was calculated by automatic
modelling mode with default conditions.

9
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Figure 7. Sequence alignment of KCNQ4 proteins. (a) Sequence alignment of the orthologous KCNQ4 pore region.
Positions highlighted in light blue indicate that the amino acid is identical to that in human KCNQ4. The position of
Ser269 and Tyr270 is boxed in red and Tyr270 is indicated by an arrow. The positions of Gly285 and Gly287 are high-
lighted in yellow and orange, respectively. The positions of S5, PH, S6 (wavy lines) and the P-loop (straight line) are
indicated below the sequences. (b) Alignment of the KCNQ4 pore-region sequence with those of Kv channels deposit-
ed in the PDB. Positions highlighted in green indicate that the amino acid is identical to that in human KCNQ4. The
sequence of human KCNQ4 is indicated at the top of both alignments. This figure was made with some modification
using the figure in our previous study [23].

3. Verify_3D Structure Evaluation Server: The quality of the structural model was evalu-
ated by Verify_3D [32-34] and was found to be trustworthy [23].

4. UCSF Chimera: The structural models of KCNQ4 and the Tyr270His, p.Ser260del,
p.G285S and p.G287R mutants were fitted into the corresponding transmembrane
domains of the Kv1.2 structure and UCSF Chimera [35] was used to visualize the putative
structure by a-carbon frame or by ribbon model with electric surface potentials.
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4. Results and discussion

To date, 21 missense mutations, a splice-site mutation and four small deletion mutations in
KCNQ4 have been reported to be associated with hearing loss [36]. Eleven of the missense
mutations are located in the pore region; thus, these mutations are considered to be pathogenic
[14, 21, 23, 24, 37, 38]. As mentioned above, KCNQ4 contains six transmembrane a-helices, (51—
56), a pore helix (PH), a pore-loop (P-loop), a short N-terminal region and a long C-terminal
region (Figure 4). The pore regions of Kv channels are formed by contiguous S5, PH, P-loop
and S6 regions. Functional and structural characterizations of Kv channels have demonstrated
that the PH and P-loop are responsible for selective K*transport, whereas 54, acting as a voltage
sensor, regulates the open—closed state of the channel [17, 18]. Tyr270 and Ser269 are predicted
to be the N-terminal residues of the PH.

Among the mammalian KCNQ4 sequences that are available, the pore-region sequences are
identical and those of non-mammals (e.g., birds, fruit flies, tunicates and nematodes) are very
similar to the mammalian sequences (Figure 7a). In addition, the PH and P-loop sequences of
non-KCNQ4 Kv channels are somewhat conserved (e.g., Kv2.1 from Homo sapiens is identical
in 14/24 amino acid residues, Kv1.2 from Rattus norvegicus in 11/24 residues and KvAP, a
prokaryotic Kv channel from Aeropyrum pernix, in 13/24 residues). In addition, the positions
of Gly285 and Gly287 on the P-loop are fully conserved across mammalian and non-mamma-
lian KCNQ4 sequences. These commonly mutated residues are thought to be important for
proper functioning of the channel (Figure 7a).

Tyr270, at the N-terminus of PH, is located at the same position as the corresponding Kv1.2
residue (Ile361) (Figure 7b). Gly285 and Gly287 are also fully conserved in Kv channels. We
therefore assessed the electrostatic characteristics of structural models containing mutations
of these residues to determine whether these residues might be responsible for the patient’s
hearing loss.

4.1. p.Y270H mutation

The ribbon model of wild-type KCNQ4 with the electrostatic surface potential superimposed
suggests that the side chain of Tyr270 (coloured white in Figure 8a) should be electrostatically
neutral. For Tyr270His, by contrast, the side chain of His270 (coloured blue in Figure 8b) is
predicted to retain at least a partial positive charge, which reflects the standard pK, value (6.5)
for histidine.

