
DISSERTATION

Titel der Dissertation

“Structure-Activity Studies on the Opening- and
Closure-Mechanism of L-Type Calcium-Channels”

Verfasserin

Mag. pharm. Katrin Depil

angestrebter akademischer Grad

Doktorin der Naturwissenschaften (Dr.rer.nat)

Wien, im Juli 2012

Studienkennzahl lt. Studienblatt: A 791 449
Dissertationsgebiet lt. Studienblatt: Pharmazie
Betreuer: Univ.-Prof. Dr. Steffen Hering



Abstract

The objective of the present study was to identify gating sensitive positions in the
segments of the cardiac L-type CaV1.2 channel. This was supported by homology
models that suggested structural details of certain amino acid regions. The main
part of this thesis focuses on the highly conserved “G/A/G/A” motif of the bundle
crossing region in the S6 segments. A well known autosomal dominant point muta-
tion which causes a channelopathy called Timothy Syndrome is located inside this
motif. This inherited disease leads to arrhythmias, autism and neurological defects.
The source of this channelopathy is mutation G423S which dramatically reduces in-
activation. The prolonged opening of the channel causes increased calcium influx.

This work shows that mutations in all analogous positions in domains II, III and IV
accelerate activation. Inactivation in Domains II-IV is not affected. Since inactivation
is Domain I specific, a decoupling of the inactivation and the deactivation process
can be shown.

Homology modelling demonstrates that all amino acids of the “G/A/G/A” motif
form a tightly packed ring in the closed conformation of the channel. We hypothesize
that mutating this ring prevents complete channel closure. To investigate influence
of voltage sensors on the identified “G/A/G/A” motif, all charged positions in each
of the S4 segments were neutralized.

Neutralization of the S4 segments in domains I, III and IV lead to a non-functional
channel. Interestingly the activation shift of the neutralized segment in domain II
(IIS4N) could not be distinguished from the wild-type channel. Combination of IIS4N
with all “G/A/G/A” mutants caused a rescue behaviour with wild-type like ac-
tivation. In contrast IIS4N in conjunction with amino acid mutations next to the
“G/A/G/A” motif showed no rescue behaviour. This indicates the important func-
tion of the “G/A/G/A” motif.

Thermodynamic analysis showed that the voltage sensor IIS4 is energetically cou-
pled to the “G/A/G/A” ring. This coupling leads to conformational changes of
domains II, II and IV.
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Zusammenfassung

In der vorliegenden Arbeit wurden gating-sensitive Aminosäuren und Sequenzab-
schnitte in den S6-Segmenten des kardialen L-Typ Kanals CaV1.2 identifiziert und
mit Hilfe von Homologiemodellen Hypothesen zu deren Funktion formuliert. Der
Großteil dieser Arbeit befasst sich mit der Struktur-Funktionsanalyse des stark kon-
servierten ”G/A/G/A“ Motivs in der ”bundle crossing region“ der S6-Segmente.

In den Bereich dieses Motivs fällt eine bekannte, autosomal dominante, Punktmuta-
tion, die zu einer Kanalerkrankung, dem Timothy Syndrom, führt. Tritt diese Mu-
tation G432S auf, so sind u.a. Arrhythmien, Autismus und neurologische Defekte
die Folge. Dabei wird die Inaktivierung aufgehoben und durch die so verlängerte
Kanalöffnungszeit strömt vermehrt Kalzium ein. Die Arbeit zeigt, dass Mutationen
in allen analogen Positionen der Domänen II, III und IV starke Verschiebungen der
Aktivierung auslösen. Eine Entkopplung des Aktivierungsprozesses vom Inaktivie-
rungsprozess für Mutationen in Position 432 konnte nachgewiesen werden.

Darüber hinaus wurde mittels Homologiemodell festgestellt, dass die Aminosäuren
des ”G/A/G/A“-Motivs wahrscheinlich einen räumlich dicht gepackten Ring in der
geschlossenen Konformation des Kanals bilden. Es wird angenommen, dass dieser
bei jeglicher Form der Mutation nicht mehr vollständig schließen kann. Um den
Einfluss von Spannungssensoren auf das entdeckte ”G/A/G/A“ Motiv – und damit
das Gating-Verhalten – zu untersuchen, wurde jedes S4 Segment der vier Domänen
neutralisiert.

Durch die Neutralisierung der S4 Segmente in den Domänen I, III und IV wurde
der Kanal funktionsunfähig. Interessanterweise konnte die Aktivierung des neutra-
lisierten Segments in Domäne II (IIS4N) nicht von jener des Wildtypkanals unter-
schieden werden. Die Kombination von (IIS4N) mit allen ”G/A/G/A“ Mutanten
verursachte ein Rescue-Verhalten, die Wildtyp-Aktivierung wurde also wiederher-
gestellt. Die Kombination von IIS4N mit den ”G/A/G/A“ umliegenden Positionen
verursachte kein Rescue-Verhalten, was auf eine Schlüsselrolle von ”G/A/G/A“ für
die Kanalöffnung schließen lässt.

Thermodynamische Untersuchungen zeigten, dass der Spannungssensor IIS4 ener-
getisch an den ”G/A/G/A“ Ring gekoppelt ist und diese Kopplung zu Konforma-
tionsänderungen der Domänen II, III und IV führt.
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EGTA Ethylenglycol-bis(aminoethylether)-N,N,N’,N’-tetraessigsäure
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1 Introduction

1.1 Overview

1.1.1 Timothy-Syndrome Mutations Provide New Insights into Structure
and Function of L-Type Calcium Channels

Ion channels are large membrane proteins that conduct potassium, sodium or cal-
cium ions. The human genome encodes 243 voltage-gated ion channels. They regu-
late electrical signals in the nervous system, control the release of neurotransmitters
and are responsible for the regulation of the heart rhythm and muscle contractions.
Voltage-gated ion channels open and close in response to changes in membrane
potential. The molecular mechanisms underlying this gating process are still un-
explored. Voltage-gated calcium channels are expressed in many tissues. These
channels control a large variety of cellular functions such as muscle contraction,
generation of electrical activity in the sinus node, hearing, vision, release of neuro-
transmitters and cell differentiation (Catterall, 2005).

Mutations in calcium channels can cause severe inherited diseases such as migraine,
night blindness, autism spectrum disorders and Timothy syndrome. The Timothy
syndrome is caused by a mutation in CaV1.2 that leads to severe cardiovascular dis-
orders and prolongs the QT-interval due to enhanced calcium entry and a longer
depolarization. The Timothy syndrome was first described in the 90s (Marks et
al., 1995, Reichenbach et al., 1992). It often leads to sudden cardiac death in early
childhood. In 2004 it was shown that two mutations (G402S and G406R) in cal-
cium channel CaV1.2, cause symptoms (neurological disorders, autism, severe ar-
rhythmias and webbing of fingers and toes) that are associated with the Timothy
syndrome (Splawski et al., 2004, Splawski et al., 2005). Timothy mutations result
in enhanced calcium entry caused by defects in channel during an action potential,
a process called “inactivation”. This in turn induces a calcium overflow causing
arrhythmias and multiple disease patterns (Splawski et al., 2004, Splawski et al.,
2005).

1.1.2 Destabilization of the Closed Pore

We have recently shown, that Timothy-mutation G402 is part of a highly conserved
structure motif, which consists of small amino acids – glycines (G) and alanines
(A), which we named the G/A/G/A-motif (Depil et al., 2011). The strongest ef-
fect on channel opening occurs when residues from this motif are replaced by
larger hydrophobic amino acids. We assume that the Timothy G402 and the whole
G/A/G/A-motif are essential for sealing of the closed channel pore. In a homol-
ogy model these residues interact with bulky phenylalanines from neighbouring S6
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helices. Mutations to larger amino acids in the G/A/G/A position might prevent
optimal channel closure (Depil et al., 2011).

Our data suggest that the G/A/G/A-residues form an important part of the chan-
nel gate. We found a disturbed coupling between the activation and inactivation
processes when G402 was mutated to amino acids with different physicochemical
properties. We assume that flexibility of Timothy glycine 402 is necessary for helix
movement during the inactivation process.

1.1.3 Physicochemical Properties of Pore Residues Predict Activation
Gating of CaV1.2

Guided by systematic mutation of specific pore segments and correlation analysis in
CaV1.2, we identified key amino acid side chain properties, playing a key role in the
molecular mechanism of channel opening and closure. Physicochemical properties
of amino acids in gating-sensitive positions of S6 segments correlate with the ener-
getics of pore opening (Beyl et al., 2011, Depil et al., 2011). Hydrophobic interactions
and side chain size in these S6 positions govern pore stability in CaV1.2.

The physicochemical properties of amino acid residues in gating-sensitive positions
of S6 segments determine the threshold of channel activation of CaV1.2. Leucine in
segment IS6 (L434) and a newly identified activation determinant in segment IIIS6

(G1193) were mutated to a variety of amino acids. The induced leftward shifts of
the activation curves and decelerated activation and deactivation currents suggest a
destabilization of the closed and a stabilisation of the open channel state for most
mutations.

A selection of 17 physicochemical parameters (descriptors) was calculated for these
residues and examined for correlation with the shifts of the midpoints of the activa-
tion curve (DVact). DVact correlated with local side-chain flexibility in position L434

(IS6), with the polar accessible surface area of the side chain in position G1193 (IIIS6)
and with hydrophobicity in position I781 (IIS6). Combined descriptor analysis for
positions I781 and G1193 revealed that additional amino acid properties may con-
tribute to conformational changes during the gating process. The identified physic-
ochemical properties in the analysed gating-sensitive positions (accessible surface
area, side-chain flexibility and hydrophobicity) predict the shifts of the activation
curves of CaV1.2 (Beyl et al., 2011).
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1.1.4 Charge Neutralization in Segment IIS4 Rescues Gating
Disturbances in the G/A/G/A-Ring in Segments IS6-IVS6

To gain insights into the coupling of the voltage sensing machinery to pore residues,
we neutralized the charges in each domain of the S4 segments. Voltage sensors
trigger the closed-open transitions in the pore of voltage-gated ion channels. To
probe the transmission of voltage sensor signalling to the channel pore of CaV1.2,
we investigated how elimination of positive charges in the S4 segments (charged
residues were replaced by neutral glutamine) modulates gating perturbations in-
duced by mutations in pore-lining S6 segments. Neutralization of all positively
charged residues in IIS4 produced a functional channel (IIS4N) while replacement of
the charged residues in other S4 segments resulted in non-functional channels. The
IIS4N channel displayed activation kinetics similar to wild type.

When IIS4N was combined with G/A/G/A mutations, the activation curves were
shifted back towards wild type. Current kinetics in segments IS6-IVS6 by IIS4N
are highly position-specific. Thermodynamic cycle analysis supports the hypothesis
that IIS4 is energetically coupled with the distantly located G/A/G/A residues. We
hypothesize that conformational changes caused by neutralization of IIS4 are not
restricted to domain II (IIS6) but are transmitted to gating structures in domains I,
III and IV via the G/A/G/A ring (Beyl et al., 2012).

4



1 Introduction

1.2 Methods

1.2.1 Patch-Clamp Technique

In 1976, Neher and Sakmann (Neher and Sakmann, 1976) developed the patch-
clamp-technique that allowed recording of single channel conductance. Critical for
the success of this method was the formation of a so called high (Gigaohm) resis-
tance “Giga-Seal” (Hamill et al., 1981) between the tip of the pipette (“patch pipette”)
and the surface of a cell membrane. This dramatically reduced thermal background
noise during ionic current measurements. Several configurations of patch-clamp
techniques are known. The most common techniques are single-channel record-
ings (which allow measuring inside-out patches by ripping the membrane through
pulling the pipette) and whole-cell recordings (that enables the measurement of ionic
currents through the entire membrane of the cell). Both methods are illustrated in
Fig. 1.1. For our electrophysiological recordings we used whole cell configuration
patch clamp technique to record many thousands of channels simultaneously.
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only from the patch, and thus is necessary for recording from single channels. In the whole cell 

configuration, the experimenter goes one step further and ruptures the patch (with suction and 

voltage) to gain electrical access to the whole cell.   From this configuration, the experimenter 

records from thousands of channels simultaneously. Other patch‐clamp configurations, namely 

inside‐out and outside‐in were not used for the experiments in this thesis. Briefly, an inside‐out 

configuration results from pulling the patch off from the cell from the cell‐attached mode, and 

the  outside‐in  configuration  results  from  pulling  the  patch  off  from  the  whole‐cell 

configuration.  For  a more  detailed  explanation,  see  the  seminal  paper  by  Hamill  et  al  that 

introduced  these  techniques  (Hamill  et  al.,  1981).  The  diagram  below  outlines  a  simplified 

procedure for obtaining cell‐attached and whole‐cell patch‐clamp configurations: 

 

Figure 2.1. Patch‐clamp configurations. A low resistance seal is formed by pressing the pipette 
against the cell. Suction facilitates formation of a high resistance ‘giga‐seal’ from which one can 
record single channels. Rupturing the patch with further suction and usually negative voltage 
enables electrical access to the whole cell and its plethora of ion channels. 

 

   

Figure 1.1: These patch-clamp configurations outline the procedures to get a cell-attached formation
for single channel recordings and a whole-cell configuration by rupturing the patch of the
membrane (Werry, 2009)

1.2.2 Ionic Current Recordings and Data Acquisition

Barium currents (IBa) through voltage-gated Ca2+ channels were recorded at 22 −
25 ◦C by patch-clamping (Hamill et al., 1981) using an Axopatch 200A patch-clamp
amplifier (Axon Instruments, Foster City) 36− 48 h after transfection. The extra-
cellular bath solution (5 mM BaCl2, 1 mM MgCl2, 10 mM HEPES, 140 mM choline
chloride) was titrated to pH 7.4 with methanesulfonic acid. Patch pipettes with
resistances of 1− 4 MΩ were made from borosilicate glass (Clark Electromedical
Instruments) and filled with pipette solution (145 mM CsCl, 3 mM MgCl2, 10 mM
HEPES, 10 mM EGTA 10), titrated to pH 7.25 with CsOH. All data were digitized
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using a DIGIDATA 1200 interface (Axon Instruments), smoothed by means of a four-
pole Bessel filter, and saved to disk. 100 ms current traces were sampled at 100 kHz
and filtered at 5 kHz; tail currents were sampled at 50 kHz and filtered at 10 kHz.
Leak currents were subtracted digitally using average values of scaled leakage cur-
rents elicited by a 10 mV hyperpolarizing pulse or electronically by means of an Ax-
opatch 200 amplifier (Axon Instruments). Series resistance and offset voltage were
routinely compensated for. The pClamp software package (Version 7.0 Axon Instru-
ments) was used for data acquisition and preliminary analysis. Microcal Origin 7.0
was used for analysis and curve-fitting.

The voltage dependence of activation was determined from I-V curves and fitted
to

m∞ =
1

1 + exp V0.5,act−V
kact

(1.1)

The time course of current activation was fitted to a mono-exponential function,

I(t) = A · exp
(

t
τ

)
+ C (1.2)

where I (t) is current at time t, A is the amplitude coefficient, τ is the time constant,
and C is the steady-state current. Data are given as the mean ±S.E.

1.2.3 Cell Culture and Transient Transfection

Human embryonic kidney tsA-201 cells were grown at 5 % CO2 and 37 ◦C to 80 %
confluence in Dulbecco’s modified Eagle’s/F-12 medium supplemented with 10 %
(v/v) fetal calf serum and 100 units/ml penicillin/streptomycin. Cells were split
with trypsin/EDTA and plated on 35 mm Petri dishes (Falcon) at 30− 50 % conflu-
ence 16 h before transfection. Subsequently tsA-201 cells were co-transfected with
cDNAs encoding wild-type or mutant CaV1.2 a1 subunits with auxiliary b2a and b2c
(Perez-Reyes et al., 1992) as well as a2-d1 (Ellis et al., 1988) subunits. The transfection
of tsA-201 cells was performed using the FuGENE 6 transfection reagent (Roche Ap-
plied Science) following standard protocols. tsA-201 cells were used until passage
number 15. No variation in channel gating related to different cell passage numbers
was observed.

1.2.4 Mutagenesis

The CaV1.2 a1-subunit coding sequence (GenBank
TM

X15539) in-frame 3’ to the cod-
ing region of a modified green fluorescent protein was kindly donated by Dr. M.
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Grabner (Grabner et al., 1998). Substitutions in segment IS6, IIS6, IIIS6 and IVS6

of the CaV1.2 a1-subunit were introduced using the QuikChange R© Lightning site-
directed mutagenesis kit (Stratagene) with mutagenic primers according to the man-
ufacturer’s instructions. All constructs were checked by restriction site mapping and
sequencing.

1.2.5 Calculation of Amino Acid Descriptors

Physicochemical descriptors were calculated for amino acids using the Molecular
Operating Environment (MOE; Version 2008.10, Chemical Computing Group, Inc.,
Montreal, QC, Canada). This software package calculates more than 300 descriptors.
Examples include polarity measures, size and shape indices, flexibility, accessible
surface area and others. Seventeen out of 327 possible descriptors were selected to
analyse their potential role in channel gating.

A turn propensity scale describing the relative turn preferences of the different
amino acids in formation of transmembrane helical hairpins was taken from Monné
et al. (Monné et al., 1999). The hydrophobicity scales were taken from Kyte and
Doolittle (Kyte and Doolittle, 1982), Hessa et al.(Hessa et al., 2005), White and Wim-
ley (White and Wimley, 1999), Guy (Guy, 1985), Eisenberg et al. (Eisenberg et al.,
1984) and Hopp and Woods (Hopp and Woods, 1981). Rigidity and flexibility in-
dices accounting for a series of descriptors, i.e. number of bonds, number of rings,
number of rings per atoms in molecule, number of rotatable bonds, number of ro-
tatable bonds per atoms in molecule, number of rigid bonds (i.e. aromatic or double
bonds), number of rigid bonds per atoms in molecule, longest flexible chain, ditto
per atoms in molecule, number of rigid fragments, ditto per atoms in molecule,
number of partial flexible chains and ditto per atoms in molecule, were taken from
Gottfries and Eriksson (Gottfries and Eriksson, 2010).

1.2.6 Correlating Amino Acid Properties with ∆Vact

The capability of a given descriptor to predict the shift of the activation curve was
established by ranking the correlation coefficients and its significance (t test). This
approach enabled the identification of a “leading descriptor”, i.e. the one with the
largest correlation coefficient (r) and the highest significance. Linear regressions
were calculated using the ORIGIN subroutine which also yielded correlation coeffi-
cients and their statistical significance.

Subsequently, we correlated weighted linear combinations of all 17 descriptors with
DVact. Combined descriptors were calculated as ∆D = a∆D1 + b∆D2 where ∆Di
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represent the difference between descriptor values for mutant and wild-type CaV1.2.
Weighting factors (a and b) were used to estimate the contribution of each descriptor
to correlation.

1.2.7 Correlating Amino Acid Properties with ∆G

DG in the mutant channels relative to WT channel was calculated according to the
equation:

∆G = RT
(

V0.5,mut

kmut
− V0.5,WT

kWT

)
(1.3)

with V0.5 representing the voltage of half activation and k the slope of the curve at
V0.5. The shifts of the steady-state activation curves (DVact) of the CaV1.2 mutants
compared to wild-type channels and the calculated changes in free energy DG were
plotted against the descriptor values and analyzed as described above for DVact.

1.2.8 Conservation Analysis

Sequences of voltage-gated calcium channels were downloaded from the Interna-
tional Union of Basic and Clinical Pharmacology data base (Harmar et al., 2009). Se-
quences of all channels from Homo sapiens were used to search NCBI BLAST (blastp,
Altschul et al., 1990). Initial sequence alignment was performed using ClustalW
(Chenna et al., 2003). Sequences of selected potassium channel crystal structures
(KcsA, MthK, KVAP, KV1.2, and MlotiK, NavAb) were aligned manually with CaV
channels using GENEDOC (Nicholas, K.B., Nicholas H.B. Jr., and Deerfield, D.W. II.,
1997).

1.2.9 Homology Modeling

The homology models of the open CaV1.2 channels are based on different crystal
structures of potassium and sodium channels (for details see each manuscript). The
models of the closed conformation using the same alignment as for the open confor-
mation were generated using Modeller9v7 (Eswar et al., 2007).
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1.2.10 Accessibility Calculations

Amino acid accessibilities were calculated using the WHAT IF webserver (Vriend,
1990). The accessible surface area in this program is defined as the area at the Van
der Waals surface that is accessible by a water molecule (1.4 Å). The unit of accessible
surface is Å2. Re-entrant surfaces are not considered by WHAT IF.

1.2.11 Confocal Imaging

Images were obtained 30 h after transfection. The images were acquired with a Zeiss
Axiovert 200 M microscope equipped with an LSM 510 laser scanning module, using
a 63× (1.4 NA) oil immersion objective. Fluorescence from GFP-tagged CaV1.2 a1-
subunits was excited at 488 nm using an argon laser, and emitted light was recorded
with a 505− 530 nm bandpass filter. The plasma membrane was stained with 2 µm
FM4-64 (an amphiphilic styryl dye, Molecular Probes). The dye was detected with
a helium-neon laser (excitation, 543 nm) in combination with a 650 nm long pass
filter. The instrument was operated in the multitracking mode to minimize channel
cross-talk. Pinholes were adjusted to obtain optical slices of 1 µm thickness for each
channel.
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1.3 Structure

1.3.1 Topology of Voltage Gated Calcium Channels

Voltage gated calcium channels are integral multi-subunit membrane-protein com-
plexes, which comprise five distinct polypeptides designated the a1 conduction pore
and the auxiliary subunits a2d (two subunits that derive from a single gene prod-
uct, which are proteolytically cleaved and then disulfide-bonded to each other in the
native state), b and g (found in skeletal muscles, Striessnig, 1999, Snutch, 2009). Ex-
pression and kinetics of a1-subunits are modulated by auxiliary a2d, b and g-subunits
(Gurnett et al., 1996). A scheme for calcium channels is shown in Fig. 1.2.

Cav–b subunit binding occurs in 1:1 stoichiometrywith
low nanomolar affinity to affect current amplitude,
kinetics, and the voltage dependences of activation
and inactivation. The basis for affecting the level of
calcium channel whole cell currents seems to be
through promoting translocation of the Cav subunit

protein from the endoplasmic reticulum to the plasma
membrane. On the a1 subunit, the Cav–b subunit
binding interaction occurs in a short cytoplasmic
consensus motif in the domain I–II linker found in all
high-voltage-activated Cav subunits (termed the a1-
interaction domain (AID)).

There are four different b subunit genes in mam-
mals (b1–b4), each of which is subject to alternative
splicing and each of which differentially affects the
kinetic and voltage-dependent properties of high-
voltage-activated Cav channels. The various b sub-
unit isoforms vary significantly in primary sequence
in their N- and C-termini and in the linker separat-
ing the SH3 and GK domains. The only available
high-resolution structural information concerning
voltage-gated calcium channel complexes is the
X-ray crystallographic definition of the interaction
between the Cav domain I–II AID region and portions
of the b subunit. The consensus motif of the Cav AID
binds as an amphipathic helix to a deep groove of
the b subunit GK domain termed the AID-binding
pocket.

a2d Subunits

The disulfide-linked a2 and d subunit proteins are
heavily glycosylated, with the a2d subunit pre-
dominantly extracellular and anchored in the mem-
brane by a transmembrane segment formed by the

S-S

Ca2+

~25 kDa

~50–70 kDa ~200–250 kDa

~140 kDa

~ 30 kDa

dg

b

a2

a1

Figure 3 Subunit composition of high-voltage-activated L-type calcium channel complex. Schematic diagram of the high-voltage-

activated L-type calcium channel complex originally purified from skeletal muscle T-tubule membranes. The complex consists of five

subunits: a1, a2, d, b, and g. The a1 subunit forms the channel proper, comprising the voltage-sensing and-gating mechanisms, the

calcium-selective pore, and the target of most pharmacological agents. Functional T-type calcium channels consist of an a1 subunit

alone, and there is no biochemical evidence indicating that other proteins are associated with native T-type channels in a multisubunit

complex.
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Figure 1.2: In T-tubule membranes of skeletal muscle the voltage gated calcium channel is composed
of four subunits α1, β, α2δ and γ. The main subunit that conducts calcium ions has a
molecular weight of 200− 250 kDa (Snutch, 2009).

Ten genetically different pore-forming a1-subunits (200− 250 kDa, Ertel et al., 2000b)
contain four homologous domains with heterologous sequences each possessing
six a-helical transmembrane segments (S1-S6) that are linked together on a single
polypeptide (Hofmann et al., 1999, Catterall et al., 2005).

The pore-forming a1-subunits (Fig. 1.3) of voltage gated calcium channels (CaV)
carry voltage-sensing S4 segments which contain positively charged lysine or argi-
nine residues at every third or fourth position (Catterall, 2000). Voltage-gated cal-
cium channels are evolutionary related to voltage-gated sodium and voltage-gated
potassium channels. It is assumed that they too consist of four domains which form
one channel proper (Catterall et al., 2005). Since no crystal structure of voltage gated
calcium channels is available, homology models that are based on crystal structures
of related ion channels are used as tool for structure-activity studies.
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d subunit. Co-expression of a2d subunits with Cav
subunits affects current density, channel kinetics,
and current–voltage relations, although generally
the a2d functional effects are more subtle that those
for the b subunits. In mammals, there are four known
a2d genes, a2d1–a2d4. All four a2d subunit genes are
subject to alternative splicing, with tissue and cellular
specificity demonstrated for many of the variants.
In humans, the small organic molecules gabapentin

and pregabalin are clinically effective anticonvul-
sants that are also effective in neuropathic pain
conditions such as diabetic neuropathy, postherpetic
neuralgia, trigeminal neuralgia, and pain associated
with cancer and multiple sclerosis. Although syn-
thetic analogs of the neurotransmitter g-aminobutyric
acid (GABA), gabapentin and pregabalin do not exert
their effects via interacting with GABA receptors or
transporters but, rather, bind with high-affinity to the
high-voltage-activated calcium channel a2d1 and a2d2
subunits. Peripheral nerve injury in animals upregu-
lates a2d expression in the dorsal root ganglia and
spinal dorsal horn, suggesting that the a2d subunit
contributes to central pain sensitization. Interest-
ingly, whereas a2d1 and a2d2 subunits associate with
high-voltage-activated calcium channel a1 subunits,
including the L-type channels found in skeletal,
smooth, and cardiac muscles, gabapentin and prega-
balin exhibit relatively few motor or cardiovascular
adverse effects at therapeutic doses.

g Subunits

There are at least eight g subunit genes in the mam-
malian genome (g1–g8), all of which are considered to
be members of the Claudin family of tight junction-
associated adhesion molecules. Structurally, the
C-termini of g2–g4, and g8 have a PDZ-binding
motif, whereas the analogous regions of g7 and g5 lack
this consensusmotif but, rather, possess an SS/TSPC site
likely designated toward specific protein interactions.

The g1 subunit is part of the skeletal muscle L-type
calcium channel complex and is also found in heart,
lung, spleen, kidney, liver, and testis. Mice lacking the
g1 subunit display altered skeletal muscle L-type cal-
cium currents, including a hyperpolarized shift in
steady-state inactivation properties. Three other g
subunits, g2–g4, are of closest similarity to g1 and
make up a subfamily of neuronal g subunits.

Co-expression of some g subunits in combination
with Cav, b, and a2d subunits shows diverse and g
subtype-specific effects on peak current levels, kinet-
ics, current–voltage relations, and steady-state inacti-
vation properties. However, in other instances, g
subunit co-expression does not appear to affect Cav
properties, leaving open the question as to which g
subunit isoforms are bona fide components of high-
voltage-activated calcium channel complexes. In one
intriguing instance, co-expression of g7 with Cav2.2
results in the complete abolition of N-type currents,
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COOH H2N

a1 (Cav) subunit

H2N

H2N
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a2d1 through a2d4
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Figure 5 Schematic of the predicted structure and transmembrane topology of calcium channel complex proteins. Cav a1 subunits

contain four homologous domains, each possessing six a-helical membrane-spanning segments (S1–S6) and a pore-forming p-loop. The

S4 segment in each domain contains positively charged lysine or arginine residues at every third or fourth position forming a crucial part of

the voltage-sensingmechanism of the channel. All high-voltage-activated channel Cav subunits possess a conserved EF handmotif in the

C-terminus and also a conserved region in the domain I–II linker that binds in 1:1 stoichiometry to the cytoplasmic b subunit. The a2 and d
subunits are derived from a single gene product which is proteolytically cleaved to form the approximately 140 kDa a2 and approximately

30 kDa d subunits, which are then disulfide bonded to each other in the native state. The g subunits are composed of four membrane-

spanning regions with their C- and N-termini located intracellularly and with predicted extracellular N-glycosylation.
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Figure 1.3: Schematic diagram of the α1-subunit and ancillary subunits of a voltage gated calcium
channel (Snutch, 2009). The conducting α1-subunit is encoded by a single gene which
consists of four domains each possessing six α-helical transmembrane helices (S1-S6). At
every third and fourth position the S4 segments contain positively charged arginine and
lysine residues that are necessary for voltage sensing. The intracellular β-subunit, the
transmembrane α2δ subunit and the γ-subunit are auxiliary subunits.

