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ABSTRACT. How dihydropyridines modulate L-type voltage-gated®Cehannels is not known. Dihydro-
pyridines bind cooperatively with €abinding to the selectivity filter, suggesting that they alter channel
activity by promoting structural rearrangements in the pore. We used radioligand binding and patch-
clamp electrophysiology to demonstrate that calcicludine, a toxin from the venom of the green mamba
snake, binds in the outer vestibule of the pore and, lik& Ja a positive modulator of dihydropyridine
binding. Data were fit using an allosteric scheme where dissociation constants for dihydropyridine and
calcicludine bindingKpnp andKcag are linked via the coupling factom, Nine acidic amino acids located
within the S5-Pore-helix segment of repeat Ill were sequentially changed to alanine in groups of three,
resulting in the mutant channels, Mut-A, Mut-B, and Mut-C. Mut-A, whose substitutions are proximal to
IS5, exhibits a 4.5-fold reduction in dihydropyridine binding and is insensitive to calcicludine binding.
Block of Mut-A currents by calcicludine is indistinguishable from wild-type, indicating tKaic is
unchanged and that the coupling between dihydropyridine and calcicludine binding)ifdisrupted.

Mut-B and Mut-C possesKpnp values that resemble that of the wild type. Mut-C, the most C-terminal

of the mutant channels, is insensitive to calcicludine binding and bkg¢lde values for the Mut-C single
mutants, E1122A, D1127A, and D1129A, increase from 0.3 (wild type) to 1.14, 2.00, and/&0.5
respectively. Together, these findings suggest that dihydropyridine antagonist and calcicludine binding to
L-type C&" channels promote similar structural changes in the pore that stabilize the channel in a
nonconducting, blocked state.

The flow of C&" ions through voltage-gated &achannels izing the DHP receptor site was an important step toward
drives a variety of cellular processes including excitation  developing an understanding of how DHPs interact with and
contraction coupling, neurotransmitter release, and genemodulate L-type C& channels. DHPs are small lipophilic
expression. Voltage-activated €achannels are heteromul- compounds that have a strong tendency to associate with
timeric complexes consisting ofi, 5, o/, and sometimes  lipid bilayers @). Kass and colleagues found that the DHP
y subunits. The pore-forming; subunit contains all of the  receptor site lies within the lipid bilayer approximately-11
structural determinants required for voltage-dependent gating,14 A from the extracellular surface of the membraB (
drug binding, and ion permeation. The membrane topology These conclusions are consistent with mutagenic studies
of the ai; subunit consists of four homologous repeats (1, I, where individual amino acid residues located on transmem-
I, and V), each consisting of six transmembrane segments brane segments 111S5, 11IS6, and IVS6 were found to be
(S1-S6). Each of the four S5/S6 connecting segments critical for DHP binding and activity4—8).
contains a highly conserved negatively charged glutamate Important clues regarding the molecular basis for DHP
residue that together form a binding site foPCens called action came from the finding that DHP binding to a site that
the selectivity filter. The selectivity filter is the narrowest lies outside the permeation pathway is cooperative with Ca
region in the pore and is the site that enables the channel tobinding to the selectivity filter, suggesting that the binding
conduct C&" ions under physiological conditions where™Na of DHPs and C& promotes reciprocal structural rearrange-
is in excess ). ments in the outer pore that alter the functional behavior of

L-type Ca1.2 C&" channels are targeted by numerous the channelq, 10). Two recent studies using independent
small organic molecules including the dihydropyridines approaches, radioligand binding and whole-cell patch-clamp
(DHPS). DHPs are allosteric modulators of €achannels electrophysiology, suggest that DHPs block monovalent and
and can behave either as agonists or antagonists. Despitelivalent currents by stabilizing a nonconducting blocked state
much research spanning over two decades, the moleculatthat is structurally and functionally analogous to a channel
details that underlie DHP action are still a mystery. Local- with a single C&" ion in its selectivity filter 1, 12). It is
expected that the elusive molecular mechanisms that underlie
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A Schweitz et al. reported that N- and P/Q-type currents are
10 20 30 effectively blocked by calcicludinelg). In contrast, Stotz
WQPPWYCEE!I‘ VRI GSC&QFI' SSFYFEWTArli et al. found that currents through 2al, Cg2.2, and Cg2.3

Ca&* channels are only modestly inhibited 10%) by 100
nM calcicludine (9). Chimeric C&" channels were con-
structed to identify which domains of ¢h2 contain
calcicludine binding determinantd9). The level of block
B was reduced through chimeric channels where domains I,
II, and 1l of Ca,1.2 were individually replaced with the
corresponding regions of GAa.3. These findings led the
authors to conclude that calcicludine interacts with all three
domains of Cal.2. The greatest effects were observed using
the domain Ill chimeraX9).

