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SUMMARY

The phenylalkylamines (—)-D888, verapamil, and D600, cause
voltage- and use-dependent block of L-type Ca®* channels
and differ from each other only in the number of methoxy
groups on each of their two terminal phenyl rings. To study the
effects of mutations in the phenylalkylamine rece zptor site on
block by these drugs, wild-type and mutant Ca®* channels
were transiently expressed in the tsA-201 clone of human em-
bryonic kidney 293 cells. The combined mutations Y1463A,
A14678S, and 11470A (mutant YAI) in transmembrane segment
S6 of domain IV of the a,¢ subunit disrupted block by all three
phenylalkylamines. Surprisingly, aithough this mutation re-
duced both resting block at —60 mV and depolarized block at
+10 mV by (—)-D888, resting and depolarized block by vera-
pamil and D600 were relatively unaffected. In contrast, for all
three drugs, use-dependent block during repetitive stimulations
was sharply reduced, and the rate of recovery from depolarized

block was accelerated for YAl channels. Thus, the effects of the
YAl mutation on apparent affinity were specific to (—)-D888,
whereas effects on the kinetics of block were observed for
all three drugs. Additional experiments with substitution of phe-
nylalanine for Y1463 suggested that (—)-D888 affinity is specif-
ically sensitive to removal of the hydroxyl group of Y1463,
whereas effects on the kinetics of block by all three phenylal-
kylamines require larger molecular changes, perhaps related to
residue size and hydrophobicity. Analysis of the data using a
state-dependent model of drug block suggests that these ki-
netic differences are caused by both changes in drug access to
the receptor site and affinity for binding to the inactivated state
of the channel. The different effects of the YAl mutations on the
actions of (—)-D888, verapamil, and D600 indicate that these
residues interact differently with these closely related drugs.

The phenylalkylamines potently block L-type Ca%* chan-
nels and are used clinically to treat cardiac arrhythmias,
hypertension, and angina pectoris (1), conditions in which
L-type Ca?* channels in cardiac and smooth muscle play a
central role. The biochemically isolated L-type Ca%* channel
from skeletal muscle is a multimeric complex consisting of
al, a2, B, v, and 6 subunits, and specific isoforms of the al,
a23, and B subunits are expressed in the heart (2-4). The al
subunit is homologous to other members of the voltage-gated
ion channel family and consists of four homologous domains
(I-IV), each of which contains six putative transmembrane
segments (S1-S6). The al subunit is the principal functional
constituent of the channel, containing the machinery for
voltage-dependent gating, ion conductance, and block by cal-
cium channel antagonists (2).

Phenylalkylamines block calcium channels in a voltage-
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and use-dependent manner. Low affinity block is observed at
the resting potential, but block is much more effective during
trains of depolarizing pulses or single long depolarizations
(5). Tertiary phenylalkylamines exist in charged and neutral
forms at physiological pH. A quaternary, permanently
charged phenylalkylamine, D890, blocks calcium channels
only from the intracellular side in most tissues, suggesting
that the charged form of these drugs must reach their bind-
ing site from inside the cell (6). Most of the characteristics of
drug block can be explained by a model in which phenylal-
kylamines bind to a site in the ion channel pore that is
modulated by the conformation of the channel, as has been
proposed for local anesthetic block of Na* channels (7). Block
at this site is strongly voltage dependent, suggesting that it
is in the membrane field, and block is increased by repetitive
depolarizations.

Photoaffinity labeling of the a1l subunit of purified skeletal
muscle L-type Ca?* channels with the high affinity pheny-
lalkylamine LU49888 (8) resulted in specific derivatization of
a peptide containing transmembrane segment IVS6 (9).

ABBREVIATIONS: |, Ba?* current; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N',N'-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid
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Scanning mutagenesis of transmembrane segment IVS6
identified three amino acid substitutions [Y1463 to alanine
(Y1463A), A1467 to serine (A1467S), and 11470 to alanine
(I1470A)] that disrupted channel block by the high affinity
phenylalkylamine (~-)-D888 (desmethoxyverapamil) (10). A
channel containing all three mutations was >100-fold less
sensitive to block by (—)-D888, similar to the phenylalky-
lamine-insensitive N-type Ca%* channel. The reversal poten-
tial for ion conductance through the open channel was al-
tered, suggesting that channel selectivity was also affected
by these mutations. Studies using chimeras formed between
a1 subunits of L-type and non-L-type Ca?* channels (11, 12)
also indicate that transmembrane segment IVS6 contains
the primary molecular determinants of the difference in phe-
nylalkylamine sensitivity.