Moreover, His270 is surrounded by the negatively charged residues Asp272, Asp266, Asp262
and Glu260, as well as the polar residues Ser269, Ser268 and Ser265, which are capable of
hydrogen bonding (all of these residues are within 10 A of His270, Figure 8c). In haemoglobin
(PDB ID: 2hhb), the side-chain pK, of His97, which is surrounded by two negatively-charged
asparagine residues within five A distance, is shifted to an abnormally high value (pK,=7.8)
[39]. For these reasons, the side chain of His270 may also have a pK value that is greater than
the standard value; therefore, it is predicted that more than half of the histidine side chains at
position 270 carry a positive charge at near physiological pH (Figure 8b).

"
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Alteration of the electrostatic surface potential of a single helical residue in the pore region
might affect the structural stability of the channel as a consequence of a change in the helix
dipole moment. A substantial dipole moment with positive and negative unit charges at,
respectively, the N-and C-terminus of an a-helix is often found (Hol, 1985). A comparison of
three Kv channel structures suggests that the dipoles of the transmembrane helices orient the
helices and are responsible, at least in part, for the structure of the pore [15, 40, 41]. The
electrically neutral Tyr270, which, as noted above, is positioned at the N-terminus of the PH,
is located within 9 A of Ala263 at the C-terminus of S5 (Figure 8a, b). The presence of a
positively-charged histidine residue adjacent to, or at the N-terminal of, an a-helix can
destabilize the helix dipole [42]. Replacement of Tyr270 with histidine may therefore increase
the dipole moment of the PH.

Alternatively, or in conjunction with the destabilization effect, His270 may impede K*trans-
port. The electrostatic repulsion between positively-charged His270 and K*would be stronger
than that between electrically-neutral Tyr270 and K*. In the p.Y270H model, the distance
between His270 and the centre pore of the channel is ~20.5 A (Figure 8d, e). This distance is
small enough to affect the electrostatic interaction between two charged molecules in a non-
polar environment (e.g., the interior of a membrane protein) because the electrostatic force is
strong and affects charges separated by 500-1800 A [43-45]. In addition, the dielectric constants
in the interior of a protein and in a lipid membrane are assumed to be five and two, respectively,
whereas that of bulk water is ~80 at room temperature [46], a value that can be elicited by basic
Coulomb’s law (see Formula). The electrostatic potential energy for two charges in protein or
lipid membrane interiors is therefore between 16 and 40 times greater than that in water.
Consequently, the long-range electrostatic repulsive force between positively charged His270
and a K*ion might possibly impede passage of K*through the channel [47], whereas the force
on K*would be smaller in the extracellular region.

Several mutations in the PH of KCNQ4 (e.g., Leu274His and Trp276Ser) have been correlated
with hearing loss [21]. Interestingly, ectopic expression of both the Trp276Ser mutant and wild-
type KCNQ4 in a cultured cell line caused a reduction in the channel current, whereas
expression of the mutant alone caused impaired trafficking of the protein to the cellular
membrane [48]. The similar clinical symptoms and locations of the mutations within KCNQ4
support the proposal that p.Y270H is a pathogenic mutation associated with progressive
SNHL. Further physiological and three-dimensional structural characterization of the
p-Y270H KCNQ4 protein may identify which of our working hypotheses-namely, structural
distortion of the channel caused by a change in the dipole moment of the PH or electrostatic
impediment of K'transport (or both)-causes hearing loss in the patient and may provide insight
into how to reverse hearing loss caused by KCNQ4 mutations.

Formula: (1) The electrostatic repulsive interactions in the pore region can be explained by
classic Coulomb’s law. Tyr270 in KCNQ4 is neutrally charged, whereas His270 in the
Tyr270His mutation is predicted to be positively charged (at physiological pH 7.4). Thus, extra
electrostatic repulsion force (q) is generated between His270 and K*, which is more intense
than that between Tyr270 and K*.



