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SUMMARY

We have used an homologous series of dihydropyndine (DHP)
derivatives to determine the location of the binding domain for
DHPs on cardiac L-type calcium channels, relative to the extra-
cellular and intracellular membrane surfaces. The series of test
molecules consisted of DHP analogs in which the DHP moiety
was linked to either a neutral (-CH2CH3) or permanently charged
[-�N(CH3)3] headgroup and the distance between the headgroup
and the active moiety was systematically varied with alkyl spacer
chains containing 2, 6, 8, 1 0, 1 2, or 16 methylene (-CH2) groups.
These compounds were previously shown, by radioligand bind-
ing experiments, to interact with the high affinity DHP binding
site in intact neonatal rat heart cells. In the present experiments,
access to the DHP binding site was assayed by inhibition of L-
type calcium channel currents using whole-cell patch-clamp pro-

cedures in guinea pig ventricular myocytes. Intracellular appli-
cation was achieved by dialysis via charged DHP-containing
whole-cell patch pipettes, and cell dialysis was monitored by
using a charged DHP labeled with a rhodamine fluorophore. Our
results show that access of extracellularly applied charged, but
not neutral, DHPs to the DHP binding domain depends markedly
on the alkyl spacer chain, with the optimal length being near 10
methylene groups. Intracellular application failed to inhibit chan-
nel activity for spacer chain lengths up to 1 6 methylene groups.
From our results, we conclude that the DHP binding domain of
cardiac L-type calcium channels is not on the extracellular mem-
brane surface put is probably within the lipid bilayer, approxi-
mately 1 1 -1 4 A from the extracellular surface.

Voltage-gated L-type calcium channels regulate calcium in-

flux in diverse cell types and are of particular importance in
the cardiovascular system, where calcium entry through them
is closely linked to excitation of contraction and the modulation

of intracellular second messengers (1). Calcium channel antag-

onists in general, and the DHPs in particular, constitute an

important group of organic compounds that bind to the al

subunit of the L-type calcium channel and control calcium

influx by modulation of channel gating (2-5). Additionally, the
calcium channel antagonists have served as primary therapeu-

tic agents in the treatment of hypertension, angina, and certain

forms of arrhythmias; more recently, their clinical use has been

expanded to include congestive heart failure, cardiomyopathy,

atherosclerosis, and cerebral and peripheral vascular disorders

(6). Identification of the DHP binding domain on the L-type
calcium channel al subunit at the molecular level is thus of

great interest both for gaining insight into the control of L-
type calcium channel gating and for designing and understand-
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ing the mode of action of this important group of therapeutic

drugs.

The location of the DHP binding site within the primary

structure of the L-type calcium channel has been probed using

at least three molecular approaches. Regulla et al. (7) used
photoaffinity labeling of purified skeletal muscle calcium chan-

nels and identified the major labeled peptide fragments of the

al subunit, by proteolytic digestion, as those from the hydro-

philic region of the cytoplasmic carboxyl-terminal loop. Based

on these results, the proposed binding site location for DHPs

is in the intracellular carboxyl-terminal region ofthe al subunit

of the L-type calcium channel (7, 8). Striessnig et al. (9) and

Nakayama et aL (10) identified the photolabeled peptides using

site-specific antibodies and reported a binding site location for

DHPs near the extracellular end of transmembrane segment 6

of the third and fourth membrane-spanning domains, and

Kalasz et al. (11) have used photoaffinity labeling to localize

the DHP binding site to the 55-56 linker peptides of repeats

I, III, and IV.

Most recently, Tang et al. (12) created chimeric calcium
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channels by using the cardiac al subunit as the parent protein
and replacing targeted segments with the corresponding seg-

ments ofthe B1-2 calcium channel, a channel that is insensitive
to DHPs (13, 14). The DHP sensitivity of the expressed chi-
meric channels indicated that the S5-S6 linker in motif IV of
the L-type calcium channel is a critical site for DHP action
(12). Functional studies of DHP modulation of recombinant

cardiac and lung smooth muscle al channels also suggested a
possible role for the S3 hydrophobic segment of motif IV of the

L-type calcium channel in determining unique tissue-specific
profiles of DHP modulation (15).