We hypothesized that if calcicludine does indeed interact
with the outer pore of Gdl.2, it may act as a modulator of
DHP binding, as was observed for the binding of a single
Ca" ion to the selectivity filter 9, 10, 12). Thus, calcicludine
could be used as a molecular probe to study the structural
rearrangements associated with DHP binding and could aid
in the development of a deeper understanding of the
molecular events that couple DHP binding to changes in
channel block. Here, we (1) demonstrate that calcicludine
and DHP antagonists bind cooperatively ta,C& channels;

8 7 6 (2) identify three acidic amino acid residues located in the

; ; outer vestibule of domain 1ll that are critical calcicludine

log Calcicludine [V binding determinants; and (3) identify a cluster of acidic
residues positioned at the carboxyl terminus of 11IS5 that

are important for DHP (but not calcicludine) binding and
Scheme 1 the coupling between DHP and calcicludine binding. These
C K findings are described using an allosteric binding model. We
[CaV] 4—;;:—» [CaviCaC] propose that DHP and calcicludine binding to their respective

2 binding sites blocks currents through L-type?Cahannels
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N i I G by promoting similar structural rearrangements in the outer
pore that stabilize the channel in a nonconducting state.
[Cav/DHP] <%F;°—>lcavlcachHP] MATERIALS AND METHODS
al

Ficure 1: Calcicludine is a positive allosteric modulator of DHP Construction and Expression of Mutant €aChannels.
binding. (A) Primary sequence of calcicludine. Calcicludine is a ~pNAs encoding wild-type 20) and mutant Gal.2 C&*

60 amino acid peptide containing three disulfide bonds, 12 .
positively charged lysine or arginine residues (underlined) and two Ch@nnels were co-transfected wjith, (21) anda.0 (22) into

negatively charged glutamate residues. (B) Membranes from cells HEK293 cells by calcium phosphate precipitation as de-
expressing wild-type Gd.2 C&* channels were incubated with  scribed previouslyZ3). All cDNAs were expressed in the

~350 pM PH]PN200-110 and increasing concentrations of calci- expression plasmid, pPCDNA3 (Invitogen, Carlsbad, CA).

cludine. Each experiment was fit using Scheme 1 (see eq 4, ; Sl
Materials and Methods) and normalized such that the occupancyl\/lu'[‘rjlnt auc subunits were constructed by site-directed

in zero calcicludine is equal to 1.0. Note th&[PN200-110  Mutagenesis using polymerase chain reaction. Briefly, a Nhel
binding increases as calcicludine is raised from 3 nM te\& site was introduced by silent mutagenesis into the pore of
Binding data are the meassSEM, and calcicludine concentrations  domain Il at amino acid positions 1131 and 1132. Mutagenic

\(/éh?re DHPd Eingi“% \(;Lfsefs S_igofll_ifictaféﬂy_Iaomtthﬁtkwlig‘ “gotgx"‘ reverse primers and a forward primer lying upstream of an
etermined by are indicated with asterisks®*< 0.05; e Lo - o

n = 6). Error bars smaller than symbols do not appear in the Figure. eXIIStlng ECOEI . site I? dorq_zm . \?t/.erePLéSsd ”21 Sltngle
(C) Allosteric binding model for DHP and calcicludine binding. POlyMerase chain reactions. 1ne resuiting products were

See Materials and Methods and text for details. amplified using the TOPO ZeroBlunt Cloning System
(Invitrogen, Carlsbad, CA). Mutant inserts were excised by
Toxins from a wide range of Organisms bind to V0|tage_ EcoRI/Nhel digestion and I|gat6d into ECORI/NheI-digeSted
gated Cé+ channels I, 13) Calcicludine, a toxin from the Ca/12 vector. The |ntegr|ty of the resulting mutant cDNAs
venom of the green mamba snakeqdroaspis angusticeps ~ Was confirmed DNA sequence analysis. The general gating
is a 60 amino acid peptide that consists of 3 disulfide bonds, Properties of the mutant channels used in these studies are
12 positively charged arginine or lysine residues, and only indistinguishable from those of the wild type.
2 negatively charged glutamate residues (Figure 1A). Be- Membrane Preparation and Radioligand Bindigem-
cause of its folding pattern, calcicludine is classified as a branes were harvested 2 to 3 days following transfection.
bovine pancreatic trypsin inhibitor (BPTI)/Kunitz-like toxin  Cells were washed twice, transferred to a gtasphlon
(14—17) and is structurally homologous to the"Khannel homogenizer, and homogenized on ice in binding buffer (50
selective dendrotoxinslg). mM Tris, 100uM phenylmethylsulfonyl fluoride, 10&M
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benzamidine, 1.@M pepstatin A, 1.Q:g/uL leupeptin, and KouplCa,'DHP] K., dCa,-Cad

2.0 ug/mL aprotinin at pH 8.0). The homogenate was [Ca] = DHP = CaC
centrifuged at 1709 for 10 min at 4°C, and the resulting

pellet was re-homogenized and centrifuged. The final pellet aKpyplCa,sDHP-Cad  Ky,sCadCa/]
was discarded, and the supernatants were combined andCa,-CaC] = DHP = K
centrifuged at 100,0@Pat 4 °C for 30 min. The resulting CaC
membrane pellet was washed and homogenized in binding . .