Molecular Modelling-Based Investigations of a Mutant Protein in Patients with Hearing Loss
http://dx.doi.org/10.5772/58398

Figure 8. Structural models of KCNQ4 and the Tyr270His mutant. (a, b) Part of the wild-type KCNQ4 model (a) and the
Tyr270His model (b) overlaid with their corresponding electrostatic surface potentials. Arrows indicate the side chains
of Tyr270 (a) and His270 (b). Blue, red and white indicate positively-charged, negatively-charged and neutral atoms,
respectively. (c) Ribbon model of the Tyr270His pore region. Residues surrounding His270 that are negatively-charged
or that can form a hydrogen bond are shown in red. (d, e) Superimposition of the Tyr270His ribbon model onto a
horizontal view of the plasma membrane (d) and an extracellular view (e) with the four rotational axes of the Kv1.2
crystal structure shown as a hydrophobicity surface. Hydrophobic and hydrophilic residues are indicated in red and
blue, respectively, in the hydrophobicity surface representations. His270 is shown in yellow. K* in the central pore is
shown as a purple sphere in a—e and indicated by an arrow in e. This figure was made with some modification using
the figure in our previous study [23].
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(2) The electrostatic potential energy (E) between His270 and K*is affected by the dielectric
constant (¢).

E-Y L @

i<j 4”5”1']‘

(3) Assuming that the K*ion is within the pore region of the K*channel, the & value is 5, whereas
in water, the € value is 80. Therefore, the electric repulsive force would be much more intense
between His270 and K*within the pore region of the K*channel than in the extracellular space.

Ia9k+ Iu4xk+
E =>» -8+t >sF =) HIK+
pore g]: 4”5”1']' water ;472’807’17 (3)

(4) The Van der Waals potential energy (V) between His270 and K*can be ignored because it
is extremely weak as compared with the electrostatic force. This energy decays exponentially
with the internuclear distance (r). A and B represent the repulsive and attractive constant,
respectively.

A
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Figure 9. Partial structural model of KCNQ4 and the p.Ser269del mutation. (a, b) Ribbon models of the wild-type
KCNQ4 subunit (a) and the KCNQ4 subunit with the p.Ser269del mutation (b) overlaid with their corresponding elec-
trostatic surface potential. Red or blue areas indicate negatively-or positively-charged residues, respectively; yellow
dots indicate the negatively-charged surface potential on the N-terminal region of the PH; pale yellow lines indicate
hydrogen bonds and yellow arrows indicate hydrogen bonds within S5 and PH. This figure was made with some mod-
ification using the figure in our previous study [24].



Molecular Modelling-Based Investigations of a Mutant Protein in Patients with Hearing Loss
http://dx.doi.org/10.5772/58398

4.2. p.Ser269del mutation

The ribbon model of the wild-type KCNQ4 subunit overlaid with the corresponding electro-
static surface potential demonstrates that the surface of the N-terminal region of the PH is
negatively charged owing to the negatively-charged side chains of Ser269 and Asp272 (Figure
9a). The model of KCNQ4 with the p.Ser269del mutation demonstrates a reduction in the
negatively-charged surface area in this region (Figure 9b). In case of the p.Y270H mutation,
reducing the electrostatic surface potential in this area is predicted to impede K'transport
owing to the long-range electrostatic force between the PH and K*(Formula).

In addition, hydrogen bonds at the C-terminus of S5 and the N-terminus of the PH of wild-
type KCNQ4 (Figure 9a, yellow arrows) are absent in Ser269del KCNQ4 (Figure 9b). Loss of
the hydrogen bonds around the N-terminus of the PH results in shortening of the PH and has
been attributed to the destabilization of a-helix formation, resulting in a change in the helix
dipole moment [39]. A change in dipole moment in this case might also destabilize the pore
region structure, which is also likely to impede K*transport. Overall, the molecular impairment
is likely to be a mild dominant-negative effect, resulting from the relatively small influence of
the p.Ser269del mutation on the normal KCNQ4 channel subunit.