We extended our analysis of the pharmacological effects of
mutations at these sites by examining tonic block by the
lower affinity phenylalkylamines, verapamil, and me-
thoxyverapamil (D600), analyzing the voltage- and time-de-
pendent properties of use-dependent block by these com-
pounds, and comparing the effects of substitution of other
amino acids for the most critical amino acid residue in this
segment, Y1463. Surprisingly, these mutations had different
effects on block by verapamil and its closely related deriva-
tives (—)-D888 and D600, each of which differs from vera-
pamil by only one methoxy group. The common and divergent
effects of mutations on block by these drugs begin to provide
a molecular picture of how these drugs interact with the
calcium channel.

Materials and Methods

Molecular biology. All mutations were constructed using oligo-
nucleotide-directed mutagenesis as described previously (10, 13).
The 1.5-kb Espl fragment of the a1CII subunit of rat brain Ca?*
channels (14) was subcloned into bacteriophage M13 mp19 for recov-
ery of single-stranded DNA template. Mutations were inserted into
full-length channel constructs in the expression vector Zem229 (Dr.
Eileen Mulvihill, Zymogenetics, Seattle, WA) using the 272-bp
Dralll fragment (nucleotides 5095-65366). All mutations were con-
firmed by DNA sequencing.

Cell culture and expression of channel subunits. WT and
mutant a1CII channel subunits were coexpressed with 81b subunits
(15) in vector pMT-2 (Genetics Institute, Cambridge, MA) and 251
subunits (16) in vector Zem 228 (Dr. Eileen Mulvihill, Zymogenetics)
as well as with a vector encoding CD8 (EBO-pCD-Leu2, American
Type Culture Collection, Rockville, MD). These cDNAs were trans-
fected into tsA201 cells through CaPO, precipitation essentially as
described previously (17). tsA201 cells, a subclone of the human
embryonic kidney 293 cell line, which expresses simian virus 40 T
antigen (a gift of Dr. Robert Dubridge, Cell Genesis, Foster City, CA),
were maintained in a monolayer culture in Dulbecco’s modified
Eagle’s medium/F-12 medium (GIBCO BRL, Baltimore, MD) supple-
mented with 10% fetal bovine serum (Hyclone, Logan, UT) and
incubated at 37° in 10% CO,. Cultures in 35-mm tissue culture
dishes that were 756% confluent were transfected with a total of 4 ug
of DNA consisting of an equimolar ratio of the three channel subunit
c¢DNAs and 0.8 ug of CD8 cDNA. After the addition of CaPO,-DNA,
cells were incubated overnight at 37° in 5% CO2. Twenty hours after
transfection, the cells were removed from culture dishes with the use
of 2 mM EDTA in phosphate-buffered saline and replated at low
density for electrophysiological analysis. Transfectants were recog-
nized by labeling with fluorescent anti-CD8 antibody (phycoerythrin-
labeled anti-CD8; Sigma Chemical, St. Louis, MO) using an epiflu-
orescence microscope (rhodamine filter; Nikon Diaphot).
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Electrophysiology. I, through L-type Ca%* channels was re-
corded using the whole-cell configuration of the patch-clamp tech-
nique. Patch electrodes were pulled from VWR micropipettes and
fire-polished to produce an inner tip diameter of 46 pm. Currents
were recorded using a List EPC-7 patch-clamp amplifier and filtered
at 2 kHz (eight-pole Bessel filter, —3 dB). Voltage pulses were ap-
plied and data were acquired using Fastlab software (Indec Systems,
Capitola, CA). Currents have been corrected for linear leak and
capacitance using an on-line P/4 subtraction paradigm. The pheny-
lalkylamines (—)-D888, verapamil, and D600 (Knoll, Ludwigshafen,
Germany) were applied to cells by the addition of 0.2 ml of 6Xx
concentrated solution to a 1-ml bath. The bath saline contained 150
mM Tris, 2 mM MgCl,, and 10 mM BaCl,. The intracellular saline
contained 130 mM N-methyl-D-glucamine, 10 mM EGTA, 60 mMm
HEPES, 2 mM MgATP, and 1 mMm MgCl,. pH of each solution was
adjusted to 7.3 with methanesulfonic acid. All experiments were
performed at room temperature (20-23°). No nonlinear outward
currents were detected under these conditions. The voltage depen-
dence of inactivation for mutant channels was determined using
5-sec prepulses and fitting with a Boltzmann distribution as de-
scribed previously (10).