In analogy to the crystal structures of voltage gated sodium and potassium channels
(Doyle et al., 1998, Long et al., 2007, Payandeh et al., 2011), it is assumed that helices
S5 and S6 of the four domains, the P-helix and the loop that connects the helices,
form a central pore domain, which contains the Ca2+-selective pathway for ions and
the gates of the channel. It is assumed that the pore-lining S6 helices in CaV1.2 form
a bundle-crossing region near the inner channel mouth (Fig. 1.4, Beyl et al., 2009).WIREs Membrane Transport and Signaling Cav3 T-type calcium channels
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Voltage-sensor domain
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FIGURE 3 | (a) Illustration of how P-loops between segments 5 and 6 project into the pore to form the selectivity filter. Shown only are domain I
and II. Segments 1–4 form the voltage-sensor domain, tethered the pore domain via the L34 helix. Acidic amino acids critical for calcium selectivity
are thought to lie within the P-turn, and four of these project into the pore to create the selectivity filter. (b) Illustration looking from the extracellular
side into the pore of a voltage-gated L-type calcium channel, showing the predicted coordination of two calcium ions in the pore by the four
glutamates present in the P-loops of each domain. (c) Illustration of the domain II p51 aspartate (D2p51), projecting into the pore above the p50
selectivity filter glutamate. (B and C were reprinted with permission from Ref 22. Copyright 2010 Springer)

contribute to the selectivity filter and are assigned
relative numbers p5020 (Figure 3(b)). Glutamates
in positions p50 form an ‘EEEE’ ring of flexible
carboxylate side chains presumed to project into the
pore and chelate calcium ions in Cav1 and Cav2
channels. Introducing at least one positively charged
lysine at this critical position lowers calcium selectivity
to a configuration that more resembles voltage-
gated sodium channels (DEKA) and NALCN sodium
leak conductance channels21 (EEKE; Figure 2(c)). The
ubiquitous signature sequence of the Cav3 channel
selectivity filter has two aspartate replacements of
the glutamate residues compared to Cav1 and Cav2
(i.e., EEDD vs EEEE). Shortened carbon side chains
in repeats III and IV aspartates are expected to bind
calcium ions less effectively, allowing for the faster
kinetics found for T-type currents at the expense
of reduced calcium selectivity over monovalent
cations (but see Ref 21). A reduced selectivity of

T-types is evident as an approximately 20 mV less
positive reversal potential compared to Cav1 and
Cav2 channels, and further confirmed in experiments
looking at the different contributions of monovalent
cations to inward and outward currents.21

Besides ubiquitous, acidic-selectivity filter
residues in positions p50, the P-turns of calcium
channels contain exceptionally conserved tryptophans
in positions p5223 (Figure 2(c)). Interrepeat H-bonds
between side chains of p52 tryptophans and side
chains of p48 threonines appear to stabilize the outer
pore structure in the proteobacterium NAvAb sodium
channel.19 Similar interrepeat H-bonds are expected to
stabilize the outer pore structure in NALCN and cal-
cium channels. A ubiquitous aspartate residue (D2P51)
of calcium channels is in close proximity and well-
positioned to serve as a ‘molecular beacon’ to attract
incoming calcium ions to the outer pore (Figures 2(c)
and 3(c)).

Volume 1, Ju ly/August 2012 © 2012 WILEY-VCH Ver lag GmbH & Co. KGaA, Weinheim. 471

Figure 1.4: The location of the voltage sensing module S1-S4 in two domains is shown. P-helices lie
between segments S5 and S6 and form the selectivity filter. The linker connects the voltage
sensing segment S4 and the pore forming segment S5 (Senatore et al., 2012).
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1 Introduction

1.3.2 Crystal Structures of Voltage Gated Potassium and Sodium
Channels and
Topology of Voltage Gated Potassium and Sodium Channels

Many structures for different conformational states of sodium and potassium chan-
nels have been crystallized.

KcsA, NaK, MlotiK, NavAb, Kir2.2, Kir3.1 chimera, Kir3.2, KirBac1.1 and NavAb
have been crystalized with a closed activation gate. Open state crystal structures are
available for MthK, KVAP, KV1.2, NaK, KirBac3.1 and KcsA (open-inactivated).

Voltage gated potassium channels consist of four identical subunits with six trans-
membrane spanning segments S1 – S6 (Fig. 1.5). The voltage sensing domains ar-
range segments S1 – S4, S5 and S6 comprise the pore domain. The re-entrant loop
between P-helix and S6 segment serves as selectivity filter. It is located between
segments S5 and S6 (see Fig. 1.6 and Fig. 1.7).

1.3.3 Selectivity Filter of Potassium Channels

In 1998 the first potassium channel KcsA from Streptomyces lividans was crystallized
(Doyle et al., 1998). This bacterial channel without voltage sensing domains and
the two transmembrane pore modules provided first insights into selectivity of a
potassium channel.

All crystallized selectivity filters of potassium channels show that the carbonyl-
backbone oxygen atoms line the narrowest part of the selectivity filter (Fig. 1.8).
Each potassium ion has to be dehydrated when entering the selectivity filter. Inside
the filter, each ion is then separated by a water molecule. The common pore fac-
ing motif in potassium channels in the selectivity filter is T/S-X-G-Y/F-G (X is any
hydrophobic residue).

1.3.4 Selectivity Filter of NaV and CaV

Voltage gated sodium channels consist of a single polypeptide and four homologous
domains while voltage gated calcium channels contain four heterologous domains
with 6 transmembrane segments S1 – S6. They fold into the same general architec-
ture as potassium channels.

The first crystal structure of a voltage gated sodium channel (Fig. 1.9, Payandeh et
al., 2011) provides the foundation for understanding the mechanism of selectivity
of NaV and CaV channels. The selectivity filter in NavAb is very electronegative,

12



1 Introduction

genetic studies have shown that mutations in three of
the KCNE genes associate with human disease. MiRPs
are present throughout evolution as modifiers of Kv a
subunits in nematodes through to mammals. This
review describes our current understanding of the
mechanisms by which MiRPs interact with potassium
channel a subunits, the spectrum of interactions repor-
ted to date and the implications of these interactions to
both physiology and pathophysiology.

2. Ion channels are heteromeric complexes

2.1. Ion channel pore-forming (a) subunits

Voltage-gated potassium (Kv) channels assemble as
a tetramer of a subunits to form an aqueous, ion-con-
ducting pore in the plasma membrane (Fig. 1A). This
is in contrast to voltage-gated sodium and calcium
channels, which share a superficially similar channel
architecture that consists of four covalently linked
repeating units encoded by a single continuous gene
(Fig. 1A). This similarity has led to speculation that
sodium and calcium channels arose from a progenitor
Kv channel gene. Indeed, Kv channels appear in
archaebacteria and recently the sequence of a calcium
channel gene that encodes just one subunit of the four

required for channel formation was found in the gen-

ome of the eubacterium Bacillus halodurans, suggestive

of it being the missing link between Kv channels and

voltage-gated calcium channels from higher organisms

(Durell and Guy, 2001). Voltage-gated ion channels are
relatively complex macromolecules. They must span

the plasma membrane but provide an aqueous pore

that is often highly selective for a particular ion, and be

able to sense voltage and transduce changes in voltage

into channel opening or closing (gating). Less compli-

cated ion channel structures are manifest across the sel-
ectivity spectrum. For illustration, the topologies of an

inward rectifier potassium-selective (Kir) channel and a

‘two-pore’ potassium-selective (‘2P’) channel are shown

(Fig. 1B). Kir channels form from tetramers of two TM

domain subunits each with a pore region similar to
that of Kv channels (see below). Kir channels possess

no intrinsic voltage sensor but exhibit inward rectifi-

cation because of open channel blockade at more

positive voltages by intracellular Mg2+ ions and poly-

amines. 2P domain channels, often referred to as ‘leak

channels’, possess between 4 and 8 TM domains and
notably two pore domains per subunit, and probably

assemble as dimers. The term ‘leak channel’ is some-

what misleading as 2P domain channels are highly pot-

assium-selective and in addition are gated by a variety

Fig. 1. Ion channel a subunits. (A) Topologies of voltage-gated K+ (Kv) and Na+ (Nav) channel a subunits. Putative transmembrane helices are

numbered 1–6 in each Kv a subunit or each of the Nav repeating units I–IV. P denotes pore region. (B) Topology of an inward rectifier K+ chan-

nel (Kir) and a two-pore domain K+ channel (2P) a subunit. The Kir a subunit has 2 transmembrane helices with one pore region. The 2P a sub-

unit has 4 transmembrane helices with two pore regions. (C) Cross-section through the Kv channel a subunits highlighting the ion conduction

pathway and other anatomical features of the channel.

788 Z.A. McCrossan, G.W. Abbott / Neuropharmacology 47 (2004) 787–821

Figure 1.5: Potassium and sodium channel topologies (McCrossan and Abbott, 2004)
A, Schematic representation of a voltage gated sodium (NaV) and potassium channel (KV)
α-subunits. Each subunit consists of six transmembrane spanning segments. NaV chan-
nels have four identical domains that are linked together on a single polypeptide that
comprises the pore while KV channels contain four non linked homologous domains.
B, Schematic representation of an α-subunit of an inward rectifier (Kir) and a two pore do-
main (2P) potassium channel. Kir channels consist of two transmembrane segments and
one pore region and 2P channels are composed of four transmembrane spanning domains
and two pore regions. Four domains arrange the potassium conduction pore.
C, The cross section of one potassium channel shows the pathway of potassium ions
through the channel.
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extracellular funnel

selectivity filter

central cavity

activation gate

Figure 1.6: Side view of the open KV1.2 conformation crystal structure found with the pdb identifier
accession number 2r9r (Long et al., 2007). Here the voltage sensing domains are not in the
same domain as the S5 and S6 segments.

Figure 1.7: Top view of the open KV1.2 conformation crystal structure (Long et al., 2007).
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Figure 1.8: The KV selectivity filter. The green spheres indicate potassium ions. They are separated
by water molecules. This illustration was created with PyMol (pdb identifier accession
number 1k4c).

four glutamate side chains line the cavity. In HVA (high-voltage activated) calcium
channels also four glutamine residues (E413, E731, E1140, E1141 in CaV1.2 (Biel et
al., 1990)) are responsible for ion selectivity. The filter in NavAb is much wider than
that of known potassium channels. This filter contains only two rings of carbonyl
oxygen atoms at the intracellular side, which are formed by threonine and leucine
residues. In the upper part of the filter region four glutamate and four serine side
chains are orientated towards the lumen. Since sodium ions were not co-crystallized,
the exact mechanism of sodium interaction with the filter is currently unknown.
Several investigations are ongoing. It was found, that permeating sodium ions are
only partially dehydrated when entering the filter. Three putative binding sides
have been identified in the crystal structure which are denoted as SHFS, SCEN and
SIN (Fig. 1.10).

15



1 Introduction

Figure 1.9: The top view of NavAb (Payandeh et al., 2011). Side view of NavAb closed conformation
pdb identifier.

SHFS

SCEN

SIN

Figure 1.10: The NaV selectivity filter: The carboxyl-oxygen atoms from residues Thr175 (SIN), Leu176

(SCEN) and Glu177 (SHFS) are interacting with water molecules from the hydration shell
of sodium ions (Furini and Domene, 2012).
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1.3.5 Pore Gating

No transmembrane spanning segments of voltage gated calcium channels have been
crystallized so far. A comparison of the different gating conformational changes of
KV channels provides insights into the conformation of the activation gate changes
during gating. In contrast to closed structures the inner helices of the open structures
splay open at a highly flexible conserved glycine residue (Fig. 1.11). Thus, several
groups proposed that this glycine functions as a hinge for pore opening (Armstrong,
2003, Webster et al., 2004, Zhao et al., 2004, Jiang et al., 2002). However, mutational
studies in different ion channels showed that replacement of this glycine by alanine
does not always disturb gating (Hardman et al., 2007, Raybaud et al., 2006, Hohaus
et al., 2005, Hering et al., 2008). In CaV1.2 IS6 a proline mutation in position G422

produced non-functional currents (Kudrnac et al., 2009).

Cav1.2 I  ELPWVYFVSLVIFGSFFVLNLVLGVISGEFS 

Cav2.1 I TWNWLYFIPLIIIGSFFMLNLVLGVLSGEFA 

Cav3.1 I FYNFIYFILLIIVGSFFMINLCLVVIATQFS 

Cav1.2 II MLVCIYFIILFICGNYILLNVFLAIAVDNLA 

Cav2.1 II MVFSIYFIVLTLFGNYTLLNVFLAIAVDNLA 

Cav3.1 II SWAALYFIALMTFGNYVLFNLLVAILVEGFQ 

KcsA LWGRLVAVVVMVAGITSFG-LVTAALATWFV 

MlotiK FAGRVLAGAVMMSGIGIFG-LWAGILATGFY 

Kv1.2 IGGKIVGSLCAIAGVLTIA-LPVPVIVSNFN 

KvAP PIGKVIGIAVMLTGISALT-LLIGTVSNMFQ 

Figure 1.11: Multiple sequence alignment of S6 helices of CaV channels with selected K+ channels.
The glycine residues that were thought to act as glycine hinges are shaded red.

Since no crystal structures of the transmembrane regions of CaV channels are avail-
able, homology models have been constructed in our lab over the last years (Stary
et al., 2008, Kudrnac et al., 2009, Depil et al., 2011, Beyl in revision). All these
models were based on potassium channel structures and NachBac models (Shafrir
et al., 2008a). The most recent models are based on the NavAb channel (which is
evolutionary closer to the CaV than KV, Payandeh et al., 2011).

1.3.6 Voltage Sensors

The S4 helix of voltage gated ion channels is the main voltage sensing segment con-
taining positively charged arginines or lysines at every third position (Aggarwal and
MacKinnon, 1996, Seoh et al., 1996). Neutralization of these charges by side directed
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mutagenesis provided definitive evidence that these positive charges are the primary
charges that are translocated across the electric field of the membrane during gating
(Logothtis et al., 1992, Stühmer et al., 1989). Further mutational studies suggested
an important role of negatively charged residues in helix S2 (Aggarwal and MacK-
innon, 1996). How gating charges move through the lipid bilayer is still an open
question.

Several mechanisms have been suggested over the last years: The sliding helix
model (Fig. 1.12 A, Catterall, 1986, Catterall, 2010), the helical screw model (Guy
and Seetharamulu, 1986) and the paddle model (Fig. 1.12 B, Jiang et al., 2003).

The former two models suggest that the S4 segment is stabilized by forming sequen-
tial ion pairs with negatively charged amino acids from helices S1 – S3 (Papazian et
al., 1995, DeCaen et al., 2008, 2009). The paddle model is based on a misfolded crys-
tal structure of the voltage gated potassium channel KvAP (Jiang, 2003). The S4 and
C terminal half of S3 were suggested to form a paddle like structure that moves more
than 20 Å through the lipid bilayer. In this structure the voltage sensing segments
were lying nearly parallel to the membrane and the channel was in a non-native
state (MacKinnon, 2005). Besides, the paddle model was at odds with a large body
of experimental labelling and toxin studies (Larsson et al., 1996, Ahern and Horn,
2004). However, when the KV1.2 channel with a voltage sensor was crystallized,
the S4-Segment was in a transmembrane position. A separation of voltage sensing
and pore-forming modules was found. All voltage sensors apparently interact with
pore-forming segments (Long et al., 2005).

In recent years the helical screw model was updated based on newly available crystal
structures (Long et al., 2005, Clayton et al. 2008) of the voltage sensor showing that
part of S4 can form a 310 helix. Bob Guy revisited the 310 hypothesis of Noda
et al (Noda et al., 1984). His group thus suggested that elastic properties might
allow a stretching transition of the alpha helix to 310 or a spring back transition
from 310 to a-helix in response to voltage changes (Shafrir et al., 2008b). A recently
published MD-simulation study shows that an outward motion of S4 tightens the
linker and perturbs packing of the linker-S6 helix while linker S6 repacking stabilizes
the pore (Jensen et al., 2012). During relaxation the inward S4 helix motion (51 Å) of
KV1.2/KV2.1 “paddle chimera” channel completes the transition. This simulation is
in agreement with the helical screw model.
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A recent modification to the ‘sliding‐helix’ model is the idea of a gating charge transfer 

center in voltage sensors that facilitates the movement of charge across the membrane field 
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Figure 1.4. Models of voltage sensing. (A) In the ‘screw model’, un upward screw‐like 
motion of the S4 segment enables basic residues to sequentially pair with acidic residues in 
the other voltage sensing segments (From Catterall 2010), with permission. (B) In contrast, 
the ‘paddle model’ positions the S4‐S3b (paddle) segments nearly parallel to the membrane, 
and requires a large translocation to account for charge movement. From (Jiang et al., 
2003b), with permission.   

Figure 1.12: Different models of voltage sensing.
A, The sliding helix model (Catterall, 1986). Outward movement of S4 due to sequential
formation of ion-pairs that pull the S4-S5-linker and open the pore.
B, The paddle model (Jiang et al., 2003). The S4-S3 paddles are nearly parallel to the
membrane and need a large translocation to open the pore.

1.4 Nomenclature of Voltage-Gated Calcium Channels

An unified nomenclature of voltage-gated calcium channels has been proposed in
1994 (Birnbaumer et al., 1994). a1-subunits were named as a1s-subunit for the skeletal
muscle and a1a-subunit through a1e according to their discovery.

Since new channels were cloned, this nomenclature created confusion because there
were no structural relationships between the alphabetically grouped subunits. There-
fore the sequence identity of the calcium channel family was defined and the fam-
ilies were divided in subfamilies. Thus a numerical nomenclature was created (see
Tab. 1.1, Ertel et al., 2000a). The chemical symbol of the permeating ion with the
physiological regulator as a subscript was proposed. The number after the ion de-
scribes the gene family (1-3) followed by the number of the subfamily (1-4).

The phylogenetic tree in Fig. 1.13 shows the sequence similarity of all calcium chan-
nel a1-subunits. These are grouped into three interrelated subtypes. Interestingly,
the genetic resemblance of the most primitive calcium channels from sponge and
choanoflagellates (i.e. Amphimedon, Salpingoeca) to L-type channels is very strong.
Ten different genes code for mammalian calcium channels.

The membrane-spanning segments and pore loops (about 350 amino acids) are com-
pared. The sequence identities (Fig. 1.14) among the families are above eighty per-
cent (CaV1, CaV2, and CaV3). The consensus sequence between the subfamilies is
about 52 % (CaV1 vs. CaV2) and 28 % (CaV3 vs. CaV1 or CaV2, Catterall et al., 2005).
Subtype specific second messenger dependent modulations occur in the highly di-
vergent regions.

19



1 Introduction

Table 1.1: Proposed nomenclature for cloned voltage-gated calcium channel α1-subunits. In the case
of different splice variants lower-case letters are put behind the subscribe of the α1-subunit
(Ertel et al., 2000a).

Name Gene Name Splice Types Tissue Distribution

CaV1.1 (a11.1) CACNA1S Skeletal muscle

CaV1.2 (a11.2) CACNA1C CaV1.2a Heart
CaV1.2b Smooth muscle
CaV1.2c Brain, heart, pituitary, adrenal

CaV1.3 (a11.3) CACNA1D Brain, pancreas, kidney, ovary,
cochlea

CaV1.4 (a11.4) CACNA1F Retina

CaV2.1 (a12.1) CACNA1A CaV2.1a Brain, cochlea, pituitary
CaV2.1b Brain, cochlea, pituitary

CaV2.2 (a12.2) CACNA1B CaV2.2a Brain, nervous system
CaV2.2b Brain, nervous system

CaV2.3 (a12.3) CACNA1E CaV2.3a Brain, cochlea, retina, heart, pitu-
itary

CaV2.3b Brain, cochlea, retina

CaV3.1 (a13.1) CACNA1G CaV3.1a Brain, nervous system

CaV3.2 (a13.2) CACNA1H CaV3.2a Brain, heart, kidney, liver

CaV3.3 (a13.3) CACNA1I CaV3.3a Brain
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FIGURE 1 | (a) Current–voltage plot from Hagiwara et al.,1 revealing the existence of two calcium currents in starfish eggs, ‘channel I’ currents
elicited by small depolarizations, and ‘channel II’ currents requiring stronger depolarizations to reach their maximum value. (b) A phylogenetic tree
showing that the most primitive calcium channels from sponge (i.e., Amphimedon) and choanoflagellates (i.e., Salpingoeca) resemble L-type
channels. Invertebrates like the snail Lymnaea stagnalis have single representatives of each of the three voltage-gated calcium channel families
(LCav1, LCav2, and LCav3). Interestingly, Trichoplax, simple multicellular organisms lacking nerves and muscle cells, have a full complement of
voltage-gated calcium channels as well as the sodium leak channel NALCN. Protein accession numbers, listed in order as presented in the tree (from
top to bottom), are P50077, 170705, AAO83843, NP_001096889, AAP79882, Q9POX4, 043497, 095180, 21513, 228755, EGD78396, 19329, 88037,
Q13698, Q13936, Q01668, O60840, AAO83838, Q24270, 53006, 59997, Q15878, O00555, Q00975, AAO83841, P91645, 18273, 93026,
NP_443099, AAO84496.1/AAO85435.1, and AAN77520. All protein IDs are NCBI, with the exception of Trichoplax and Nematostella (JGI Genome
Portal) and Amphimedon (Amphimedon Metazome).

distinguishable as a low voltage hump in current
amplitude versus test potential plots, alongside
smaller ‘channel II’ currents, elicited by stronger
depolarizations (Figure 1(a)). Subsequent voltage
clamp studies also identified channel I currents in
vertebrate preparations, including guinea-pig inferior
olivary2 and thalamic neurons3 and chick sensory
neurons.4 The term ‘T-type channel’ was coined on
the basis of the transient (rapid) kinetics and tiny
unitary conductance of channel I type currents when
barium ions were the charge carrier.5 T-type or low-
voltage-activated (LVA) calcium currents could be
separated from high-voltage-activated (HVA: channel
II) currents such as ‘L-type’, which have long-
lasting single-channel openings with large unitary
barium currents. L-types are easily distinguished by
their sensitivity to antihypertensive, calcium channel
blockers, such as the 1, 4-dihydropyridines, from other
‘non-L-type’ currents in the HVA class. ‘Non-L-types’
are responsible for transmitter release of synaptic
vesicles associated with presynaptic terminals, and
can be clarified further as ‘N-type’ associated with

neurons of mostly intermediate unitary conductance,
blockable with specific ω-conotoxins isolated from
cone snail venom, and ‘P- type’ currents from
cerebellar Purkinje neurons or ‘Q-type’ currents in
cerebellar granular neurons blockable with ‘P/Q-type’
spider venom toxin AgaIV. An ‘R-type’ current,
originally isolated in cerebellar granular cells, is often
a residual non-L-type current, not distinguished as
N-type or P/Q-type (Figure 1(b)). Investigation into
the roles of T-type channels in native cells has
been limited by the absence of selective blockers
as discriminatory as those used for L- and non-L-
type calcium channels. Without a selective blocker,
T-type currents are not easily separated from L-
type or non-L-type currents, which often produce
more robust calcium entry into the same cells. T-type
currents can also be occluded by other subthreshold
currents open at rest, such as persistent sodium and
leak conductance currents, or currents through Kv4
(A-type) potassium and hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels which can be
activated by hyperpolarization.
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Figure 1.13: Phylogenetic tree (Senatore et al., 2012)

Cav–b subunit binding occurs in 1:1 stoichiometrywith
low nanomolar affinity to affect current amplitude,
kinetics, and the voltage dependences of activation
and inactivation. The basis for affecting the level of
calcium channel whole cell currents seems to be
through promoting translocation of the Cav subunit

protein from the endoplasmic reticulum to the plasma
membrane. On the a1 subunit, the Cav–b subunit
binding interaction occurs in a short cytoplasmic
consensus motif in the domain I–II linker found in all
high-voltage-activated Cav subunits (termed the a1-
interaction domain (AID)).

There are four different b subunit genes in mam-
mals (b1–b4), each of which is subject to alternative
splicing and each of which differentially affects the
kinetic and voltage-dependent properties of high-
voltage-activated Cav channels. The various b sub-
unit isoforms vary significantly in primary sequence
in their N- and C-termini and in the linker separat-
ing the SH3 and GK domains. The only available
high-resolution structural information concerning
voltage-gated calcium channel complexes is the
X-ray crystallographic definition of the interaction
between the Cav domain I–II AID region and portions
of the b subunit. The consensus motif of the Cav AID
binds as an amphipathic helix to a deep groove of
the b subunit GK domain termed the AID-binding
pocket.

a2d Subunits

The disulfide-linked a2 and d subunit proteins are
heavily glycosylated, with the a2d subunit pre-
dominantly extracellular and anchored in the mem-
brane by a transmembrane segment formed by the

S-S

Ca2+

~25 kDa

~50–70 kDa ~200–250 kDa

~140 kDa

~ 30 kDa

dg

b

a2

a1

Figure 3 Subunit composition of high-voltage-activated L-type calcium channel complex. Schematic diagram of the high-voltage-

activated L-type calcium channel complex originally purified from skeletal muscle T-tubule membranes. The complex consists of five

subunits: a1, a2, d, b, and g. The a1 subunit forms the channel proper, comprising the voltage-sensing and-gating mechanisms, the

calcium-selective pore, and the target of most pharmacological agents. Functional T-type calcium channels consist of an a1 subunit

alone, and there is no biochemical evidence indicating that other proteins are associated with native T-type channels in a multisubunit

complex.
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1.5 Classification based on Gating and Conduction

Voltage-gated calcium channels have previously been classified based on their ac-
tivation threshold in high-voltage activated Ca2+ channels (HVA, CaV1 and CaV2

families) and low-voltage activated channels (LVA, CaV3 family, Hofmann et al.,
1999). The complete classification can be seen in Tab. 1.2.

Low-voltage activated calcium channels (LVA) open in response to small changes
from resting potentials (depolarizations) and mediate low-threshold potentials (more
positive than −70 mV). For opening of high voltage activated calcium channels
larger membrane depolarisations are required (Perez-Reyes et al., 1992, Catterall et
al., 2005). Low-voltage activated channels inactivate fast and calcium independently.
They are called T-type channels due to their transient (rapid) kinetics and tiny cur-
rents. T-type channels occur in pacemaking cells (Mangoni and Nargeot, 2008).

The activation of high voltage activated channels (HVA) occurs at a membrane po-
tential more positive than −20 mV. Therefore they require large depolarisation
pulses for opening (Catterall et al., 2005). Depending on the co-expressed b-subunits,
these channels inactivate at different potentials.

L-type calcium channels are characterized by long-lasting single channel openings
and large unitary barium currents (when barium is used as charge carrier). These
channels are sensitive to calcium channel blockers such as Dihydropyridines, Pheny-
lalkylamines and Benzothiazepines and have allosterically dinstinct binding sites.
N-Type channels are part of the HVA channels and react with w-Conotoxin-GVIA,
while P/Q-Type channels respond to w-Agatoxin IVA. R-Type channels respond to
SNX-482. Several signalling effects of CaV-channels are known. Fig. 1.15 illustrates
the time-scale of these effects.

1.5.1 CaV1.2 and its Role in Excitation-Contraction Coupling

The L-type channel CaV1.2 is widely expressed in our organism (i.e. in myocar-
dial cells (as illustrated in Fig. 1.16, Catterall et al., 2005) but also in nerve cells,
endocrine cells). In the myocardium CaV1.2 channels are involved in cardiac ac-
tion potential generation and muscle contraction, the so called excitation-contraction
coupling (EC). Initially, connexin channels open after depolarization followed by
opening of voltage-gated sodium channels which lead to sodium influx. Then de-
polarization inactivates sodium channels and voltage-gated potassium and L-type
calcium channels open. Ca2+ (Calcium current ICa2+) entry through CaV1.2 channels
activates Ryanodine receptors (RyR2) of the sarcoplasmatic reticulum (Bers, 2002,
Tanabe et al., 1993, Clapham, 2007, Knollmann and Roden, 2008). Calcium further
binds to the myofilament protein Troponin C and activates the sarcomere (actine and
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1 Introduction

PHOSPHOLIPASE C

(PLC). A phosphodiesterase that
splits the bond between the
phosphorus atom and the
oxygen atom at C-1 of the
glycerol moiety.
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oscillations that are required to activate mammalian
eggs during fertilization is generated by a newly discov-
ered PLC, PLCζ, that is injected into the egg by the
sperm5 (FIG. 2).

