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Abstract

Voltage-gated calcium channels (Ca,) and their associated proteins are pivotal signalling complexes in
excitable cell physiology. In nerves and muscle, Ca, tailor calcium influx to processes including
neurotransmission, muscle contraction and gene expression. Ca, comprise a pore-forming a; and
modulatory B and a,6 subunits — the latter targeted by anti-epileptic and anti-nociceptive gabapentinoid
drugs. However, the mechanisms of gabapentinoid action are unclear, not least because detailed
structure-function mapping of the a,6 subunit remains lacking. Using molecular biology and
electrophysiological approaches we have conducted the first systematic mapping of a,6 subunit
structure-function. We generated a series of cDNA constructs encoding chimera, from which successive
amino acids from the rat a,6-1 subunit were incorporated into a Type 1 reporter protein — PIN-G, to
produce sequential extensions from the transmembrane (TM) region towards the N-terminus. By
successive insertion of a TGA stop codon, a further series of N- to C-terminal extension constructs
lacking the TM region, were also generated. Using this approach we have defined the minimal region of
a,6-1 - we term the R-domain (Rd) that appears to contain all the machinery necessary to support the
electrophysiological and trafficking effects of a,6-1 on Ca,. Structural algorithms predict that Rd is
conserved across all four a,6 subunits, including RNA splice variants, and irrespective of phyla and taxa.
We suggest, therefore, that Rd likely constitutes the major locus for physical interaction with the a;

subunit and may provide a target for novel Ca, therapeutics.



1. INTRODUCTION

Voltage-gated calcium channels (Ca,) couple changes in membrane potential to the influx of Ca*, a
pivotal second messenger in events such as muscle contraction, neurosecretion, neurotransmission and
gene expression [1]. Unsurprisingly, Ca, malfunction causes numerous conditions such as pain, epilepsy

and cardiovascular disease in humans and other animals [2].

Ca, are multi-subunit protein complexes composed of a pore-forming a; and (in high voltage-activated
Ca,1 and Ca,2 channels), also regulatory B and a,6 subunits, in a 1:1:1 stoichiometry. To date, 10 a;, 4 B
and 4 a,0 subunits have been identified; many with multiple splice variants that are differentially
expressed according to tissue and stage of development [1]. The association of B and a,6 subunits with
a; serves two main roles: first, to modify the biophysical properties of Ca, and thus, how much calcium
enters a cell and second, to enhance Ca, cell surface expression [1, 3]. While structure-function studies
have revealed much about how and where auxiliary B subunits interact with the a, [3, 4, 5, 6], detailed

structure-function mapping of the a,6 subunit has remained elusive.

Clinically, a,6 subunits are implicated in a growing number of pathological conditions, including epilepsy,
pain, and cancer [7-10]. Moreover, a,6-1 and -2 are the primary targets of the anti-convulsant and anti-
nociceptive gabapentinoid drugs. Gabapentinoids act upon Ca, to reduce neurotransmitter release and
thus nerve excitability, but how they do this remains unclear [11]. Furthermore, whilst these drugs are
highly effective and clinically safe in many patients, in others their benefits are severely limited [12, 13].
Detailed mapping of the structure and function of a,6 subunits is, thus, fundamental not only to

understanding the physiology of Ca, but also for improving Ca, pharmacology [14].

The a,6 subunit is translated as a single polypeptide which undergoes cleavage into a large a, and small
6 polypeptides [11, 15]. Both subunits are then re-associated via disulphide bonds and subject to
glycosylation to yield the mature a,6 subunit [11, 15, 16]. Structurally, all four a,6 subunits share a
similar topology: a large extracellular a, polypeptide tethered to the cell surface via its associated &
subunit [17, 18]. Electrophysiological and biochemical studies indicate the a, polypeptide promotes
surface expression and modulates the biophysical properties of Ca, [19, 20, 21, 22]. The & subunit has
also been suggested to influence the biophysical properties of Ca, [20]. However more recently,
expression of the extracellular regions of a,6 (minus TM &) has been reported to support Ca, currents,
thus calling into question the role of the 6 subunit [16]. Within a,, are domains found in non-calcium

channel-associated proteins, namely a Von Willebrand Factor A (VWA) and Cache domains [23,24,].



In 0,6-1 and -2 isoforms, the VWA domain contains a metal ion adhesion site (MIDAS) motif. In
heterologous expression systems, the MIDAS enhances a,6-mediated trafficking of Ca, to the cells
surface [25]. However, its role in the function native neuronal Ca, is less clear [26]. The N-terminal
region of a,6-1 and -2 VWA domains also contain key residues for gabapentinoid binding [15, 27, 28].
Whilst the mode of action of gabapentinoids is controversial, disruption of this principal gabapentin-
binding site causes modest (20-30%) reduction of Ca, current, suggesting its integrity is critical for a,6
function [15,27,28]. The VWA domain has also been identified as the receptor for thrombospondin
(TSP), an extracellular matrix protein [29]. Gabapentin is suggested to disrupt the TSP/a,8-1 interaction,
thereby inhibiting synaptogenesis [29]. Thus, in a,6 subunits, the VWA domain appears to fulfil similar

III

protein interaction and possibly conformational “switch” roles to those it has in other cell surface
proteins, including integrins [23]. Cache domains are found in proteins that sense small molecule
ligands, notably bacterial chemotaxis proteins [24]. Whilst the ligands for the a,6 Cache domain have

not been identified, residues proximal to it are reportedly involved in gabapentin-binding [30].