State-dependent model of drug block. Channel distributions
between states were calculated numerically with a time increment of
100 psec. Rate constants (in sec™!) between channel states in the
absence of drug are summarized in Table 1 for +10 mV (depolarized)
and —60 mV (resting). Transitions rates between drug-bound states
were determined by fitting the resting channel block (Fig. 2B), the
magnitude of depolarization-induced drug block (Fig. 2C), and time
course of recovery from depolarized drug block (Fig. 9B) to the mean
values shown in the figures. The time course of resting channel drug
block (i.e., C-CB) was not determined with adequate resolution in
these experiments, so the rates were arbitrarily set to values slower
than block of other channel states. To simplify the model and because
they were not determined independently, rates of drug block and
unblock were set at the same for states I, and I, (e.g., I,-I,B =
I,-I,B), making I,B-I,B and I,B-I,B transitions independent of
drug concentration and equal to I,-I, and I-I;, respectively. OB-I,B
was assumed to be independent of drug concentration and was set to
0.3 at +10 mV and 0.01 at —60 mV. OB—-CB was also assumed to be
independent of drug concentration and was set to 2.2 at +10 mV
from results on WT channels in the absence of drug and to 0.9 at —60
mV. To maintain microscopic reversibility (conservation of energy) in
this model, two transition rates were calculated as a function of the
other transition rates: CB-OB = (C-O X 0-OB x CB-C x OB-CBY
(C-CB X OB-O x 0-C) and I,B-OB = (I,-O x 0-0B x I,B-I, X
OB-I,B)(0-1, X I,-I;B X OB-0). The remaining transitions rates
and the resulting K; values are summarized in Table 2.

Results

Voltage-dependent tonic block of WT Ca®* channels
by (—)-D888, verapamil, and D600. Although the pharma-
cological properties of verapamil, (—)-D888, and D600 are

TABLE 1

Rate constants for transitions between channel states

Ca?* channel activation, inactivation, deactivation, and recovery from a 1-sec
inactivating depolarization measured in control conditions saline were fit with the
model shown in Fig. 8D (inset). Channels were depolarized from a resting poten-
tial of —60 mV to +10 mV for 1 sec. The behavior of the model using these rate
constants is shown in Fig. 8A as solid lines superimposed on the actual data as
either a dashed line (Fig. 8A) or data points (Fig. 6B, insef).

c-0 0-C 0, 1,-0 R [y
sec™!
+10 mV 220 2.2 0.8 1 0.8 0.001
—60 mV 1 1249 0.8 3.3 0.01 0.09

C, closed; O, open; |, and |, inactivated states.
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significantly different (18), their structures are very similar
(Fig. 1A). Our previous studies (10) implicated three amino
acid residues in transmembrane segment IVS6 of the CaZ*
channel alC subunit in high affinity binding of (—)-D888
(Y1463, A1467, 11470; Fig. 1B). In the current experiments,
phenylalkylamine block of L-type CaZ* channels was studied
by recording inward I, in tsA201 cells transiently express-
ing cDNAs encoding the a1C, Bl1b, and a2 subunits. Fig. 1,
C-E (left). shows the decrease in size and change in time
course of WT I, in individual cells in response to a range of
concentrations of the phenylalkylamines (—)-D888, vera-
pamil, and D600. After the beginning of whole-cell recording,
g, amplitude was monitored until it was stable with the use
of 100-msec test depolarizations to +10 mV applied every 15
sec from a holding potential of —60 mV. Drugs were then
introduced into the bath at the indicated concentration, and
currents were monitored until block reached equilibrium.
Because channels activate infrequently in this protocol, drug
block under these conditions reflects steady state binding to
the mixture of closed and closed/inactivated states present at
—60 mV, and we refer to this as “tonic block of resting
channels” or “resting block.” The extent of resting block was
characterized by measuring the peak Iy, early during the
1-sec test depolarization to +10 mV. Under these conditions,
the three phenylalkylamines differed in potency. Most of the
peak Iy, was blocked by 500 nM (—)-D888 (Fig. 1C), whereas
less than half of the current was blocked by the same con-
centration of verapamil (Fig. 1D) or D600 (Fig. 1E). Assum-
ing a 1:1 binding reaction (Fig. 2A), IC4, values for tonic
block at the holding potential of —60 mV were 50 + 5 nMm for
(—)-D888, 7 + 2 uM for verapamil, and 8 + 1 um for D600
(Fig. 2B, open bars).