The dynamics of Ins(1,4,5)P
3

production can be
very different depending on the receptor type being
activated6. Bradykinin and neurokinin A receptors give
large rapid Ca2+ transients, whereas lysophosphatidic
acid (LPA), thrombin and histamine receptors give
smaller responses that develop slowly but persist for
much longer. Some of this variability might arise from
the fact that receptors engage different transducing ele-
ments and PLC isoforms in a cell-type-specific man-
ner7,8. For example, at the parallel fibre/Purkinje cell
synapse, glutamate operates through a metabotropic
glutamate receptor type I (mGluR1)→G

qα→PLCβ4→
Ins(1,4,5)P

3
→ Ins(1,4,5)P

3 
receptor 1 (Ins(1,4,5)P

3
R1)

→Ca2+ cascade, whereas hippocampal neurons respond
to the same agonist using a mGluR5→G

11α→PLCβ1→
Ins(1,4,5)P

3
→Ins(1,4,5)P

3
R→Ca2+ sequence. The reason

why neurons use these different signalling cascades is not
known, but there is evidence from other cell types that
mGluR1 and mGluR5 can result in radically different
Ca2+ signals9. mGluR1 produces a single Ca2+ transient,
whereas mGluR5 generates an oscillatory pattern.

Another example is found in pancreatic acinar cells in
which muscarinic receptors generate small, highly local-
ized Ca2+ transients, whereas the cholecystokinin (CCK)
receptors produce much larger global Ca2+ transients.
These different outputs might depend on the action of
the regulators of G-protein signalling (RGS)10. In com-
parison to CCK receptors, muscarinic receptors are
much more sensitive to the inhibitory action of RGS pro-
teins (RGS2, RGS4 and RGS16), and this might limit the
supply of Ins(1,4,5)P

3
. Qualitatively different Ca2+ signals

might also arise if receptors combine Ins(1,4,5)P
3

with
other  Ca2+-mobilizing messengers/modulators such as
cADPR or NAADP11–13, as discussed in the next section.

cADPR and NAADP. These two nucleotides mobilize
intracellular Ca2+ through different mechanisms, even
though they are generated through the same enzymatic
pathway14 (FIG. 2). Mammalian cells express CD38, which
is a multifunctional ADP ribosyl cyclase with both syn-
thase and hydrolase activity. The synthase component of
CD38 can use either NAD to produce cADPR or NADP
to generate NAADP. CD38 has been located both on the
cell surface and on intracellular membranes. On the cell
surface, CD38 has been suggested to both produce
cADPR and NAADP and to transport them into cells.
Different activation mechanisms have been proposed
for the cytosolic enzyme. External agonists might acti-
vate it, but a consistent mechanism for the transduction
process is still lacking. An alternative possibility is that
the formation of cADPR and NAADP is sensitive to cel-
lular metabolism (FIG. 2). In other words, cADPR and
NAADP might be metabolic messengers that can relay
information about the state of cellular metabolism to
the Ca2+-signalling pathways. Such an idea is supported
by the fact that cADPR metabolism by the hydrolase is
inhibited by either ATP15 or NADH16 (FIG. 2).

acid adenine dinucleotide phosphate (NAADP) and
sphingosine-1-phosphate (S1P), that either stimulate or
modulate the release channels on the internal stores.

Inositol-1,4,5-trisphosphate. Many stimuli function
through PHOSPHOLIPASE C (PLC) to generate Ins(1,4,5)P

3

that functions to release Ca2+ from an internal store1

(FIG. 2). There are several PLC isoforms (BOX 1) that are
activated by different mechanisms, such as G-protein-
coupled receptors (PLCβ), tyrosine-kinase-coupled
receptors (PLCγ), an increase in Ca2+ concentration
(PLCδ) or activation through Ras (PLCε)4. The
Ins(1,4,5)P

3
that is responsible for triggering the Ca2+

Figure 1 | Calcium-signalling dynamics and homeostasis.
During the ‘on’ reactions, stimuli induce both the entry of
external Ca2+ and the formation of second messengers that
release internal Ca2+ that is stored within the endoplasmic/
sarcoplasmic reticulum (ER/SR). Most of this Ca2+ (shown as
red circles) is bound to buffers, whereas a small proportion
binds to the effectors that activate various cellular processes
that operate over a wide temporal spectrum. During the ‘off’
reactions, Ca2+ leaves the effectors and buffers and is removed
from the cell by various exchangers and pumps. The Na+/Ca2+

exchanger (NCX) and the plasma-membrane Ca2+-ATPase
(PMCA) extrude Ca2+ to the outside, whereas the
sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) pumps
Ca2+ back into the ER. Mitochondria also have an active
function during the recovery process in that they sequester Ca2+

rapidly through a uniporter, and this is then released more slowly
back into the cytosol to be dealt with by the SERCA and the
PMCA. Cell survival is dependent on Ca2+ homeostasis,
whereby the Ca2+ fluxes during the off reactions exactly match
those during the on reactions. [Ca2+], Ca2+ concentration;
Ins(1,4,5)P3R, inositol-1,4,5-trisphosphate receptor; 
RYR, ryanodine receptor.

+
+
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Figure 1.15: Time scale of calcium signalling effects (Berridge et al., 2003).

myosine filaments). Then calcium is transported out of the cytosol by the SERCA
calcium-ATPase. Moreover the plasma-membrane calcium-ATPase (PMCA) and the
sodium/calcium exchanger (NCX) of the extracellular fluid or the mitochondrial
calcium uniport allow cellular relaxation (Bers, 2002).
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disease and thus can be proarrhythmic (Table 1). Last, these common 
features strongly reinforce the idea that arrhythmia therapies are most 
effective when targeted to underlying pathophysiological mechanisms. 
This concept was enunciated almost 20 years ago by a Task Force of the 
Working Group on Arrhythmias of the European Society of Cardiology 
and is known popularly as the Sicilian Gambit31. Table 1 extends this 
concept to suggest mechanism-based molecular therapies for congeni-
tal and acquired diseases associated with increased risk of arrhythmia. 
Thus, whereas blocking IKr or IKs has the potential to be deleterious in 
most patients, there is a small subset of people with arrhythmias caused 
by gain-of-function mutations in the underlying genes. In those indi-
viduals, K+-channel blockers might be curative. The identification of 
genetically defined subtypes of risk of atrial fibrillation or SCD opens 
the door to personalizing therapy by targeting the specific causative 
mechanism in an individual patient. 

Common features of monogenic arrhythmia syndromes
With few exceptions, monogenic arrhythmia syndromes are transmitted 
in an autosomal dominant manner with variable penetrance. Occasional 
individuals who inherit two abnormal disease-associated alleles (often 
from parents who have minimal clinical phenotypes) have a much more 
severe phenotype than individuals with one disease-associated allele. In 
general, monogenic arrhythmia syndromes in patients with structurally 
normal hearts can be viewed as ‘diseases of the action potential’, with 

mutations affecting mainly ion channels, although there are excep-
tions. Similarly, hypertrophic cardiomyopathy can be viewed as a dis-
ease of the sarcomere, dilated cardiomyopathy a disease of the cardiac 
cytoskeleton, and arrhythmogenic right ventricular cardio myopathy a 
disease of cardiomyocyte–cardiomyocyte adhesion. 

Almost all studies in the field have focused on mutations in the germ 
line. However, it is also possible that somatic mutations might predis-
pose individuals to arrhythmias. In one small case series of patients with 
atrial fibrillation, a mutation was detected in GJA5 — which encodes the 
gap junction protein connexin 40 — in atrial cells but not in the germ 
line32. The role of such somatic mutations in determining arrhythmia 
susceptibility in humans remains otherwise unexplored. 

Despite these unifying themes, the details of the clinical phenotype 
— which might be important for clinical management and prognosis 
— vary not simply by broad disease category but by disease-associated 
gene. Thus, in patients with certain forms of LQTS, SCD occurs predomi-
nantly during exercise. By contrast, for other forms of LQTS, it occurs 
predominantly when patients are at rest27. Similarly, some studies suggest 
that mutations in myosin-binding protein C tend to cause symptoms later 
in life in patients with hypertrophic cardiomyopathy than do mutations 
affecting other genes33. In addition, when large numbers of families have 
been studied, mutations affecting specific protein domains or specific 
amino-acid residues have been implicated in a better or worse progno-
sis34–36. The idea that disease prognosis and management could vary with 
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Figure 2 | A ventricular cardiomyocyte. Illustrated are the protein 
complexes, cardiomyocyte architecture and intracellular organelles 
involved in cardiac excitation–contraction coupling. The initial event 
in the cardiac cycle is membrane depolarization, which occurs with ion 
entry through connexin channels from a neighbouring cardiomyocyte 
(right) followed by opening of voltage-gated Na+ channels and Na+ entry 
(top). The resultant rapid depolarization of the membrane inactivates Na+ 
channels and opens both K+ channels and Ca2+ channels. Entry of Ca2+ 
into the cell triggers the release of Ca2+ from the sarcoplasmic reticulum 
through the ryanodine channel. Ca2+ then binds to the troponin complex 
and activates the contractile apparatus (the sarcomere, bottom). Cellular 
relaxation occurs on removal of Ca2+ from the cytosol by the Ca2+-uptake 
pumps of the sarcoplasmic reticulum and by Na+/Ca2+ exchange with 
the extracellular fluid. Intracellular Na+ homeostasis is achieved by the 
Na+/K+ pump. The molecular components that are required for normal 

electrophysiological activity, contractile function and cell–cell adhesion 
(the latter mediated by desmosomes) all need to be positioned correctly 
within the cell and anchored to each other and the cytoskeleton. Some 
cardiomyocyte components are not shown (for example, stretch-activated 
channels, and ankyrins that target channels and other proteins to their 
correct locations within the cell). Red stars indicate proteins encoded 
by genes that are mutated in primary arrhythmia syndromes; many of 
these proteins form part of macromolecular complexes, so mutations 
in several genes could be responsible for these syndromes. Green stars 
indicate protein complexes in which mutations in multiple genes cause 
cardiomyopathies often associated with arrhythmias; these complexes 
include the sarcomere (in hypertrophic cardiomyopathy), the 
desmosome (in arrhythmic right ventricular cardiomyopathy), and 
the cytoskeleton, sarcoglycan complex and mitochondrion (in dilated 
cardiomyopathy).

932
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Figure 1.16: Illustration of the cardiomyocyte architecture and intracellular organelles (Knollmann
and Roden, 2008).
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1.6 Subunits

1.6.1 The α2δ-Subunits

The highly glycosylated a2d-subunit is an auxiliary subunit of voltage-gated cal-
cium channels and binds 1,4-DHPs (dihydropyridine). Sequence analysis showed
that a2 and d are products of a single gene and separated by proteolytic cleavage.
Gabapentin and a2d ligands bind on defined binding sites of this subunit. It was hy-
pothesized that this mechanism is responsible for the anticonvulsant and neurpathic-
pain releasing effect of Gabapentin (Gee et al., 1996, Welty et al., 1993).

Four different genes with several splice variants of the a2d-subunit are known (Tab. 1.3
Ertel et al., 2000a, Qin et al., 2002, Gao et al., 2000, Klugbauer et al., 1999, Klugbauer
et al., 2003, Barclay and Rees, 2000). a2-1 and a2-2 are extracellular according to
topology mapping (Brodbeck et al., 2002, Gurnett et al., 1996, Brickley et al., 1995,
Wiser et al., 1996, Gurnett et al., 1997). The amplitude of a CaV1.2 current increases
up to three times when a2d-1 is coexpressed in tsA-201 cells. Furthermore, also
activation and inactivation kinetics are found to be accelerated (Felix et al., 1997).
Coexpression of the a2d-1-subunit enhances membrane trafficking of the a1-subunit
(Felix et al., 1997).

In contrast to the a2d-1-subunit, the a2d-2 subunit changes the biophysical properties
(Gao et al., 2000). The d-subunit anchors the a2 protein in the plasma membrane
(Fankhauser and Mäser, 2005, Pierleoni et al., 2008). The mechanism of the disul-
phide linkage of the cysteine bonds between both subunits is still not known. The
a2-subunit interacts extracellularly with the third domain of the a1-subunit (Gurnett
et al., 1997) but there is no interaction between the a2-subunit and the b- or the g-
subunit known. The a2d-subunit contains a Von Willebrand Factor A domain, which
is a metal-ion-dependent adhesion site (MIDAS, Cantı́ et al., 2005). This intact motif
is necessary to promote trafficking of the a1-subunit to the plasma membrane (Cantı́
et al., 2005). All of the listed different a2d-subunits increase the current amplitude.
The different functional effects and the tissue distribution are illustrated.
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Table 1.3: Effects and tissue distribution of α2δ subunits (Arikkath and Campbell, 2003).

Subunit Functional Effects Tissue Distribution

a2d-1 Membrane trafficking of a1, increase in
current amplitude activation/inactivation
kinetics, voltage dependence of activation

Brain, heart, skeletal mus-
cle

a2d-2 Increase in current amplitude Lung, testis, brain, heart,
pancreas, prostate, skeletal
muscle, spinal cord

a2d-3 Increase in current density, voltage depen-
dence of activation, steady state inactiva-
tion

Brain, heart, skeletal mus-
cle

a2d-4 Increase in current amplitude Heart, skeletal muscle, in-
testine, fetal liver ery-
throblasts, adrenal gland,
pituitary

1.6.2 The β-Subunits

Four different genes with a number of splice variants of the b-subunit have been
cloned (Helton and Horne, 2002). The first b-subunit was found in the skeletal
muscle DHPR (Curtis and Catterall, 1984). The approximately 500 amino acid
(50− 70 kDa) containing b-subunit is located intracellularly.

This subunit consists of five different domains. The two central domains C1 and
C2 are conserved among all b-subunits and build the functional core (Hanlon et
al., 1999, Van Petegem and Minor, 2006). Additionally three variable domains V1,
V2, V3 exist in this protein. An SH3 (Src homology 3 domain) and an NK (nu-
cleotide kinase or guanylate kinase GK) domain are formed by the two conserved
domains C1 and C2. These two domains are connected by a HOOK region and form
the SH3-HOOK-GK module (Chen et al., 2004). b-subunits have structural features
like the membrane-associated guanylate kinases (MAGUK) but miss some essen-
tial MAGUK domains and differ in the relative orientation (Opatowsky et al., 2004,
Chen et al., 2004, Van Petegem et al., 2004). The conserved a-Interaction-Domain in
the a1 subunit mediates the association of the b-subunit. The AID is located in the
CaV I-II intracellular loop of a1-subunits (Van Petegem et al., 2004). Fig. 1.17 shows
the Cavb-AID complex structure (Van Petegem and Minor, 2006). The AID binds
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at the distal end of the NK domain (alpha binding pocket, ABP) through eighteen
amino acids including two aromatic residues. The b-subunit has an important role
for the expression of the a1-subunit. It reverses the signal of the CaV I-II loop (that
contains an endoplasmatic reticulum (ER) retention signal) that would restrict the
plasma membrane incorporation of a1-subunit (Bichet et al., 2000).
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Figure 1 Voltage-gated calcium channel: CaVβ interactions

(A) Schematic cartoon of a voltage-gated calcium channel. CaVs are composed of five polypeptides. The pore-forming CaVα1

subunit (white) is approx. 1800–2300 amino acids long, depending on the subtype, and is composed of four homologous

membrane-spanning domains (I–IV) that are bridged intracellular loops. The transmembrane domains are indicated. For clarity,

the shortest intracellular loop, the III–IV loop, is not depicted. Although the cartoon shows an anticlockwise transmembrane

domain arrangement, the pore-forming subunit handedness is not known. CaVα2δ (orange, α2, and light green, δ) is a

single pass transmembrane subunit formed from two disulfide-linked, glycosylated polypeptides: the extracellular α2 subunit

(∼930 amino acids) and the transmembrane δ subunit (∼150 amino acids). Two intracellular proteins complete the complex.

CaVβ (light blue) is an approx. 480–600-amino-acid subunit that binds with high affinity to the I–II intracellular loop (shown

in red) at a binding domain known as the AID. CaVs also bind CaM. One of the sites of action of CaM is a conserved domain,

known as an IQ domain, that is located on the C-terminal cytoplasmic segment of the α1 subunit. The N- and C-terminal

lobes of CaM are shown in green and blue respectively. (B) The CaVβ–AID complex structure. Co-ordinates are for the

CaVβ2a–CaV1.2 AID complex [22]. SH3 (green) and NK (blue) domains are indicated. V1, V2 and V3 show the locations of

the three variable domains that are absent from the structure. The AID (red) binds to a deep groove (the ABP) in the NK

domain. AID residues tyrosine, tryptophan and isoleucine are shown as CPK. The remaining residues are shown as lines.

(C) The CaVβ–AID interaction uses conserved interactions. The degree of conservation among the CaVα1 subunits is shown.

Blue, invariant; magenta, conserved; red, variable. Selective CaV1.2 AID residues are indicated. (D) Protein–protein interaction

observed in the CaVβ2a structure between a portion of the V2 loop (residues 208–210) and a hydrophobic pocket on the SH3

surface. The binding site is on the opposite side of the SH3 domain from that shown in (B).

C©2006 Biochemical Society

Figure 1.17: The Cavb-AID complex structure (Van Petegem and Minor, 2006).

In Tab. 1.4 different types of b-subunits are listed.

1.6.3 The γ-Subunits

In the mammalian genome eight genes encoding g-subunits (g1 – g8) have been iden-
tified (Kang and Campbell, 2003). g-subunits are associated with the voltage-gated
channel complex (Jay et al., 1990). All g-subunits have a conserved four transmem-
brane domain topology with an intracellular amino- and carboxyl terminus. The
g2- and g4-subunits shift the voltage dependence of inactivation to hyperpolarized
potentials (Klugbauer et al., 2000). g2, g3, g4 and g8 are necessary for targeting
the channel to the membrane. Trafficking of AMPA receptors is modulated by g2-
subunits which are collectively known as TARPs (transmembrane AMPA receptor
regulatory proteins, Chen et al., 2007, Payne, 2008).

A structural similarity between a g2s and a protein named stargazing (located in
the synaptic plasma membrane) was identified. These two proteins are encoded
by the same gene. Mutated g2 causes the stargazer mouse phenotype including
absence epilepsy, defects in the inner ear and in the cerebellum (Letts et al., 1998).
Although g-subunits are located in many tissues, the g1-subunit is only expressed
in the skeletal muscle (Arikkath and Campbell, 2003). This table shows the tissue
distribution and the functional effects of all eight different g-subunits (Tab. 1.5).

28



1 Introduction

Table 1.4: Effects and tissue distribution of β-subunits (Arikkath and Campbell, 2003, Buraei and
Yang, 2010).

Subunit Functional Effects Tissue Distribution

b1 Skeletal excitation–contraction coupling,
membrane trafficking of a1, targeting of
a11.1 to triads, increase in current ampli-
tude activation/inactivation kinetics, ac-
celerates inactivation by factor 2− 10

b1a-skeletal muscle, brain
(other isoforms)

b2 Accelerates activation by 2- to 4-fold, b2a
slows inactivation by ≈10-fold, other b2 in-
activation is accelerated except with b2e,
targeting of a11.4 in retina, membrane traf-
ficking of a1

Heart, lung, trachea, aorta,
brain

b3 Increase in current amplitude activa-
tion/inactivation kinetics, membrane traf-
ficking of a1

Smooth muscle, trachea,
aorta, lung, brain

b4 Increase in current amplitude, activa-
tion/inactivation kinetics, membrane traf-
ficking of a1

Brain
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Table 1.5: Effects and tissue distribution of γ-subunits (Arikkath and Campbell, 2003, Buraei and
Yang, 2010).

Subunit Functional Effects Tissue Distribution

g1 Inhibitory effect, activation/inactivation
kinetics

Skeletal muscle

g2 Inhibitory effect, activation/inactivation
kinetics, trafficking of AMPA receptor

Brain

g3 Activation/inactivation kinetics Brain

g4 Inactivation kinetics Heart, lung, brain,
prostate, spinal cord

g5 Unknown Brain

g6 Reduction of current amplitude (low volt-
age-gated calcium channel)

Heart, skeletal muscle,
brain

g7 Reduction of current amplitude Brain, heart, lung, testis

g8 Unknown Brain, testis, spinal cord
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1.7 Inactivation

1.7.1 Voltage Dependent Inactivation

Fast inactivation of CaV1.2 prevents calcium overload during depolarization of an
action potential. After opening the channels enter a non-conducting state called
“inactivation”. In the inactivated state the binding affinity of many calcium channel
blockers is higher than in the closed (resting) state (Bean, 1984). b-subunits are
involved in the voltage dependence of inactivation (VDI). It is known that voltage
gated calcium channels inactivate even if they do not interact with ancillary subunits.
Inactivation is therefore an intrinsic mechanism of the a1-subunit (Birnbaumer et al.,
1994).

A “Ball and Chain mechanism of inactivation” model for voltage gated sodium chan-
nels was developed by Armstrong et al. (Armstrong et al., 1973). In the cytoplasmic
side of the cell a ball occludes the channel pore of the a1-subunit.

To investigate inactivation in CaV channels in detail, chimeras of CaV1.2 (slow inacti-
vating) and CaV2.3 (fast inactivating) were constructed. The CaV1.2/CaV2.3 chimera
inactivated rapidly (Stotz et al., 2000). However, CaV2.3 was only turned into a slow
inactivating channel when IIS6, IIIS6 and the domain I-II linker were substituted by
CaV1.2 sequences. This suggests the domain I-II linker has an important role in inac-
tivation. This linker could function as a gating hinge because over-expression of this
segment in CaV2.1 accelerates inactivation kinetics. Several studies have shown that
all four S6 segments contribute to voltage dependent inactivation. Mutating M1811Q
in IVS6 accelerates and V1818 slows inactivation kinetic rates in CaV2.1 (Berjukow
et al., 2001). Replacement of F823 in IIS6 of CaV1.2 by residues with increasing size
slows inactivation (Stotz and Zamponi, 2001).

Geib et al. suggest that interactions between the domain I-II linker and the III-IV
linker of CaV2.1 are necessary for voltage dependent inactivation (Geib et al., 2002).
Moreover, the N-terminal (Stephens et al., 2000) and the C-terminal region (Soldatov
et al., 1998, Sandoz et al., 2001) have an important function in the regulation of
inactivation.

Co-expression of b-subunits affects the voltage dependence of activation of HVA
channels (Birnbaumer et al., 1994) and enhances the activation and inactivation (ex-
cept of b2a and b2e) kinetics of these channels.

Slow inactivation of the isoform b2a-subunit is determined by structural elements in
the N-terminus. The slow inactivation effect can be removed when eighteen residues
in this region are deleted (Olcese et al., 1994). Two cysteine residues are important
for palmitoylation of the b2a-subunit.

31



1 Introduction

Finally it was hypothesized that the domain I-II linker acts as a hinge lid (Stotz et al.,
2000, Stotz and Zamponi, 2001). The mobility of the putative “inactivation gate” is
restricted when the domain I-II linker associates with the b-subunit or alternatively
the b-subunit interacts indirectly with the N- and C-terminus (Stephens et al., 2000,
Sandoz et al., 2001).

b3-subunits accelerate the rate of inactivation (Hering et al., 2002).

Fig. 1.18 illustrates, that the slowest inactivation is induced by b2a-subunit and the
fastest inactivation by b3- or b

1b-subunits.

ing conditions (491). 3) �1, most �2 splice variants, �3, and
�4 speed up the inactivation kinetics, whereas �2a and �2e

slow down inactivation (Table 2 and Fig. 7).
The unique effects of �2a on VDI are largely abolished

when palmitoylation of �2a is disrupted by mutating its
two NH2-terminal cysteine residues to serine (�2a C3,4S)
(365, 369). WT �2a-like properties can be restored when a
transmembrane segment of an unrelated membrane pro-
tein is fused to this mutant, suggesting that membrane
anchorage rather than palmitoylation per se is critical for
�2a’s unique functions (369). Supporting this idea, the
nonpalmitoylated but membrane-attached �2e has proper-
ties similar to �2a (433).

Multiple domains and regions of Cav� are involved in
the regulation of VDI. The GK domain alone, when ex-
pressed together with Cav2.1 and �2� in Xenopus oocytes,
has been shown to speed up VDI and hyperpolarize the
voltage dependence of VDI (206). The GK domain of all
four subfamilies of Cav� produces the same effects (Fig.

7, D and E; Ref. 206), as expected from its high degree of
amino acid conservation. Similarly, the GK domain of �2a

greatly accelerates VDI and hyperpolarizes the voltage
dependence of VDI of Cav2.2 channels expressed in oo-
cytes and tsA-201 cells (129, 372). On the other hand, it
has been reported that refolded and purified proteins of
�2a and �1b GK domains slow down VDI and depolarize
the voltage dependence of Cav2.3 channels expressed in
oocytes (187). The discrepancy between these studies
may result from the use of different Cav�1 or from RNA
versus protein injection, but it should be noted that the
refolded and purified GK domains appear to be dimerized
proteins (187), and it is unknown whether and how dimer-
ization changes the function of the GK domain.

The HOOK plays an important role in regulating VDI,
as first suggested by chimeric studies between different
Cav�s (364, 420). Two recent studies based on structurally
defined Cav� domains provide more definitive evidence.
1) Swapping the HOOK between the core regions (SH3-

FIG. 7. Modulation of Ca2� channel gating by Cav�. A: voltage dependence of activation of P/Q-type Ca2� channels containing �1b, �2a, �3, or
�4 or no � (��). In this and all other panels, currents were recorded in cell-attached macropatches from oocytes expressing Cav2.1 and �2�, without
or with the indicated � subunit. B: voltage dependence of inactivation. C: representative current traces evoked by a depolarization to �30 mV,
showing the kinetics of voltage-dependent inactivation. Currents are shown only from the first 2.5 s of a 25-s pulse. D and E: comparison of V1/2 and
t1/2 of voltage-dependent inactivation of P/Q-type Ca2� channels containing no � (��) or the indicated � module: the GK domain, � core
(SH3-HOOK-GK), or full-length (FL) �. V1/2 is the membrane voltage at the midpoint of voltage-dependent inactivation, and t1/2 is the time for the
current to inactivate to 50% of the peak value in C. Note the logarithmic scale of the y-axis in E. [All data from He et al. (206).]
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Figure 1.18: Current traces with 300 ms pulses to +30 mV showing voltage-gated inactivation kinetics
(Buraei and Yang, 2010).

1.7.2 Calcium/Calmodulin Dependent Inactivation CDI
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protein. Indeed, Ca2+-independent pre-association of
CaM with Ca

V
1.2, Ca

V
2.1 and, surprisingly, Ca

V
2.3

channels could be revealed using FLUORESCENCE RESONANCE

ENERGY TRANSFER82. So, it seems that the pre-association of
CaM with VGCCs is coordinated by several segments 
of the carboxy-terminal region and requires resting
concentrations of Ca2+. Short amino-acid segments that
are located amino-terminal of the IQ domain have been
found to interact with CaM in cardiac myocytes and
heterologous expression systems at low levels of Ca2+

(less than 100 nM) — levels that approximate to those
of resting neurons83–85. One of these regions — the 
26-amino-acid CB DOMAIN — is located 20 amino acids
amino-terminal of the IQ motif 85 (FIG. 4). The CB
sequence contains the amino acids that have previously
been shown to be necessary for CDI78,86. Surprisingly, in
protein–protein-interaction studies, a fragment of the
carboxyl terminus of the Ca

V
1.2 channel that includes

the IQ domain (and the CB sequence) binds CaM even
when the IQ key sequence has been changed completely
to alanines8. It was later found that CB binds CaM,
although with a lower affinity than the IQ motif 85.
However, although IQ peptides from high-voltage acti-
vated (HVA) Ca2+ channels bind to CaM, only the CB
peptide from Ca

V
1.2 binds to CaM at low Ca2+ concen-

trations. A further region upstream of CB that con-
forms to a 1-8-14-TYPE A CALMODULIN-BINDING MOTIF79 can bind
CaM and even CaM

1234
(REF. 83). A model of the CDI of

Ca
V
1.2 channels that is based on CaM switching

between binding sites (FIG. 4) could account for several
findings in the literature83. At rest, with low intracellular
Ca2+ levels (~50 nM), the 1-8-14 binding region consti-
tutively anchors the amino-terminal lobe of CaM,
whereas the CB domain is probably associated with
both the amino- and the carboxy-terminal lobes of the
same CaM. When the channel opens, Ca2+ reaches CaM
and binds to the carboxy-terminal lobe. The Ca2+-bound
carboxy-terminal lobe then binds to the IQ domain and
effects inactivation.

for CDI. These were located 61 and 103 residues 
carboxy-terminal of the EF hand, respectively78. The
second region resembles the consensus pattern for an
IQ-type CaM-binding motif 79, raising the possibility
that CaM is involved in CDI. Indeed, in 1999, several
groups showed that CaM is the dominant Ca2+ sensor
for CDI in Ca

V
1.2 and Ca

V
2.1 channels in heterologous

expression systems6–9. Furthermore, rather than serving
as a Ca2+ sensor for CDI, the EF-hand region might be
essential for the transduction of Ca2+/CaM binding into
inactivation80.