buffer. Membrane aliquots were stored a0 °C and [Ca,DHP] = DHP[Ca] = KedCa,-DHP-Caq
remained stable for several months as determined by radio- Kore CaC

ligand binding but were typically used within one week of

harvesting. DHP[Ca,-CaC] CadCa,DHP]

[Ca,DHP-Ca] =

Saturation binding assays were performed in binding
buffer, 1 mM CaC}, 20—100ug of membrane protein, and
0.1-10 nM (+)-[®*H]PN200-110 (PerkenElmer Life and Of these four binding states, onl{C&,DHP] and [Cay-
Analytical Sciences, Boston, MA). Reactions were incubated DHP-Ca(] are represented in radioligand binding experi-
for 2 h at 22-24 °C, and each data point was determined ments (i.e., total boung [Ca,-DHP] + [Ca,+-DHP-Cad]).
by three replicates. No specific binding was detected using The occupancy of stat€p,-DHP] is solved by the following
membranes from untransfected cells. Assays designed toequation.
evaluate the cooperativity between DHP and calcicludine

aKppp Keac

binding were performed in binding buffer, 1 mM Ca(10— _ KowplCa,-DHP] " KonprCadCa,-DHP]

100 mg of membrane protein, and the indicated concentra- DHP KeadPHP

tions of calcicludine (Alomone Labs, Tel Aviv, Isreal), and CadCa,-DHP]
each data point was determined by four replicates. After 30 [Ca,-DHP] + ——————
min at 22-24 °C, (+)-[3H]JPN200-110 was added at a Keac

concentration equal tiiprp. This concentration of)-[3H]-
PN200-110 produces a fractional occupancy of 0.5 in the
absence of calcicludine. Nonspecific binding was determined 1 Koup  KpueCacC caC
in all experiments by the addition of/AM (4+)PN200-110, = +1+
thus reducing thek,, for the radiolabeled ligand to an [Ca,-DHP]  DHP * KcoPHP Keac
insignificant level. Bound radioligand was recovered by
vacuum filtration through GF/C glass fiber filters.

DHP binding as a function of calcicludine concentration
was fit using Scheme 1 (Figure 1) with the aid of the analysis oKpeKead Ca,-DHP-Cad]
and graphics programs EXCEL (Microsoft, Redmond, WA) 1=

Divide by [Ca,-DHP] to obtain the following equation.

(2)

The occupancy of stateCh,-DHP-Ca( is solved by the
following equation.

and ORIGIN (OriginLab Corp., Northampton, MAKpwe DHP-CaC
and Keac can be determined from Scheme 1 using the ®KowelCa, DHP-Cal = oKc,dCa,-DHP-Ca(
following relationships: DHP caC

Ca,-DHP-Ca
DHP[Ca,]  DHP[Ca,-Ca( [Cay d

DHP — [Ca,-DHP] - o[Ca,-DHP-Ca(] Divide by [Ca,DHP-Ca(] to obtain the following equation.
Ca(Ca,] CadCa,-DHP] 1 _ KpppKeac | ®Kppp | tKeqe i1
= = . . DHP-CaC DHP CaC
caC [ca,Cad a[Ca,-DHP-Ca( [Ca,-DHP-Caq 3)

where Kpup, Kcag and o correspond to the dissociation The sum of the inverses of eqs 2 and 3 is a measure of the
constants forH]PN200-110 (DHP) and calcicludine (CaC) total bound $H]PN200-110 at any given concentration of
and a unitless coupling facton), respectively, that is a  calcicludine and3H]PN200-110.

measure of the strength of the cooperativity between the DHP 1

and calcicludine binding sitesChy], [Ca,-DHP], [Cay- Occupancy= K K CaC +

Cad, and [Ca,-DHP-Ca( correspond to binding states with prp |, Mppptd CaC

no ligand, only DHP, only calcicludine, and both DHP and DHP K. ,DHP oKeae

calcicludine, respectively, bound to the channel. The popula- 1

tion of Ca /1.2 channels is distributed between each of the KK oK oK (4)
. . . . DHP'*CaC DHP CaC

four binding states depicted in Scheme 1, and the fractional + + +1

occupancies of all four states add to one as follows. DHP-CaC = DHP ~ CaC

Equation 4 was used to fit the binding data depicted in
1=[Ca] +[Ca,Caq + [Ca,DHP] + Ficé]ures 1B and 3A and B. ’ P
[Ca,-DHP-Cad (1) Patch-Clamp ElectrophysiologWhole-cell currents were
recorded at room temperature 2 to 3 days after transfection.
The above relationships can be used to describe each bindindPipettes were pulled from borosilicate glass (1B150F-3;
state depicted in eq 1. World Precision Instruments, Inc., Sarasota, FA) using a
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Ficure 2: Acidic residues proximal to the extracellular portion of I111IS5 are important binding determinantdHisN200-110. (A)