More surprising, given its functional importance, is that the regions of a,6 that mediate its interaction
with a; subunits are currently unknown. There is evidence that transmembrane domains Il and Il of the
a; subunit may be involved in binding a,6; thus multiple contact sites may exist in the interacting
partners [20, 31]. To begin addressing these critical issues, we have combined molecular and
electrophysiological approaches to conduct the most detailed structure-function mapping of a,6 to
date. We generated a series of cDNA constructs encoding chimera in which the extracellular head of a
similar Type 1 protein — PIN-G [18, 32] was fused to successive polypeptides and amino acids of the rat
0,6-1 sequence. Using this approach we have identified the minimal region of a,6 - the R-domain (Rd) -
that is both necessary and sufficient to impart the primary functional effects of a,6 on Ca,2.2, the N-
type channel. Thus, we suggest that Rd contains all the machinery required to support Ca, kinetics and
expression. Moreover, since the Rd is highly conserved in all known subtypes, we suggest that Rd likely
represents the primary locus for physical interaction with Ca, a; subunits and may provide a target for

development of novel therapeutics targeting Ca,.

2. METHODS AND MATERIALS

2.1 Reagents
Constructs encoding rabbit Cay2.2 (D14157), rat Ca,y, (X61394) and GFP (U73901, mut-3 variant)

cloned into the mammalian expression vector pMT2, were provided by A.C. Dolphin (University College
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London, UK). The construct encoding wild type rat Ca,0,6-1 (neuronal splice variant NM_012919.2)
cloned into pcDNA3.1 (Invitrogen) was supplied by T.P. Snutch (Univ. British Columbia, Canada). The
PIN-G reporter construct (Genbank: AY841887) was developed by O.T. Jones [32] and is available upon

request. All other reagents were obtained from Sigma-Aldrich, UK, unless stated otherwise.

2.2 Molecular biology

All PIN constructs were prepared through the sequential addition, removal or replacement [33] of
requisite a,6-1 sequences into PIN-G, containing both Green fluorescent protein (GFP) and
Haemagglutinin (HA) tags [18]. For electrophysiology, equivalent constructs lacking the GFP tag were
generated to avoid any adverse effects on current properties [18]. Thus, the PIN “head” (Fig. 1A) of each
construct corresponds to the N-terminal region of PIN-G, containing a signal peptide, an exofacial HA tag
and short linker [32]. PIN chimera containing the PIN “head” fused to the a,6-1 sequences specified
(Figs. 1, 2 and 3), were constructed through the initial replacement of the sequence encoding the PIN-G
transmembrane and intracellular region (residues 327-370) with that encoding WT a,6-1 residues 1061-
1091 (i.e. 6TM, Fig. 1A), to yield PIN-TM. All further chimera were generated by step-wise insertion of
the adjacent 0,6 residues specified. Throughout, mutagenesis was done using the QuikChange™
Lightning kit (Agilent Technologies, UK) and mutagenic megaprimers prepared by PCR. The fidelity of
each construct was confirmed by in-house sequencing (see Figs. 1, 2 and 3 for chimera junctions).
Western blotting was used to confirm that all the resultant proteins were of the expected size (data not

shown).

2.3 Cell culture and transient transfection

Culture and transient transfection of COS-7 cells (European Cell Culture Collection, Health Protection
Agency, U.K.), were carried out as described in Robinson et al. [18,34]. Transient transfection was
performed in serum-free DMEM, (cell confluency 60-70%) using FuGene 6 (Roche Diagnostics, U.K.) at a
total DNA:reagent ratio of 1:3 (w/v) and a Ca,2.2:B1,:PIN-a,6:mut3-GFP-pMT2 cDNA mass ratio of
3:1:1:0.2, respectively (1 pg total DNA/35mm dish). When PIN-a,6 was omitted the mass ratio was
maintained by substitution with pcDNA3.1. After transfection, cells were maintained for 48 h in

complete medium prior to conducting electrophysiological experiments.

2.4 Whole-cell patch-clamp electrophysiology



Electrophysiological recordings of inward barium currents were made from green fluorescent COS-7
cells, using the whole-cell configuration of the patch clamp technique, as described previously [18]. The
internal solution contained (mM): caesium aspartate 140.0; EGTA 5.0; MgCl, 2.0; CaCl, 0.1; Hepes 20.0;
K,ATP 1.0; adjusted to pH 7.2 with CsOH and 310 mOsm I"* with sucrose. The external solution contained
(mM): TEABr 160.0; MgCl, 1.0; KCI 5.0; NaHCO; 1.0; Hepes 10.0; glucose 4.0; BaCl, 10; adjusted to pH 7.4
with Tris-base and to 320 mOsm I with sucrose. Currents were recorded using an Axopatch 200B
amplifier (Molecular Devices, Palo Alto, CA, USA), were filtered at 2 Hz and digitized at 2-44 kHz using a
Digidata 1440A A/D converter (Molecular Devices). Standard current-voltage protocols comprised 200
ms sweeps from a holding potential, V}, of -80 mV to command voltages of -30 to +65 mV in 5 mV steps.
Current density-voltage (/-V) relationships for individual cells were fitted with a Boltzmann function:

I = (g(V-Viev))/(1+exp(-(V-Vso act)/K)), Where, Vi, is the reversal potential, Vsq. is the voltage for half
maximal activation of current, g is the conductance, and k is the slope factor.