In conclusion, it is evident that the carboxy-terminal
region of VGCCs is of fundamental importance for
CDI. Ca2+ could bind to the EF-hand motif or to other
Ca2+-binding sites of the protein that are, so far, un-
recognized. However, it has been suggested that the 
EF hand contributes to CDI by transducing signals 
from Ca2+/CaM-binding domains rather than from
direct Ca2+ binding81.

Ca2+/CaM-dependent inactivation and facilitation. Ca2+

and CaM can both inactivate and facilitate the opera-
tion of VGCCs. In contrast to inactivation, facilitation is
a subsequent increase in current amplitude after the first
channel opening. Experiments in HEK293 (human
embryonic kidney) cells using mutant CaM with a
selective impairment of Ca2+ binding in either the
amino- (CaM

12
) or the carboxy-terminal (CaM

34
) lobes,

each of which harbours two EF hands (BOX 3), revealed
lobe-specific effects on CDI7. Whereas the expression of
mutant CaM

12
does not affect the CDI of Ca

V
1.2 chan-

nels, CaM
34

abolishes it. Moreover, the binding of CaM
to Ca

V
1.2 channels and the modulation of this binding

by Ca2+ seem to be highly complex, and differing results
of pre-association between CaM and VGCCs have been
reported. Ca2+-insensitive forms of CaM (CaM

1234
) exert

a DOMINANT NEGATIVE effect on endogenous CaM, thereby
preventing CDI7. On the basis of this observation, it was
concluded that Ca2+-free CaM is tethered to the channel

WHOLE-CELL PATCH-CLAMP

RECORDING

A high-resolution
electrophysiological recording
technique in which a very small
electrode tip is sealed onto a
patch of cell membrane and,
with suction, the membrane
patch is ruptured to allow low-
resistance electrical access to the
cell interior. Electrical currents
flowing across the cell
membrane can then be
recorded, although the ion
composition of the cell interior
is altered to that of the electrode-
filling solution.

DOMINANT NEGATIVE

Describes a mutant molecule
that can form a heteromeric
complex with the normal
molecule, knocking out the
activity of the entire complex.

FLUORESCENCE RESONANCE

ENERGY TRANSFER

(FRET). A spectroscopic
technique that is based on the
transfer of energy from the
excited state of a donor moiety
to an acceptor. The transfer
efficiency depends on the
distance between the donor and
the acceptor. FRET is often used
to estimate distances between
macromolecular sites in the
20–100-Å range, or to study
interactions between
macromolecules in vivo.

CB DOMAIN

A carboxy-terminal 26-amino-
acid sequence found in L-type
Ca2+ channels that binds
calmodulin at low concentrations
of intracellular Ca2+.

1-8-14 MOTIF

A consensus calmodulin-
binding motif that is found, for
example, in calcineurin (type A)
and fodrin (type B).

Ca2+

Domain IV of CaV1.2

Channel
closing

P

IQ

N

CaM bound at
1-8-14 motif

CB

EF

S
1

S
2

S
3

+
+
+
+

S
5

S
6

C

CN

P

IQ

N

CB

EF

S
1

S
2

S
3

+
+
+
+

S
5

S
6

C

C
N

Figure 4 | Model of CDI induction by CaM in CaV1.2 Ca2+ channels. Ca2+-dependent inactivation (CDI) depends on the interaction
of calmodulin (CaM) with the Ca2+ channel. The left panel shows domain IV and the proximal part of the carboxyl terminus of the
CaV1.2 protein. The relative positions of the EF hands (orange boxes) and the IQ motif (purple ellipse) are indicated. The EF hands of
CaM are indicated as white circles. Their occupation by Ca2+ is indicated by red circles. The amino-terminal lobe of CaM masks the
1-8-14 motif. At resting Ca2+ levels (left panel), the amino-terminal lobe of CaM is tethered to the 1-8-14-binding motif, whereas both
the amino- and the carboxy-terminal lobes are tethered to the CB region (turquoise). Following the influx of Ca2+ (right panel), the
Ca2+-binding sites of the carboxy-terminal lobe of CaM become occupied, and the carboxy-terminal lobe binds the IQ motif.
Subsequently, processes that lead to channel closure are induced. In this model, the IQ motif is not thought to contribute to CaM
tethering at low Ca2+ concentrations. P, P-loop.

© 2002        Nature  Publishing Group

Figure 1.19: Model of CDI induction by CaM in CaV1.2 Ca2+ channels (Budde et al., 2002).

The calcium sensor Calmodulin plays a critical role in voltage dependent inactiva-
tion. It functions as negative calcium feedback signal facilitating inactivation in high
voltage activated calcium channels. Calcium dependent inactivation (CDI) (Fig. 1.19)
is a key determinant for the length of the cardiac action potential plateau. Calmod-
ulin has a C- and an N-terminal lobe, two with low and two with high affinity for
calcium ions (“EF-hands”, Chin and Means, 2000). The two lobes are connected by
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an eight-turn a-helix. At low concentrations of intracellular calcium, free Calmod-
ulin (Apocalmodulin) is binding to the carboxy-terminal of calcium channels. A
Calmodulin thetering-site is responsible for Ca2+ binding (Rhoads and Friedberg,
1997). This site contains residues of the IQ motif and other sequences that are im-
portant for CDI (Pitt et al., 2001, Zühlke et al., 1999). It is proposed that the EF-hand
in the carboxy-terminal region of calcium channels is important for transduction
signals of the Calmodulin binding domain (Anderson, 2001).

After channel activation the amount of intracellular calcium increases and the C-
terminal lobe of Calmodulin leads to a structural rearrangement (due to the binding
of calcium). A concentration above 1 µM enables binding of the calcium Calmodulin
complex with the IQ motif that effects calcium dependent inactivation (Peterson et
al., 1999, Alseikhan et al., 2002).

Calcium/Calmodulin dependent facilitation designates an increase in current ampli-
tude after the first channel opening and functions as a positive feedback regulation
facilitating Ca2+ entry. Facilitation requires the presence of Calmodulin which acti-
vates the Calmodulin-dependent kinase II. This enhances channel open probability
due to phosphorylation of b2a (Abiria and Colbran, 2010).
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1.8 L-Type Calcium Channel Dysfunction Channelopathies

1.8.1 Hypokalemic Periodic Paralysis Type 1 (HypoPP1)

The hypokalemic periodic paralysis type 1 disorder was the first calcium chan-
nelopathy that was described in humans (Bidaud et al., 2006). Mutations of two
arginine residues (R528 and R1239) in segment S4 of Domain II and IV in CaV1.1 are
linked to the HypoPP1 disorder (Ptácek et al., 1994, Fontaine et al., 1994). Patients
affected from HypoPP1 suffer from attacks of paralysis or generalized skeletal mus-
cle weakness, hypotonia, hypokalemia. The disease occurs at the second decade of
life (Caciotti et al., 2003). R897S and R900S are two newly identified mutations in
the S4 Segment of Domain III that are linked to HypoPP1 (Matthews et al., 2009).
The reason for the decrease in serum potassium is currently unclear.

1.8.2 Malignant Hyperthermia Susceptibility Type 5 (MHS5)

Mutations in the CACNA1S gene (CaV1.1) lead to malignant hyperthermia. This dis-
order can be provoked by anesthesia or muscle relaxants and induces skeletal muscle
rigidity and high fever (MacLennan and Phillips, 1992). Rhabdomyolysis and cardiac
arrhythmias, hyperkalemia, and elevation of creatinine kinase may occur (Carpen-
ter et al., 2009). Mutations R1086H or R1086C are located at the intracellular III-IV
linker. These mutants induce malignant hyperthermia susceptibility type 5 (Monnier
et al., 1997). The interaction of the linker with the Ryanodine receptor (RyR1) III-IV
due to conformational changes of CaV1.1 and a retrograde signalling are supposed
to be the reason for the enhancement of calcium in the skeletal muscle (Grabner et
al., 1999, Weiss et al., 2004). The two newly identified mutations R174W in IS4 and
T1354S in the linker of domain IV are also related to MHS5 and RyR1 calcium release
from SR calcium stores although they are located in a transmembrane segment or in
an extracellular region (Pirone et al., 2010).

1.8.3 Incomplete Congenital Stationary Night Blindness Type 2

CSNB2 is a form of congenital stationary night blindness caused by mutations in
the CaV1.4 channel (Striessnig et al., 2010). These channels control light depen-
dent calcium influx in photoreceptors (Hoda et al., 2006). The symptoms of CSNB2

are nystagmus, myopia, low visual acuity and night blindness (Boycott et al., 2000,
Weiergräber et al., 2008).
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If the membrane potential changes at the ribbon synapses of retinal photoreceptors,
these cells release neurotransmitter (Striessnig et al., 2010). Darkness depolarizes
these channels to −40 mV, calcium influx occurs and triggers the tonic release of
glutamate (Hoda et al., 2006). If light is absorbed, cGMP-gated cation channels in
the photoreceptor close and the cells hyperpolarize at around −55 mV (Witkovsky et
al., 1997). For tonic neurotransmitter release it appears to be important that CaV1.4
activate rapidly (below −40 mV) and inactivate slowly (Rabl and Thoreson, 2002). In
the CaV1.4 gene of CSNB2 patients more than forty different mutations were discov-
ered and some of them lead to truncated a1-subunits. Since the CSNB2 is X-linked,
all affected men have a complete loss of channel function. In contrast to these results
mutation G369D leads to a gain of channel function and affects ion selectivity. Inter-
estingly G369D corresponds to the mutated glycine in the Timothy syndrome G406R
in CaV1.2 channels (Splawski et al., 2004) and affects voltage dependent inactivation
(VDI, Splawski et al., 2005). However, mutations R508Q and L1364H result in de-
creased calcium current densities (Hoda et al., 2006). Mutations G674D, A928D and
W1459X (a truncation mutation) have no effect on channel gating. S229P, L1068P
and W1440X could not be expressed in Xenopus oocytes (Hoda et al., 2005).

In a New Zealand family a visual disorder with severe, non-progressive visual
impairment, night blindness and in some cases autism was discovered (Hemara-
Wahanui et al., 2005). The gain of function mutation I745T in CaV1.4 produces a re-
markable −30 mV shift in the voltage dependence of channel activation and slower
inactivation kinetics (Hemara-Wahanui et al., 2005). The shift in channel activation
increases the percentage of open channels. Reduced inactivation supports calcium
entry so that glutamate release is higher than normal during darkness and continues
to inhibit postsynaptic cells during light stimuli (Hemara-Wahanui et al., 2005).

1.8.4 Brugada Syndrome (BrS3)

The loss of function mutations A39V and G490R occur in the CaV1.2 channel and
are associated with the so called Brugada Syndrome (Antzelevitch et al., 2007). The
characteristics of this arrhythmic syndrome are an ST-segment elevation in the right
pericardial leas of the ECG and the development of polymorphic ventricular tachy-
cardia that can result in sudden cardiac death (Chen et al., 1998). The QT-intervals of
these patients are shorter-than-normal due to the loss of channel function (Antzele-
vitch et al., 2007).
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1.8.5 Sinoatrial Node Dysfunction and Deafness (SANDD)

The CaV1.3 channel is expressed in the sinoatrial node, in cochlear hair cells, in neu-
rons, adrenal chromaffin cells and pancreatic islets (Striessnig and Koschak, 2008).
An insertion of a glycine residue in the highly conserved position G403 in IS6 of
CaV1.3 leads to non-conducting calcium channels with abnormal voltage-dependent
gating (Baig et al., 2011). This loss of channel function (insertion) was first found in
a Pakistani family that suffered from deafness. Patients with the homozygous mu-
tation (insertion) suffer from and sinoatrial node dysfunction (bradycardia and/or
high heart rate variability, Baig et al., 2011, Striessnig and Koschak, 2008).

1.8.6 Timothy Syndrome

Timothy Syndrome (TS), an autosomal dominant disorder, arises from two de novo
missense mutations, G402S and G406R, in CaV1.2 calcium channels (Splawski et al.,
2005). This channelopathy manifests itself clinically in physical, neurological, and
developmental defects and autism spectrum disorders. G406R additionally causes
syndactyly (Splawski et al., 2004). Functional studies have shown that TS mutations
G402S and G406R dramatically reduce voltage-dependent channel inactivation. This
leads membrane depolarization and increased calcium entry during an action poten-
tial (Splawski et al., 2004). The resulting prolongation of the QT interval can induce
severe arrhythmias causing sudden death in early childhood (Splawski et al., 2004).
Kinetic modelling studies suggested that the increased action potential duration and
enhanced calcium entry may be associated with delayed after-depolarizations in car-
diac myocytes (Splawski et al., 2005). A role of G406R in calcium-dependent inac-
tivation was established by Raybaud et al. (Raybaud et al., 2006) and Barrett and
Tsien (Barrett and Tsien, 2008).
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2.1 Introduction

Timothy syndrome (TS), an autosomal dominant disorder, arises from two de novo
missense mutations, G402S and G406R, in CaV1.2 calcium channels. This chan-
nelopathy manifests itself clinically in physical, neurological, and developmental
defects and autism spectrum disorders. G406R additionally causes syndactyly (1).
Functional studies have shown that TS mutations G402S and G406R dramatically re-
duce voltage-dependent channel inactivation, resulting in sustained membrane de-
polarization and increased calcium entry during an action potential (1). The result-
ing prolongation of the QT interval can induce severe arrhythmias causing sudden
death in early childhood (1). Kinetic modeling studies suggested that the increased
action potential duration and enhanced calcium entry may be associated with de-
layed after-depolarizations in cardiac myocytes (2).

A role of G406R in calcium-dependent inactivation was established by Raybaud et
al. (3) and Barrett and Tsien (4). Systematic mutations of Gly-436 in rabbit CaV1.2
(corresponding to Gly-406 in the human CaV1.2) to Ala, Pro, Tyr, Glu, Arg, His, Lys,
or Asp all substantially slow channel inactivation (3). A large number of amino acids
involved in Ca2+ channel inactivation have been identified, and several molecular
mechanisms for this process have been proposed (5 − 7).

We have previously shown that mutations in the lower third of S6 segments in CaV1.2
in most cases shift the channel inactivation and activation in a coupled manner. This
is evident from similar shifts of channel activation and inactivation curves (8, 9),
suggesting a serial gating scheme (R)est → (O)pen → (I)nactivated where a shift in
R→ O transitions would automatically shift the inactivation curve. However, Ray-
baud et al. (3) reported that mutations of the TS Gly-436 that suppressed inactivation
in CaV1.2 induced only minor changes in activation gating.

The functional impact and structural basis of amino acid substitutions of the TS Gly-
432 (corresponding to Timothy Gly-402 in human CaV1.2) are less understood. Our
homology model suggests that Gly-432 forms part of a conserved group of small
amino acids, Gly-432(IS6), Ala-780(IIS6), Gly-1193(IIIS6), and Ala-1503(IVS6), near
the inner channel mouth of CaV1.2 (Fig. 1), which we call the G/A/G/A motif.
A corresponding Gly-657 in hERG (Human Ether-a-go-go related Gene) potassium
channels was found to be important for close helix packing (10), and in KcsA, re-
placement of the corresponding small and hydrophobic Ala-108 by a polar serine or
threonine (A108S/T) dramatically increased channel open probability (11, 12). Small
gating-sensitive residues at this position thus seem to be essential for helix-helix in-
teractions in a number of ion channels.

To clarify the role of Gly-432 as part of the apparent G/A/G/A motif of CaV1.2, we
have asked several questions. First, do mutations of the homologous small residues
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in the other domains, Ala-780(IIS6), Gly-1193(IIIS6), and Ala-1503(IVS6), have simi-
lar effects on channel gating to substitutions of Gly-432? Second, how do amino acid
substitutions in these positions affect the link between activation and inactivation?
Third, is an essential role of the G/A/G/A residues in helix packing and closed-
state stability supported by functional data? Answers to these questions will help
to understand the interactions of residues in the bundle crossing region and help to
clarify the specific impact of pore residues on activation and inactivation.
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2.2 Experimental Procedures

2.2.1 Conservation Analysis

Sequences of voltage-gated calcium channels (13) were downloaded from the Inter-
national Union of Basic and Clinical Pharmacology data base (14). Sequences of all
channels from Homo sapiens were used to search NCBI BLAST (blastp) (15). Ini-
tial sequence alignment was performed using ClustalW (16). Sequences of selected
potassium channel crystal structures (KcsA, MthK, KVAP, KV1.2, and MlotiK) were
aligned manually with CaV channels using GENEDOC (17).

2.2.2 Homology Modeling

The homology model of the open CaV1.2 channels, based on the KVAP crystal struc-
ture and a NaChBac model, incorporating an insertion at the position of the con-
served asparagines, was published previously (8). A model of the closed conforma-
tion using the same alignment as for the open conformation (indel at Asn) was gen-
erated using Modeller9v7 (18). The KcsA crystal structure and the NaChBac model
were used as templates. Coordinates of the model can be found in the supplemental
material.

2.2.3 Accessibility Calculations

Amino acid accessibilities were calculated using the WHAT IF webserver (19). The
accessible surface area in this program is defined as the area at the Van der Waals
surface that is accessible by a water molecule (1.4 Å). The units of accessible surface
are Å2. Re-entrant surfaces are not considered by WHAT IF.

2.2.4 Mutagenesis

The CaV1.2 a1-subunit coding sequence (GenBank
TM

X15539) in-frame 3’ to the cod-
ing region of a modified green fluorescent protein was kindly donated by Dr. M.
Grabner (20). Substitutions in segment IS6, IIS6, and IVS6 of the CaV1.2 a1-subunit
were introduced using the QuikChange R© Lightning site-directed mutagenesis kit
(Stratagene) with mutagenic primers according to the manufacturer’s instructions.
Mutations were introduced in segment IS6 in position 432 (G432A/S/V/N/M/W),
in helix IIS6 in position 780 (A780G/N/P/T/V/W), in IVS6 in position 1503
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(A1503G/P/M/N/T/V/W), and one double mutation in IS6 (G432S/S435G). All
constructs were checked by restriction site mapping and sequencing.

2.2.5 Cell Culture and Transient Transfection

Human embryonic kidney tsA-201 cells were grown at 5 % CO2 and 37 ◦C to 80 %
confluence in Dulbecco’s modified Eagle’s/F-12 medium supplemented with 10 %
(v/v) fetal calf serum and 100 units/ml penicillin/streptomycin. Cells were split
with trypsin/EDTA and plated on 35 mm Petri dishes (Falcon) at 30− 50 % conflu-
ence 16 h before transfection. Subsequently tsA-201 cells were co-transfected with
cDNAs encoding wild-type or mutant CaV1.2 a1-subunits with auxiliary b2a and b2c
(21) as well as a2-d1 (22) subunits. The transfection of tsA-201 cells was performed
using the FuGENE 6 transfection reagent (Roche Applied Science) following stan-
dard protocols. tsA-201 cells were used until passage number 15. No variation in
channel gating related to different cell passage numbers was observed.

2.2.6 Ionic Current Recordings and Data Acquisition

Barium currents (IBa) through voltage-gated Ca2+ channels were recorded at 22 −
25 ◦C by patch-clamping (23) using an Axopatch 200A patch clamp amplifier (Axon
Instruments, Foster City) 36− 48 h after transfection. The extracellular bath solution
(5 mM BaCl2, 1 mM MgCl2, 10 mM HEPES, 140 mM choline chloride) was titrated
to pH 7.4 with methanesulfonic acid. Patch pipettes with resistances of 1− 4 MΩ
were made from borosilicate glass (Clark Electromedical Instruments) and filled
with pipette solution (145 mM CsCl, 3 mM MgCl2, 10 mM HEPES, 10 mM EGTA
10), titrated to pH 7.25 with CsOH. All data were digitized using a DIGIDATA
1200 interface (Axon Instruments), smoothed by means of a four-pole Bessel filter,
and saved to disk. 100 ms current traces were sampled at 100 kHz and filtered at
5 kHz; tail currents were sampled at 50 kHz and filtered at 10 kHz. Leak currents
were subtracted digitally using average values of scaled leakage currents elicited
by a 10 mV hyperpolarizing pulse or electronically by means of an Axopatch 200

amplifier (Axon Instruments). Series resistance and offset voltage were routinely
compensated for. The pClamp software package (Version 7.0 Axon Instruments)
was used for data acquisition and preliminary analysis. Microcal Origin 7.0 was
used for analysis and curve-fitting.

The voltage dependence of activation was determined from I-V curves and fitted
to

m∞ =
1

1 + exp V0.5,act−V
kact

(2.1)

56



2 Timothy Mutation Disrupts the Link between Activation and Inactivation in CaV1.2

The time course of current activation was fitted to a mono-exponential function,

I(t) = A · exp
(

t
τ

)
+ C (2.2)

where I (t) is current at time t, A is the amplitude coefficient, τ is the time constant,
and C is the steady-state current. Data are given as the mean ±S.E.

2.2.7 Calculation of Amino Acid Descriptors

Physicochemical descriptors were calculated for amino acids using the Molecular
Operating Environment (MOE; Version 2008.10, Chemical Computing Group, Inc.,
Montreal, QC, Canada) (24).
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2.3 Results

2.3.1 The “Timothy Gly-432” Is Part of a Motif of Small Residues at the
Inner Channel Mouth

To analyze the degree of conservation of the TS Gly-402, a sequence alignment was
performed. Sequences of the 10 different voltage-gated calcium channels genes en-
coded in the human genome were downloaded from the International Union of
Basic and Clinical Pharmacology data base. The human sequences were used to
search NCBI BLAST using the blastp program. The pore-forming segments of CaV
channels (S5, P, S6) from different species were aligned using standard parameters in
ClustalW. Fig. 2.1 shows the multiple sequence alignment of selected CaV channels,
and the complete alignment of all human S6 segments can be found in supplemental
Fig. 2.7. Fig. 2.1 shows that Gly-432 is part of a motif of small amino acids (Gly-
432(IS6)-Ala-780(IIS6)-Gly-1193(IIIS6)-Ala-1503(IVS6)) at the inner channel mouth.
The conservation analysis reveals that these positions either have a glycine or an ala-
nine. The only exceptions are T-type channels, which have a valine at this position
in IS6. We will refer to this structural motif of CaV as G/A/G/A.

Figure 2.1: Multiple sequence alignment of S6 helices of CaV channels with selected K+ channels.
Conserved G/A/G/A residues are shaded green, interacting phenylalanines (neighboring
domains) are shaded blue. The Timothy glycine is underlined green and the PVP motif of
KV1.2 is underlined black.
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2.3.2 Mutations of Gly-432 Shift the Activation Curve

In the absence of experimentally determined structures of calcium channels, homol-
ogy models have been used successfully to explain experimental data and to suggest
new experiments (25–29). Our modeling data on CaV1.2 suggest that G/A/G/A
plays an essential role in helix packing. In light of this hypothesis, we investigated
whether replacement of Gly-432 by residues with different properties (e.g. size and
hydrophobicity) would affect the voltage dependence of channel activation. Fig. 2.2,
A and B, illustrate the corresponding effects on the steady-state activation curves.
Replacement of Gly-432 by methionine, asparagine, and tryptophan shifts channel
activation toward hyperpolarization. Interestingly, G432A and G432V shifted the
curve to the right, suggesting a stabilization of the closed or a destabilization of
the open states. Changes in activation and deactivation gating for selected mutants
are illustrated by current traces shown in Fig. 2.2, C and D. The slowing of chan-
nel activation and deactivation (voltage dependences of activation and deactivation
time constants) for G432N accompanying the leftward shift of the activation curve
and fast activation/deactivation kinetics of G432A inducing a rightward shift are
exemplified (Fig. 2.2, E and F).

2.3.3 Substitutions of Gly-432 Remove Channel Inactivation

In contrast to the differing effects on channel activation (Fig. 2.2, Tab. 2.1), all muta-
tions of Gly-432 tested reduced inactivation regardless of the properties of the new
side chain. This is evident from current traces under long-lasting depolarizations for
all mutants Fig. 2.3. The changes in the steady-state inactivation curves for muta-
tion to alanine (G432A) and asparagines (G432N) are exemplified in Fig. 2.3 A. The
remaining currents after 3000 ms depolarizations to the peak current voltage of the
current voltage activation curves are given in Tab. 2.1.
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Figure 2.2: Gating changes induced by mutations of G432 in segment IS6 of CaV1.2.
A, Averaged activation curves of wild-type (n=9) and mutants G432A (n=7) and G432N
(n=7).
B, Shift of activation curves induced by substitutions of G432 by residues of different
physico-chemical properties.
C, Representative families of IBa through wild-type and indicated mutant channels during
depolarizing test pulses from −100 mV in 10 mV increments (first and last potentials are
indicated).
D, Representative tail currents of WT and indicated mutant channels. Currents were ac-
tivated during a 20 mV conditioning depolarization to −10 mV for wild-type, 0 mV for
G432A and −20 mV for G432N. Deactivation was recorded during subsequent repolariza-
tions in 10 mV increments starting from −100 mV.
E, Mean time constants of channel activation of WT (n=9) and mutants G432A (n=7) and
G432N (n=7) are plotted against test potential.
F, Mean time constants of channel deactivation of wild-type (n=8) and mutants G432A
(n=6) and G432N (n=6) are plotted against test potential. Time constants were estimated
by fitting current activation and deactivation to a mono-exponential function.
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Table 2.1: Pore mutations affect voltage-dependent gating of CaV1.2
Midpoints, slope factors of the activation, inactivation curves and fractions of non inacti-
vated channels after a 3 s depolarization to the peak current potential of the current voltage
relationship (I-V curve).