Amino acid sequence of G&.2 beginning at the C-terminus of IlIS5 through the pore loop. Peptide segments corresponding to regions
spanned by Mut-A, Mut-B, and Mut-C are indicated by lines above the sequence. Glu-1122, Asp-1127, and Asp-1129 are indicated by
arrows. The pore helix and P-loop are indicated by lines below the sequence. (B) Saturation binding experiment using membranes derived
from cells expressing wild-type G&.2 channels was performed as described in Materials and Methods. The signal-to-noise ratio can be
assessed by comparing the relative levels of specifjcafhd nonspecific®) binding. (Inset) Scatchard transformation of data from panel

B indicates that the cells express a single population of high affinity receptor sites. (C) Similar analyses were performed on independent
membrane preparations derived from cells expressing wild-type §), Mut-A (n = 3), Mut-B (h = 3), and Mut-C f = 3) channels (see

Table 1).

Sutter P-97 Flaming/Brown micropipette puller (Sutter Calcicludine increases DHP binding by 51% with ansEC
Instruments Company, Novato, CA) and fire polished using of 372 nM, a value 4.5-fold higher than that reported for rat
a MF200 microforge (World Precision Instruments, Inc., brain Cal.2 C&" channels expressed in HEK 293 cell§)
Sarasota, FA). Pipet resistances were typically-3.5 MQ. That calcicludine increase#{]PN200-110 binding indicates
External solutions for whole-cell recordings contained (in that the two ligands bind to the €achannel simultaneously
mM) NMG-aspartate, 130; HEPES, 10; 4-aminopyridine, 10; and do not compete for the same binding site. The binding
glucose, 10; and Bagl10. The internal solutions contained  data in Figure 1B were fit using the allosteric binding model
(in mM) NMG-MeSQ;, 140; EGTA, 10; MgGJ, 1; MgATP, depicted in Figure 1C (Scheme 1; eq 4) where a single DHP
4; and HEPES, 10. The osmolarity and pH of internal and receptor site is shown to transition between two affinity states
external solutions were adjusted to 300 mmol/kg and 7.4, (i.e., Kpup and aKpup), and calcicludine binding to its

respectively. Data were acquired using a HEKA EPC9/2 receptor site shifts the equilibrium between these states to
ampllfler and PULSE/PULSEFIT software (ALA Scientific the nght, thus Stab|||z|ng the h|gh aff|n|ty state (i-e-KDHP)-

Instruments, Inc., Westbury, NY). Currents were sampled pHpP and calcicludine binding are linked in Scheme 1 by
at _10 kHz and filtered at 2 kHz. Series resistance was the coupling factor, which is a unitiess measure of the

typically <6 M2 and was compensated by70%. Leaks  strength of the coupling between the two sites. Scheme 1
and capacitive transients were subtracted using a P/4 protocolg|iows one to determine the dissociation constant for DHP
A homemade rapid-exchange, single-cell perfusion systempyinging at any calcicludine concentration and, conversely,

was used to increase the external solution exchange ratesye gissociation constant for calcicludine binding at any DHP
thus minimizing undesirable effects resulting from current .qcentration.

rundown, and to minimize toxin consumption. . .
The statistical signifi f the ob d diff To better understand the positive cooperativity between
bet €s a:r:s 'g? Sk'.gn' icance f ef 0 'I.Zetrve |derentcest the DHP and calcicludine binding sites and how each ligand
ﬁvxﬁeln We c\)/c Imgt %ararirrl]e ersz_i) |IWId éty%?et:;t ,Tllu aNtinteracts with specific structural determinants to alter the
channeis was evajuated using a --alled St ' functional behavior of the Ca channel, we used site-directed
data are means SEM and statistical significance was set . T . . .
- mutagenesis to localize individual amino acid determinants
atP <0.05 (*). Error bars smaller than symbols do not appear . . L T
for calcicludine binding. We chose to limit this screen for

In Figures. calcicludine binding determinants to acidic residues in the
RESULTS segment connecting S5 to the selectivity filter in domain Ill
(the 111IS5/P segment) for the following reasons: (1) our

Calcicludine is a Positie Allosteric Modulator of DHP previous studies indicate that non-glutamate amino acid

Binding. Crude membranes from HEK 293 cells expressing residues in the pore of domain Ill are associated with

wild-type Ca/1.2 L-type C&" channels were incubated with  structural changes that occur upon DHP binditg, 23);

the DHP antagonist3H]PN200-110, and concentrations of (2) analysis of chimeric GA4.2/Cg2.3 C&" channels

calcicludine ranging from 3 nM to 3M (Figure 1B). suggests that domain Il possesses the most important



7594 Biochemistry, Vol. 46, No. 25, 2007

%" -
)
IR A A
o
E
S
2 1.0 - s
T O Wild-type
% 054 v MutA
g A MutB
5 @ Mt-C
0.0 : x r
-8 -7 -6
og Calcicludine
15 -
1.0 -
O Wildtype
054 A EM2A
€ D12TA
@ D1129A
0.0 T ' r T T
-8 -7 -6 -5 -4

log Calcicludine [M]