Steady-state inactivation curves were obtained from individual cells using 100 ms duration test pulses to
20 mV, preceded by a 5 s pre-pulse to the potential given (-90 to +30 mV), from V;, =80 mV. Peak current
values were normalized to /,,.x and the curves fitted with the following Boltzmann function:

I/ lnax = 1/(1+exp(Vi-Vsg inact) /K)), where, Iax is the maximum peak current, Vsg inact is the midpoint of
voltage-dependent inactivation and k is the slope factor.

Data acquisition and analysis were performed using pCLAMP software (version 10, Molecular Devices)

and Origin (v 7.0, Microcal, Northampton, MA, USA).

2.5 Western blot and PNGase-F assay

COS-7 cells were grown in DMEM (Sigma) supplemented with 5% FBS (Gibco, Life Sciences) for each
condition and were harvested 48 hours after transfection. They were washed with ice-cold PBS- and
lysed with RIPA buffer (Sigma-Aldrich), plus protease inhibitors (Complete protease inhibitor kit, Roche).
The cell extract was incubated on ice for 15 min and then centrifuged at maximum speed (~13000 rpm)
for 30 min. The supernatant was collected and the pellet discarded. The protein concentration was
determined by Pierce BCA Protein Assay kit (Thermo Scientific, Rockford, USA). For the PNGase-F assay,
20 pg of protein were used, following the manufacturer’s instructions (PNGAse-F assay, New England
Biolabs, UK). Briefly, samples were boiled for 10 min at 100°C with 1x Glycoprotein Denaturation buffer
(5% SDS, 5% DTT), and then added 1x G7 Reaction buffer, 1% NP-40 and 1ul of PNGase-F. The mix was
incubated 60 min at 37 °C. For the Western blot, 20 ug of sample were loaded per well, using 6x loading
buffer (Life Technologies, Carlsbad, CA, USA) with or without DTT, and separated using a Bolt™

electrophoresis system (Life Technologies, Carlsbad, CA, USA). Proteins were transferred using an iBlot®
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2 Dry Blotting System (Life Technologies, Carlsbad, CA, USA) onto nitrocellulose membranes, blocked
with 5% non-fat milk (Biorad) in 0.2% Tween-20 (Sigma) in TBS (TBS-T), and incubated for 1 h with the
primary antibody (Anti-HA, 1:5000; Sigma). After three washes with 0.2% TBS-T, membranes were
incubated with the secondary antibody (anti-mouse, 1:5000; Biorad) for 1 h and then washed three
times. The membranes were developed using the ECL Western Blotting Substrate (Promega, USA) into

Amersham Hyperfilm™ (GE Healthcare, UK).

2.6 Data analysis
All data are presented as the mean * standard error of the mean (S.E.M) for n trials. Statistical analysis
was carried out by One-way ANOVA followed by Least Significant Difference post hoc correction, using

95% confidence limits (Statistica, v 4.5; Statsoft Inc).

3. RESULTS

3.1 Initial mapping of a,6-1 functional domains

The classical hallmarks of a,56-mediated Ca, current modulation include, enhanced current density
(typically 3- to 5-fold), a hyperpolarizing shift in voltage-dependence of activation and increased voltage-
dependent inactivation of current [9]. We recently reported that insertion of the N-terminal 'head' (i.e.
HA tag and spacer sequence) of a functionally inert Type-1 TM protein reporter - PIN-G - into the
sequence encoding mature rat a,6-1, yields a chimera (PIN-a,8;[32]) whose function mirrors that of wild
type (WT) a,6-1 [18,34]. As predicted, here too the co-expression of PIN-a,6 with Ca,2.2/B,, increased
maximum peak current density, /n.« (Fig. 1, Table 1), hyperpolarized the voltage-dependence of
activation (Vsoat), reduced the slope factor, k (increased voltage sensitivity) and enhanced current

inactivation (measured as percent inactivation after 500 ms, % A inact).

To determine which functional domains of a,6-1 were responsible for these effects, we initially designed
several PIN-a,6-1 chimera, starting from the transmembrane exofacial (TM) region of &, and building up
towards the N-terminal (Fig. 1A,B): PIN-TM, PIN-§, PIN-Linker, PIN-VGCC, PIN-Cache and PIN-VWA. In
agreement with other workers, PIN-TM and PIN-6 had no effects on Ca, current (Fig. 1C-E) [19, 20, 21,
22]. Based on the location of the disulphide bond between a, (VWA domain) and & [16], PIN-Linker, -
VGCC and -Cache are predicted to be uncoupled from 6 and thus potentially secretable [22]. Despite the
fact that a, alone has been shown to support Ca, current [22], PIN-Linker, -VGCC, -Cache were also

unable to support any a,6-mediated effects on Ca,2.2/B, current. Similarly, PIN-VWA, predicted to be



membrane-anchored due to the presence of the disulphide bond [16], was also without any effect on
Ca,2.2/By, current. Comparison of PIN-a,8, PIN-VWA and PIN-Cache constructs, showed similar
expression levels and a similar level of N-linked glycosylation, as determined by treatment with PNGase-
F (Fig. 1B, inset). Together, these data suggest that addition of the final N-terminal region — hereafter

termed, “R” domain (Rd, amino acids 26-230) — is essential for a,6 function.
3.2 Functional mapping of the N-terminal R domain of a,6-1

Having established the need for Rd, we next mapped the region(s) that might be involved in mediating
a,6 function. Initially, we generated two further PIN-chimera: PIN-C1 and PIN-B1 (Fig. 2A,B). However,
neither construct restored the effects of full length PIN-a,6 on Ca,2.2/B, currents (Fig. 2C,D), indicating

that region Rd-A (residues 26-117) is necessary for the functional modulation of channels by a,8.