4.3. p.G285S and p.G287R mutations

Of particular importance in the P-loop are the three amino acids GYG, which are highly
conserved in the Kv channel family (Figure 7b). The structure derived from molecular
modelling reveals that the GYG residues (Gly285 and Gly287) bind directly to K*and this
electric static level is an integral part in the normal function of K*penetration. In the p.G2855
mutant structure, the electrostatic value of glycine is very similar to that of serine; however,
the side chain of serine is polarized (Figure 10a, b: yellow arrow). This side chain protrusion
of serine changes the normal structure of the central route of K*, providing decisive evidence
of the impediment of K*transport. In support of this, the current measured by electrophysio-
logical examination in Xenopus oocytes was markedly reduced by the dominant-negative effect
of p.G285S as compared with wild type [14].

The pK, value for Arg (12.48) is positively charged in normal periplasmic environment and
generates a strong repulsive force between Arg287 and K*(Figure 10c). In addition, the side
chain of Arg287 protrudes into the K*position, resulting in complete blockage of the passage
of K*. Thus, the effect of the p.G287R mutation is much stronger than that of the p.G287S
mutation, from the structural analysis data. However, the hearing levels and patterns of
patients with the p.G285S and p.G287R mutations are very similar [14, 25].

At the genetic level, KCNQ4 channels with missense mutations are predicted to act via a
dominant-negative mechanism to induce progressive, predominantly high-frequency hearing
loss [14]. In families with deletions that lead to frameshifts and stop codons, however, the
phenotype is characterized by better low-frequency deterioration, but more rapid high-
frequency deterioration [22, 49]. In addition, it is thought that truncating mutations such as
p-GIn71SerfsX138 and p.GIn71fs on heterozygous alleles are probably not synthesized from
these alleles and functional impairment is considered to be due to haploinsufficiency [24, 37,
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50]. Missense mutations are usually translated into protein, whereas nonsense and large
truncating mutations are not. For a heteromeric missense mutation of KCNQ4, incomplete
tetramers might be generated; however, the functional structure of KCNQ4 is a tetramer of
protein subunits. If one mutated subunit is integrated in the tetramer, the function of the K
“transportation will be lost, even though three subunits are still normal. Thus, a dominant-
negative effect occurs. In the case of haploinsufficiency, a normal tetramer of KCNQ4 will be
expressed, although the allelic expression is 50% of the normal value. These possibilities
indicate that differences in hearing patterns and levels might occur between missense and
nonsense (or large deletion) mutations.

Figure 10. Structural model of the centre pore region of KCNQ4. The wild-type KCNQ4 (a), the p.G285S mutation (b)
and the p.G287R mutation (c) models are overlaid with their corresponding electrostatic surface potentials. The side
chains of Ser285 (b) and Arg287 (c) are indicated by arrows. The periplasmic region is at the top.

5. Conclusion

From our structural analysis, KCNQ4 is a transporter that has been refined during protein
evolution. To develop molecular drugs targeted at, for example, the pore region of KCNQ4, it
is necessary to take a special approach other than the normal screening of seed compounds as
candidate inhibitors of a pathogenesis factor. Considering the molecular interpretation
described in this chapter, it seems that there are two approaches to the development of drugs
that might act on mutations in the P-loop in a target. The first is a drug that acts on the P-loop
directly. However, it is presumed that the development of drugs directly targeting the P-loop
would be somewhat difficult because the P-loop is hypersusceptible and there is no space in
the centre pore for K*passage. The second and ideal approach is to screen for compounds that
act on mutations on the P-loop at long range, taking into consideration our p.Y270H mutation
model. It is hoped that such a drug that can control the penetration of ions from a remote
position might be developed in future studies. In this chapter, we have described a case of
structural impairment caused by KCNQ4 mutation. Elucidation of the impairment mechanism
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underlying missense mutations and the strategy of drug design will be applicable to the
development of therapies for many genetic illnesses.

Acknowledgements

Most procedures described in this work were performed in Dr Tatsuo Matsunaga’s laboratory
at National Institute of Sensory Organs, National Tokyo Medical Center, Tokyo, Japan. The
author wishes to express sincere appreciation and gratitude to Dr Matsunaga and his collab-
orators, especially Dr Yuko Miyanaga for dissecting the rat’s inner ear.