Construct V0.5 [mV] kact [mV] V0.5,inact [mV] kinact [mV] r3000

WT -18.4 ± 0.8 (9) 6.0 ± 0.7 -41.5 ± 0.9 (5) 6.4 ± 0.9 0.35 ± 0.03

IS6 G4321

G432A -14.2 ± 0.6 (7) 6.2 ± 0.5 0.77 ± 0.05

G432M -23.2 ± 0.6 (7) 7.7 ± 0.6 0.68 ± 0.07

G432N -34.4 ± 0.4 (7) 6.5 ± 0.5 0.72 ± 0.04

G432S -19.2 ± 0.7 (7) 5.9 ± 0.7 0.74 ± 0.07

G432V -12.0 ± 0.6 (6) 5.7 ± 0.5 0.86 ± 0.04

G432W -33.7 ± 0.6 (8) 4.7 ± 0.4 0.58 ± 0.04

IIS6 A780
A780G -29.4 ± 0.6 (5) 6.2 ± 0.6 -54.4 ± 1.3 (4) 6.2 ± 1.1 0.11 ± 0.06

A780N -43.8 ± 1.0 (7) 6.8 ± 0.9 -67.4 ± 0.7 (4) 4.6 ± 0.9 0.25 ± 0.04

A780P -45.0 ± 0.7 (5) 5.9 ± 0.8 -39.4 ± 1.2 (4) 5.2 ± 1.9 0.34 ± 0.07

A780T -44.0 ± 0.6 (5) 5.1 ± 0.6 -59.8 ± 0.9 (4) 7.5 ± 0.9 0.24 ± 0.04

A780V -34.6 ± 0.8 (8) 6.6 ± 0.7 -54.3 ± 0.8 (4) 4.8 ± 0.8 0.10 ± 0.05

A780W -49.3 ± 0.6 (7) 5.9 ± 0.5 -68.0 ± 0.8 (4) 6.3 ± 0.9 0.16 ± 0.05

IIIS6 G11932

G1193A -12.1 ± 1.0 (6) 5.7 ± 0.7 -25.2 ± 1.1 (6) 8.8 ± 0.9 0.27 ± 0.07

G1193M -33.6 ± 0.7 (8) 6.4 ± 0.6 -52.8 ± 1.0 (4) 6.1 ± 0.9 0.34 ± 0.08

G1193N -46.5 ± 1.0 (5) 5.6 ± 0.8 -61.3 ± 0.9 (4) 6.9 ± 0.9 0.38 ± 0.08

G1193P -37.7 ± 0.7 (7) 6.3 ± 0.6 -64.6 ± 1.0 (4) 6.1 ± 0.8 0.18 ± 0.07

G1193Q -39.2 ± 0.8 (5) 7.0 ± 0.7 -64.4 ± 1.2 (4) 8.4 ± 1.1 0.29 ± 0.08

G1193T -49.8 ± 1.0 (7) 5.1 ± 0.6 -70.0 ± 1.1 (5) 5.4 ± 1.1 0.16 ± 0.07

G1193V -38.1 ± 0.7 (8) 5.6 ± 0.6 -60.4 ± 0.8 (5) 7.5 ± 0.6 0.14 ± 0.08

IVS6 A1503
A1503G -41.4 ± 0.8 (5) 5.8 ± 0.5 -54.0 ± 1.0 (4) 4.9 ± 0.8 0.31 ± 0.07

A1503M -29.2 ± 0.7 (8) 5.9 ± 0.7 -60.1 ± 1.0 (4) 5.5 ± 1.0 0.26 ± 0.08

A1503N -31.5 ± 0.7 (5) 6.3 ± 0.6 -45.1 ± 1.1 (4) 6.0 ± 1.0 0.32 ± 0.09

A1503T -17.9 ± 0.8 (7) 8.7 ± 0.8 -38.0 ± 1.2 (4) 6.9 ± 1.1 0.29 ± 0.09

A1503V -11.4 ± 0.8 (5) 7.2 ± 0.6 -37.2 ± 1.2 (4) 6.8 ± 1.2 0.24 ± 0.06

A1503W -16.9 ± 0.6 (9) 6.6 ± 0.6 -38.9 ± 1.3 (4) 7.5 ± 0.8 0.33 ± 0.09

A1503P no current

Double mutations
G432S/S435G -19.8 ± 0.9 (5) 6.3 ± 0.7 -39.2 ± 1.2 (4) 5.7 ± 1.1 0.54 ± 0.07

1 V0.5,inact lack of inactivation prevented quantitative estimations.
2 V0.5,act data are from Beyl et al. (24).
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Figure 2.3: Inactivation changes induced by mutations of G432 in segment IS6 of CaV1.2.
A, Averaged inactivation curves of wild-type (n=5) and mutants G432A (n=4) and G432N
(n=4).
B, Representative IBa through wild-type and indicated mutant channels during depolariz-
ing test pulses from −100 mV to the peak potential of the I-V curve.
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2.3.4 Mutations of Ala-780, Gly-1193, and Ala-1503 (Homologous to
Gly-432) Affect Channel Activation but Preserve Inactivation

None of the mutations in positions Ala-780, Gly-1193, and Ala-1503 slowed channel
inactivation, as observed with substitutions of Gly-432. The modulatory effects of
mutations in these positions are illustrated in Fig. 2.4. We observed a strong corre-
lation between the shifts of the activation and inactivation curves (Fig. 2.5, r = 0.91,
p < 0.001) in domains II, III, and IV (see also Tab. 2.1), suggesting that the cou-
pling between the two processes was intact. These data indicate a special role of
Gly-432 in inactivation gating, in that only mutations of Gly-432 diminished inacti-
vation, whereas substitutions in homologous positions in other segments either had
no effect on inactivation or even made it faster.

2.3.5 Structural Analysis of the G/A/G/A Motif

To visualize the location of G/A/G/A, homology models of CaV1.2 in open and
closed conformation were analyzed. The open channel conformation has been pub-
lished previously (30). A model of the closed CaV1.2 channel, including an insertion
at the highly conserved asparagines, was developed by basing the structures of P-
helices and selectivity filter segments on the NaChBac model (31), as both channels
possess the same selectivity signature sequence. The S5 and S6 segments are based
on the KcsA crystal structure. The alignment is shown in Fig. 2.1.

Residues in closed K+ channel crystal structures of KcsA and MlotiK that align with
the G/A/G/A motif are positioned at the M2 helix-helix interface (Fig. 2.6, A and
B). These helices correspond to S6 helices in calcium channels. The small amino acids
in positions homologous to CaV1.2 G/A/G/A motif interact with bulky hydropho-
bic residues from the adjacent M2 helices. Interestingly, in both crystal structures
the small Ala-108/Gly-208 are in close contact with a conserved phenylalanine (see
alignment, Fig. 2.1) located two turns below in the neighbouring pore helix. Our
homology model of the closed conformation suggests similar interactions in CaV1.2
(Fig. 2.6, C – F). Small amino acids Gly-432, Ala-780, Gly-1193, and Ala-1503 are
located at the S6-S6 interface, tightly surrounded by hydrophobic residues from the
adjacent S6 segments. A structural hypothesis (Fig. 2.6, C–F) illustrates putative
interactions of the G/A/G/A residues with adjacent bulky residues, e.g. pheny-
lalanines in domains I, III, and IV and leucine in domain II. All residues that are
located within a short distance (< 7 [Å] of Cb atom) of G/A/G/A according to our
homology model are given in Tab. 2.2.

To further characterize this putative packing motif, the accessibility of the surround-
ing residues was calculated with the WHAT IF online server (19) (see Tab. 2.3). Cal-
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Figure 2.4: Mutations in the pore segments IIS6, IIIS6 and IVS6 in positions homologous to G432 in
IS6 induce significant shifts of activation and inactivation curves.
A and B, Averaged activation (A) and inactivation (B) curves of wild-type and mutations
of A780 in segment IIS6 (left), G1193 in segment IIIS6 (middle) and A1503 in segment
IVS6 (right). All mutations are summarized in Tab. 2.1.
C, Representative IBa through wild-type and indicated mutant channels in segments IIS6-
IVS6 during depolarizing test pulses from −100 mV to the peak potentials of the current-
voltage relationships. No deceleration of inactivation was observed (compare with G432

in IS6, Fig. 2.3).

64



2 Timothy Mutation Disrupts the Link between Activation and Inactivation in CaV1.2

Figure 2.5: Correlation between shifts of the midpoint of the inactivation and activation curves for
G/A/G/A mutations in segments IIS6-IVS6. A proline mutation of A780 (shaded) was
excluded from correlation analysis as this residue is likely to disturb the link between
voltage sensor and the channel pore (9, 24).

Table 2.2: Potential interactions of G/A/G/A residues in the closed channel state (see model in
Fig. 2.6).

Member of G/A/G/A Neighbouring residues (β-carbons < 7 Å apart)

G432 (IS6) IS6: N428, L429, L431, V433, S435, G436,
IVS6: V1502, I1505, M1506, F1509

A780 (IIS6) IS6: L431, G432, L434, S435, G436, F438

IIS6: N776, V776, V777, L779, I781, V783, D784

G1193 (IIIS6) IIS6: L779, A782, V783, L786

IIIS6: N1189, I1190, V1192, F1194, V1195, I1196, V1197

IVS6: N1499, A1503

A1503 (IVS6) IIIS6: G1193, V1195, I1196, F1199

IVS5: K1385

IVS6: N1499, L1500, V1502, V1504, M1506, D1507
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Figure 2.6: Hypothetical role of small amino acids in helix-helix packing of voltage gated ion chan-
nels.
Location of an alanine (A) in the closed conformation crystal structures of KcsA and the
location of a corresponding glycine (B) in Mlotik (34). C-F illustrate the location of the
G/A/G/A residues interacting with bulky hydrophobic residues from the neighboring
S6 segments (shown as spheres).
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culations using KcsA and MlotiK crystal structures show that the amino acids corre-
sponding to the G/A/G/A motif are inaccessible. Similar results are obtained when
calculating the accessible molecular surface in our closed CaV1.2 homology model.
The conserved phenylalanines are also generally inaccessible, with the exception of
Phe-114 from the KcsA crystal structure. This might be due to incompleteness of the
crystal structure, which lacks the slide helices.

Table 2.3: Accessibility of residues at the contact interface between S6 (M2) helices.
G/A/G/A motif shown in bold, conserved phenylalanines are underlined.

Channel Accessibilities of amino acids in the bundle crossing region [Å2]

KcsA (1k4c) T107 (5.9); A108 (0.17); A109 (14.19); L110 (10.1); A111 (2.44); T112

(11.5); W113 (56.8); F114 (20.2)

MlotiK (3beh) A207 (1.7); G208 (0); I209 (0.1); L210 (1.2); A211 (4.1); T212 (2.4);
G213 (0); F114 (1.9)

CaV1.2 I L431 (0); G432 (0); V433 (0.6); L434 (1.2); S435 (0); G436 (0); E437

(17.1); F438 (1.5)

CaV1.2 II L779 (0.3); A780 (0); I781 (7.3); A782 (1.7); V783 (1.5); D784 (1.5);
N785 (21.5); L786 (2.9)

CaV1.2 III V1192 (0.1); G1193 (0); F1194 (13.9); V1195 (6.9); I1196 (0.1); V1197

(19.8); T1198 (19.8); F1199 (3.4)

CaV1.2 IV V1502 (0); A1503 (0); V1504 (5.5); I1505 (9.7); M1506 (0.3); D1507

(1.0); N1508 (17.6); F1509 (1.6)

A comparison of closed and open crystal structure conformations of the bacterial
potassium channel KcsA reveals large conformational changes upon gating, result-
ing in a displacement of this amino acid by more than 7 Å. Accessibility calculations
show that this residue is accessible to water in the open channel conformation. Be-
cause several open and open-inactivated crystal structures are available, we calcu-
lated values for three different KcsA crystal structures (32) with the PDB identifiers
3f5w, 3fb7, and 3f7v. The obtained accessibility values (range 9.9− 17.2 Å2) might re-
flect different degrees of channel opening. Similar accessibilities are obtained when
calculating the accessible molecular surface in our open CaV1.2 homology model.
The values are 14.4 Å2 (Gly-432), 11.8 Å2 (Ala-780), 11.1 Å2 (G1193), and 18.5 Å2

(A1503).
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2.4 Discussion

Reduced inactivation by TS mutations G406R and G402S results in sustained mem-
brane depolarization and enhanced calcium entry through L-type channels into neu-
ronal, myocardial, and other cell types (2). This slowing of channel inactivation is the
key to understanding the wide spectrum of developmental abnormalities and patho-
logical changes in different organs leading to cardiac arrhythmias, autism spectrum
disorders, and other diseases (2). TS mutations affect the mechanism of calcium-
dependent inactivation that occurs irrespective of expression of a fast (b1c-) or slow
b2a-subunit (3, 4). Later studies revealed that mutation G436R (corresponding to the
TS mutation G406R in humans) slows channel activation and deactivation, which
may augment the arrhythmogenic effects of this mutation (33). Splawski et al. (2)
emphasize that substitution of Gly-406 by different amino acids reduces inactivation
similar to G406R. This finding was supported by data of Raybaud et al. (3) who
substituted 11 different residues for the corresponding Gly-436 in the rabbit channel
and found that all these mutations reduced voltage-dependent inactivation. How-
ever, the role of these residues in stabilization of the different conformational states
of CaV1.2 remained elusive.

Splawski et al. (2) hypothesized, in analogy to potassium channels, that Gly-406 and
Gly-402 may act as the hinge points during channel activation. Raybaud et al. (3)
discussed a potential role of G402S and G406R in helix packing. In continuation of
the work by Splawski et al. (2) and Raybaud et al. (3), we have substituted Gly-432

by residues of different physicochemical properties. Our homology model suggests
that the Timothy Gly-432 is part of a motif of tightly packed small amino acids
(Fig. 2.6, A–F). It was, therefore, interesting to compare gating changes induced by
mutations in these positions of all four S6 segments.

2.4.1 Mutations of G/A/G/A Residues Affect Activation Gating

All mutations of the TS Gly-432 and homologous Ala-780, Gly-1193, and Ala-1503

affected the stability of the channel pore. The majority of mutations induced leftward
shifts of the activation curves that were always accompanied by a slowing down
of channel deactivation, suggesting a stabilization of the open and destabilization
of the closed state (9, 24). Four mutations, G432A, G432V, G1193A, and A1503V,
induced rightward shifts of the steady-state curve and exhibited corresponding fast
activation and deactivation (Fig. 2.2 and Fig. 2.4), indicating a stabilization of the
closed channel state.

To test the structural hypothesis that size is an important determinant of pore sta-
bility (supplemental Fig. 2.8) in the G/A/G/A positions, we applied mutation-
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correlation analysis (24). In all four positions the insertion of larger residues dis-
turbed pore stability, as evident from shifts of the activation curve. In line with these
data, characteristics of amino acid size (either molecular weight or Van der Waals
volume) correlated in combination with hydrophobicity or flexibility indices with the
shifts of the activation curve (supplemental Fig. 2.8). Despite their common impact
on activation gating (all residues of G/A/G/A contribute to closed state stability),
these residues interact in a domain-specific manner with their surrounding residues.
As illustrated in supplemental Fig. 2.8, descriptors characterizing the size of the sub-
stituting residues (either molecular weight in domains I-III or Van der Waals volume
in domain IV) correlate with the shifts of the activation curves. Domain-specific
(asymmetric) contributions are evident from different impacts of hydrophobicity in-
dices (domains I-III) and side chain flexibility (domain IV). Interestingly, mutating
a small and flexible Gly-432 to a small but more rigid alanine or valine in domain I
stabilized the closed state by shifting the activation curve by 5− 7 mV. In domain
IV, replacing a rigid Ala-1503 by a flexible glycine destabilizes the closed state by
shifting the activation curve by −20 mV. The asymmetric impact of pore mutations
(i.e. domain specific contributions of G/A/G/A substitutions) on CaV1.2 gating
warrants further research.

2.4.2 Structural Model of the G/A/G/A Region

To illustrate the structural location of the TS Gly-432 and the G/A/G/A motif
residues, we refer to crystal structures of potassium channels and designed a ho-
mology model. The model supports the idea that the small amino acids are in close
contact with bulky hydrophobic residues from neighboring S6 segments, thereby
providing domain-domain interfaces (Fig. 2.6). In other words, these homologous
residues are likely to be involved in tight S6-S6 packing of the closed channel confor-
mation. If we see these interactions as stabilizing the closed conformation, then the
insertion of larger residues would be expected to disrupt the packing and destabilize
the closed state, as illustrated in supplemental Fig. 2.9.

2.4.3 Exclusive Role of Gly-432 in Channel Inactivation

In this study we asked the question of how structural changes in Gly-432 and ho-
mologous residues Ala-780, Gly-1193, and Ala-1503 affect channel inactivation. Our
data revealed a high degree of positional specificity for mutations in position Gly-
432. All mutations of Gly-432 slowed down or prevented inactivation (Fig. 2.3,
Tab. 2.1), whereas substitutions in domains II-IV did either not affect, or even ac-
celerated inactivation (Fig. 2.4 C). Parallel shifts of the activation and inactivation
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curves (Fig. 2.5) indicate that mutations in these three domains do not affect the
coupling between activation and inactivation supporting a gating scheme (R)est →
(O)pen→ (I)nactivated.

However, mutations in position Gly-432 suppress inactivation regardless of the sta-
bility of the activation gates. Any mutation that either stabilizes (e.g. G432A/V) or
destabilizes (G432S/M/N/W) the closed resting state prevents channel inactivation,
supporting a gating scheme R → O 6→ I. This is evident from Fig. 2.2 and Fig. 2.3,
illustrating the observed stabilization of the closed state (shifts of activation curve to
the right) and destabilization of the closed state (different shifts of the curve to the
left or to the right, see supplemental Fig. 2.8 A). Thus, despite the similar impact of
Gly-432 and other residues of the G/A/G/A ring in channel activation, only Gly-432

(IS6) is essential for inactivation in an “all or none” manner.

2.4.4 Conclusions and Outlook

Our structure-activity studies suggest that the TS Gly-432 in domain I of CaV1.2
forms part of a ring of small and tightly packed residues (G/A/G/A) interacting
with adjacent bulky hydrophobic amino acids. The identification of the particular
interaction partners of the G/A/G/A ring in adjacent segments remains a challenge
for future experimental studies (see Tab. 2.3). These small residues in the lower third
of the CaV1.2 S6 segments are homologous to a ring of small residues in MlotiK
and KcsA crystal structures. Systematic mutational studies and correlation analysis
of CaV revealed that hydrophobic interactions in this region stabilize the channel
closed state. The small size is apparently required for tight-fitting interactions with
neighbouring bulky residues of CaV1.2. The apparent structural homologies be-
tween KcsA and MlotiK and CaV in the pore region provide a guideline for the
alignment of S6 segments. Only mutations of the TS Gly-432 disrupted the link be-
tween activation and inactivation, whereas substitution of the other alanines or the
IIIS6 glycine in most cases simultaneously shifted activation and inactivation. The
mechanism behind the unique effect of Gly-432 mutations on inactivation remains
to be elucidated.

Ca2+ channels are expressed as a single polypeptide assembling into four pseudo-
subunits. Although the pseudo-4-fold symmetry might be maintained in S6 helices,
it is not preserved in the intracellular domains, where sequence length and interac-
tion partners vary.

It is tempting to speculate that flexibility in IS6 is required for proper transmis-
sion of b-subunit-mediated effects on inactivation. Only Gly-432 in segment IS6 is
linked to the b interaction domain (BID) located on I-II linker (35, 36). Mutations
in position Gly-432 disrupt inactivation irrespective whether the CaV1.2 comprises
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a “fast-inactivating” b1 or a “slow-inactivating” b2a-subunit (exemplified in supple-
mental Fig. 2.10), suggesting that the mutated CaV1.2 a-subunits (G432X) interact
with their b-subunits. Similar findings were previously reported for the Timothy
mutations G406R (4). We have therefore substituted a flexible glycine for a serine
one turn below Gly-432. The introduction of helix flexibility next to the TS mutation
G432S partially rescued channel inactivation (supplemental Fig. 2.10). Flexibility in
the lower third of segment IS6 may thus be a molecular determinant of b-subunit-
mediated inactivation.
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2.5 Supplemental Data
Supplemental material 

Cav1.1 I EWPWIYFVTLILLGSFFILNLVLGVLSGEFT 
Cav1.2 I  ELPWVYFVSLVIFGSFFVLNLVLGVISGEFS 
Cav1.3 I ELPWVYFVSLVIFGSFFVLNLVLGVLSGEFS 
Cav1.4 I ELPWVYFVSLVIFGSFFVLNLVLGVLSGEFS 
Cav2.1 I TWNWLYFIPLIIIGSFFMLNLVLGVLSGEFA 
Cav2.2 I TWNWLYFIPLIIIGSFFMLNLVLGVLSGEFA 
Cav2.3 I TWNWLYFIPLIIIGSFFVLNLVLGVLSGEFA 
Cav3.1 I FYNFIYFILLIIVGSFFMINLCLVVIATQFS 
Cav3.2 I FYNFIYFILLIIVGSFFMINLCLVVIATQFS 
Cav3.3 I FYNFIYFILLIIVGSFFMINLCLVVIATQFS 
Cav1.1 II MLVCIYFIILFVCGNYILLNVFLAIAVDNLA 
Cav1.2 II MLVCIYFIILFICGNYILLNVFLAIAVDNLA 
Cav1.3 II MIVCIYFIILFICGNYILLNVFLAIAVDNLA 
Cav1.4 II MLVCIYFIILFICGNYILLNVFLAIAVDNLA 
Cav2.1 II MVFSIYFIVLTLFGNYTLLNVFLAIAVDNLA 
Cav2.2 II MFSSFYFIVLTLFGNYTLLNVFLAIAVDNLA 
Cav2.3 II MWSAIYFIVLTLFGNYTLLNVFLAIAVDNLA 
Cav3.1 II SWAALYFIALMTFGNYVLFNLLVAILVEGFQ 
Cav3.2 II SWAALYFIALMTFGNYVLFNLLVAILVEGFQ 
Cav3.3 II PWASLYFVALMTFGNYVLFNLLVAILVEGFQ 
Cav1.1 III VEMAIFFIIYIILIAFFMMNIFVGFVIVTFQ 
Cav1.2 III VEISIFFIIYIIIIAFFMMNIFVGFVIVTFQ 
Cav1.3 III VEISIFFIIYIIIVAFFMMNIFVGFVIVTFQ 
Cav1.4 III VEISVFFIVYIIIIAFFMMNIFVGFVIITFR 
Cav2.1 III MEMSIFYVVYFVVFPFFFVNIFVALIIITFQ 
Cav2.2 III MELSIFYVVYFVVFPFFFVNIFVALIIITFQ 
Cav2.3 III MEMSIFYVVYFVVFPFFFVNIFVALIIITFQ 
Cav3.1 III PWMLLYFISFLLIVAFFVLNMFVGVVVENFH 
Cav3.2 III PWMLLYFISFLLIVSFFVLNMFVGVVVENFH 
Cav3.3 III PWMLLYFISFLLIVSFFVLNMFVGVVVENFH 
Cav1.1 IV NFAYYYFISFYMLCAFLVINLFVAVIMDNFD 
Cav1.2 IV SFAVFYFISFYMLCAFLIINLFVAVIMDNFD 
Cav1.3 IV NFAIVYFISFYMLCAFLIINLFVAVIMDNFD 
Cav1.4 IV NFAIAYFISFFMLCAFLIINLFVAVIMDNFD 
Cav2.1 IV EFAYFYFVSFIFLCSFLMLNLFVAVIMDNFE 
Cav2.2 IV DFAYFYFVSFIFLCSFLMLNLFVAVIMDNFE 
Cav2.3 IV DLAYVYFVSFIFFCSFLMLNLFVAVIMDNFE 
Cav3.1 IV VISPIYFVSFVLTAQFVLVNVVIAVLMKHLE 
Cav3.2 IV ALSPVYFVTFVLVAQFVLVNVVVAVLMKHLE 
Cav3.3 IV FVSPLYFVSFVLTAQFVLINVVVAVLMKHLD 
 
Fig. S1. Alignment of S6 helices from all ten human CaV channels 
 
Figure 2.7: Alignment of S6 helices from all ten human CaV channels
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Figure 2.8: Role of residue size in channel activation in S6 segments of CaV1.2.
Correlation between the shifts of the activation curves (ΔVact) and a linear combination
of descriptors characterizing the size of amino acids (either molecular weight (A, B, C)
or Van der Waals volume1 (D)) in combination with hydrophobicity indices such as Hy-
drKyteDool2 or ASA P3 (A, B, C) or a flexibility index4 (D) with the shifts of the activation
curve.

1 vdw vol – Van der Waals volume
2 HydrKyteDool – hydrophobicity (Kyte and Doolittle (1982))
3 ASA P – Water accessible surface area of all polar atoms. Accessible surface area refers to the

water accessible surface area using a probe radius of 1.4 Å.
4 tFlx - Amino acid side chain flexibility (Gottfries and Eriksson (2009))
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Figure 2.9: Schematic illustration of packing distortions due to insertion of bulky hydrophobic
residues in position G432.
Stereo view of helices IS6 (cyan) neighboring IVS6 (yellow). G432 was mutated to W432

using Deep View software (37). Unfavorable steric interactions are shown as pink dots.
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Figure 2.10: Mutation S435G partially rescue channel inactivation.
A, Averaged inactivation curves of double mutation G432S/S435G in comparison with
wild-type.
B, Representative IBa through wild-type and indicated mutant channels during depolar-
izing test pulses from −100 mV to the peak potentials of the current-voltage relationships
(see Tab. 2.1 for mean r3000 and V0.5,inact).
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3.1 Introduction

Calcium entry through voltage-gated calcium channels (CaV) initiates and controls
a large variety of cellular functions such as generation and propagation of electrical
impulses, sensory processes, muscle contraction, secretion of hormones and neuro-
transmitters, cell differentiation and gene expression [1]. Mammalian Ca2+ channel
a1-subunits are encoded by at least ten genes [7]. Depending on the potential where
voltage-gated Ca2+ channels first open during a depolarisation (so-called threshold
potential), they can be subdivided in high-voltage-activated (CaV1 – CaV2) or low-
voltage-activated (CaV3) Ca2+ channels. Different thresholds of activation were also
reported for different isoforms of high-voltage-activated Ca2+ channels [7].

We have recently shown that a point mutation (I/T) in segment IIS6 of CaV1.2 that
is associated with a channelopathy transforms the high-voltage-activated CaV1.2
channel into a low-voltage-activated channel [16, 19]. Additional gating-sensitive
residues were identified in other S6 segments of CaV1.2 [22, 28].

The molecular mechanisms underlying channelopathy mutations in CaV1.2 are cur-
rently unknown. CaV1.2 are heterooligomeric protein complexes composed of an
a1-subunit and auxiliary b and a2d subunits (see [7] for review). Their pore-forming/
voltage-sensing a1-subunit is composed of four homologous domains formed by six
transmembrane segments (S1–S6) each [6].

Compared to KV, the pore of CaV1.2 is asymmetric. The ‘helix-bending’ PXP motif
of KV1.2 is absent and the conserved glycine (corresponding to position 220 in KVAP
and 83 in MthK, see [21]) is only present in segments IS6 and IIS6 (see review by
Hering et al. [17]). We have shown that substituting proline for this glycine in IIS6

of CaV1.2 has minor effects on gating of CaV1.2 [19].

There is evidence, however, that CaV a1-subunits share a common architecture with
voltage-gated potassium channels. A cysteine scan of the pore-lining S6 segments
of CaV2.1 by Zhen et al. [36] revealed that opening and closing of the channel
changes the accessibility of cysteines in a pattern consistent with a gate localised
on the intracellular side. This view is supported by pharmacological studies. On
one hand, the inner channel mouth of CaV1.2 has to open to enable access of the
charged (quaternary) phenylalkylamine devapamil (qDev) from the cytosolic side
[3]. Interestingly, qDev has unrestricted (voltage independent) access to its binding
pocket in the vestibule, suggesting a ‘widely open’ inner channel mouth in the open
state that is in line with Poisson distribution of voltage in the open conformation of
a potassium channel [21]. On the other hand, pore-forming S6 segments are appar-
ently able to close the channel vestibule thereby restricting dissociation of organic
CaV1.2 inhibitors such as qDev [3].
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Scanning the pore-forming S6 segments with mutations to alanine [4], a bulky tryp-
tophan, a ‘helix kinking’ proline, a small flexible glycine, a small polar threonine or
aspartate or a small cysteine which can form disulfide bonds enabled the identifica-
tion of gating-sensitive positions in the pore of various voltage-gated ion channels
(e.g. [14, 19, 22, 27, 33, 35, 36]).

In the present study, we ask the question how physicochemical properties of amino
acids in gating-sensitive positions of CaV1.2 S6 segments affect the threshold of chan-
nel activation (i.e. the open-closed equilibrium).

In continuation of our previous work, we focus on the ‘bundle-crossing region’ of
segments IS6, IIS6 and IIIS6 where the channel is likely closed by tight sealing. G1193

was identified as a novel strong gating determinant in segment IIIS6. Systematic
substitution of this residue with amino acids with different properties affected pore
stability. A common kinetic phenotype was a leftward shift of the activation curve
that is accompanied by decelerated channel deactivation (see also [3, 35]).

Pivotal physicochemical properties of mutated gating determinants in segments IS6,
IIS6 and IIIS6 were identified by correlating magnitudes of the shifts of the activation
curves with descriptors of the amino acids. By means of this ‘mutation correlation
analysis’, we discovered significant links between activation gating and physico-
chemical properties in positions L434 (IS6), I781 (IIS6) and G1193 (IIIS6).
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3.2 Materials and Methods

3.2.1 Mutagenesis

The CaV1.2 a1-subunit coding sequence (GenBank
TM

X15539) in-frame 3’ to the cod-
ing region of a modified green fluorescent protein was kindly donated by Dr. M.
Grabner [12]. Substitutions in segment IS6, IIS6, and IVS6 of the CaV1.2 a1-subunit
were introduced using the QuikChange R© Lightning site-directed mutagenesis kit
(Stratagene) with mutagenic primers according to the manufacturer’s instructions.
Mutations were introduced in segment IIIS6 in position 1193 (G1193T/V/N/M/
A/Q/W/P) and positions F1191T, V1192T, F1194T, V1195T and I1196T and in IS6 in
position 434 (L434A/G/T/V/N/S/W/M).

We systematically introduced residues of different sizes, polarity/hydrophobicity,
and aromaticity. All constructs were checked by restriction site mapping and se-
quencing.