Multiple sequence alignments revealed a high degree of sequence conservation within Rd-A across a
total of 109 available full length Rd sequences from species spanning the evolutionary spectrum,
including all four human a,6 subunits (Supp. Fig. S1). Computer-aided modelling of Rd structure
predicted that Rd-A contains two putative a-helices (Supp. Fig. S2) — which, we hypothesized, could play
a role in mediating the interaction of a,6 with the Ca,a; subunit. Thus, we generated three further
chimera: PIN-A4, PIN-A3 and PIN-A2 (Fig. 2A,B) to bisect the predicted a-helices. PIN-A4 was unable to
support normal a,6 function but the addition of Rd-A3 (PIN-A3) induced a 4-fold increase in /. (Fig.
2C,D; Table 1), significant hyperpolarization of Vs (Fig. 2C,D; Table 1) and enhanced voltage sensitivity
(reduced k; Table 1). However, % A inact of PIN-A3 currents was the same as in the absence of a,6 and
only upon further addition of region Rd-A2 (PIN-A2), was normal inactivation restored (Fig. 2D; Table 1).
The addition of Rd-A2 also further increased /..., (5-fold, Fig. 2; Table 1), such that Ca,2.2/B1,/PIN-A2
currents were indistinguishable from those with full length PIN-a,8. Thus, whilst Rd-A3 appears primarily
responsible for up-regulation of current density and shifts in the /-V relationship, addition of Rd-A2
appears necessary for normal inactivation. Together, Rd-A3 and Rd-A2 span the two predicted a-helices,
with Rd-A3 also encompassing an intervening “loop” region (Supp. Fig. S2). Thus, we suggest that the
integrity of the two putative a-helices within Rd-A is critical for normal functioning of a,6. Further
functional mapping confirmed that the presence of Rd-A3 as a whole is essential to impart a,6-mediated
modulation of Ca, (Figs. 2, 3 and Table 1). However, the addition of Rd-dA3 only (residues 86-90) is
sufficient for the a,6-mediated shift in Vs ., implying that this region is important in defining the

threshold of Ca, activation.



3.4 Is Rd-A alone sufficient for modulation of current by a,6?

Given that expression of the EC regions of a,6 alone are sufficient to support Ca, currents [22], we next
asked whether expression of Rd-A alone could promote a,6 function. To address this, a stop codon
(TGA) was inserted immediately after Rd-A (residues 26-117) to produce a truncated PIN-RdA construct
(Fig. 3A). PIN-RdA, however, failed to elicit any of the electrophysiological effects associated with full
length a,6 (Fig. 3B,C; Table 1). Similarly, constructs in which the stop codon was inserted at successively
extended positions from Rd-A through to Rd; PIN-RdB1, PIN-RdB2, PIN-RdC1 (Fig.3A), also failed to elicit
any modulation of current (Fig. 3B,C; Table 1). However, co-expression of the full R domain (PIN-Rd) was
sufficient to restore all the hallmarks of a,6-mediated current modulation, including an increase in
current density comparable to that seen with PIN-a,6 (Fig. 3B,C; Table 1). This suggests that Rd contains
all the machinery necessary for a,6-dependent modulation of Ca,. Moreover, both the N- (Rd-A) and C-

terminal (Rd-C2) regions of Rd are required to impart these a,6-dependent effects on Ca, current.

Western blotting confirmed the presence of PIN-Rd at the predicted size of approximately 50kDa (GFP-
and HA-tagged). Treatment with PNGase-F indicated that the protein is glycosylated, as predicted on the
basis that N-linked glycosylation sites, N163 and N184, known to be critical for Ca, current

enhancement, are located within Rd (Fig. 3C, inset) [16].

Having established that PIN-Rd was correctly processed, we further examined region Rd-C. Multiple
sequence alignments revealed a high degree of sequence conservation across all Rds tested, including
an 11 amino acid sequence between residues 200-210 (Supp. Fig. S1). Deletion of this C2 region from
either full length a,6 (PIN-0,6-A11) or Rd (PIN-Rd-A11), completely abolished the effects of a,6 (and Rd)
0N Inax, Vsoacr and k (Fig. 3D,E; Table 1). However, % A inact was unaffected, (Fig. 3D,E; Table 1). The 11
residue C2 sequence contains a conserved tryptophan (W205), present in >99% of all documented a,6
isoforms (Supp. Fig. S1). Remarkably, substitution of W205 with alanine (PIN-Rd-W205A) proved
sufficient to abolish all the classical hallmarks of a,6-mediated current modulation, with the exception
of enhanced inactivation. Thus, Rd-C2 and more specifically W205, appears essential for a,6-mediated
modulation of Ca, current. However, the additional presence of the N-terminal Rd-A region is also

necessary for the regulation of current inactivation and hence full function of Rd/a,6.