Phenylalkylamines increased the rate of decay of the Ig,
during the depolarizing pulse (Fig. 1, C-E). This dose-depen-
dent increase in decay rate is most striking for verapamil.
The decay time course is caused by the development of drug
block during the depolarization (5) and is characteristic of
compounds that block the open and inactivated states of
Ca?* channels that are present at depolarized potentials
more potently than the resting state present at —60 mV. If
drug block reaches a steady state during the pulse, the de-
gree of block reached at the end of the pulse represents
equilibrium block at the test potential and drug concentra-
tion. We refer to this as “tonic block of depolarized channels”
or “depolarized block.” To estimate the affinity of channels for
drug at a depolarized potential, the reductions in current
relative to controls at the end of 1-sec depolarizations to +10
mV (e.g., Fig. 1) were measured and fit assuming a 1:1
binding reaction. For verapamil, the IC;, value for block at
+10 mV (831 = 153 nM) was 20-fold lower than that for
resting block at —60 mV (Fig. 2A). The ICy, values for (—)-
D888 and D600 at +10 mV were 10.7 *+ 2.6 and 782 *+ 255
nM, respectively, 4.7-fold and 10-fold lower than at the rest-
ing potential (Fig. 2, B and C). These IC;, values for block of
Ca%* channels measured at the end of 1-sec depolarizing
pulses to +10 mV are overestimates because the block has
not fully reached steady state in 1 sec for all drug concentra-
tions (Fig. 1, C-E). The estimates are most accurate for
verapamil because of its rapid blocking kinetics (Fig. 1D).
The lower ratios of drug block at —60 and +10 mV for the
more slowly blocking drugs (D888 and D600) may be influ-
enced by underestimates of steady state block at the end of

1-sec depolarizing pulses. Development of voltage-dependent
inactivation during longer depolarizations makes an exact
measure of depolarized block for these drugs difficult because
the current amplitude is reduced to <10% after 5 sec. How-
ever, experiments using the slowest blocking drug, D600,
indicate that ICy, values measured at 1 sec are overesti-
mated by no more than 4-fold compared with measurements
taken at the end of 5-sec depolarizations to +10 mV.

Effect of mutation YAI on voltage-dependent tonic
block. Mutation of three hydrophobic residues in transmem-
brane segment IVS6, Y1463A, A1467S, and 11470A (YAI, Fig.
1B) resulted in channels with a 100-fold increase in the ICg,
value for tonic block of resting Ca%* channels by (—)-D888
from 50 nM to 5 uM (Figs. 1 and 2) (10). Surprisingly, mutant
YAI channels had only a 1.6-fold increase in IC;, for block of
peak I, by D600 from 8 to 13 uM, and the affinity for block
by verapamil was unchanged (6.7 * 2.0 to 6.0 * 1.5 uMm, Fig.
2B). In fact, the ICg, values for resting block of the mutant
channel by all three drugs at —60 mV were similar with ICg,
values ranging from 5 to 13 uM. In addition, the range of IC;,
values for depolarized block by these three drugs was 104
670 nM for mutant YAI, whereas they differed by 73-fold in
WT channels (Fig. 2C). Thus, mutation of these three resi-
dues selectively reduces the binding of the high affinity
blocker (—)-D888 with relatively little effect on binding of the
lower affinity blockers verapamil and D600. This mutation
therefore makes the affinities for resting and depolarized
block of the mutant channel by all three drugs similar to each
other.