Author details

Kazunori Namba’

National Institute of Sensory Organs, National Tokyo Medical Center, Tokyo, Japan

References

[1] Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. The molecular biology of
the cell. Garland Science Textbooks, 2002.

[2] BAIOBASE: biological databases. http://www .biobase-international.com/ (accessed
12 December 2013).

[3] Smith R]J, Bale JF Jr, White KR. Sensorineural hearing loss in children. Lancet 2005;
365(9462) 879-890.

[4] Morton CC, Nance WE. Newborn hearing screening--a silent revolution. N Engl |
Med 2006; 354(20) 2151-2164.

[5] Kochhar A, Hildebrand MS, Smith R]. Clinical aspects of hereditary hearing loss.
Genet Med 2007; 9(7) 393-408.

[6] Toriello HV, Reardon W, Gorlin RF. Hereditary hearing loss and its syndromes, 2nd
ed. New York: Oxford University Press; 2004.

[7] Hereditary Hearing loss Homepage http://hereditaryhearingloss.org/ (accessed 7 Jan-
uary 2014).

[8] Hildebrand MS, Tack D, McMordie SJ, DeLuca A, Hur IA, Nishimura C, Huygen P,
Casavant TL, Smith R]. Audioprofile-directed screening identifies novel mutations in
KCNQ4 causing hearing loss at the DFNA2 locus. Genet Med 2008; 10(11) 797-804.

17



18

Pharmacology and Therapeutics

9]

[11]

[12]

[13]

[14]

[15]

[16]

Bespalova IN, Van Camp G, Bom SJ], Brown D], Cryns K, DeWan AT, Erson AE,
Flothmann K, Kunst HP, Kurnool P, Sivakumaran TA, Cremers CW, Leal SM, Bur-
meister M, Lesperance MM. Mutations in the Wolfram syndrome 1 gene (WFS1) are
a common cause of low frequency sensorineural hearing loss. Hum Mol Genet 2001;

10(22) 2501-2508.

Verhoeven K, Van Laer L, Kirschhofer K, Legan PK, Hughes DC, Schatteman I, Ver-
streken M, Van Hauwe P, Coucke P, Chen A, Smith R], Somers T, Offeciers FE, Van
de Heyning P, Richardson GP, Wachtler F, Kimberling W], Willems PJ, Govaerts PJ,
Van Camp G. Mutations in the human alpha-tectorin gene cause autosomal domi-
nant non-syndromic hearing impairment. Nat Genet 1998; 19(1) 60-62.

Protein Data Bank. PDB. http://www.rcsb.org/pdb/home/home.do (accessed 17 Feb-
ruary 2014).

Ferro-Novick S, Jahn R. Vesicle fusion from yeast to man. Nature 1994; 370(6486)
191-193.

Rothman JE. Mechanisms of intracellular protein transport. Nature 1994; 372(6501)
55-63.

Kubisch C, Schroeder BC, Friedrich T, Liitjohann B, El-Amraoui A, Marlin S, Petit C,
Jentsch TJ. KCNQ4, a novel potassium channel expressed in sensory outer hair cells,
is mutated in dominant deafness. Cell 1999; 96(3) 437-446.

Doyle DA, Morais Cabral ], Pfuetzner RA, Kuo A, Gulbis JM, Cohen SL, Chait BT,
MacKinnon R. The structure of the potassium channel: molecular basis of K+conduc-
tion and selectivity. Science 1998; 280(5360) 69-77.

Schroeder BC, Kubisch C, Stein V, Jentsch TJ. Moderate loss of function of cyclic-
AMP-modulated KCNQ2/KCNQ3 K+channels causes epilepsy. Nature 1998;
396(6712) 687-690.

Long SB, Tao X, Campbell EB, MacKinnon R. Atomic structure of a voltage-depend-
ent Kt+channel in a lipid membrane-like environment. Nature 2007; 450(7168)
376-382.