3.5 Rd structure prediction
To gain insights into how Rd might operate, we compared 3D models generated from divergent

sequences through ab initio computer modelling. Using the QUARK algorithm, which constructs 3D



models from sequence fragments using replica-exchange Monte Carlo simulation guided by an atomic-
level, knowledge-based, force field [36,37], all four human Rds are predicted to adopt very similar
folded structures (Supp. Fig. S2A-D). In all sequences, Rd-A comprises two anti-parallel a-helices
adopting a partially coiled-coil structure. Rd-C contains a single a-helix in region C1 plus a 16 residue
“tongue” formed between highly conserved prolines (rat Rd-1: P180 and P198) in region C2. Comparison
of the wild-type Rd-1 (Fig. 4A) versus the mutant Rd-1-W205A (Fig. 4B), indicates a vertical displacement
of Rd-B and inversion of the entire Rd-C region. Thus, W205 may play an important structural role,
possibly as part of a conformational “switch” mechanism. Whilst such models clearly require

experimental validation, their essential features fit remarkably well with our structure-function data.

4. DISCUSSION

In this study, we have identified residues 26-230 in the rat a,6-1 sequence (representing the first 205
amino acids of the mature a, polypeptide and just 19% of mature a,6-1), termed Rd, as being the
minimal sequence required to induce a,6-1 modulation of Ca, current density and biophysical
properties. Although Rd functionality appears to require both the N and C terminal regions (Rd-A,
residues 26-117 and Rd-C, residues 165-230), further mapping reveals that effects on channel gating
only emerge as residues are added progressively from position 117 to 26. Thus, Rd-A contributes
significantly to the a,6-a; interaction. Since Rd-A is predicted to contain two putative a-helices (Supp.
Fig. S2), it is conceivable that successive addition of N-terminal residues proximal to position 117,
progressively stabilize the conformation/orientation of Rd-A such that full a,6-1-mediated modulation

of current can occur.

In addition to Rd-A, we also identified the need for a highly conserved tryptophan residue (W205, a,6-1)
located within Rd-C2, that is found in nearly all documented a,8 subunits (Supp. Figs. S1, S2).
Interestingly, the Rd-C regions are not only highly conserved amongst a,6 subunits, but represent a
poorly characterized module found in proteins containing VWA (and Cache) domains, referred to as the

N-terminal VWA domain (N-VWA) (pfAM PF08399, http://pfam.sanger.ac.uk). Nevertheless, while it

appears to be a critical feature of Rd, the N-VWA domain is just one component, and our data indicate
that additional regions, Rd-B and -A, are absolute requirements for Ca, current enhancement.
Moreover, functionality of Rd alone requires Rd-C (i.e. N-VWA) even in the absence of the adjacent VWA
domain. Thus, Rd can be viewed as an integral unit that may have evolved on a platform — N-VWA — to

which its Ca,-specific functions have been attached.
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Our identification of Rd as the minimal region supporting a,6-mediated modulation of Ca, is consistent
with other studies which have attributed enhanced Ca, surface expression and biophysical modification
to the a, polypeptide [19-22]. Notably, our data support the recent finding, that the EC regions of a,6,
untethered from the membrane, can support Ca, current enhancement [22]. Also, deletion of amino
acids 28-184 of rat brain a,8, (approximating Rd) was reported to abolish its ability to enhance Ca,2.1/B,4
current [19]. The VWA domain and, more specifically, its constituent MIDAS motif, has also been
suggested to promote a,6-2-induced Ca, current enhancement [25], although this may not be the case
in native neurons [26]. More recently, a region downstream of VWA has been suggested to form part of
the site of interaction with the oy subunit [31]. Whilst our functional mapping of a,6-1 provides no
evidence that addition of sequences between 6-TM and a,-VWA is sufficient to restore the functional
effects of full length a,6-1, this does not rule out their physiological importance in full length a,6-1 of
native cells. Rather, since Rd appears both necessary and sufficient to replicate the effects of a,6-1, we
envisage that other regions of 0,6 likely contribute intra- and/or inter-molecular interactions that
modify the conformation or orientation of Rd, and hence its association with, or affinity for, the a;
subunit. In this regard, it is notable that gabapentinoid (GBP) drugs target an RRR motif 33 amino acids
downstream of W205 at the boundary between Rd and VWA of a,6-1, [38,39]. Thus, GBP-binding may

disrupt the orientation of Rd and hence its association with a.

The functional characteristics of Ca,2.2/B., channels co-expressed with Rd - which is potentially
secretable [22] - or full length, membrane-associated PIN-a,8, are indistinguishable, consistent with
maintenance of Rd-a; subunit interactions at the cell surface where Ca, function is detected.
Nevertheless, Rd-a, interactions could occur at any stage from assembly and surface expression to
degradation of Ca,. The most profound effect of a,6 on Ca, current enhancement is thought primarily to
reflect an increase in the anterograde trafficking of Ca, complexes and/or a decrease in their
internalization (stabilization) [11]. However, since Rd lacks those downstream VWA and & sequences
that facilitate stabilization (via ECM and raft interactions, respectively) [18, 29], Rd is perhaps more likely
to enhance anterograde Ca, trafficking, possibly by masking ER-retention determinants in the a; pore.
This would certainly be consistent with suggestions of other workers that current enhancement
primarily involves increased surface expression of Ca, and that association of a; and a,6 subunits likely

occurs within the secretory pathway, rather than at the cell surface [11, 31].