To resolve the location of the binding site in physiological
L-type calcium channels, molecular studies must be compared
with data obtained from functional studies of native L-type

calcium channels. Using the permanently charged DHP antag-
onist SDZ 207-180, Kass et at. (16) provided data consistent
with a DHP binding site accessible from the extracellular, but
not intracellular, side of the cell membrane. However, the use
of a single permanently charged DHP antagonist (SDZ 207-
180) in which the DHP moiety is separated from the ionized

headgroup by a long hydrocarbon chain limits resolution of the
binding site with respect to the membrane surface, and thus
these data cannot be used to provide more detailed information

needed to predict the precise binding domain. Here we report
results of functional studies of native cardiac L-type calcium

channels in which we have probed the DHP binding site loca-
tion by measuring the sensitivity of whole-cell currents to
external and internal application of a series of custom-synthe-

sized DHP analogs, in which the active moiety was linked
to either a neutral (-CH2CH3) or permanently charged
[-�N(CH3)3] headgroup and the distance between the headgroup
and the active moiety was systematically varied by alkyl spacer

chains containing 2, 6, 8, 10, 12, or 16 methylene (-CH2) groups.
Our results provide the first functional evidence for an intra-
membrane binding domain that may be located within 11-14
A of the extracellular membrane surface.

Electrophysiology

Materials and Methods

Cell preparations, voltage protocols, and drug application.
Single ventricular myocytes were isolated from either ventricle of adult
guinea pigs using previously described methodology (17, 18). Solution

changes were accomplished using a gravity-driven perfusion system
containing a multibarreled ejection pipette that allows for local concen-
tration changes in <1 sec. Control records were recorded under drug-
free conditions, the external solution was changed to a drug-containing
solution, and the same voltage protocol was immediately reapplied in

the presence of a test drug concentration. Test drugs were first applied
while the cell was held at -80 mV and were then maintained for onset

and recovery protocols.
Drug onset was measured by using a depolarizing “train” protocol in

which the holding potential was changed from -80 mV to -40 and test
voltage pulses (+10 mV, 40 msec) were applied at 5-sec intervals for a

total period of 75 or 150 sec. In this protocol, the first pulse was applied
from -80 mV and subsquent pulses were applied from -40 mV. Current
inhibited by drug during the first pulse reflected drug block that
developed rapidly at -80 mV, which is referred to as tonic block.
Recovery from block was measured using train protocols in which the
holding potential was changed from -40 mV to -80 mV and test pulses
(+10 mV, 40 msec) were again applied at 5-sec intervals for periods of
75 or 150 sec. Here, the first pulse was applied from -40 mV and

subsquent pulses were applied from -80 mV.

Analysis of recovery kinetics was carried out after first promoting

channel block by prolonged depolarization (30 sec) to 0 mV and then
returning the membrane potential to -80 mV, from which voltage test

pulses to +10 mV (40 msec, 2 Hz) were applied to assay for recovery

from drug block. In the case of neutral drugs, the fraction of current
that recovered with drug-induced slow kinetics was a reflection of drug-

bound and inhibited channels. In the case of charged drugs, there was

no drug-induced slow component to the kinetics of current recovery

but the fraction of current that did not recover in the presence of

charged drugs reflected drug-bound and blocked channels and could be
used for comparison of relative potency of the charged compounds.

Solutions and drugs. The standard pipette solution contained 60

mM CsCl, 50 mM aspartic acid, 68 mM CsOH, 1 mM MgCl2, 1 mM

CaC12, 11 mM EGTA, 5 mM K2ATP, and 10 m�i HEPES, pH 7.4. Cells
were dialyzed with drug-free solution or solution containing appropriate
concentrations of drugs throughout each experiment. The extracellular
solution contained 130 mM N-methyl-D-glucamine, 4.8 mM CsC1, 5 mM

BaC12, 5 mM glucose, and 5 mM HEPES, pH 7.4. The general structure

of the family of DHP compounds used in this study is shown in Fig. 1.
Methyl chains of various lengths separate the DHP moiety from the

test headgroup (R). Spacer chain length is denoted by n, the number

of methyl groups in the chain. Neutral headgroups are denoted as R#{176}

and charged groups are denoted as R�. DHP derivatives were dissolved
in ethanol or dimethylsulfoxide to make concentrated (millimolar)

stock solutions and were diluted in the bath solution to appropriate

concentrations. The highest concentrations of solvents reached in the
bath were included in controls to correct for any solvent effects.