3.2.2 Cell Culture and Transient Transfection

Human embryonic kidney tsA-201 cells were grown at 5 % CO2 and 37 ◦C to 80 %
confluence in Dulbecco’s modified Eagle’s/F-12 medium supplemented with 10 %
(v/v) fetal calf serum and 100 units/ml penicillin/streptomycin. Cells were split
with trypsin/EDTA and plated on 35 mm Petri dishes (Falcon) at 30− 50 % conflu-
ence 16 h before transfection. Subsequently tsA-201 cells were co-transfected with
cDNAs encoding wild-type or mutant CaV1.2 a1-subunits with auxiliary b2a [26] as
well as a2-d1 [10] subunits. The transfection of tsA-201 cells was performed using
the FuGENE 6 transfection reagent (Roche Applied Science) following standard pro-
tocols. tsA-201 cells were used until passage number 15. No variation in channel
gating related to different cell passage numbers was observed.

3.2.3 Ionic Current Recordings and Data Acquisition

Barium currents (IBa) through voltage-gated Ca2+ channels were recorded at 22 −
25 ◦C using the patch-clamp technique [15] by means of an Axopatch 200A patch-
clamp amplifier (Axon Instruments, Foster City, CA, USA) 36− 48 h after trans-
fection. The extracellular bath solution contained (in millimoles) BaCl2 5 , MgCl2
1 , HEPES 10 , choline chloride 140 , titrated to pH 7.4 with methanesulfonic acid.
Patch pipettes with resistances of 1− 4 MΩ were made from borosilicate glass (Clark

82



3 Physicochemical Properties of Pore Residues Predict Activation Gating of CaV1.2

Electromedical Instruments, UK) and filled with pipette solution containing (in mil-
limoles) CsCl 145 , MgCl2 3 , HEPES 10 , EGTA 10 , titrated to pH 7.25 with CsOH.
All data were digitized using a DIGIDATA 1200 interface (Axon Instruments, Fos-
ter City, CA, USA), smoothed by means of a four-pole Bessel filter and saved to
disk. One hundred-millisecond current traces were sampled at 10 kHz and filtered
at 5 kHz; tail currents were sampled at 50 kHz and filtered at 10 kHz. Holding
potential of −100 mV was applied to exclude effects of inactivation on measured
parameters. Peak current at more positive holding potentials (−90 mV) was rou-
tinely measured to confirm complete recovery from inactivation. Leak currents were
subtracted digitally using average values of scaled leakage currents elicited by a
10 mV hyperpolarizing pulse or electronically by means of an Axopatch 200 am-
plifier (Axon Instruments, Foster City, CA, USA). Capacity currents were not sub-
tracted. When the pipettes were filled with pipette solution, their input resistance
ranged between 1 and 4 MΩ. The mean cell capacity was 33 ± 5 pF (n = 12). The
mean series resistance was 4.7 ± 1.9 MΩ. It was compensated (60− 85 % compensa-
tion) by the following procedure: The depth of the positive feedback was gradually
increased until oscillations (small overcompensation) appear. Even in large cells, the
time constant of the capacity current tcapacity) did not exceed 0.25 ms. The early cur-
rent phase was excluded from data processing (at least 3 · τcapacity ≈ 0.75 ms). The
pClamp software package (Version 7.0 Axon Instruments, Inc.) was used for data
acquisition and preliminary analysis. Microcal Origin 7.0 was used for analysis and
curve fitting.

Current–voltage (I–V) relationships for individual cells were normalized to the max-
imal current. Normalized I–V curves were averaged and the mean I–V curve was
fitted to the modified Boltzmann equation:

I =
Gmax · (V −Vrev)

1 + exp V0.5−V
kact

(3.1)

where I is the peak current, V is the membrane potential, Vrev is the reversal poten-
tial, Gmax is the maximal membrane conductance, V0.5 is the voltage for half-maximal
activation and kact is the slope factor.

The values of V0.5 and kact were used for calculation of the steady-state activation:

m∞ =
1

1 + exp V0.5,act−V
kact

(3.2)

Data points for activation were calculated dividing the averaged peak currents at
given potential by Gmax · (V −Vrev).

The time course of current activation was fitted to a mono-exponential function:

I(t) = A · exp
(

t
τ

)
+ C (3.3)
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where I (t) is current at time t, A is the amplitude coefficient, τ is the time constant,
and C is the steady-state current. Data are given as the mean ±S.E.

3.2.4 Calculation of Amino Acid Descriptors

Physicochemical descriptors were calculated for amino acids substituted in positions
L434 (IS6), I781 (IIS6) and G1193 (IIIS6) using the Molecular Operating Environment
(MOE; version 2008.10, Chemical Computing Group, Inc., Montreal, QC, Canada).
This software package calculates more than 300 descriptors. Examples include po-
larity measures, size and shape indices, flexibility, accessible surface area and others.
Seventeen out of 327 possible descriptors were selected to analyse their potential role
in channel gating (see supplementary Tab. 3.4 and supplementary Tab. 3.5 for list of
descriptors and calculated values).

A turn propensity scale describing the relative turn preferences of the different
amino acids in formation of transmembrane helical hairpins was taken from Monné
et al. [25] (see also [34]). The hydrophobicity scales were taken from Kyte and
Doolittle [23], Hessa et al. [18], White and Wimley [32], Guy [13], Eisenberg et al. [9]
and Hopp and Woods [20]. Rigidity and flexibility indices accounting for a series
of descriptors, i.e. number of bonds, number of rings, number of rings per atoms
in molecule, number of rotatable bonds, number of rotatable bonds per atoms in
molecule, number of rigid bonds (i.e. aromatic or double bonds), number of rigid
bonds per atoms in molecule, longest flexible chain, ditto per atoms in molecule,
number of rigid fragments, ditto per atoms in molecule, number of partial flexible
chains and ditto per atoms in molecule, were taken from Gottfries and Eriksson
[11].

3.2.5 Correlating Amino Acid Properties with ∆Vact

The capability of a given descriptor to predict the shift of the activation curve was
established by ranking the correlation coefficients and its significance (t-test). This
approach enabled the identification of a ‘leading descriptor’, i.e. the one with the
largest correlation coefficient (r) and the highest significance. Linear regressions
were calculated using the ORIGIN subroutine which also yielded correlation coeffi-
cients and their statistical significance.

Subsequently, we correlated weighted linear combinations of all 17 descriptors with
DVact. Combined descriptors were calculated as ∆D = a∆D1 + b∆D2 where ∆Di
represent the difference between descriptor values for mutant and wild-type CaV1.2.
Weighting factors (a and b) were used to estimate the contribution of each descriptor
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to correlation (see Tab. 3.3). For mutations in positions I781 (IIS6) and G1193 (IIIS6),
this approach enabled us to establish a second descriptor of relevance by ranking
the combined correlations with respect to the lowest root mean square error and the
highest r (see Tab. 3.2).

3.2.6 Correlating Amino Acid Properties with ∆G

DG in the mutant channels relative to WT channel was calculated according to the
equation:

∆G = RT
(

V0.5,mut

kmut
− V0.5,WT

kWT

)
(3.4)

with V0.5 representing the voltage of half activation and k the slope of the curve
at V0.5 (see Tab. 3.1). The shifts of the steady-state activation curves (DVact) of the
CaV1.2 mutants compared to wild-type channels and the calculated changes in free
energy DG were plotted against the descriptor values and analyzed as described
above for DVact (see supplemental data).
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Table 3.1: Pore mutations affect voltage-dependent gating of CaV1.2
Midpoints and slope factors of the activation curves, maximal peak current densities and
free energies of channel opening (ΔG) of the mutant channels are indicated. Numbers of
experiments are indicated in parentheses.

Mutant Vact [mV] k [mV]1 DG [kcal/mol] Imax [pA/pF]

Wild-type -18.6 ± 0.9 (8) 5.9 ± 0.6 15.1 ± 2.8

IS6 segment
L434A -39.3 ± 0.9 (5) 5.9 ± 0.8 -2.03 ± 0.57 13.3 ± 2.5
L434G -32.3 ± 0.7 (7) 7.6 ± 0.7 -0.63 ± 0.31 15.7 ± 2.8
L434N -22.0 ± 0.8 (6) 6.5 ± 0.7 -0.11 ± 0.30 12.3 ± 2.1
L434T -30.8 ± 1.3 (6) 6.9 ± 0.9 -0.76 ± 0.41 17.1 ± 3.0
L434V -32.6 ± 0.8 (5) 5.9 ± 0.7 -1.37 ± 0.44 12.6 ± 2.7
L434M -23.0 ± 1.2 (6) 4.6 ± 0.7 -1.08 ± 0.51 14.3 ± 3.2
L434S -28.9 ± 0.7 (6) 5.0 ± 0.5 -1.55 ± 0.42 13.7 ± 2.2
L434W No current
L434P2 No current

IIIS6 segment
F1191T -25.7 ± 1.0 (6) 7.1 ± 0.8 -0.26 ± 0.32 9.6 ± 2.5
V1192T -16.4 ± 0.9 (7) 6.9 ± 0.9 0.45 ± 0.28 9.1 ± 2.2
G1193T -49.8 ± 1.0 (7) 5.1 ± 0.6 -3.89 ± 0.72 17.5 ± 3.2
G1193V -38.1 ± 0.7 (8) 5.6 ± 0.6 -2.14 ± 0.48 12.3 ± 2.7
G1193N -46.5 ± 1.0 (5) 5.6 ± 0.8 -2.99 ± 0.73 11.2 ± 2.9
G1193M -33.6 ± 0.7 (8) 6.4 ± 0.6 -1.22 ± 0.36 8.4 ± 2.0
G1193A -12.1 ± 1.0 (6) 5.7 ± 0.7 0.60 ± 0.28 9.3 ± 1.8
G1193Q -39.2 ± 0.8 (5) 7.0 ± 0.7 -1.42 ± 0.39 9.8 ± 2.1
G1193P -37.7 ± 0.7 (7) 6.3 ± 0.6 -1.63 ± 0.39 11.3 ± 2.7
G1193W No current
F1194T -16.5 ± 0.9 (7) 7.8 ± 0.9 0.61 ± 0.26 17.3 ± 3.2
V1195T -28.9 ± 0.7 (7) 5.1 ± 0.7 -1.48 ± 0.51 18.7 ± 3.4
I1196T -26.6 ± 0.6 (9) 4.9 ± 0.6 -1.31 ± 0.44 18.4 ± 2.7

1 Changes of slope factors of mutated channels are statistically not significant (p > 0.05) compared
to WT

2 Data from Kudrnac et al. [22]
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3.3 Results

3.3.1 G1193 is a Gating-Sensitive Residue in IIIS6

We have recently shown that gradual changes in hydrophobicity in the bundle-
crossing region of transmembrane segment IIS6 gradually shift the activation curve
of CaV1.2 [17]. To investigate whether hydrophobic interactions play a similar role
in the equivalent section of segment IIIS6, we substituted the small and polar threo-
nine for each of several hydrophobic residues (F1191–I1196) of the CaV1.2 a1-subunit
(Fig. 3.1, A). Barium (Ba2+) currents were subsequently measured with the patch-
clamp technique after co-expression of the auxiliary b2a and a2-d1 subunits in tsA-
201 cells. All six threonine mutants (F1191T–I1196T) conducted ionic currents. The
largest shift in channel activation (DVact = −31.2± 1.3 mV) and the correspond-
ingly slowest kinetics of current activation and deactivation were observed for muta-
tion G1193T, suggesting a potentially important role of this glycine in CaV1.2 gating
(Tab. 3.1; G1193 is ten residues downstream from the putative glycine hinge posi-
tion). A family of inward Ba2+ currents and the corresponding activation curve of
mutant G1193T are shown in Fig. 3.1. The activation time constant of G1193T ranged
between 14.5 ms (−60 mV) and 1.8 ms (10 mV; Fig. 3.1, D) and the deactivation time
constant between 1.8 ms (−100 mV) and 14.2 ms (−60 mV).

Smaller kinetic changes were observed for mutations V1195T (DVact = −10.3
±1.1 mV), I1196T (DVact = −8.0± 1.1 mV) and F1191T (DVact = −7.1± 1.3 mV).
Other threonine substitutions had negligible effects (Tab. 3.1; see Fig. 3.1, D and F
for corresponding changes in current activation and deactivation kinetics of repre-
sentative mutants V1192T, G1193T and I1196T compared to wild-type CaV1.2).

3.3.2 Mutating G1193 to Residues with Different Properties

To gain insight into the structural requirements for stabilisation of the closed state
of the channel at this position, we then replaced G1193 with a series of residues of
different hydrophobicity, size and polarity. The resulting changes in voltage depen-
dence of CaV1.2 are illustrated in Fig. 3.2, A. Replacement of G1193 by threonine,
asparagine, glutamine, valine, methionine, proline and alanine shifts channel activa-
tion ranging from DVact of −27.9± 1.3 mV for G1193N to DVact = 6.5± 1.3 mV for
G1193A (Fig. 3.2, A; Fig. 3.1). Interestingly, the mutation G1193A shifted the activa-
tion curve towards more depolarised voltages (DVact = 6.5± 1.3 mV). Replacement
of G1193 by tryptophan results in a non-functional channel. The larger shifts in chan-
nel activation in the hyperpolarising direction were accompanied by slower kinetics
of current activation and deactivation (Fig. 3.2, B and C). We observed no significant
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Figure 3.1: Gating changes induced by threonine mutations in segment IIIS6 of CaV1.2.
A, Alignment of pore-lining S6 segments of CaV1.2. Mutated residues are shaded grey.
Previously identified gating determinants are underlined. GxxxG motif is shown in bold.
B, Averaged activation curves of wild-type (n = 8) and mutants V1192T (n = 7), G1193T
(n = 7) and I1196T (n = 9).
C, Representative families of IBa through wild-type and G1193T mutant channels during
depolarising test pulses from −100 mV. Zero current levels are indicated as dotted lines.
D, Mean time constants of channel activation of WT (n = 8) and mutants V1192T (n = 7),
G1193T (n = 7) and I1196T (n = 9) are plotted against test potential.
E, Representative tail currents of WT and G1193T channels. Currents were activated
during a 20 ms conditioning depolarisation to −10 mV for wild-type and −40 mV for
G1193T. Deactivation was recorded during subsequent repolarisations with 10 mV incre-
ments starting from −100 mV.
F, Mean time constants of channel deactivation of wild-type (n = 7) and mutants V1192T
(n = 6), G1193T (n = 6) and I1196T (n = 7) are plotted against test potential. Time con-
stants were estimated by fitting current activation and deactivation to a mono-exponential
function.
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effects on the reversal potential (data not shown) suggesting that the studied deep
pore mutations did not affect selectivity.

Figure 3.2: Gating changes induced by mutations of G1193 in segment IIIS6 of CaV1.2.
A, Averaged activation curves of the WT (n = 8) and mutants G1193T (n = 7), G1193A
(n = 6), G1193N (n = 5) and G1193V (n = 8).
B, C Mean time constants of channel activation (B) and deactivation (C) for WT and mu-
tants G1193T, G1193A, G1193N and G1193V are plotted against test potential (n = 5− 8).
Time constants were estimated by fitting current activation and deactivation to a mono-
exponential function.

3.3.3 Mutation Correlation Analysis in Position G1193

In order to get insights into possible links between channel activation and physico-
chemical properties of amino acids, regression analysis was performed for selected
descriptors (see “Materials and methods” section and supplementary Tab. 3.4), in-
cluding size, hydrophobicity, flexibility and rigidity indices, propensity to van der
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Waals interactions and others.

Descriptor values were calculated with MOE or taken from the literature (see “Ma-
terials and methods”) and plotted against the corresponding shifts of the activation
curves or calculated changes in free energy (DG). The correlations were ranked by
correlation coefficient and significance. The best correlation with DVact in position
G1193, with the highest statistical significance (t test, p < 0.009), was obtained with
the accessible surface area of all polar atoms (ASA P; Fig. 3.3). Tab. 3.2 shows the
correlation coefficients (r) for the linear regression plots of physicochemical descrip-
tors against the measured DVact. In contrast to our findings in segment IIS6 [17],
DVact did not correlate with hydrophobicity (Tab. 3.2). We subsequently searched
for optimal two-descriptor correlations by combining all 17 descriptors in pairs
(see “Materials and methods”). The most significant correlation was observed for
the combination of ASA P (leading descriptor) and the number of rotatable bonds
(Tab. 3.3). Potentially modulating effects of other physicochemical properties are
summarised in Tab. 3.3.
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Figure 3.3: The accessible surface area of all polar atoms in position G1193 (IIIS6) predicts the shift of
the activation curve.
A, Correlation between the shifts of the activation curves (ΔVact) and the changes in ac-
cessible surface area of all polar atoms (ΔASA P).
B, Correlation between ΔVact and the best linear combination of two descriptors ASA P
and b rotN (the number of rotatable bonds, see Tab. 3.3 for ranking).
C, D No correlation between ΔVact and Δb rotN or ΔVact and Δt-Rig (an amino acid
side-chain rigidity index). See complete list of descriptors in supplementary Fig. 3.7
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Table 3.2: Identification of leading descriptors predicting ΔVact.
The capability of a given descriptor to predict the shift of the activation curve was estab-
lished by ranking the correlation coefficients (r) and its significance (t-test). This approach
enabled the identification of a “leading descriptor” (L434- b rotN; I781-hydrophobicity;
G1193-ASA P, see “Materials and methods”).

Descriptor r p

L434 substitutions in segments IS6
b rotN 0.8695 0.0050

t-Flx 0.8690 0.0050

b rotR 0.8551 0.0068

a heavy 0.7793 0.0226

Weight 0.7761 0.0235

ASA 0.7685 0.0258

vdw area 0.7533 0.0309

vdw vol 0.7273 0.0408

. . .

I781 substitutions in segments IIS6
Hydrophobicity1

0.8679
3

0.0042

t-Rig -0.6910 0.0577

vdw area 0.6648 0.0720

a count 0.6538 0.0786

b rotR 0.6378 0.0888

vdw vol 0.6149 0.1047

. . .

G1193 substitutions in segments IIIS6
ASA P -0.8438 0.0084

a heavy -0.7567 0.0297

b count -0.6928 0.0567

a count -0.6890 0.0587

Weight -0.6862 0.0602

lip don -0.6834 0.0616

vdw vol -0.6609 0.0743

. . .
Hydrophobicity 0.38397 0.34769

Helix turn propensity2 -0.1713 0.6849

1 Hydrophobicity scale from Kyte and Doolittle [23]. Similar correla-
tions were obtained with other scales [9, 13, 18, 20, 32]

2 Monné et al. [25]
3 Data from Hering et al. [17]
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Table 3.3: Combined descriptor analysis.
Correlations of weighted linear combinations of all 17 descriptors (see Tab. 3.4 in Supple-
mental Data) with ΔVact. Combined descriptors were calculated as ∆D = a∆D1 + b∆D2
(see “Materials and methods”). Weighting factors (a and b) were used to estimate the
contribution of each descriptor to correlation. The fractional impacts of two amino acid
descriptors in regression are indicated in percent. The capability of a given descriptor
combination to predict the shift of the activation curve was established by ranking the
correlation coefficients (r) and its significance (t-test).

Best linear combination of descriptors R p

L434 substitutions in segments IS6
None of the 136 tested linear combinations improved the prediction of the
leading descriptor

I781 substitutions in segments IIS6
Hydrophobicity (68%) + lip acc (32%) 0.9733 <0.0001

Hydrophobicity (68%) + b rotN (32%) 0.9567 0.0001

Hydrophobicity (68%) + t-Flx (32%) 0.9477 0.0003

Hydrophobicity (73%) + ASA P (27%) 0.9343 0.0006

Hydrophobicity (63%) + vdw area (37%) 0.9266 0.0009

G1193 substitutions in segments IIIS6
−ASA P (67%) + b rotN (33%) 0.9455 0.0003

−ASA P (67%) + t-Flx (33%) 0.9232 0.0010
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3.3.4 Correlation Analysis in Gating-Sensitive Position L434 (IS6)

A similar methodological approach was used to estimate the predictive value of
amino acid properties for mutations in position L434. This amino acid was previ-
ously identified as a gating-sensitive residue in segment IS6 [22]. Mutating L434

to eight amino acids with different properties (compare with mutations in segment
IIIS6) resulted in different shifts of the activation curve (Fig. 3.4).

Figure 3.4: Gating changes induced by mutations of L434 in segment IS6 of CaV1.2.
A, Averaged activation curves of the WT (n = 8) and mutants L434A (n = 5), L434N
(n = 6) and L434V (n = 5).
B, C Mean time constants of channel activation (B) and deactivation (C) for WT and mu-
tants L434A, L434N and L434V are plotted against test potential (n = 5–8). Time con-
stants were estimated by fitting current activation and deactivation to a mono-exponential
function

The best prediction of DVact was observed for the number of rotatable bonds (b RotN,
see Tab. 3.2). A rotatable bond is defined as any single non-ring bond to a non-
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terminal heavy atom within the amino acid molecule. The regression line for b RotN
is illustrated in Fig. 3.5 (r = 0.86, p < 0.006). No improvement was observed for any
combined descriptor correlation (Tab. 3.3).

Figure 3.5: Side-chain flexibility in position L434 (IS6) predicts the shifts of the activation curve.
A, Correlation between ΔVact and Δb rotN (number of rotatable bonds).
B, Correlation with the amino acid flexibility index Δt-Flx (see Supplementary Tab. 3.4)

3.3.5 Modulation of Hydrophobic Interactions in I781 (IIS6) by other
Amino Acid Properties

In a previous study, we found a highly significant correlation between changes in
hydrophobicity (DH) and DVact for mutations in position I781 of segment IIS6 [17].
This correlation suggested that either the closed channel state is stabilised by hy-
drophobic interactions with neighbouring residue or a stabilisation of the open state
by exposure of more polar residues in this position to water, or both. Here we con-
firmed the leading role of hydrophobicity in this position by accounting for all 17

descriptors in this position (r = 0.86 and p < 0.005; see Tab. 3.3). Improved correla-
tions were obtained for several descriptor combinations (e.g. hydrophobicity and the
number of O and N atoms, with r = 0.97 and p < 0.0001; see Tab. 3.3 for improved
correlations for other amino acid properties).
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3.4 Discussion

We have previously reported that the shift of the activation curve induced by point
mutations in segment IIS6 correlates with changes in hydrophobicity in a cluster of
residues in segment IIS6 (779–784: LAIA) and particularly in position I781 (see [17]
for review). Mutations of I781 in the a1-subunit of CaV1.2 to residues of different
hydrophobicity, size and polarity all shifted channel activation in the hyperpolaris-
ing direction with I781P causing the most severe (−37 mV shift) effect [19]. Muta-
tions in position I781 decelerated activation and deactivation, and the shifts to more
hyperpolarized voltages usually correlate with slower activation kinetics. Similar
shifts of the activation curve and even more dramatic slowing of the activation and
deactivation kinetics were observed in NaChBac when a conserved glycine 219 (cor-
responding to a putative hinge glycine in S6 of most K+ channels) was mutated to
a helix breaking proline [35]. Furthermore, when a locus of conserved hydropho-
bic residues in pore/gate-forming segment IVS6 of CaV2.3 (1718–1722: VAVIM) was
systematically replaced by flexible glycines, slow deactivation of mutants A1719G
and V1720G was accompanied by a −20 mV shift of the activation curve [27]. Thus,
leftward shifts of the activation curve and slowing down of current activation in CaV
are induced by mutations to amino acids with different physicochemical properties.
Interestingly, the leftward shifts in the steady-state activation curves and the decel-
eration of the activation and deactivation resemble very much the action of L-type
Ca2+ channel agonists such as BayK 8644 (see also [19]). Here we investigate whether
these properties (descriptors) predict the measured shifts of the activation curve.

3.4.1 G1193 is a Gating-Related Residue in Segment IIIS6

Mutating the hydrophobic residues of the ‘bundle-crossing’ region of segment IIIS6

(Fig. 3.1 A) to the small and polar threonine revealed a gating-sensitive residue at
position G1193. Mutations of G1193 caused the largest changes in gating of CaV1.2
as measured by activation curves and current deactivation kinetics (Fig. 3.1 B-F and
Fig. 3.2).

3.4.2 Changes in the accessible surface area of all polar atoms in
position G1193 (IIIS6) predict the shifts of the activation curve

Crystal structures of KcsA, KVAP and MthK potassium channels revealed that a
flexible glycine at analogous positions 99, 220 and 83 provides a hinge point for he-
lix bending of KV during channel opening [21, 24, 35]. Mutation of the analogous
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glycine in NaChBac (G219P) to proline, which forces an a-helix into a bent confor-
mation, substantially slowed deactivation and shifted the activation curve [36]. The
functional role of S6 glycines and the positions for helix bending during channel acti-
vation of CaV remain unclear. No correlations either with side-chain rigidity or with
helix turn propensity were observed for mutations of G1193 (Fig. 3.3 D; Tab. 3.2; lo-
calised ten residues downstream from the putative glycine hinge position). We then
examined the effect of side-chain size because we suspected that if the structure
around G1193 were tightly packed, the small size of glycine might be functionally
important. No significant correlation with the mass of the substituted residues was
found (p > 0.05; Tab. 3.3). However, a significant correlation between DVact and
the accessible surface area of all polar atoms was observed (ASA P; Fig. 3.3 A and
B). Since ASA P would indicate more favourable energy for solvation in water [8,
29, 31] than packing in the interior of a protein, this relationship suggests that the
open gate conformation either exposes this position to more water than the closed
conformation or allows the side chain to avoid unfavourable interactions with other
residues, or both.

3.4.3 Number of Rotatable Bonds and a Side-Chain Amino Acid
Flexibility Index Predict the Shift of the Activation Curve by
Mutations in Position L434 (IS6)

A strong correlation (r = 0.86, p < 0.006) between the number of rotatable bonds
and DVact was observed for mutations of L434 in segment IS6 (Fig. 3.4 and Fig. 3.5).
These data suggest that a certain degree of side-chain flexibility of residues in this
position of the ‘bundle-crossing region’ is necessary for normal channel gating. A
flexibility index introduced by Gottfries and Eriksson [11] for amino acids confirms
the role of side-chain flexibility in this position. Interestingly, the gating-sensitive
L434 occupies the central position of a GxxxG motif (Fig. 3.1 A) which is known
to allow backbone–backbone helix interactions in a hydrophobic environment [5].
The GxxxG motif participates in helix packing typically in a way where glycines
allow close contacts between helices crossing at angles atypical of ‘knobs-into-holes’
packing. Other larger residues in these positions would probably tend to clash with
atoms of the adjacent helix. L434 is located in the middle of this pattern (i.e. on the
opposite face) and thus would not be involved in the helix–helix interactions that
involve the glycines. We speculate that L434 is involved in interactions with other
helices (e.g. if the glycines are involved with S6–S6 interactions than L434 could
interact with S5 or L45 linker).
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3.4.4 Co-Correlations Provide Additional Insight into Modulatory
Properties of Amino Acid Residues

In positions L434 (IS6), I781 (IIS6) and G1193 (IIIS6), we identified different leading
descriptors providing the highest correlations with a single amino acid descriptor. A
side-chain flexibility index, hydrophobicity and the accessible surface area of polar
atoms predicted the shifts of the activation curves induced by mutations in the cor-
responding positions (Fig. 3.3, Fig. 3.5 and Fig. 3.6). We performed a co-correlation
analysis where DVact was correlated with any of the 136 weighted linear combina-
tion of two descriptors (see supplementary Tab. 3.4 for complete list of descriptors
combined for co-correlations). The predictive capability of side-chain flexibility in
position L434 (i.e. number of rotatable bonds or the related amino acid descriptor
Dt-Flx) was not improved by any of the 136 co-correlations tested.

Analysing all linear combinations between two descriptors for mutations in posi-
tion I781 and G1193 revealed some very strongly linear predictions of DVact. The
leading descriptor was found to be always one out of the best correlating descrip-
tor pairs. The fractional weighting of the leading descriptors in the best-ranking
combinations ranged from 60 % to 83 % (see Tab. 3.3, examples are illustrated in
Fig. 3.3 B and Fig. 3.6 B and D). The second descriptors alone had no predictive
capability (Fig. 3.3 C and Fig. 3.6 D). The best prediction of DVact for mutations in
position I781 was obtained for a combination of DHydrophobicity and the number
of hydrogen bound acceptors (N and O atoms) with second best ranking of the com-
bination DHydrophobicity and a side-chain flexibility index. These data suggest that
hydrogen bonding and side-chain flexibility in this position affect the closed-open
equilibrium. The same analysis for mutations in position G1193 revealed better cor-
relations for the combination of the accessible surface area of all polar atoms with
one of the side-chain flexibility.