However, effects on channel gating, particularly the marked hyperpolarization of activation threshold,

may also contribute to current enhancement. For example, although Ca,1.2 current is enhanced in the
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presence of 0,6 [19], the surface expression of Ca,1.2/B complexes are not always increased [40]. We
also have observed that a,6 fails to increase surface expression of Ca,1.2 subunit (I. Espinoza-Fuenzalida
and E.M. Fitzgerald, unpublished observations), contrary to its effects on Ca,2.2 [18, 31, 34]. Further
work is clearly necessary to determine the precise mechanism(s) of a,6-mediated current enhancement.
Nonetheless, it is tempting to speculate that a,6s may differentially regulate Ca,, with effects on
trafficking (e.g. Ca,2.2/2.1) and/or gating (e.g. Ca,1.2) dependent upon the specific Ca, a; isoform
associated. Notably, L-type agonists such as Bayk8644 can elicit large gating-mediated increases in
Ca,1.2 current density (3 to 5-fold) which are comparable to the effect of a,6 co-expression [41,42].
However, the extent of any such isoform-specific effects will need to be clearly established. Despite the
strong underlying conservation in the predicted structures of all Rds (Supp. Fig. 2), there is divergence
within the underlying Rd sequences, particularly within the Rd-B and -A regions. This may be sufficient
to accommodate specificity in a;-Rd interactions and hence differential regulation of discrete Ca,. The
conserved structural features, suggesting similar modes of action, combined with diversity within the
Rd-B and -A regions suggests that selective Rd-a; interactions could potentially be exploited for the
development of novel therapeutics for a range of disorders including pain, epilepsy, schizophrenia and

cardiac arrhythmias [14, 44, 45].

Precisely how Rd operates is uncertain. Based on our mutation studies and computer modelling, the Rd
may contain a cavity into which a polypeptide ligand, e.g. from Domain Il or Ill, could dock [20,31]. Since
Rd-B is poorly conserved, Ca,a; docking sites are perhaps more likely to lie within Rd-A and -C regions,
with their accessibility governed by the adjacent VWA domain. Finally, the question arises: if the R
domain contains all the machinery required to support Ca, kinetics and surface expression, what does
the rest of the a,6 subunit do? Based on recent data, the answer is likely to be three-fold: first, to
modulate the Rd-Ca,a; interaction, second, to localize the Ca, complex at sites of cell-cell interaction
and third, to concentrate Ca,s into lipid rafts [18,34]. Overall, we suggest that the R domain represents a

critical locus for a,6-mediated modulatory, pharmacological and cell biological functions on Cays.
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Figure Legends

Figure 1. The presence of the N-terminal R domain (residues 26-230) of a,6-1 is necessary for a,6-
mediated modulation of Ca,2.2/B4, currents. A) Structure of the PIN “head”, and the rat wild type (WT)
0,6-1 auxiliary subunit. Numbers indicate the boundaries for the a, and & polypeptides, the documented
Von Willebrand factor A (VWA) and Cache domains. The N-terminal region between the SP cleavage site
and the VWA boundary is designated as the R domain. The sequence between the Cache domain and
the a,6 cleavage boundary is split into two regions we designate as VGCC and Linker. All numbering is
based on the full length a,6-1 polypeptide prior to cleavage of the signal peptide (SP, residues 1-25) in
WT a,6-1 subunit. (B) Depiction of the PIN-a,6-1 domain chimera: PIN-TM (1061-1091), PIN-6 (948-
1091), PIN-Linker (637-1091), PIN-VGCC (541-1091), PIN-Cache (436-1091), PIN-VWA (231-1091), PIN-
0,6 (26-1091). Inset, PNGase-F deglycosylation assay for PIN-Cache, PIN-VWA and PIN-a,6 chimera.
Constructs were separated by SDS-PAGE and immunoblotted against the external HA tag. Arrowheads
indicate the band shifts due to deglycosylation. Approximate theoretical sizes for non-glycosylated
constructs are as follows (in kDa): PIN-Cache, 78; PIN-VWA, 100; PIN-0,6, 124) (C) Average current
density-voltage (I-V) plots for Ca,2.2/By, currents in the absence of a,6-1 (open circle) and in the
presence of PIN-TM (closed square), PIN-6 (open square), PIN-Linker (closed triangle), PIN-Cache (closed
diamond), PIN-VWA (open diamond) and full length PIN-a,6 (closed circle). Continuous lines indicate
Boltzmann fits to /-V plots using the function described in the Methods. (D) Average steady state
inactivation curves. Continuous lines represent curve fits using the function described in the Methods.
Steady-state inactivation curves were obtained from individual cells using 100 ms duration test pulses to
20 mV, preceded by a 5s pre-pulse to potentials between -90 to +30 mV, from a holding potential, V}, of
—80 mV. (E) Representative peak current traces from cells expressing Ca,2.2/B1, in the absence of a,6-1
and Ca,2.2/B1, co-expressed with full length PIN-a,6 or PIN-VWA. Currents were evoked using 200 ms
depolarizing steps in 5 mV intervals (-30 to +65 mV), from, V;, -80 mV. All data are shown as the mean %

S.E.M., where cell number, n, is 9-18 for each construct.