Fluorescence Microscopy

Images were captured and analyzed via a Vision Plus AT frame-

grabber board (Imaging Technology, Bedford, MA) interfaced into an
IBM-compatible PC-386 computer (Dell Computer Corp., Austin, TX)
under software control of OPTIMAS (Bioscan, Inc., Edmonds, WA).
Optical measurements were made with a modified Olympus IMT-1
microscope (Olympus Corp., Lake Success, NY). Excitation light (560

nm) and emitted light (600 nm) were selected with custom-manufac-
tured filters and dichroic reflector (Omega Optical Inc., Battleboro,

VT). The cell was held at -40 mV throughout the experiment. Current-

voltage relationships, generated by applying 100-msec test pulses at 1
Hz, were recorded at 10-mm intervals from 0 to 30 mm after establish-

ment of the whole-cell configuration, at which times the fluorescent
images were also captured to monitor diffusion of the RHD over the
period of 30 mm.

Internal Dialysis

In dialysis experiments, cells were patch-clamped with pipettes

containing either drug-free internal solution (control) or internal so-
lution containing the appropriate concentration of charged DHPs, and

depolarizing trains (15 pulses each, of 40-msec duration, from a holding

T CF3

MeOOC COO(CH2)�R

M Ne H e

R = [CH2CH3] or [�N(CH3)3]

n=2,6,8, 10, l2or 16

Fig. 1. General structure of all DHP derivatives used in this study. A
neutral (-CH2CH3) or charged [-�N(CH3)�] headgroup (R) is separated
from the DHP moiety by alkyl chains of variable lengths (n = 2, 6, 8, 10,
12, or 16). Me, methyl.
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potential of -40 mV to +10 mV at 0.2 Hz) were applied at 5-mm

intervals between 0 and 30 mm. This train protocol was shown to

promote block by 10-fold lower concentrations of each of the charged
DHPs applied extracellularly. Because we measured no pulse-depend-
ent block in these experiments, current amplitude was averaged within

each train to determine mean current amplitude at each time point.

Curve Fitting

Curve fitting and statistical analysis were carried out using the
Origin software package (Microcal, Inc., Northampton, MA).

Results

Externally applied charged and neutral drugs inhibit

L-type calcium channel activity. Both neutral and perma-

nently charged forms of the unique DHPs used in this study

inhibited L-type calcium channel activity via extracellular ap-
plication. Molecules with neutral headgroups (R#{176})blocked cur-
rents in a voltage-dependent manner that closely resembled
that of previously investigated neutral DHPs (19); depolariza-
tion promoted, and subsequent hyperpolarization relieved,
block. Fig. 2 compares voltage-dependent onset and recovery
for equal concentrations (500 nM) of two neutral drugs, with n

= 2 and n = 10. Spacer chain length did not appear to affect

the interaction ofthe neutral compounds with the DHP binding
domain.

In contrast, block by molecules with charged headgroups
(R�) was strikingly affected by spacer chain length and was

characterized by very slow depolarization-induced onset, little

or no recovery upon subsequent hyperpolarization, and marked
tonic block. Fig. 3 illustrates the effect of spacer chain length
on charged DHP block and recovery and shows that, for charged
drug molecules, a 20-fold higher drug concentration (10 kiM) of

a short-chain molecule (n = 2) was required to cause pharma-

cological effects comparable to those of a molecule with a longer

spacer chain (n = 10).

Alkyl spacer chain length affects block by charged,

but not neutral, drugs. To quantify differences in potency of

the various DHPs, we focused on recovery kinetics after block
was induced by long (30-sec) depolarizing pulses. For molecules

with neutral headgroups, with all spacer chain lengths studied,

there was a concentration-dependent increase in the fraction
of current that recovered with slow kinetics (Fig. 4A). Inter-

preting the fraction of current recovering with drug-induced
slow kinetics as a reflection of the proportion of channels that

had become drug-bound during the conditioning depolarization

(20), Fig. 4C shows that the same concentration (500 nM) of
neutral drug inhibited approximately 70% of available channels

under these conditions, irrespective of spacer chain length.