Chen X, Wang Q, Ni F, Ma ]. Structure of the full-length Shaker potassium channel
Kv1.2 by normal-mode-based X-ray crystallographic refinement. Proc Natl Acad Sci
U S A 2010; 107(25) 11352-11357.

Kharkovets T, Dedek K, Maier H, Schweizer M, Khimich D, Nouvian R, Vardanyan
V, Leuwer R, Moser T, Jentsch TJ. Mice with altered KCNQ4 K+channels implicate
sensory outer hair cells in human progressive deafness. EMBO ] 2006; 25(3) 642-652.

Beisel KW, Nelson NC, Delimont DC, Fritzsch B. Longitudinal gradients of KCNQ4
expression in spiral ganglion and cochlear hair cells correlate with progressive hear-
ing loss in DFNAZ2. Brain Res Mol Brain Res 2000; 82(1-2) 137-149.



[22]

[23]

[24]

[31]

[32]
[33]

[34]

Molecular Modelling-Based Investigations of a Mutant Protein in Patients with Hearing Loss
http://dx.doi.org/10.5772/58398

Van Hauwe P, Coucke PJ, Ensink R], Huygen P, Cremers CW, Van Camp G. Muta-
tions in the KCNQ4 K+channel gene, responsible for autosomal dominant hearing
loss, cluster in the channel pore region. Am ] Med Genet 2000; 93(3) 184-187.

De Leenheer EM, Huygen PL, Coucke PJ, Admiraal RJ, van Camp G, Cremers CW.
Longitudinal and cross-sectional phenotype analysis in a new, large Dutch DFNA2/
KCNQ4 family. Ann Otol Rhinol Laryngol 2002; 111(3 Pt 1) 267-274.

Namba K, Mutai H, Kaneko H, Hashimoto S, Matsunaga T. In silico modeling of the
pore region of a KCNQ4 missense mutant from a patient with hearing loss. BMC Res
Notes 2012; 5 145.

Watabe T, Matsunaga T, Namba K, Mutai H, Inoue Y, Ogawa K. Moderate hearing
loss associated with a novel KCNQ4 non-truncating mutation located near the N-ter-
minus of the pore helix. Biochem Biophys Res Commun 2013; 432(3) 475-479.

Arnett ], Emery SB, Kim TB, Boerst AK, Lee K, Leal SM, Lesperance MM. Autosomal
dominant progressive sensorineural hearing loss due to a novel mutation in the
KCNQ4 gene. Arch Otolaryngol Head Neck Surg 2011; 137(1) 54-59.

Matsunaga T. Value of genetic testing in the otological approach for sensorineural
hearing loss. Keio ] Med 2009; 58(4) 216-222.

PDBsum, European Bioinformatics Institute: http://www.ebi.ac.uk/pdbsum/ (ac-
cessed 25 January 2010).

Altschul SF, Madden TL, Schéffer AA, Zhang ], Zhang Z, Miller W, Lipman D]J. Gap-
ped BLAST and PSI-BLAST: a new generation of protein database search programs.
Nucleic Acids Res 1997; 25(17) 3389-3402.

Swiss-Model, http://swissmodel.expasy.org/ (accessed 3 February 2010).

Arnold K, Bordoli L, Kopp J, Schwede T. The SWISS-MODEL workspace: a web-
based environment for protein structure homology modelling. Bioinformatics 2006;
22(2) 195-201.

Kiefer F, Arnold K, Kiinzli M, Bordoli L, Schwede T. The SWISS-MODEL Repository
and associated resources. Nucleic Acids Res 2009; 37(Database issue) D387-392.

Verify_3D, http://nihserver.mbi.ucla.edu/Verify_3D/ (accessed 5 February 2010).

Bowie JU, Luthy R, Eisenberg D. A method to identify protein sequences that fold in-
to a known three-dimensional structure. Science 1991; 253(5016) 164-170.

Luthy R, Bowie JU, Eisenberg D. Assessment of protein models with three-dimen-
sional profiles. Nature 1992; 356(6364) 83-85.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin
TE. UCSF Chimera--a visualization system for exploratory research and analysis. |
Comput Chem 2004; 25(13) 1605-1612.