Figure 2. The integrity of the N-terminal Rd-A region (residues 26-117) of a,56-1 is essential for a,6-
mediated modulation of Ca,2.2/By, currents. (A) Subdivisions of the R domain and corresponding N-
terminally extended PIN-a,8-1 chimera into regions A, B and C, based on inspection of the predicted
secondary structure. Further sub-divisions (A1-A4, B1-B2, C1-C2 and A3a-d) were guided by
experimentation. (B) Details of PIN-chimera extended towards the N-terminus by successive

incorporation of the rat a,6-1 Rd sequences corresponding to the boundaries shown in (A) (numbering
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based on full length un-processed a,6-1 polypeptide). (C) Average current density-voltage (/-V) plots for
Ca,2.2/By, currents in the absence of a,6-1 (open circle) and in the presence of PIN-C1 (closed square),
PIN-B1 (open square), PIN-A4 (closed triangle), PIN-dA3 (open triangle), PIN-cdA3 (closed diamond), PIN-
bcdA3 (open diamond), PIN-A3 (closed star), PIN-A2 (open star) and full length PIN-a,6-1 (closed circle).
Continuous lines indicate the Boltzmann fits to /-V plots using the function described in the Methods. (D)
Representative peak current traces from cells expressing Ca,2.2/By, in the presence of selected PIN-
chimera and PIN-a,6. Currents were evoked using 200 ms depolarizing steps in 5 mV intervals (-30 to
+65 mV), from a holding potential, V,, -80 mV. All data are shown as the mean + S.E.M., where cell

number, n, is 8-18 for each construct.

Figure 3. The N-terminal Rd alone is sufficient to restore fully the effects of a,6-mediated modulation of
Ca,2.2/By currents. (A) R domain chimera extended in the C-terminal direction. PIN chimera were
extended towards the C-terminus by successive incorporation of the rat a,6-1 Rd sequences
corresponding to the boundaries shown in Figure 2A. Constructs corresponding to a PIN-chimera
containing the entire R domain (PIN-Rd) which replicates the biophysical effects of full length a,6-1 and
functionally inactive mutants lacking 11 residues in C2 (PIN-Rd:A11) and the critical tryptophan W205
(PIN-Rd:W205A) are shown at bottom. (B) Average current density-voltage (/-V) plots for Ca,2.2/B1,
currents in the absence of a,6-1 (open circle) and in the presence of PIN-Rd-A (closed square), PIN-Rd-
B1 (open square), PIN-Rd-B2 (closed triangle), PIN-Rd-C1 (open triangle), PIN-Rd (closed diamond) and
full length PIN-a,8 (closed circle). (C) Representative peak current traces from cells expressing Ca,2.2/B1
in the presence of PIN-Rd-C1 and PIN-Rd. Inset, representative PNGase-F deglycosylation assay of PIN-Rd
(containing GFP+HA). The first three lines show migration in the absence of PNGase-F and in the absence
(lane 1) or presence (lanes 2-3) of DTT. Lane 4 and arrowheads show the band shift with PNGase-F,
indicating the presence of N-glycosylation sites [35]. (D) Average current density-voltage (/-V) plots for
Ca,2.2/By currents in the absence of a,6-1 (open circle) and in the presence of PIN- a,6-A11 (closed
square), PIN-Rd-A11 (open square), PIN-Rd-W205A (closed triangle) and full length PIN-a,6 (closed
circle). (E) Representative peak current traces from cells expressing Ca,2.2/B4, in the presence of PIN-Rd-
W205A and PIN-Rd-A11 compared with PIN-Rd and PIN-,6-A11 compared with PIN-a,6. Currents were
evoked using 200 ms depolarizing steps in 5 mV intervals (-30 to +65 mV), from a holding potential, WV, -

80 mV. All data are shown as the mean * S.E.M., where cell number, n, is 9-20 for each construct.

Figure 4. Predicted tertiary structures of human wildtype and mutant (W205A) Rd-1 domain. Structures

were generated using the ab initio protein folding and structure algorithm, QUARK
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(http://zhanglab.ccmb.med.umich.edu/QUARK/). Structures are shown in side-on orientation with the
major Al1-2 and A3-4 helices at left. Colours correspond to inferred regions originally used in the
structure-function analysis of rat Rd-1 (See Supp. Figs. S1 and S2) as follows: Rd-A: Light turquoise; Rd-B:
lavender; Rd-C1: yellow; Rd-C2: light orange. The Region shown in C2 as dark orange corresponds to the
core C2 residues (see Rd-1 Supp. Fig. S1), while the residue shown in red (asterisked) indicates the highly

conserved tryptophan whose mutation to alanine in Rat Rd-1 abrogates function.
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Table Legends

Table 1. Biophysical properties of Ca,2.2/B., channels co-expressed with different PIN-chimera. /.y is
the maximum peak current density. Individual current density-voltage plots were fitted with a
Boltzmann function: I = (g(V-V,.,))/(1 + exp (1 — (V-Vsyac)/k)), Where V., is the reversal potential, Vsg gt is
the voltage for half maximal activation, k is the slope factor and g is conductance. % inact refers to
percent inactivation of peak current after 500 ms. Statistically significant effects of PIN-chimera
compared with control (Ca,2.2/By, currents in the absence of a,8, (-) a,6), were determined using
Student’s t-test and are denoted as follows: * P < 0.05, ** P < 0.01, *** P < 0.001. The number of cells