In contrast, the relative effectiveness of the charged DHPs

showed a marked dependence on spacer chain length. Here,

recovery kinetics remained rapid and unchanged from control,

but the amplitude of recovering current decreased in a concen-

tration-dependent manner (Fig. 4B). This is consistent with a

concentration-dependent increase in drug-bound channels that

do not recover from block upon hyperpolarization and a con-

centration-dependent decrease in unbound channels that re-

cover with rapid kinetics consistent with removal of inactiva-

tion of drug-free channels at -80 mV. In this case, the steady

state fraction of current that does not recover is a reflection of

the proportion of channels that are inhibited by the charged

DHPs. Using this analysis, we determined the relative potencies
of the same concentration (500 nM) of five charged compounds

(R�) applied externally, R�, n = 2 << R�, n = 6 � R�, n = 12 <

R�, � = 8 � R�, n = 16 < R�, n = 10. The relative potencies of

these compounds are compared in Fig. 4C. When the DHP

moiety is linked to a permanently charged headgroup, a spacer

chain length of 10 methylene groups is optimal for access to
the binding site from the extracellular surface of the membrane.

Internally applied charged DHPs do not inhibit L-type

calcium channel activity. We next tested for a possible

chain-length dependence of internal access to the DHP binding

site by including high concentrations of each permanently

charged compound in the patch pipettes. We first estimated

diffusion times for charged DHPs by simultaneously measuring

fluorescence of an ionized RHD (R�, n = 6) and L-type calcium
channel activity. Fig. 5, A-C, shows diffusion of RHD� out of

a patch pipette containing 10 �sM RHD� and throughout a

Fig. 2. Modulation of heart L-type calcium
channel currents by externally applied neutral

DHPs. Representative plots show onset of
and recovery from block of L-type calcium
channels. Normalized peak current values (or-
dinates) are plotted versus time of voltage
train protocol (abscissae), in the absence (0)
or presence (S, ) of short chain (n = 2; 500
nM) (A) or long chain (n = 10; 500 nM) (B)
neutral DHPs. Traces, currents recorded at
the indicated times of the trains (arrows and
labels). Test voltages were +1 0 mV. Train
protocols were as described in Materials and
Methods. Holding potentials were changed
from -80 mV to -40 mV (onset) (0, S) and
from -40 mV to -80 mV (recovery) (U).
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myocyte during a 30-mm dialysis period. The labeled DHP

clearly diffuses throughout the cell but does not block L-type

calcium channel activity. From the profile of the fluorescence
signal along the cell (data not shown) we were able to estimate
the average intracellular RHD� concentrations at different
times. After 20 mm, we estimated that the average intracellular

RHD� concentration was 2.7 MM and the RHD� concentration
in >70% of the cell was �1 �tM, values that are consistent with

theoretical predictions for this experimental arrangement (21).
Because control experiments showed that 1 �zM extracellularly
applied RHD� completely blocked channel activity using de-
polarization protocols, a 20-mm dialysis period was sufficiently

long for intracellular drug concentrations to reach levels where

block of channel activity should be apparent. However, even

after an additional 10-mm dialysis period, channel activity was
not inhibited by RHD� (Fig. 5, D-G). Because RHD� (Mr 990)
was the largest charged molecule used, 20 mm could be used as
an upper limit for dialysis periods for the other charged deny-
atives in this study (21).

We then tested L-type calcium channel sensitivity to intra-

cellular application of three charged DHPs (n = 2, n = 10, and

n = 16) by dialyzing cells for 30 mm with pipette solutions

containing maximal concentrations of the charged DHPs, as
determined by extracellular application. We found no statisti-

cally significant decrease in current amplitude between control
currents recorded with drug-free pipettes and currents meas-
ured with pipettes containing charged derivatives with short or
long spacer chains (Fig. 6). In the case ofthe charged compound
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10 6 8 10)2

Spacer Chain Length (methylene groups)

Fig. 3. Inhibition of L-type calcium channel currents
by externally applied charged DHPs. Representative
plots show onset of and tests for recovery from
inhibition of L-type calcium channel current. Nor-
malized peak current (ordinates) is plotted versus
time of voltage train protocol (abscissae) in the
absence (0) or presence (#{149},U) of short chain (n =

2; 10 tiM) (A) or long chain (n = 10; 500 nM) (B)
charged DHPs. Traces, currents recorded at the
indicated times of the trains (arrows and labels).
Test voltages were +10 mV, and the train protocols
were as described in Materials and Methods. Hold-
ing potentials were changed from -80 mV to -40
mV (onset protocol)(0, S) and from -40 mV to -80
mV(recovery protocol)(U). TB, tonic block of current
measured during the first test pulse in the onset
train. Note that current does not recover from inhi-
bition at the -80 mV conditioning voltage of the
recovery protocol.