Ficure 3: Three acidic amino acid residues, Glu-1122, Asp-1127,
and Asp-1129, positioned proximal to the pore helix in domain llI
are important for calcicludine binding to ¢h2 channels. Wild-
type, Mut-A, Mut-B, and Mut-C (A) and wild-type, E1122A,
D1127A, and D1129A (B) Ca channels were incubated with]-
PN200-110 and the indicated concentrations of calcicludine as

described in Materials and Methods. Data were fit using Scheme 1
(see eq 4, Materials and Methods) and normalized such that the

occupancy in zero calcicludine is equal to 1.0. The method for fitting
binding data from the individual mutants, E1122A, D1127A, and

D1129A, is described in the text and footnote to Table 1. DHP
binding to Mut-A and Mut-C membranes does not increase in the
presence of calcicludine, but block of Mut-A and not Mut-C currents
by calcicludine is similar to that of the wild type (Figure 5; see

text for details). Data are the meads SEM, and significant

Wang et al.

determinants for calcicludine block%); and (3) calcicludine

is a highly basic peptide toxin that possesses 12 positively
charged lysine and arginine residues and only 2 acidic
glutamate residues. Because basic residues of the BPTI/
Kunitz dendrotoxins are known to interact with acidic
residues in the S5/P segment of the outer vestibule of K
channelsZ4, 25), we reasoned that similar interactions would
be important for calcicludine binding to ¢GR2. In the
following sections, we use site-directed mutagenesis, radio-
ligand binding, and whole-cell patch-clamp electrophysiology
to localize individual molecular determinants for calcicludine
binding.

Acidic Residues Proximal to the Extracellular Portion of
1S5 Are Important Binding Determinants fofH]PN200-

110 The screen for amino acid residues critical for calci-
cludine binding was initiated by changing all nine acidic
residues located in the 1lIS5/P segment to alanine in three
groups of three, resulting in the mutants Mut-A, Mut-B, and
Mut-C (Figure 2A). Amino acids were changed to alanine
in these studies because alanine substitutions eliminate the
acidic properties of the substituted residues without causing
global conformational changes in the channel prot2s).(
Initially, Kpnp values were determined by performing satura-
tion binding experiments on membranes derived from cells
expressing wild-type and all three mutant?Cahannels
using the DHP antagonistH]PN200-110. Figure 2B dem-
onstrates that3H]PN200-110 binds to a single population
of sites on membranes expressing wild-typg 2 channels
with a dissociation constant of 367 pM. In contraStup

for [®BH]PN200-110 binding to Mut-A membranes is in-
creased to 1.7 nM (i.e., 4.5-fold larger than that of the wild
type). Kppp values for Mut-B and Mut-C are similar to that
of the wild type (Figure 2C).

Three Acidic Amino Acid Residues, Glu-1122, Asp-1127,
and Asp-1129, Positioned Proximal to the Pore Helix in
Domain 11l Are Important for Calcicludine Binding to G&.2
Channels.The levels of H]JPN200-110 binding to mem-

differences between binding parameters of the wild-type and mutantpranes prepared from cells expressing Mut-A, Mut-B, and

channels were evaluated using a 2-tailed StudetgstP < 0.05

(*). Error bars smaller than symbols do not appear in the Figure.
See Table 1 for the data summary and indications of statistical
significance. (A) Wild-type it = 6), Mut-A (n = 3), Mut-B (n =

3), and Mut-C ( = 3); (B) wild-type ( = 6), E1122A ( = 3),
D1127A (= 3), and D1129A 1§ = 3).

Table 1: Binding Parameters for Wild-Type and MutanCa
Channel3

Korp (PM) Kcac (aM) a
wild-type 3674+ 19 0.322+ 0.055 0.48+ 0.05
Mut A 16604+ 120° 0.344+ 0.065 ~1b
Mut B 391452 0.216+ 0.024 0.45+ 0.05
Mut C 460+ 50 n.d. n.d.
E1122A 294+ 42 1.144+ 0.20° n.d.
D1127A 5114 53 1.614+ 0.94 0.75+ 0.07
D1129A 289+ 80 21.0+6.00 n.d.

aKppp values were determined byH]-PN200-110 binding in the
absence of calcicludine, as described in Figur&@.c values were
determined using whole-cell patch-clamp electrophysiology, as de-
scribed in Figures 4 and 5. Values for the cooperativity factor alpha
() for wild-type, Mut A, and Mut B were determined by fitting the
data depicted in Figure 3. Mut C proved to be insensitive to calcicludine;
therefore Kcacanda for this mutant were not determined (n.d.). Binding
data from E1122A and D1129A were fit using the mutants’ respective
Konp andKcac values and a value far equal to that of wild-type (i.e.,
0.48). In contrast to E1122A and D1129A, it was necessary to adjust
o to 0.75 to achieve a reasonable fit for D1127R.< 0.05.