19



20

Pharmacology and Therapeutics

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

BAIOBASE: biological databases. http://www.biobase-international.com/ (accessed
14 February 2014).

Coucke PJ, Van Hauwe P, Kelley PM, Kunst H, Schatteman I, Van Velzen D, Meyers
J, Ensink R]J, Verstreken M, Declau F, Marres H, Kastury K, Bhasin S, McGuirt WT,
Smith RJ, Cremers CW, Van de Heyning P, Willems PJ, Smith SD, Van Camp G. Mu-
tations in the KCNQ4 gene are responsible for autosomal dominant deafness in four
DFNA2 families. Hum Mol Genet 1999; 8(7) 1321-1328.

Topsakal V, Pennings R], te Brinke H, Hamel B, Huygen PL, Kremer H, Cremers CW.
Phenotype determination guides swift genotyping of a DFNA2/KCNQ4 family with
a hot spot mutation (W276S). Otol Neurotol 2005; 26(1) 52-58.

Hol WG. Effects of the alpha-helix dipole upon the functioning and structure of pro-
teins and peptides. Adv Biophys 1985; 19 133-165.

Roux B, MacKinnon R. The cavity and pore helices in the KcsA K+channel: electro-
static stabilization of monovalent cations. Science 1999; 285(5424) 100-102.

Dutzler R, Campbell EB, Cadene M, Chait BT, MacKinnon R. X-ray structure of a CIC
chloride channel at 3.0 A reveals the molecular basis of anion selectivity. Nature
2002; 415(6869) 287-294.

Armstrong KM, Baldwin RL. Charged histidine affects alpha-helix stability at all po-

sitions in the helix by interacting with the backbone charges. Proc Natl Acad Sci U S
A 1993; 90(23) 11337-11340.

Larsen AE, Grier DG. Like-charge attractions in metastable colloidal crystallites. Na-
ture 1995; 385 230-233.

Xu XH, Yeung ES. Long-range electrostatic trapping of single-protein molecules at a
liquid-solid interface. Science 1998; 281(5383) 1650-1653.

Kang SH, Yeung ES. Dynamics of single-protein molecules at a liquid/solid interface:
implications in capillary electrophoresis and chromatography. Anal Chem 2002;
74(24) 6334-6339.

Callenberg KM, Choudhary OP, de Forest GL, Gohara DW, Baker NA, Grabe M.
APBSmem: a graphical interface for electrostatic calculations at the membrane. PLoS
One 2010; 5(9) pii: €12722. doi: 10.1371.

Li N, Tang H, Gai H, Dong X, Wang Q, Yeung ES. Determination of protein surface
excess on a liquid/solid interface by single-molecule counting. Anal Bioanal Chem
2009; 394(7) 1879-1885.

Kim HJ, Lv P, Sihn CR, Yamoah EN. Cellular and molecular mechanisms of autoso-
mal dominant form of progressive hearing loss, DFNA2. ] Biol Chem 2011; 286(2)
1517-1527.



[49]

[50]

Molecular Modelling-Based Investigations of a Mutant Protein in Patients with Hearing Loss
http://dx.doi.org/10.5772/58398

Akita J, Abe S, Shinkawa H, Kimberling W], Usami S. Clinical and genetic features of
nonsyndromic autosomal dominant sensorineural hearing loss: KCNQ4 is a gene re-
sponsible. In Japanese. ] Hum Genet 2001; 46(7) 355-361.

Kamada F, Kure S, Kudo T, Suzuki Y, Oshima T, Ichinohe A, Kojima K, Niihori T,
Kanno J, Narumi Y, Narisawa A, Kato K, Aoki Y, Ikeda K, Kobayashi T, Matsubara
Y. A novel KCNQ4 one-base deletion in a large pedigree with hearing loss: implica-
tion for the genotype-phenotype correlation. ] Hum Genet 2006; 51(5) 455-460.

21



ntechOpen

ntechOpen