per treatment is shown in parentheses. All data are shown as the mean = S.E.M..
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PIN chimera Inax (PA.PF ) Vso,act (MV) k (mV) % inact
(-) 0,6 -14.8 £3.2 (14) 13.1+ 1.8 (14) 4.7 +0.4 (14) 53 +6(9)
PIN-0,6 -74.8 £ 8.3 (18) 6.3+1.0(18) 3.4+0.3(18) 76.9 £3.8 (11)
* %k % %k %k * %k * %k
PIN-TM -14.6 £2.9 (12) 15.7 + 1.1 (12) 5.3+0.2(12) 60.6 + 9.4 (5)
PIN-6 -12.0+ 1.8 (12) 12.2£1.4(12) 5.1+0.2 (12) 67.4+4.9 (8)
PIN-Linker -12.7 £3.8 (12) 13.7 +1.1(12) 5.2+0.2(12) 59.1+ 8.4 (7)
PIN-VGCC -13.7+2.2(9) 13.8+1.4(9) 5.4+0.1(9) 60.2+ 5.0 (6)
PIN-Cache -14.9 £2.9 (13) 14.2 +0.9 (13) 5.5+0.3 (13) 41.0+6.0(8)
PIN-VWA -15.8+ 1.8 (17) 15.3+0.9 (17) 5.1+0.2 (17) 53.816.3(9)
PIN-C1 -12.1+1.6 (14) 12.9+ 1.6 (14) 5.4+0.2 (14) 43.8 +8.0 (10)
PIN-B1 -16.4 2.6 (11) 10.1+£0.7 (11) 5.1+0.1(14) 47.4 +7.7 (10)
PIN-A4 -15.4 1.8 (11) 10.3+0.5 (11) 5.1+0.3(11) 69.7 3.4 (11)
PIN-A3d -28.4 £ 3.6 (10) 8.2+1.0(10) 4.4+0.3(10) 61.5£5.3 (6)
* %k
PIN-A3cd -27.5+2.8(8) 7.4+2.0(8) 4.6+0.2(8) 69.4+7.0(8)
* %k
PIN-A3bcd -39.1+4.2(11) 5.8+ 1.0 (11) 4.0+0.2 (11) 60.5 + 8.0 (7)
% k%
PIN-A3 -58.8 £9.8 (12) 2.9+0.7(12) 3.4+0.3(12) 57.9 + 4.6 (13)
EE 3 %k k EE T3
PIN-A2 -72.7 £10.2 (13) 4.5+0.7 (13) 3.6+0.3(13) 79.9+3.4 (11)
* %k % %k %k * %k * %k
PIN-RdA -26.4 + 8.2 (15) 12.4+1.7 (15) 4.8+0.3(15) 57.9 8 (11)
PIN-RdB1 -16.4 2.6 (9) 14.0£1.9 (9) 5.1+0.5(9) 63.1+10.1 (6)
PIN-RdB -20.8 +4.7 (9) 10.3+2.3(9) 5.4+0.4(9) 65.0 £ 8.3 (8)
PIN-RdC1 -17.5 + 2.6 (10) 10.0 £ 1.3 (10) 4.9 +0.4 (10) 65.8+9.1(6)
PIN-Rd -73.4+7.5(20) 6.7 £0.9 (20) 3.2+0.2(20) 86.6 £ 4.0 (9)
EE 3 * % EE T3 %k k
PIN-Rd:A11 -11.4+1.9 (16) 10.7 £ 1.0 (16) 5.7+0.3 (16) 79.5+5.1(11)
* %k % %k %k
PIN-Rd:W205A -11.7 £3.1 (12) 11.1+1.5(12) 6.2+0.3(12) 80.9 + 3.6 (10)
* %k %k k
PIN-0,6:411 -13.4+2.2 (18) 10.7 £ 1.0 (18) 76.4+3.8(7)

5.7+0.3 (18)
*

* %
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Supplementary Figure Legends

Supp. Fig. S1. Comparison of the R domain sequences of the a,56-1 to -4 subunits. Sequences of the R
domains of a,6-1 to -4 (Human Rd-1-4; assigned using Archaeopteryx (See Legend Supp. Fig. 4)), were
aligned and the degree of residue conservation (consistency) at each position determined using the
PRALINE software package (http://www.ibi.vu.nl/programs/pralinewww/). For reference and display
purposes, the degree of consistency determined for each R domain dataset is shown below the relevant
human sequence. All numbering is based on the position of residues displayed upon alignment. Also
shown are the Rd-A, -B and -C regions (bounded by large vertical ticks) within Rd-1 (See Fig. 1) and their
inferred counterparts in Rds-2 to -4. The line under Rd-1 positions 179-189 (corresponding to 200-210 in
rat Rd-1) denotes the core Rd-C2 residues deleted in the PIN-Rd-A11 construct. The conserved
tryptophan (W205 in rat Rd-1) is denoted by an inverted triangle. Note the high degree of conservation,

especially in Rd-C and, to a lesser extent, Rd-A regions within each Rd.

Supp. Fig. S2. Comparison of predicted R domain tertiary structures. Structures inferred for the human
R domains, Rd-1, Rd-2, -3 and -4 are shown. Each structure was generated using the ab initio protein
folding and structure algorithm, QUARK (http://zhanglab.ccmb.med.umich.edu/QUARK/). All structures
are shown in side-on orientation with the major A1-2 and A3-4 helices at left. Colours correspond to
inferred regions originally used in the structure-function analysis of rat Rd-1 (See Supp. Figs. S1 and S2)
as follows: Rd-A: Light turquoise; Rd-B: lavender; Rd-C1: yellow; Rd-C2: light orange. The Region shown
in C2 as dark orange corresponds to the core C2 residues (see Rd-1 Supp. Fig. S1), while the residue
shown in red (asterisked) indicates the highly conserved tryptophan whose mutation to alanine in Rat
Rd-1 abrogates function. Although the order of the A1-2 and A3-4 helices and the orientation of the C2
residues can differ, all predicted structures show a common theme where Rd-C2 residues form a
“tongue”, buried under a partial coiled-coil formed by the Rd-A region and Rd-C1l helix with infill

provided by the least conserved Rd-B region.
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