Mut-C channels were compared to that of the wild type in
the presence of various concentrations of calcicludine using
Scheme 1. In contrast to the wild type, DHP binding to
Mut-A and Mut-C membranes is completely insensitive to
calcicludine at concentrations up to /M (Figure 3A).
Calcicludine enhancesH]PN200-110 binding to Mut-B
membranes with values foKcac and a similar to that
determined for the wild type (Figure 3A; Table 1). Because
block of Mut-A (but not Mut-C) currents by calcicludine is
indistinguishable from that of wild type (Figure 5A), efforts
to localize individual determinants critical for calcicludine
binding and block were limited to the segment spanning Mut-
C.

Three mutant channels containing single amino acid
substitutions corresponding to those made in Mut-C, E1122A,
D1127A, and D1129A, were analyzed to determine which
are important for modulating DHP binding and channel block
(Figure 3B, Table 1). As expectedpnp values for all three
mutant channels are similar to those of the wild type and
Mut-C (Table 1). The ability of calcicludine to increasel]-
PN200-110 binding to the mutant channels was assessed as
described above. Because of the relatively large increases
in Kcacand the high cost of calcicludine, it was not possible
to maximize the effect calcicludine has on DHP binding to
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Ficure 4: Mut-C channels are insensitive to block by calcicludine. log Calcicludine [M]
(A and D) Peak amplitudes of Bacurrents evoked by 300 ms
step depolarizations from100 to—10 mV every 20 s from cells
expressing wild-type (A) and Mut-C (D) €a channels in the .
presence of 0, 100, 500, and 5000 nM calcicludine. Note that Mut-C 3

currents are insensitive to block by calcicludine. (B and E) Sample
traces resulting from voltage steps froni00 to—10 mV in the
absence and presence of 500 nM calcicludine. (C and F) Cuirent
voltage relationships in the absence and presence of calcicludine
were generated by depolarizing cells from a holding potential of
—100 mV to 300 ms step depolarizations to potentials ranging from
—60 to+80 mV. Peak currents were plotted against corresponding
test voltages to give the currentoltage relationshipl (— V). These 1
data were fit using the equation= G(Vin — Viey/(1 + exp[(Vh — o ] c
Vm)/K]), where G is the maximal slope conductancé,, is the 1 -

reversal potentialVy, is the membrane potential/, is the half 5&& 3\'?'\;\9&'0(05’;:9?&9?
activation potential, and is the slope factor. — V measurements KO R SCARNRS)
were made in each cell in the absence and presence of calcicludine ,
and vere normalized by dviing the peak cutenta cach sep FUES, S LIZE ASpLIZT, and fep 1129 conlr e charnets
potential by the peak of the fit through— V data acquired in the . O gL
absence of calcicludine. Current voltage relationships indicate thatMUt'A or Mut-B, are insensitive to block by calcicludine. (A) The

; . =S fraction of wild-type, Mut-A, Mut-B, and Mut-C current remaining
the gross gating properties of Mut-C (F) are similar to that of the after the application of the indicated concentrations of calcicludihe (

wild type (D). Ino arug) is plotted. The lines are logistic fits through the wild tyj) (
and Mut-C @). Only 63% of the maximal Ba current through wild-
type channels is blocked by saturating concentrations of calcicludine.
E1122A, D1127A, and D1129A membranes. Therefore, Data for Mut-A and Mut-B fit nicely with the same logistic function
e ; used to fit the wild-type data. Data are summarized in panel C and
curve fitting data from the mutant chgnnels proved unreliable. 1710 1; wild-type (]yg 19), MUt-A (0 = 4), Mut-B (n =%)’ and
To circumvent this limitation, the fits through the mutant Mut-C (n = 7). (B) B&" currents through' E1122A, D1127A, and
data points (solid lines) were constructed usigc values D1129A channels exhibit a reduced sensitivity to block by calcicludine.

. . - The fraction of B&" current remainingl(ln 49 after the addition of
determined using the whole-cell patch-clamp experiments ( 1o’ 500, and 5000 nM calcicludi%e( fo d\;vigl)d-type and mutarftCa

described below (Figure 5 and Table 1). Initially, the value channels is plotted. Best fits through the data were made assuming a
for the cooperativity factorg, was set to equal 0.48 (i.e., Hill coefficient of 1.0 and, as was observed for wild-type (panel A),

) S that a maximum of 63% of the total current is blocked at saturating
the same value as that of the wild type). The binding data concentrations of calcicludine; wild-type & 19), E1122A ¢ = 6),

for the wild type, E1122A, and D1129A were fit reasonably D1127A (= 6), and D1129A1§ = 4). (C) Summary of data depicted
well using these constraints. This was not the case for in panels A and B (also see Table 1). Ansd@alue for Mut-C could