Fig. 4. Influence of charge and spacer chain length
on L-type calcium channel recovery from, and

� relative potency of, DHP block. A and B, Protocols
to measure recovery of current were applied at

� -80 mV after channel block had been induced by
- depolarization (0 mV, 30 sec). Peak current is

plotted as a function of time after returning to -80

. . . . . mV in the absence(0) and presence of short chain
� (n = 2) neutral (A) (S, 100 nM; U, 500 nM) and

charged (B) (S, 1 �M; #{149},10 �LM) DHPs. Smooth
curios in A, fits to a biexponential equation (Ti =

0.4 sec; T2 7.8 sec); there is a concentration-
dependent increase in the fraction of current re-

I 2 16 covering slowly. Smooth curves in B, fits to an

equation with a single time constant (r 0.4 sec),
because there is no slow component of recovery
in the presence of drug as with the neutral DHPs.
C, Comparative block of L-type calcium channel
current by 500 nM levels each of neutral [n = 2
(three experiments) and n = 10 (three experi-
ments)] and charged [n = 2 (five experiments), n
= 6 (eight experiments), n = 8 (seven expen-
ments), n = 10 (four experiments), n = 12 (10
experiments), and n = 16 (eight experiments)J
DHPs is shown. The fraction of channels inhibited
was determined from recovery kinetics as de-
scribed in the text. Mean ± standard error values
of the fraction of channels blocked by each drug
at 500 flM are shown.
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Fig. 5. Test for internal dialysis and effect on L-type calcium channel current of a charged fluorescent DHP. A-C, Time course of diffusion of RHD�
(n = 6, M, 990) from the patch pipette into a patch-clamped myocyte. RHD� (1 0 �M) was included in the patch pipette and, after establishment of
the whole-call configuration, fluorescence and L-type calcium channel currents were monitored over a period of 30 mm, at 10-mm intervals. A-F,
Fluorescent images and current traces recorded at +10 mV immediately after establishment of the whole-cell configuration (A and 0), 10 mm later
(B and E), and 30 mm later (C and F). G, Current-voltage plots at 0 mm (0), 10 mm (#{149}),and 30 mm (U) after establishment of the whole-cell
configuration. Line, nonlinear curve fitted to the mean of control and 30-mm data, intended for reference purposes only. At I 0 mm there is a slight
increase, and at the end of 30 mm an approximately 18% decrease consistent with channel rundown, in current amplitude. The holding potential
was -40 mV throughout this experiment.

with n = 16, there was a trend for inhibition of current,

compared with control, after 30 mm, but this trend was not
statistically significant at the p = 0.05 level (control, seven

experiments; R�, n = 16, four experiments). The trend for

inhibition by this charged derivative with a long spacer chain
suggests, however, that at this chain length the drug may be
approaching the lower limit for access to the DHP binding site
from the intracellular surface.

Discussion

Resolution of the DHP binding domain. Our results

extend previous functional data supporting external but not
internal access to the DHP binding site for ionized DHP
derivatives (16) and radioligand binding data demonstrating a
chain-length dependence ofbinding affinity for the charged but

not neutral compounds (22). In the experiments of Baindur et

al. (22), displacement of (+)-[3H]PN200-110 binding was meas-

ured directly in intact neonatal rat ventricular myocytes, and

the binding affinities obtained shared the same chain-length

dependence that we have determined from measurement of L-

type calcium channel inhibition. Thus, both neutral and

charged DHPs inhibit L-type calcium channel activity by in-

teracting with the high affinity DHP binding site, and differ-

ences in relative potency and voltage dependence of block are

most likely due to restrictions placed on access to the DHP

binding domain by drug structure.