The improved predictive capability of combined descriptors suggests that the dom-
inating interaction (leading descriptor) in selected positions can be modulated by
additional interactions (see Tab. 3.3 for other potentially modulating interactions in
position I781, e.g. side-chain flexibility, van der Waals interactions and others).

3.4.5 Link between ∆Vact and Changes in Free Energy (∆G)

Replacing pore residues by amino acids with different physicochemical properties
affects the free energy of CaV1.2 gating. Estimation of changes in free energies and
cycle mutant analyses in voltage-gated ion channels enabled important insights into
the energetics of channel opening (e.g. [30, 33]; see [22] for a study on CaV1.2).
Accordingly, we have calculated the changes of free energy during the activation
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Figure 3.6: Hydrophobicity in position I781 (IIS6) predicts the shifts of the activation curve.
A, Correlation between ΔVact and changes in hydrophobicity.
B, The best prediction of ΔVact by a linear combination of two descriptors was obtained
forΔHydrophobicity andΔlip acc (number of O and N atoms; hydrogen bond acceptors).
C, Second best co-correlation was observed for ΔHydrophobicity and Δb rotN (see also
Tab. 3.3).
D, No correlation between ΔVact and Δlip acc (see supplementary Tab. 3.4).

99



3 Physicochemical Properties of Pore Residues Predict Activation Gating of CaV1.2

of wild-type and all IS6, IIS6 and IIIS6 CaV1.2 mutants. DVact and DG correlate
strongly (supplementary Fig. 3.7). Nevertheless, DG deduced from a Boltzmann
distribution reflects not only the energy of pore opening but also the energy of volt-
age sensor transition. In general, it can be assumed that mutations in the pore region
do not disturb the voltage sensor transition and that DG of S6 mutations reflects the
changes in the pore. However, some mutations apparently affect the transition of the
voltage-sensing machinery from the resting to the activated state (e.g. I780P (IIS6)
in [2]). Changes in the slope factor reflect changes in δ ·Z, where Z is the charge
and δ is a fraction of membrane potential that the voltage sensors cross during their
movement. Obviously the mutations in the pore are unable to change the charge
Z. They may, however, modify the fraction of the effective membrane potential by
releasing or restricting voltage sensor movements. Minor changes in the slope factor
(see Tab. 3.1) have effects on the calculated DG and may affect correlations. For the
studied S6 mutations, DG and DVact appeared to be equivalent measures of the pore
energetics. This may, however, not always be the case and care has to be taken with
pore mutations that significantly change the slope factor (e.g. I1196T; Tab. 3.1) or
significantly change the kinetics of channel opening and closure (A780P [2]).
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3.5 Conclusions and Outlook

Mutations in the bundle-crossing region of pore-forming S6 segments frequently
shift the activation curves along the voltage axis and affect the kinetics of channel
gating. Making use of mutation correlation analysis, we identified descriptors of side
chains at specific positions that predict these changes in channel activation gating.
In segment IS6 (L434), DVact correlated with the number of rotatable bonds reflect-
ing side-chain flexibility. In position G1193 in segment IIIS6, DVact depended on
the accessible surface area of all polar atoms, and in position I781, DVact correlated
with hydrophobicity. Leading descriptors were identified by single and combined
correlation analysis (i.e. correlations between DVact and all possible pairs of amino
acid descriptors were analysed). Correlation analysis emerges thus as a useful tool
to unravel the importance of particular amino acid properties in pore-lining S6 seg-
ments. Different leading descriptors in different S6 segments indicate individual
contributions of four homologous but not identical domains in CaV1.2 gating.
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3.6 Supplemental Data

Supplementary Fig. 1 Correlation between �Vact and changes in free energy (�G)

Each point represents the mean value of �Vact and �G (n≥5) of all studied mutants. 

Figure 3.7: Correlation between ΔVact and changes in free energy (ΔG).
Each point represents the mean value of ΔVact and ΔG (n ≥ 5) of all studied mutants.
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Table 3.4: Amino acid descriptors.
List of descriptors and their abbreviations used for correlation analysis.

Descriptors Abbreviation

Number of atoms (including implicit hydrogens) a count

Number of heavy atoms a heavy

Number of hydrophobic atoms a hyd

Water accessible surface area calculated using a radius
of 1.4 Å for the water molecule

ASA

Water accessible surface area of all polar atoms.
Accessible surface area refers to the water accessible
surface area using a probe radius of 1.4 Å

ASA P

Number of bonds (including implicit hydrogens) b count

Number of rotatable bonds. Topological parameter is
a measure of molecular flexibility. A bond is rotatable
if it has order 1, is not in a ring, and has at least two
heavy neighbors

b rotN

Hydropathy index of an amino acid
(number representing the hydrophobic or
hydrophilic properties of its side-chain)

Hydrophobicity1

Turn propensity scale for transmembrane helices Helix turn propensity2

The number of O and N atoms lip acc

The number of OH and NH atoms lip don

Log of the octanol/water partition coefficient logP(o/w)

Amino acid side chain flexibility t-Flx3

Amino acid side chain rigidity t-Rig3

Area of van der Waals surface vdw area

Van der Waals volume vdw vol

Molecular weight weight

1 Kyte and Doolittle (1982)
2 Monne et al. (1999)
3 Gottfries and Eriksson (2009)
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Table 3.5: Calculated amino acid descriptors.Calculated values of descriptors for each amino acid.

Amino
acid

a count a heavy a hyd ASA [Å2] ASA P [Å2] b count

A 13 6 2 242.74324 0 12

C 14 7 2 273.85648 224.60548 13

D 15 9 2 278.12979 225.49535 14

E 18 10 3 313.17535 235.8358 17

F 23 12 8 360.759 135.49438 23

G 10 5 1 217.82974 0 9

H 20 11 4 332.29614 208.60524 20

I 22 9 5 310.68332 143.2991 21

K 25 10 5 361.34518 217.77553 24

L 22 9 5 322.46146 181.95142 21

M 20 9 5 337.17654 184.87408 19

N 17 9 2 291.38504 247.48032 16

P 17 8 4 279.61813 86.08024 17

Q 20 10 3 323.83051 249.88791 19

R 27 12 4 389.96347 291.78641 26

S 14 7 2 259.00809 200.8197 13

T 17 8 3 280.57605 180.75769 16

V 19 8 4 289.1181 170.4135 18

W 27 15 10 393.14545 202.4926 28

Y 24 13 8 372.37411 232.85223 24

Amino
acid

b rotN lip acc lip don logP(o/w) vdw area [Å2] vdw vol [Å3]

A 1 3 1 -0.538 107.75999 111.04782

C 2 3 1 -0.428 129.56839 132.36894

D 3 5 1 -1.165 135.29059 140.78549

E 4 5 1 -0.723 152.52267 165.21468

F 3 3 1 0.997 178.25824 226.02168

G 1 3 1 -1 90.52791 86.61864

H 3 5 2 -1.307 161.0999 190.2766

I 3 3 1 0.876 160.8013 184.33536

K 5 4 2 -0.469 176.59799 202.89105

104



3 Physicochemical Properties of Pore Residues Predict Activation Gating of CaV1.2

L 3 3 1 0.876 160.8013 184.33536

M 4 3 1 0.117 165.9369 182.28906

N 3 5 2 -2.02 143.85384 151.32716

P 1 3 1 0.178 122.67898 147.62587

Q 4 5 2 -1.578 161.08592 175.75635

R 5 6 4 -0.542 204.6192 227.01431

S 2 4 2 -1.573 117.78994 119.57003

T 2 4 2 -1.111 135.02202 143.99921

V 2 3 1 0.434 143.56921 159.90617

W 3 4 2 1.363 200.41324 271.36938

Y 3 4 2 0.689 188.28818 234.5439

105



3 Physicochemical Properties of Pore Residues Predict Activation Gating of CaV1.2

3.7 References

1. Berridge MJ (2003) Cardiac calcium signalling. Biochem Soc Trans 31:930–933

2. Beyl S, Kügler P, Kudrnac M, Hohaus A, Hering S, Timin E (2009) Different
pathways for activation and deactivation in CaV1.2: a minimal gating model. J
Gen Physiol 134:231–241

3. Beyl S, Timin EN, Hohaus A, Stary A, Kudrnac M, Guy RH, Hering S (2007)
Probing the architecture of an L-type calcium channel with a charged pheny-
lalkylamine: evidence for a widely open pore and drug trapping. J Biol Chem
282:3864–3870

4. Blaber M, Zhang XJ, Matthews BW (1993) Structural basis of amino acid alpha
helix propensity. Science 260:1637–1640

5. Brosig B, Langosch D (1998) The dimerization motif of the glycophorin A trans-
membrane segment in membranes: importance of glycine residues. Protein Sci
7:1052–1056

6. Catterall WA (2000) Structure and regulation of voltage-gated Ca2+ channels.
Annu Rev Cell Dev Biol 16:521–555

7. Catterall WA, Perez-Reyes E, Snutch TP, Striessnig J (2005) International Union
of Pharmacology. XLVIII. Nomenclature and structure–function relationships
of voltage-gated calcium channels. Pharmacol Rev 57:411–425

8. Chothia C (1974) Hydrophobic bonding and accessible surface area in proteins.
Nature 248:338–339

9. Eisenberg D, Weiss RM, Terwilliger TC (1984) The hydrophobic moment de-
tects periodicity in protein hydrophobicity. Proc Natl Acad Sci U S A 81:140–144

10. Ellis SB, Williams ME, Ways NR, Brenner R, Sharp AH, Leung AT, Campbell
KP, McKenna E, Koch WJ, Hui A et al (1988) Sequence and expression of mR-
NAs encoding the alpha 1 and alpha 2 subunits of a DHP-sensitive calcium
channel. Science 241:1661–1664

11. Gottfries J, Eriksson L (2009) Extensions to amino acid description. Mol Divers.
doi:101007/s11030-009-9204-2

12. Grabner M, Dirksen RT, Beam KG (1998) Tagging with green fluorescent pro-
tein reveals a distinct subcellular distribution of L-type and non-L-type Ca2+

channels expressed in dysgenic myotubes. Proc Natl Acad Sci U S A 95:1903–-
1908

106



3 Physicochemical Properties of Pore Residues Predict Activation Gating of CaV1.2

13. Guy HR (1985) Amino acid side-chain partition energies and distribution of
residues in soluble proteins. Biophys J 47:61–70

14. Hackos DH, Chang TH, Swartz KJ (2002) Scanning the intracellular S6 activa-
tion gate in the shaker K+ channel. J Gen Physiol 119:521–532

15. Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ (1981) Improved patch-
clamp techniques for high-resolution current recording from cells and cell-free
membrane patches. Pflugers Arch 391:85–100

16. Hemara-Wahanui A, Berjukow S, Hope CI, Dearden PK, Wu SB, Wilson-Wheeler
J, Sharp DM, Lundon-Treweek P, Clover GM, Hoda JC, Striessnig J, Marksteiner
R, Hering S, Maw MA (2005) A CACNA1F mutation identified in an X-linked
retinal disorder shifts the voltage dependence of CaV1.4 channel activation.
Proc Natl Acad Sci U S A 102(21):7553–7558

17. Hering S, Beyl S, Stary A, Kudrnac M, Hohaus A, Guy HR, Timin E (2008) Pore
stability and gating in voltage-activated calcium channels. Channels 2:61–69

18. Hessa T, Kim H, Bihlmaier K, Lundin C, Boekel J, Ersson H, Nilsson I, White
SH, von Heijne G (2005) Recognition of transmembrane helices by the endo-
plasmic reticulum translocon. Nature 433:377–381

19. Hohaus A, Beyl S, Kudrnac M, Berjukow S, Timin EN, Marksteiner R, Maw
MA, Hering S (2005) Structural determinants of L-type channel activation in
segment IIS6 revealed by a retinal disorder. J Biol Chem 280:38471–38477

20. Hopp TP, Woods KR (1981) Prediction of protein antigenic determinants from
amino acid sequences. Proc Natl Acad Sci U S A 78:3824–3828

21. Jiang Y, Lee A, Chen J, Cadene M, Chait BT, MacKinnon R (2002) The open
pore conformation of potassium channels. Nature 417:523–526

22. Kudrnac M, Beyl S, Hohaus A, Stary A, Peterbauer T, Timin E, Hering S (2009)
Coupled and independent contributions of residues in IS6 and IIS6 to activa-
tion gating of CaV1.2. J Biol Chem 284:12276–12284

23. Kyte J, Doolittle RF (1982) A simple method for displaying the hydropathic
character of a protein. J Mol Biol 157:105–132

24. Magidovich E, Yifrach O (2004) Conserved gating hinge in ligand- and voltage-
dependent K+ channels. Biochemistry 43:13242–13247
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(2006) The role of the GX9GX3G motif in the gating of high voltage-activated
Ca2+ channels. J Biol Chem 281(51):39424–39436

29. Rose GD, Geselowitz AR, Lesser GJ, Lee RH, Zehfus MH (1985) Hydrophobic-
ity of amino acid residues in globular proteins. Science 229:834–838

30. Sadovsky E, Yifrach O (2007) Principles underlying energetic coupling along
an allosteric communication trajectory of a voltage-activated K+ channel. Proc
Natl Acad Sci U S A 104:19813–19818

31. Sharp KA, Nicholls A, Friedman R, Honig B (1991) Extracting hydrophobic free
energies from experimental data: relationship to protein folding and theoretical
models. Biochemistry 30:9686–9697

32. White SH, Wimley WC (1999) Membrane protein folding and stability: physical
principles. Annu Rev Biophys Biomol Struct 28:319–365

33. Yifrach O, MacKinnon R (2002) Energetics of pore opening in a voltage-gated
K+ channel. Cell 111:231–239

34. Zhao Y, Scheuer T, Catterall WA (2004) Reversed voltage-dependent gating of
a bacterial sodium channel with proline substitutions in the S6 transmembrane
segment. Proc Natl Acad Sci U S A 101:17873–17878

35. Zhao Y, Yarov-Yarovoy V, Scheuer T, Catterall WA (2004) A gating hinge in Na+

channels; a molecular switch for electrical signaling. Neuron 41:859–865

36. Zhen XG, Xie C, Fitzmaurice A, Schoonover CE, Orenstein ET, Yang J (2005)
Functional architecture of the inner pore of a voltage-gated Ca2+ channel. J
Gen Physiol 126:193–204

108



4 Neutralization of a Single Voltage
Sensor (IIS4) Affects Gating
Determinants in all Four Pore Forming
S6 Segments of CaV1.2

Beyl S, Depil K, Hohaus A, Stary-Weinzinger A, Linder T, Timin E,

Hering S.

Submitted to Journal of General Physiology, 2012 Jun

109



4 Neutralization of a Single Voltage Sensor Affects Gating Determinants in CaV1.2

4.1 Introduction

Hodgkin and Huxley (1952) hypothesized that activation of voltage-gated ion chan-
nels is initiated by movement of charged particles across the membrane. This charge
movement (called “gating current”) was later directly measured for sodium chan-
nels (Armstrong & Bezanilla, 1973). Crystal structures of ion channels revealed that
four domains in NaV or in KV comprise 6 transmembrane segments (S1-S6) that
are assembled in a way that S1-S4 form the voltage-sensing module and the re-
maining S5 and S6 segments form the ion-conducting pore (Payandeh et al., 2010;
Long et al., 2005). In principle, the voltage-sensing and ion-conducting modules
can function independently of one another (Long et al., 2005): voltage sensors can
exist without ion pores (Murata et al., 2005; Ramsey et al., 2006; Sasaki et al., 2006)
and 2-transmembrane-segment channels (2 TM) function without voltage sensors
(Catterall, 2010).

Gating-sensitive positions in the pore of CaV have been identified through extensive
site-directed mutagenesis studies (Hohaus et al., 2005; Zhen et al., 2005; Raybaud et
al., 2006, 2007; Kudrnac et al., 2009; Wall-Lacelle et al., 2011). Changes in stability
of the open and/or closed states induced by pore mutations (Zhao et al., 2004a,b;
Hohaus et al. 2005) or e.g. Zn2+ bridges constraining the S4 movement (Phillips and
Swartz, 2010) are manifested in shifts of the activation curve and accompanying de-
celeration of deactivation kinetics. Interestingly, such gating distortions are charac-
teristic of a CACNA1F mutation identified in an X-linked retinal disorder (Hemara-
Wahanui et al., 2005) and the Timothy syndrome (Splawski et al., 2004; Splawski et
al., 2005; Depil et al., 2011). Biophysical models describe voltage sensor movements
and pore opening in KV as separate transitions (Schoppa & Sigworth, 1998c; Ledwell
& Aldrich, 1999; Horn et al., 2000; Yifrach & MacKinnon, 2002, Bezanilla, 2000 for
review). Based on these assumptions, the kinetic properties of mutants with gat-
ing disturbances in pore-forming S6 segments of NaV (e.g. NaChBac, Zhao et al.,
2004a,b) and CaV (Beyl et al, 2009) have successfully been quantified.

The opening of the Shaker KV channel involves multiple activation steps as the S4

segments move from the resting state towards the activated state, which is followed
by a concerted opening transition of the S6 gate. This concept of Ledwell and
Aldrich (1999) is supported by biophysical studies in Shaker KV (Bezanilla et al.,
1994; Hoshi et al., 1994; Stefani et al., 1994; Zagotta et al., 1994a,b; Schoppa & Sig-
worth, 1998a,b,c; Smith-Maxwell et al., 1998a,b; Ledwell & Aldrich, 1999; Hackos et
at., 2002, Sukhareva et al., 2003; del Camino et al., 2005; Pathak et al., 2005).

Surprisingly, in a concatenated Shaker KV, a single voltage sensor is sufficient to
open and close the channel (Gagnon and Bezanilla, 2009). Furthermore, a recent
molecular dynamics simulation of a potassium channel revealed that the downward
movement of a single S4 segment can initiate channel closure (Jensen et al. 2012).
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Thus, if channel closure is a concerted movement of all four S6 gates then one S4 seg-
ment either directly or allosterically controls gating structures in all four domains.

Here we analyze the link between a voltage sensor and gating structures by com-
bining pore mutations in all four S6 segments in a calcium channel (CaV1.2) with
a voltage sensing S4 segment where the charged residues were replaced by neutral
glutamines. Our results suggest that conformational changes in a single S4 segment
(IIS4) are transmitted to specific residues (GAGA ring, Depil et al. 2011) in all four
pore-forming S6 segments.
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4.2 Methods

4.2.1 Mutagenesis

Substitutions in S4 and S6 segments of the CaV1.2 a1-subunit (GenBank
TM

X15539)
were introduced using the QuikChange R© Lightning Site-Directed Mutagenesis Kit
(Stratagene) with mutagenic primers according to the manufacturer’s instructions.
All constructs were checked by restriction site mapping and sequencing.

4.2.2 Cell Culture and Transient Transfection

Human embryonic kidney tsA-201 cells were grown at 5 % CO2 and 37 ◦C to 80 %
confluence in Dulbecco’s modified Eagle’s/F-12 medium supplemented with 10 %
(v/v) fetal calf serum and 100 units/ml penicillin/streptomycin. Cells were split
with trypsin/EDTA and plated on 35 mm Petri dishes (Falcon) at 30− 50 % conflu-
ence 16 h before transfection. Subsequently tsA-201 cells were co-transfected with
cDNAs encoding wild-type or mutant CaV1.2 a1-subunits with auxiliary b2a (Perez-
Reyes et al., 1992) as well as a2-d1 (Ellis et al., 1988) subunits.

The transfection of tsA-201 cells was performed using the FuGENE 6 Transfection
reagent (Roche) following standard protocols. tsA-201 cells were used until passage
number 15. No variation in channel gating related to different cell passage numbers
was observed.

4.2.3 Ionic Current Recordings and Data Acquisition

Barium currents (IBa) through voltage-gated Ca2+ channels were recorded at 22 −
25 ◦C by patch-clamping (Hamill et al., 1981) using an Axopatch 200A patch clamp
amplifier (Axon Instruments, Foster City) 36− 48 h after transfection. The extra-
cellular bath solution (in mmol: BaCl2 5 , MgCl2 1 , HEPES 10 , choline-Cl 140 )
was titrated to pH 7.4 with methanesulfonic acid. Patch pipettes with resistances of
1− 4 MΩ were made from borosilicate glass (Clark Electromedical Instruments, UK)
and filled with pipette solution containing (in mmol: CsCl 145 , MgCl2 3 , HEPES
10 , EGTA 10 ), titrated to pH 7.25 with CsOH. All data were digitized using a
DIGIDATA 1200 interface (Axon Instruments, Foster City), smoothed by means of
a four-pole Bessel filter and saved to disk. 100 ms current traces were sampled at
10 kHz and filtered at 5 kHz; tail currents were sampled at 50 kHz and filtered at
10 kHz. Leak currents were subtracted digitally using average values of scaled leak-
age currents elicited by a 10 mV hyperpolarizing pulse or electronically by means of
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an Axopatch 200 amplifier (Axon Instruments, Foster City). Series resistance and off-
set voltage were routinely compensated for. The pClamp software package (Version
7.0 Axon Instruments, Inc.) was used for data acquisition and preliminary analysis.
Microcal Origin 7.0 was used for analysis and curve fitting.

The voltage dependence of activation was determined from I-V curves and fitted
to

m∞ =
1

1 + exp V0.5,act−V
kact

(4.1)

The time course of current activation was fitted to a mono-exponential function:

I(t) = A · exp
(

t
τ

)
+ C (4.2)

where I (t) is current at time t, A is the amplitude coefficient, τ is the time constant,
and C is the steady-state current. Data are given as the mean ±S.E. Time constants
were plotted versus voltage (e.g. Fig. 4.1 C). The left branch of the bell-shaped curve
of the time constants corresponds to channel deactivation and the right branch to
the activation (see Hodgkin and Huxley, 1952). At voltages where channel activation
and deactivation overlap (peak of the bell-shaped dependence) the data are given as
averaged values of both time constants.

4.2.4 Confocal Imaging

Images were obtained 30 h after transfection. The images were acquired with a Zeiss
Axiovert 200 M microscope equipped with an LSM 510 laser scanning module, using
a 63× (1.4 NA) oil immersion objective. Fluorescence from GFP-tagged CaV1.2 a1-
subunits was excited at 488 nm using an argon laser, and emitted light was recorded
with a 505− 530 nm bandpass filter. The plasma membrane was stained with 2 µm
FM4-64 (an amphiphilic styryl dye, Molecular Probes). The dye was detected with
a helium-neon laser (excitation, 543 nm) in combination with a 650 nm long pass
filter. The instrument was operated in the multitracking mode to minimize channel
cross-talk. Pinholes were adjusted to obtain optical slices of 1 µm thickness for each
channel.

4.2.5 Modeling

The homology model of CaV1.2 is based on the NavAb crystal structure (Payandeh
et al., 2011) (protein databank identifier: 3RVY). Modeller 9v7 (Eswar et al., 2006)
was used to generate the model. Modeling criteria have been published previously
(Stary et al., 2008).
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4.2.6 Online Supplemental Material

The role of individual arginines (R650Q, R653Q, R656Q, R662Q) and lysine (K659Q)
in segment IIS4 in CaV1.2 gating is presented in Supplemental Materials.

Localization of wild-type and mutant CaV1.2 a1-subunits within tsA-201cells is pre-
sented in Supplemental Materials (Fig. 4.7). Additional substitutions of residues
431-434 in segment IS6 and effect of IIS4 neutralization on gating perturbations are
presented in Supplemental Materials (Fig. 4.8).
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4.3 Results

4.3.1 Charge Neutralization in IIS4 Induces Only Small Gating
Disturbances in CaV1.2

The location of the arginine and lysine residues (which we refer to as R1-R5) in
the S4 segments is shown in Fig. 4.1 (A and B). We will use the designation S4N
for a mutant with a “charge-neutralized” S4 segment in which all the positions R1-
R5 are replaced by glutamines. Currents were measurable only through construct
IIS4N (Tab. 4.1); while mutants IS4N, IIIS4N and IVS4N did not result in expression
of channels that conducted barium currents. This finding can either be explained by
insufficient trafficking of the constructs to the membrane or by an impaired function
of the channels. Applying a more negative holding potential (−140 mV) had no
effect suggesting that these constructs are not in an inactivated state. Subsequent
analysis of the subcellular distribution of GFP-tagged constructs revealed that IS4N,
IIIS4N and IVS4N are less efficiently targeted to the membrane (see supplemental
Fig. 4.7).

Channel gating of IIS4N was quite similar to wild type (wt); no significant shift
in the activation curve was observed (∆V = 1.2± 1.2 mV, Fig. 4.1). The role of
individual IIS4 charges in CaV1.2 gating is presented in Supplemental Materials
(Fig. 4.6, Tab. 4.1). At first glance, these results suggest that one or more of the other
segments (IS4, IIIS4 and IVS4) play a role in voltage-dependent gating, while IIS4

has only a minor impact. However, combining IIS4N with mutations in S6 segments
revealed, that it had a significant impact on channel activation.

4.3.2 Charge Neutralization in Segment IIS4 Rescues Gating
Disturbances in the GAGA Ring in Segments IS6-IVS6

First we combined IIS4N with perturbing pore mutations in a highly conserved
structure motif (“GAGA ring”, Depil et al. 2011) of small residues in homolo-
gous positions of all four domains (Gly-432 (IS6), Ala-780 (IIS6), Gly-1193 (IIIS6),
Ala-1503 (IVS6)). All of these mutations have been shown to shift the activation
curve to the left and to decelerate deactivation (see also Beyl et al., 2009; Raybaud
et al., 2007; Hohaus et al., 2005; Kudrnac et al., 2009; Tadross et al., 2010). For
example, mutant G432W activates and deactivates (Fig. 4.2 A, C and D) with the
slowest activation/deactivation time constant of about 18 ms observed at −50 mV
(Fig. 4.2 D). However, gating disturbances induced by G432W in IS6 were “rescued”
by combination with IIS4N. In G432W/IIS4N, the shift of the activation curve com-
pared to wild type (∆V = V0.5,mut–V0.5,wt) was eliminated (∆V = −0.5± 1.1 mV
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Figure 4.1: Charge neutralization in segment IIS4 of CaV1.2 has minor effects on activation gating.
A, alignment of S4 segments of NavAb (protein databank identifier: 3RVY), KVAP (protein
data bank identifier: 1ORS), KV1.2/2.1 (protein data bank identifier: 2R9R) and CaV1.2
(accession number: P15381). Charged residues are blue.
B, left panel shows representative families of IBa through wild-type cannel and chan-
nel with the “charge-neutralized” IIS4 segment (IIS4N) starting from threshold potential
(−50 mV). Barium currents were evoked during depolarizing test pulses from a holding
potential of −100 mV (increments, 10 mV). Right panel shows representative tail currents.
Currents were activated during a −20 ms conditioning depolarization to 0 mV. Deacti-
vation was recorded during subsequent repolarisations with 10 mV increments starting
from −100 mV.
C, left panel: averaged activation curves of wild-type (n = 9) and IIS4N (n = 11) channels
and right panel voltage dependent time constants of channel activation/deactivation.
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(G432W/IIS4N) vs. −14.9± 1.0 mV (G432W), Fig. 4.2) and current kinetics were cor-
respondingly faster with a maximal activation/deactivation time constant of about
5 ms at −20 mV (Fig. 4.2 A, C, D). A similar result was obtained with G432N,
shifting the activation curve to the left. Combining G432N with IIS4N reversed
this shift (∆V = −3.3± 1.1 mV (G432N/IIS4N) vs. 17.9± 1.1 mV (G432N)) and
also accelerated deactivation (supplemental Fig. 4.8). Comparable rescue effects
on gating disturbances were observed for constructs G1193T/IIS4N and A1503G/
IIS4N. Substantial shifts in channel activation (∆V = −31.0± 1.3 mV in G1193T and
−22.6± 1.2 mV in A1503G) were reduced to −2.0± 1.1 mV and −1.0± 1.1 mV in
G1193T/IIS4N and A1503G/IIS4N respectively (coloured bars in Fig. 4.3 B, Tab. 4.1).
Current kinetics were also considerably faster; the maximal (slowest) time constants
of current activation and deactivation for these constructs are given as coloured
columns in Fig. 4.3 C.

Interestingly, combining IIS4N with the gating disturbing A780T in IIS6 (a pore muta-
tion in its “own” domain II) shifted the activation curve only partially towards wild
type (∆V = −25.2± 1.1 mV (A780T) vs. ∆V = −13.2± 1.1 mV in A780T/IIS4N),
without inducing significant changes in current kinetics (see shifts of the voltage
dependence inFig. 4.4 C, D).