. - not be determined (n.d.). gvalues from these experiments were used
D1127A (dashed line). It was necessary to increaseom to generate fits through the binding data shown in Figure 3B (see text
0.48 to 0.75 to obtain a reasonable fit through the data for and footnote to Table 1 for details). The statistical significance of the

iti observed differences between the blocking parameters of wild-type and
D1127A (a.”o""s)' Thes_e re_sul_ts sugge_st that positively mutant channels was evaluated using a 2-tailed Stud¢ess. Patch-
charged residues on calcicludine interact with Glu-1122, ASp- clamp data are the meass SEM, and significance was set Bt<

1127, and Asp-1129 in the outer vestibule of domain Il of 0.05 (*). Error bars smaller than symbols do not appear in the Figure.
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Ca/1.2 and that Asp-1127 may play an additional role in ~ Molecular Basis for Positie Cooperatiity between DHP

coupling DHP binding to calcicludine binding. and Calcicludine Binding.The domain-interface theory
Glu-1122, Asp-1127, and Asp-1129 Confer the Channel’s predicts that allosteric ligands bind at structural interfaces,
Sensitiity to Block by Calcicludineln Figure 4, whole-cell possibly because the receptor protein is most flexible in such

patch-clamp electrophysiology was used to characterize theregions ¢, 27—31). The domain-interface theory can be used
basic functional and pharmacological properties of cells to explain how the calcicludine and DHP binding sites are
expressing wild-type and mutant channels. Initially, it was allosterically coupled as well. Our findings indicate that
found that of Mut-A, Mut-B, and Mut-C, only Mut-C is  calcicludine binds to a peptide segment including and
insensitive to block by calcicludine (Figure 4). In Figure 4A proximal to the pore helix in repeat Ill. Structural models
and D, cells were depolarized every 20 s-t20 mV from of L-type C&* channels predict that this segment is nestled
a holding potential of~100 mV in the presence of 0, 100, between IlIS5, 111S6, and 1VS63R—34). Thus, although
500, and 5000 nM calcicludine. Cells expressing wild-type DHPs and calcicludine possess very distinct chemical and
channels are blocked by calcicludine with and©f 322 physical properties, their respective binding sites share an
nM, and in contrast to the findings of Stotz et al9)( and important feature: both binding sites are located at the
Schweitz et al.16), a small statistically insignificant amount interface between repeats Il and IV. Binding of either ligand
of current (-8%) is typically recovered upon washout of would be expected to alter the interactions between repeats
the toxin. Consistent with the findings of Stotz et al9), [l and IV and, consequently, the functional properties of
but not Schweitz et al.1@), only 63% of the wild-type the channel. The positive cooperativity between DHP
current is sensitive to calcicludine. Also in agreement with antagonists and calcicludine likely occurs because the two
Stotz, et al. 19), we did not observe a change in the half- ligands bind at the interface between the pore motifs of
activation potential of wild-type or mutant GR2 currents repeats Ill and IV and stabilize a common conformational
upon application of 500 nM calcicludine (Figure 4C). In state in the outer pore. Consequently, DHP binding becomes
contrast to the wild type, Mut-A, and Mut-B, Mut-C is more energetically favorable in the presence of calcicludine
resistant to block by calcicludine at concentrations up to 5000 and, though not tested, vice versa. This model for DHP and
nM (Figure 4D, E, and F). Thus, the 4&for the block of calcicludine binding predicts that interdomain movements
Mut-C by calcicludine must be at least 500M. These resulting from the binding of either ligand shift the channel
findings are summarized in Figure 5A. Block of currents from a permeant state to a blocked state. This scenario is
through the single mutants, E1122A, D1127A, and D1129A, consistent with our previous reports that DHP antagonists
by calcicludine were increased 3.5-, 5.0-, ar@5-fold, block C&* channels by promoting structural rearrangements
respectively, above that of the wild type, indicating that all in the outer pore12). In these studies, we postulated that
three residues contribute to calcicludine binding (Figure 5B the outer pore of an activated channel switches between
and C). conducting and nonconducting blocked states and that the
overall open probabilityRo) of the channel is determined
DISCUSSION by the probability that the inner gate is open and whether
Here, we used calcicludine, a toxin from the venom of the outer pore is in its conducting or nonconducting state.
the green mamba snake, as a molecular probe to obtain arhese findings further suggest that DHP antagonists (and
deeper understanding of the mechanism by which DHP perhaps calcicludine) block €a currents by promoting
antagonists block L-type achannels. We found that DHP,  structural rearrangements in the outer pore that correspond
[(H]PN200-110, binds cooperatively with calcicludine to to the nonconducting state.
cardiac Cal.2 C&" channels expressed in HEK 293 cells ~ The domain-interface model for the allosteric interactions
(Figure 1). The positive cooperativity observed between between the calcicludine and DHP receptor sites is further
calcicludine and JH]PN200-110 can only occur if both  supported by the observation that the amino acid substitutions
ligands bind simultaneously to the channel; therefore, cal- in Mut-A located in the extracellular loop proximal to [11S5
cicludine appears to be aallosteric modulator of DHP are important determinants for DHP binding (Figure 2D;
binding. Scheme 1 was developed to model the interactionsTable 1). The DHP receptor site is thought to lie deep within
between DHP and calcicludine binding. Neutralization of the lipid bilayer, yet the segment containing the amino acid
three acidic amino acid residues, Glu-1122, Asp-1127, and substitutions in Mut-A is predicted to be extracellular. Thus,
Asp-1129, located adjacent to the pore helix of repeat Ill the DHP receptor site and the amino acid residues altered in
results in mutant channels that have reduced sensitivity toMut-A are not spatially oriented in a way that would allow
block by calcicludine (Figures 4 and 5; Table 1). Similar the two regions of the channel to form a single binding site.
results were obtained using an allosteric binding assay Interestingly, the dissociation constant fSH[PN200-110
(Figure 3), where data were fit nicely usingsivalues for binding (i.e.,Kpnp) to Mut-A membranes is 4.5-fold larger
half-maximal block of B&" currents through the mutant than that of the wild type (Figure 2). Because the sensitivity
channels. These independent experimental approaches (onef Mut-A currents to calcicludine is similar to that of the
a DHP-independent functional assay and the other a DHP-wild type (Figure 3A), it appears that the dissociation
dependent binding assay) suggest that calcicludine directlyconstant for calcicludine binding to Mut-Kcag is unaltered
interacts with acidic amino acid residues, Glu-1122, Asp- but that Kpnp increases 4.5-fold, and the cooperativity
1127, and Asp-1129. Below, we usedamain-interface between the DHP and calcicludine binding sitesincreases
model to explain the molecular details that underlie the from 0.5 to~1.
positive cooperativity between the DHP and calcicludine It seems unlikely that the amino acid residues substituted
binding sites and propose a molecular mechanism to explainin Mut-A contribute directly to the formation of the DHP
how calcicludine and DHPs modulateTa&hannel activity. receptor site; therefore, these substitutions may akiggh
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and o. via an allosteric mechanism. The most reasonable REFERENCES