Our data are consistent with, but do not prove the validity

of, previous models of the partitioning of the ionized form of

amlodipine into lipid bilayers (23, 24), in which the ionized

amino group is extracellular and the DHP moiety interacts
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the sensitivity of chimeric L-type calcium channels to DHP

modulation, Tang et al. (12) provided strong evidence that the

S5-S6 linker in motif IV of the cal subunit is critical for DHP

modulation. Data comparing DHP-dependent modulation of

cardiac and smooth muscle recombinant al channels have also
suggested that the S3 segment of motif IV may play an impor-

tant role in the voltage-dependent properties of DHPs (15).
Because we find that access of the charged compounds to the

DHP binding site, as assayed by channel inhibition, is asym-

metrical and optimal for a spacer chain length near 10 methyl-
ene groups, we can estimate the location and suggest molecular
regions that may serve as candidates for future mutagenesis

experiments.

Influence of the charged group on the voltage depend-

�0 � 2’5 � � ence ofblock. Changing from a neutral to a charged headgroup

consistently affected not only the relative potency of the DHP

analogs studied but also the voltage dependence of channel

block and unblock. Two striking characteristics of L-type cal-

cium channel modulation by ionized DHPs emerged from this

work, i.e., 1) charged drugs promote greater tonic block (block
at -80 mV without depolarizing test pulses) and 2) channels

blocked by charged forms of the DHP analogs do not recover

from block at negative potentials. The fact that charged drugs

promote tonic block in the absence of voltage pulses that

promote channel openings suggests that both tonic block and

failure to recover blocked channels at negative voltages are

probably not caused by trapping of the charged headgroup
within the channel pore but instead result from a charge-

induced stabilization of the drug-bound and unavailable state

of the channel. However, distinction between these two possi-

bilities awaits future experimental tests.

with a binding site within the membrane. If the homologous
series of charged compounds behave similarly, then this work
and previous radioligand binding data (22) suggest a DHP

binding domain located eight to 10 methylene groups, or ap-
proximately 11-14 A, from the external membrane surface. If
the binding domain were extracellular, then a chain-length
dependence for channel inhibition by the charged compounds

would not be likely. The failure of internally applied charged
derivatives, with spacer chains of up to 16 methylene groups in

length, to inhibit channel activity provides additional evidence
that the DHP binding domain is located closer to the extracel-
lular than the intracellular membrane surface in cardiac L-type

calcium channels. Additionally, although it was not statistically
significant, we did observe a consistent decrease in currents
after 17 mm of dialysis with pipettes containing the longest

chain (R�, n = 16) DHP that we used. This suggests the

possibility that charged DHPs with longer spacer chains may

be able to interact with the DHP binding site from the cyto-
plasmic side of the cell membrane.

Our data can be used to complement recent experiments
probing the molecular locus of the DHP binding domain. Be-
cause we find that ionized, but not neutral, drugs are limited
in access to the DHP binding site by the distance between the
charged headgroup and the DHP moiety, our data strongly
suggest that the binding site is not extracellular but must reside

within the membrane or channel pore. Molecular candidates

for the DHP binding site that are consistent with our functional
results have been proposed based on photoaffinity labeling and
antipeptide antibody mapping (9, 10). Additionally, based on

DHP Binding Domain of L-Type Calcium Channels 665

Time After Whole Cell (mm)

Fig. 6. Lack of inhibition of L channel currents by internally applied
charged DHPs. The plot shows peak normalized current values (mean
± standard error) recorded as functions of time after establishment of
the whole-cell configuration, with patch pipettes containing drug-free
internal solution (0) or internal solution containing 10 �M short chain
(n = 2, M, 568) (#{149}),500 nM intermediate chain (n = 10, Mr 680) (1), or
1 0 �aM long chain (n = 1 6, Mr 764) (#{149})charged DHPs. The concentration
chosen for each DHP was �1 0-fold higher than that required for external
block of channel activity. There is no significant difference at any time
point between current amplitude in the absence and presence of each
ofthe three drugs by Student t test, atp < 0.05 (three to 12 experiments).
Inset, mean current amplitude remaining at the end of 30 mm with drug-
free internal solution and internal solution containing the three charged
DHPs at the concentrations shown. There is no significant difference in
current amplitude between the absence (seven experiments) and pres-
ence (three to five experiments) of any of the charged drugs in the patch
pipette. The holding potential was -40 mV in these experiments.
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