4.3.3 Charge Neutralization in IIS4 does not Affect Gating Disturbances
in Positions Neighbouring to GAGA

Mutations of residues upstream and downstream of the GAGA positions in seg-
ments IS6, IIIS6 and IVS6 (G432, G1193 and A1503, see alignment in Fig. 4.3 A) re-
sulted in a wide spectrum of gating phenotypes. Gating disturbances induced either
leftward or rightward shifts of the activation curve (ranging from −28.3± 1.2 mV
(I781T) to +26.9± 1.2 mV (L431P)). None of these mutants was, however, sensitive to
combination with IIS4N. This is evident from Fig. 4.3 illustrating the steady-state ac-
tivation (Fig. 4.3 B) and the maximal time constants (Fig. 4.3 C). Neither the shifts of
the activation curves nor the maximal time constants of the activation/deactivation
were reversed towards wild type kinetics.

4.3.4 Charge Neutralization in Segment IIS4 Modulates Kinetics of IIS6
Pore Mutants

That IIS4N only partially rescued gating disturbances induced by A780T is not un-
expected. If a hyperpolarisation-driven downward movement of IIS4 initiates pore
closure by moving IIS6 towards its closed position, then replacement of the charged
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Figure 4.2: Charge neutralization in IIS4 rescues a gating disturbances induced by G432W in segment
IS6.
A and C, representative activation (A) and tail currents (C) traces through G432W and
G432W/IIS4N mutant channels.
B and D, averaged activation curves (B) and voltage dependence of the activa-
tion/deactivation time constants (D) of WT, G432W, IIS4N and G432W/IIS4N.
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Figure 4.3: Charge neutralization in domain II (IIS4) rescues gating disturbances in GAGA positions
of domains I, III and IV.
A, alignment of S6 segments of CaV1.2 (accession number: P15381). The “GAGA” ring of
small conserved residues in IS6-IVS6 is highlighted in green. Mutated residues are boxed.
B and C, shift of activation curve (B) and peak activation/deactivation time constants (C)
of the studied pore mutations in segments IS6 (left), IIIS6 (middle) and IVS6 (right) either
alone or in combination with IIS4N. Statistically significantly different (t-test) values are
marked with asterisks. Error bars indicate SEM.

119



4 Neutralization of a Single Voltage Sensor Affects Gating Determinants in CaV1.2

arginines would inevitably decelerate the gate movement (channel closure) in do-
main II.

In line with such a scenario, constructs I781T/IIS4N and A782P/IIS4N displayed
additional shifts of the activation curves compared to I781T and A782P. In I781T
∆V amounted −28.3± 1.2 mV while charge neutralization (I781T/IIS4N) further in-
creased ∆V to −36.0± 1.1 mV (Fig. 4.4 A, C middle column). Likewise, the shift of
the activation curve in A782P/IIS4N (∆V = −31.4± 1.2 mV) was also not rescued
but increased compared to A782P (−24.2± 1.2 mV, Fig. 4.4 A, C right column).

Interestingly, charge neutralization in IIS4 decelerated deactivation of both con-
structs at negative voltages (from −60 mV to −100 mV), with little effect on kinetics
of channel activation (from −40 mV to +30 mV). In L779P/IIS4N, the leftward shift
of the activation curve was less affected by charge neutralization compared to the
L779P (∆V = −13.3± 1.7 mV (L779P/IIS4N) vs. −12.4± 1.2 mV (L779P), Tab. 4.1)
suggesting that this residue does not interact with IIS4.

Figure 4.4: Interaction of IIS4 with IIS6.
A, averaged activation curves of WT (n = 9), IIS4N (n = 11) and mutations A780T (left),
I781T (middle) and A782P (right) in domain II (n = 5− 10).
B, shifts of the activation curves induced by IIS6 mutation (light bars) and in combination
with IIS4N (dark bars). Statistically significant differences (unpaired t-test) are marked
with asterisks.
C, voltage dependence of the activation/deactivation time constants for indicated con-
structs.
D, maximal activation/deactivation time constants of IIS6 mutations alone (light bars) and
in combination with IIS4N (dark bars).
E, selected tail currents through WT, A780T and A780T/IIS4N mutant channels at the
indicated voltages.
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4.3.5 Mutant Cycle Analysis Reveals Energetic Coupling Between IIS4
and Residues of the GAGA Ring

The position-specific effects of S4 neutralization in domain II on gating perturbations
in distant S6 segments were investigated by means of mutant cycle analysis. This
approach enables the estimation of interaction energies between the mutated pore
residues in segments IS6-IVS6 and the voltage sensor in domain II (IIS4) on the
basis of the free energy changes (Yifrach & MacKinnon, 2002; Zandany et al., 2008;
Ranganathan et al., 1996; Hidalgo & MacKinnon, 1995). The interaction energies
were estimated by calculating the free energies as described in Kudrnac et al. (2009)
according to

∆Gmut = RT
(

V0.5,mut

kmut
− V0.5,wt

kwt

)
(4.3)

∆GI IS4 = RT
(

V0.5,I IS4

kI IS4
− V0.5,wt

kwt

)
(4.4)

∆Gmut/I IS4 = RT
(

V0.5,mut/I IS4

kmut/I IS4
− V0.5,wt

kwt

)
(4.5)

and thus follows
∆∆G = ∆Gmut/I IS4 − ∆Gmut − ∆GI IS4 (4.6)

with V0.5 representing the voltage of steady state (equilibrium) half-activation and k
the slope factor (Tab. 4.1).

If the residues in segments IS6-IVS6 do not interact with the IIS4N segment, then
the change in free energy (DGmut/IIS4

) of the combined construct should be equal
to the sum of the changes in free energy (DGmut and DGIIS4). If the residues are
energetically coupled, then the change in free energy for the combination mutant
would be significantly different from the sum of the two separate mutations.

Our data show that mutations in positions G432 (IS6), G1193 (IIIS6) and A1503

(VIS6) are energetically coupled with segment IIS4. This is evident from the non-
additive shifts of the activation curves of the combined constructs (S6mut/IIS4N),
which strongly suggest interdependence of the gating perturbations in IIS4 and the
S6 residues (e.g. ∆∆G = 3.68± 0.90 kcal/mol for G1193T/IIS4N, see also Tab. 4.1).
Analysis of the other combined constructs shows that mutations in IIS4 do not in-
teract with a series of other mutations in IS6, IIIS6 or IVS6 (GAGA-1, GAGA+1

or GAGA+2), with ∆∆G ≈ 0 kcal/mol. We therefore conclude that the conforma-
tional changes in the voltage sensor IIS4 and the S6 residues outside the GAGA
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ring are energetically independent. While ∆∆G of construct A780T/IIS4N was not
significantly different from 0 (∆∆G = 0.96± 0.99 kcal/mol), the next residue down-
stream I781T was found to be energetically coupled to IIS4N (∆∆G of I781T/IIS4N
= −1.44± 0.74 kcal/mol, Tab. 4.1).
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4.4 Discussion

If we translate the Hodgkin-Huxley model for potassium currents into current ter-
minology, we can say that all four gating units (S4 segments) must be in an activated
position before the channel can open (Hodgkin and Huxley, 1952). This hypothesis
was supported by Horn et al. (2000) showing that immobilisation of only one S4

segment in its down position prevents Shaker activation. Interestingly, potassium
channel closure (deactivation) seems to require only one S4 in its resting position
(Gagnon and Bezanilla, 2009, see also Jensen et al. 2012). Here we demonstrate
that a single voltage sensor (IIS4) in an asymmetric CaV1.2 interacts with a ring of
conserved small residues (GAGA ring) in all four S6 segments.

Replacing charged residues in segments IS4-IVS4 with neutral glutamines resulted
in only one functional construct (IIS4N, Tab. 4.1). Mutants IS4N, IIIS4N and IVS4N
were expressed in the cytoplasm but either not sufficiently targeted to the mem-
brane and/or not functional (supplementary Fig. 4.7). Fig. 4.1 illustrates that charge
neutralization of IIS4 (replacing residues R1-R5 by glutamines, IIS4N) has no de-
tectable effects on channel kinetics. In order to resolve potential IIS4N effects on
current kinetics we combined these mutations with S6 gating perturbations induc-
ing pronounced shifts of the activation curve. In part we utilized previously studied
CaV mutations (see Hohaus et al., 2005; Raybaud et al., 2007; Kudrnac et al., 2009;
Tadross et al., 2010; Beyl et al., 2011; Depil et al., 2011) inducing ∆V > 10 mV 10

mV regardless of the physico-chemical properties of the substituent (see marks and
subscripts to Tab. 4.1). The resulting S6mut/IIS4N constructs emerged as tools to
analyze voltage sensor/S6 interactions.

4.4.1 IIS4 Interactions with Segments IS6-IVS6

As shown in Fig. 4.2 – 4.4, combining IIS4N with mutations in the gating-sensitive
regions of pore-forming S6 segments produced three kinetic phenotypes.

First, four of the S6 mutants (G432W (IS6), G1193T (IIIS6), A1503G (VIS6) and par-
tially A780T (IIS6)) were rescued by IIS4N (colored bars on Fig. 4.3 and 4.4, see also
Fig. 4.8). This is evident from the unexpected backwards shifts of the activation
curves towards wild type (Fig. 4.3 B) and accompanying acceleration of channel ki-
netics (Fig. 4.3 C). Thermodynamic cycle analysis supports the hypothesis that IIS4

interacts with GAGA residues (e.g. ∆∆G(G432W/I IS4N) = 1.84± 0.72 kcal/mol,
∆∆G(G432N/I IS4N) = 1.43± 0.65 kcal/mol, ∆∆G(G1193T/I IS4N) = 3.68
±0.90 kcal/mol, ∆∆G(A1503G/I IS4N) = 2.22± 0.70 kcal/mol, see Tab. 4.1). Inter-
estingly, the rightward shift of the activation curve in A780T/IIS4N was less pro-
nounced (Fig. 4.4 A, left column) and ∆∆G not significantly different from zero

123



4 Neutralization of a Single Voltage Sensor Affects Gating Determinants in CaV1.2

(Tab. 4.1). We speculate that these peculiarities are caused by domain-specific in-
teractions between IIS4 and IIS6 (see detailed discussion below).

Second, pore mutants in segments IS6, IIIS6 and IVS6 upstream and downstream of
the GAGA ring (see Fig. 4.3 A) were not significantly affected by charge neutraliza-
tion in IIS4 (Fig. 4.3 B, C; Fig. 4.8).

The effect of IIS4N in these constructs was comparable to the one observed for wild
type (IIS4N, Fig. 4.1). Additional experiments were carried out to analyze a poten-
tial “mutation dependence” of the position-specific rescue effect. As illustrated in
Fig. 4.8 (in Supplementary Material), only substitution G432N in segment IS6 was
rescued (G432N/IIS4N, green bars, Fig. 4.8) while alternative mutations of neigh-
boring residues (L431V, V433L, L434V) were not sensitive to IIS4N (compare with
similar findings in Fig. 4.3 B, C).

Third, combining IIS4N with I781T and I782P augmented the gating disturbances as
evident from the additional shift of the activation curve to the left (Fig. 4.4 A) and
deceleration of deactivation kinetics (Fig. 4.4 C). If we envisage the voltage sensor
predominantly “pushing” the gating structures of CaV1.2 into the closed conforma-
tion (Beyl et al., 2009), then charge neutralization of IIS4 would decelerate channel
closure at negative voltages (i.e. slow deactivation). Such “expected gating changes”
were observed only for constructs I781T/IIS4N and A782P/IIS4N (Fig. 4.4).

4.4.2 Dual Role of A780?

Interestingly, the activation curve of A780T/IIS4N was shifted towards the wild type
position, but only half way (Fig. 4.4 A, left column). This distinguishes A780T from
the other GAGA mutants. We speculate that on the one hand IIS4N would poten-
tially shift the activation curve of A780T/IIS4N to the right (Fig. 4.3 B). On the other
hand A780 is part of the IIS6 gating structure where IIS4N induces leftward shifts
(compare with other IIS6 mutants I781T and A782P, Fig. 4.4). Such opposing effects
could explain an incomplete backward shift of the activation curve of A780T/IIS4N
(Fig. 4.4 A).
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4.5 Conclusions and Outlook

The principal finding of our study is that segment IIS4 interacts with a ring of con-
served small residues in segments IS6-IVS6 (GAGA-ring, Depil et al. 2011). In
general the interaction of a single voltage sensor with all four S6 (and associated
gate structures) suggests either interactions of IIS4 with each of them (Scheme 1) or,
alternatively, interactions with the gate structures in domain II that are cooperatively
linked to other domains (Scheme 2).

The distances between the GAGA residues (corresponding to AAAA in the crystal
structure of a homologous bacterial sodium channel NavAb, Payandeh et al., 2011)
and the voltage sensor segments are > 20 Å (Fig. 4.5 B) making a direct interaction
of IIS4 with G432, G1193 and A1503 unlikely. We favor Scheme 2: The interactions
between S4 and S6 may occur via the S4-S5 linkers (Fig. 4.5 A). Channel closure is
initiated by downward movement of an S4 segment and subsequent translocation of
the corresponding S6 towards the resting position. In its closing position a single
S6 segment enables e.g. hydrophobic interactions with gate structures of neighbor-
ing domains (see Beyl et al. 2011). The effect that only conformational changes in
the GAGA positions are reversed by charge neutralization in IIS4 warrants further
research.

We speculate that in CaV1.2 (in analogy to KV) any single S4 segment may initiate
channel closure under hyperpolarizing voltage (Gagnon and Bezanilla, 2009). To
enable channel opening, however, all four S4 segments must be activated (Horn et
al. 2000). Phillips and Swartz (2010) have shown that KV opens while S4 segments
are still moving (i.e. they do not reach their fully activated position). We therefore
further speculate that opening of CaV1.2 occurs when all four S4 segment left resting
state.
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Figure 4.5: CaV1.2 homology model based on NavAb crystal structure illustrates the location of the
G/A/G/A ring with respect to S4.
A, Blue spheres represent the arginine (R650, R653, R656, R662) and lysine (K659) posi-
tions in segment IIS4. A previously identified gating-sensitive motif (LAIA) (Hohaus et al.,
2005) in IIS6 is shown as green spheres. The linker helix is colored orange. Figures gener-
ated with Pymol (The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger,
LLC).
B, C Bottom view of the pore domain and S4 segments of NavAb crystal structure and
CaV1.2 homology model colored as in panel A. The GAGA ring (Depil et al., 2011) (cor-
responding to AAAA ring in NavAb) is shown as green spheres. The distances between
the AAAA ring in the NavAb crystal structure (corresponding to GAGA in CaV1.2) with
respect to the voltage-sensing domains are indicated.
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In wild type CaV1.2, S6 segments form a tight closed conformation, with the GAGA
ring playing a key role. Hence, substitution of any of the GAGA residues by a bulky
tryptophan (G432W), polar threonine (A780T) or a helix-bending proline (A780P)
disturbs the finely tuned closure mechanism, as is evident from the slow deactiva-
tion. Such a slowing of S6 gating would affect the corresponding S4 transitions to the
resting state and, correspondingly, translocation of all S4 segments in their resting
position interferes with the pore closure of the mutants. In such a scenario, removal
of a “disturbing IIS4 interaction” with the cooperative GAGA ring might relieve spa-
tial constraints thereby providing more flexibility for pore-closing interactions (Beyl
et al. 2011). Cooperative interactions are not restricted to interactions within the
GAGA ring. Contributions of residues in segments IS6 and IIS6 to activation gating
in CaV1.2 have previously been demonstrated for Ser-435 (IS6) and Ile-781 (IIS6) (Ku-
drnac et al. 2009), suggesting that paired interactions between additional S6 gating
structures may stabilize the closed state.
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4.6 Tables

Table 4.1: Midpoints and slope factors (k) of the activation curves and free energy changes during
channel opening (∆G and ∆∆G = ∆Gmut/I IS4N − ∆GI IS4N − ∆Gmut). Numbers of experi-
ments are indicated in parentheses.

Mutant V0.5
[mV]

k
[mV]

DG
[kcal/mol]

DDG
[kcal/mol]

WT -18.8 ± 0.9 (9) 5.7 ± 0.9
R650Q (R1) -22.9 ± 0.8 (9) 6.3 ± 0.6 -0.16 ± 0.39

R653Q (R2) -18.5 ± 0.8 (9) 6.5 ± 0.7 0.26 ± 0.37

R656Q (R3) -21.1 ± 0.8 (6) 4.6 ± 0.7 -0.74 ± 0.54

K659Q (R4) -17.7 ± 0.8 (6) 7.3 ± 0.7 0.51 ± 0.35

R662Q (R5) -8.4 ± 1.3 (6) 4.8 ± 0.7 0.89 ± 0.38

650RQ/653RQ
(R1/R2)

-25.1 ± 0.9 (6) 5.7 ± 0.6 -0.63 ± 0.43

R1/R2/R3 -18.2 ± 0.7 (6) 7.8 ± 0.6 0.56 ± 0.33

R1/R2/R3/R4 -23.9 ± 1.0 (6) 6.3 ± 0.7 -0.28 ± 0.42

R1/R2/R3/R4/R5

(IIS4N)1

-17.5 ± 0.8 (11) 6.7 ± 0.7 0.39 ± 0.36

GAGA mutations
G432W2 -33.7 ± 0.6 (8) 4.7 ± 0.4 -2.25 ± 0.48

G432N -36.7 ± 0.6 (6) 6.1 ± 0.5 -1.58 ± 0.43

A780T2 -44.0 ± 0.6 (5) 5.1 ± 0.6 -3.10 ± 0.67

G1193T3 -49.8 ± 1.0 (7) 5.1 ± 0.6 -3.76 ± 0.74

A1503G2 -41.4 ± 0.8 (5) 5.8 ± 0.5 -2.23 ± 0.48

G432W / IIS4N -19.3 ± 0.7 (8) 5.8 ± 0.7 -0.01 ± 0.40 1.84 ± 0.72
4

G432N / IIS4N -22.1 ± 0.7 (6) 7.7 ± 0.5 0.24 ± 0.33 1.43 ± 0.65
4

A780T / IIS4N -32.0 ± 0.7 (10) 5.1 ± 0.7 -1.73 ± 0.64 0.96 ± 0.99

G1193T / IIS4N -20.8 ± 0.7 (5) 7.5 ± 0.6 0.32 ± 0.35 3.68 ± 0.90
4

A1503G / IIS4N -19.8 ± 0.7 (6) 7.5 ± 0.7 0.38 ± 0.35 2.22 ± 0.70
4

GAGA-1 mutations
L431P 8.1 ± 0.7 (5) 7.4 ± 1.0 2.56 ± 0.33

L431V -8.4 ± 1.3 (4) 6.7 ± 0.8 1.19 ± 0.34

L779P -31.2 ± 0.8 (6) 6.1 ± 0.6 -1.02 ± 0.45

V1192P -13.8 ± 0.7 (5) 6.6 ± 1.0 0.70 ± 0.37

V1502P -3.6 ± 0.7 (6) 5.4 ± 0.6 1.52 ± 0.32

L431P / IIS4N no measurable currents observed
L431V / IIS4N -10.1 ± 0.9 (4) 7.7 ± 0.6 1.15 ± 0.33 -0.43 ± 0.60
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L779P / IIS4N -32.1 ± 1.5 (5) 5.4 ± 1.6 -1.50 ± 1.06 -0.87 ± 1.21

V1192P / IIS4N -13.0 ± 1.0 (5) 5.5 ± 1.1 0.56 ± 0.42 -0.53 ± 0.67

V1502P / IIS4N -5.4 ± 1.0 (7) 6.6 ± 1.0 1.44 ± 0.33 -0.48 ± 0.59

GAGA+1 mutations
V433C -8.2 ± 0.8 (5) 5.0 ± 0.6 0.96 ± 0.35

V433L -30.1 ± 0.6 (5) 6.1 ± 0.5 -0.95 ± 0.39

I781T -47.1 ± 0.9 (5) 7.4 ± 0.7 -1.75 ± 0.48

F1194C -6.8 ± 0.9 (5) 4.4 ± 0.6 1.02 ± 0.36

V1504T -11.6 ± 0.7 (7) 4.9 ± 0.6 0.55 ± 0.36

V433C / IIS4N -12.4 ± 0.7 (7) 5.7 ± 0.6 0.65 ± 0.35 -0.70 ± 0.62

V433L / IIS4N -31.1 ± 1.0 (4) 5.7 ± 0.6 -1.25 ± 0.47 -0.70 ± 0.71

I781T / IIS4N -54.8 ± 0.6 (9) 6.7 ± 0.4 -2.79 ± 0.42 -1.44 ± 0.74
4

F1194C / IIS4N -5.7 ± 0.9 (5) 5.6 ± 0.6 1.33 ± 0.33 -0.09 ± 0.61

V1504T / IIS4N -14.0 ± 0.9 (5) 5.4 ± 0.6 0.41 ± 0.38 -0.54 ± 0.64

GAGA+2 mutations
L434T -27.6 ± 0.8 (6) 6.1 ± 0.7 -0.71 ± 0.44

L434V -30.2 ± 0.7 (6) 6.3 ± 0.6 -0.87 ± 0.41

A782P -43.0 ± 0.9 (6) 6.7 ± 0.8 -1.81 ± 0.55

V1195T3 -28.9 ± 0.7 (7) 5.1 ± 0.7 -1.37 ± 0.55

I1505P -8.7 ± 0.8 (5) 5.5 ± 0.6 0.99 ± 0.34

L434T / IIS4N -27.4 ± 0.8 (6) 6.4 ± 0.7 -0.57 ± 0.42 -0.25 ± 0.71

L434V / IIS4N -30.6 ± 0.8 (6) 6.8 ± 0.6 -0.69 ± 0.39 -0.22 ± 0.68

A782P / IIS4N -50.2 ± 0.8 (5) 7.4 ± 0.6 -2.00 ± 0.45 -0.58 ± 0.80

V1195T / IIS4N -25.3 ± 1.0 (6) 4.5 ± 0.8 -1.28 ± 0.66 -0.30 ± 0.94

I1505P / IIS4N -7.5 ± 0.9 (5) 5.1 ± 0.8 1.06 ± 0.36 -0.32 ± 0.61

1 No currents could be measured if the charges in segments IS4 (IS4N), IIIS4 (IIIS4N) and IVS4

(IVS4N) were replaced by glutamines.
2 Data from Depil et al. (2011)
3 Data from Beyl et al. (2009)
4 statistically significantly different from zero (p < 0.05)
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4.7 Supplemental Materials

4.7.1 Charge neutralization in IIS4 has small effect on channel gating

Neutralization of individual arginines (R650Q, R653Q, R656Q, R662Q) and lysine
K659Q (Fig. 4.2, Tab. 4.1) shifted the activation curve in the hyperpolarizing (R650Q)
or depolarizing (R662Q) directions. The leftward-shifted activation curve of R650Q
can be understood in simple physical terms. Structure-activity studies on CaV1.2
have shown that the voltage dependence of the “pore-releasing” sensor movement
is less pronounced than the voltage dependence of “pore-locking” sensor movement
(Beyl et al., 2009). In other words, changes in membrane voltage are more efficient
at closing than in opening the channel. In such a scenario a channel with reduced
net gating charge would require stronger hyperpolarization for pore closure by the
remaining charges (segments IS4, IIIS4 and IVS4) of the gating machinery.

Rightward shifts of the activation curve cannot be interpreted in such simple terms.
A rightward shift of the activation curve can be induced either by closed state sta-
bilization or by a destabilization of the open state (Yifrach & MacKinnon, 2002). A
rightward shift induced by mutation R662Q suggests a stabilization of the closed
channel state as evident from the lack of acceleration of channel kinetics (Fig. 4.2
C, D, see also Fig. 4.1). This gating phenotype may reflect a direct interaction of
R662 with the gating structures of the pore. The impact of other charges was mi-
nor (Tab. 4.1). Taken together, our study highlights a particular role of IIS4 residues
R650Q and R662Q in CaV1.2 gating. Specific roles of individual arginines have been
discussed for voltage-gated K+ and Na+ channels (DeCaen et al., 2008; Cestèle et al.,
2006; Zhang et al., 2005; Bao et al., 1999; Kontis et al., 1997) and may reflect specific
interactions with adjacent amino acids in different segments.
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4.7.2 Figure S1

Figure 4.6: Effects of mutations in IIS4 on CaV1.2 gating.
A, left panel shows an α-helical representation of the amino acid sequence of segment IIS4

of the α1-1.2 subunit. Substituted (positively charged) residues are shown in black. Middle
panel shows representative families of IBa through wild-type and mutant channels starting
from threshold potential (−50 mV). Barium currents were evoked during depolarizing
test pulses from a holding potential of −100 mV (increments, 10 mV). Right panel shows
representative tail currents of wild-type and mutant channels. Currents were activated
during a 20 ms conditioning repolarization to 0 mV. Deactivation was recorded during
subsequent repolarizations with 10 mV increments starting from −100 mV. Vertical scale
bars represent 100 pA.
B, averaged activation curves of wild-type (n = 9) and mutants R650Q (n = 9) and R662Q
(n = 6).
C-D, Mean time constants of channel activation I and deactivation (D) are plotted against
test potential. Data were obtained by fitting the (de)activation phase of currents to a
mono-exponential function. Solid lines represent fits by B-splines.
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4.7.3 Fingerprints of the IIS4 – IIS6 interaction

A region of gating sensitive residues in IIS6 was previously identified (Hohaus et al.,
2005, LAIA motif). Interestingly, these residues were recently suggested to closely
interact with the S4-S5 linker region of CaV2.3 suggesting common elements in the
transduction mechanism in different CaV (Wall-Lacelle et al., 2011). A782P (form-
ing part of LAIA) stabilizes the open state compared to wild type and combination
with IIS4N resulted in a further shift of the activation curve to the left and a further
slowing-down of channel kinetics (Fig. 4.2 C). If we envisage the voltage sensor pre-
dominantly “pushing” the gating structures of CaV1.2 into the closed conformation
(Beyl et al., 2009), then charge neutralization of IIS4 would be expected to decel-
erate channel closure at negative voltages (deactivation). These “expected” gating
changes were, however, observed only for constructs I781T/IIS4N and A782P/IIS4N.
For the IIS6 mutation A780T, the activation curve was shifted towards wild type but
did not completely rescue the gating perturbation (Fig. 4.2 E, colored bars). The
half way shift was not accompanied by normalization of channel closure (Fig. 4.2
D and F). This distinguishes A780T from the other mutants of the G/A/G/A ring.
We speculate that A780 may participate in two processes: i) stabilization of the open
state, like other residues (Depil et al., 2011) and ii) executing pore closure under
downward movement of IIS4. Thus, on the one hand charge neutralization of IIS4

diminishes stabilization of the open state as evident from the shifted the activation
curve towards wt. This effect resembles the kinetics of constructs G432W/IIS4N
G1193T/IIS4N and A1503G/IIS4N. On the other hand lack of “IIS4 pushing force”
on IIS6 destabilizes the closed state, thereby shifting the activation curve leftwards.
Consequently, charge neutralization in construct A780T/IIS4N induces only “partial
rescue” of the gating disturbances.
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4.7.4 Figure S2

Figure 4.7: Localization of wild-type and mutant CaV1.2 α1-subunits within tsA-201cells.
Transiently transfected tsA-201 cells expressing wild-type (WT) CaV1.2 channel and GFP-
tagged (green) constructs IS4N, IIS4N, IIIS4N and IVS4N are shown (left column). All GFP-
tagged CaV1.2 α1-subunits were co-expressed with β2 and α2-δ-subunits, and the cells were
stained with the plasma membrane marker FM4-64 (red). Colocalization of GFP proteins
and the FM4-64 marker is visualized in yellow (right column). Membrane localization
was more prominent for wild type and GFP-IIS4N channels while GFP-IS4N, GFP-IIIS4N
and GFP-IVS4N were mostly localized in the cytosole. These data suggest less efficiently
transport of GFP-IS4N, GFP-IIIS4N and GFP-IVS4N to the membrane. It can, however, not
be excluded that GFP-IS4N, GFP-IIIS4N and GFP-IVS4N do not form functional channel
proteins.
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4.7.5 Figure S3

Figure 4.8: Charge neutralization in domain II (IIS4) rescues gating disturbances in position G432 of
domains I.
Shift of activation curve (A) and peak activation/deactivation time constants (B) of the
studied pore mutations in segments IS6 either alone or in combination with IIS4N. Statis-
tically significantly different (t-test) values are marked with asterisks. Error bars indicate
SEM.
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