explanation for these findings is that one or more of the three
acidic amino acid residues substituted in Mut-A is important
for stabilizing the interaction between repeats Ill and IV in
a way that is favorable for DHP binding. Amino acid
substitutions at this position would then destabilize these
interactions, and DHP binding would become less favorable.
Thus, drugs that target amino acid residues that lie within
the Mut-A peptide segment may function as allosteric
modulators of voltage-gated &achannels.

Calcicludine andd-Dendrotoxin Share Similar Pharma-
cological PropertiesThe selectivity filters of Cal.2 differ
from that of KcsA and other K channels, but the gross
structural features of their respective pores are predicted to
be conserved. Therefore, we compared the results of our
localization studies with those of Imredy et al. who charac-
terized the binding od-dendrotoxin to the inward rectifying
(K;r1.1) and voltage-gated (H.1) K™ channelsZ4, 25). Like
calcicludine 9-dendrotoxin is a member of the BPTI/Kunitz-
like toxin family (15, 18). Neutralization of Glu-123 of KL.1
results in a mutant channel with ansiJor half-maximal
block by d-dendrotoxin that is more than 250-fold larger than
that of the wild type 24), and substitution of alanine for
Asp-431 results in a 160-fold increase in thesd@r the
half-maximal block oKy1.1 channels by-dendrotoxin 25).

As with Glu-1122, Asp-1127, and Asp-1129 of\@a2, Glu-
123 of Ki1.1 and Asp-431 of K1.1 are located within and
are proximal to the pore helix. Therefore, the interactions
between calcicludine anttdendrotoxin and their respective
channel targets appear to be conserved.

In their later study, Imredy and Mackinno25) found

that one face od-dendrotoxin interacts off-center in the pore
with three residues on the turret and an aspartate residue
(Asp-431 ofKy1.1) positioned in the outer portion of the
pore helix between two Kchannel subunits. The similarities
between our results and those of Imredy and MacKinnon
(25 and Stotz et al. 19) indicate that calcicludine and
o-dendrotoxin bind to their respective receptor sites in a

channel activity via a similamodus operandlithat is, by
partially occluding the permeation pathway9( 24, 25). As
noted by Stotz et al1@), our findings can also be explained

by an allosteric model. The selectivity filter appears to be a ;g5

dynamic structure that undergoes structural rearrangements
in response to changes in channel activity. For example, a
pore containing no divalent cations is predicted ¢o8oA in
diameter 85) and freely conducts monovalent cations.
Occupancy of the pore by a single divalent cation introduces
electrostatic forces that cause the selectivity filter to collapse
to 2.8 A (33), a structure that corresponds to the nonconduct-
ing blocked state stabilized by DHP antagonisi®)(
Occupancy by a second divalent cation introduces repulsive
forces in the selectivity filter and stabilizes a state that
conducts divalent cations. Calcicludine binding to the outer
vestibule of the pore may promote a pore structure that is
structurally analogous to the nonconducting blocked state
stabilized by DHP antagonists.
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