Because pure (—)-enantiomers of verapamil and D600 are
more potent Ca%* channel blockers (19) than the racemic
compounds, the effect of mutant YAI on block by (—)-vera-
pamil was also tested. The mean ICy, values at —60 mV for
(—)-verapamil block of WT and YAI channels were 1.0 + 0.2
and 1.2 * 0.3 um (n = 5), respectively. Although (—)-vera-
pamil produced significantly more potent block than the ra-
cemic mixture, it did not reveal a larger difference between
WT and YAI channels.

Effects of mutation of the individual amino acid res-
idues composing YAI on voltage-dependent tonic
block. To determine whether the effects of mutant YAI could
be assigned to one of its component amino acids, channel
constructs in which each of the individual amino acids had
been mutated were used to compare the blocking character-
istics of (—)-D888 and verapamil. Mutation of the single
amino acid residues increased the ICg, for tonic block by
(—)-D888 by 6-12-fold in comparison to the 100-fold increase
for the combined YAI mutation (Fig. 3A). In contrast, the
effect of each individual mutation on block of depolarized
channels by (—)-D888 was nearly as great as the effect of
mutating all three amino acids (Fig. 3B). As expected from
the lack of effect of the YAI mutation on resting or depolar-
ized block by verapamil, mutation of individual amino acids
was also ineffective (Fig. 3, A and B).

Our previous study showed that mutation Y1463A in com-
bination with either of the other two mutations (YA or YI)
could cause the full disruption of high affinity (—)-D888 block
observed with mutant YAI, whereas the AI combination
could not (10). This indicated that Y1463 plays a central role
in disruption of block by (—)-D888. To more extensively ex-
plore the structural requirements for the interaction of
Y1463 with the phenylalkylamines, mutants Y1463T and
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Fig. 1. Phenylalkylamine block
of WT and YAl mutant L-type
Ca?* channels. A, Structures of
D888, verapamil, and D600. B,
Model of phenylalkylamine inter-
action with the Ca®* channel.
The residues in the sixth trans-
membrane segment of homolo-
gous domain four (IVS6) of the
YA| L-type Ca2* channel are shown
5 uM in an a helical arrangement with

Y1463 facing the lumen of the
pore. C, D, and E, Phenylalky-
lamines (C) (—)-D888, (D) vera-
pamil, and (E) D600 applied at
the concentrations shown to
tsA201 cells expressing WT or
YAl mutant a1C calcium channel
subunits along with g1b and a28
subunits. In the YAl mutant «1C
subunit, three amino acids in
IVS6 have been mutated:
Y1463A, A1467S, and [1470A.
The curmrents shown in each
panel were obtained from a sin-
gle cell in which the indicated

500 nl

w 50 -
5uM 4y

!

500 nM

\

E D600
50 uM

500 nM

Y1463F were constructed. The substitution of phenylalanine
for tyrosine removed only the phenolic hydroxyl at this posi-
tion, whereas substitution of threonine removed the large
phenyl ring, leaving a smaller side chain containing a hy-
droxyl group on an aliphatic rather than an aromatic side
chain. Like the YAI and Y1463A mutations, these two mu-

drug was applied at increasing
5 uM concentrations. They were elic-

ited by 1-sec depolarizations to
+10 mV. The holding potential
was —60 mV for all experiments.
Currents in control have been
scaled to similar peak ampli-
tudes. Actual amplitudes ranged
from 120 pA to 1 nA. During drug
application, lg, amplitude in re-
sponse to 100-msec depolariza-
tions to +10 mV applied every 15
sec was monitored until current
reduction reached a steady state.

500 nM

tations had distinct effects on block by (—)-D888 and vera-
pamil. The increase in the ICg, for resting block by (—)-D888
at —60 mV for the Y1463F and Y1463T mutations was some-
what greater than the increase for Y1463A (Fig. 3C). Both
Y1463F and Y1463T also substantially increased the IC4, for
block of depolarized Ca®* channels by (—)-D888 (Fig. 3D).
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Fig. 2. Comparison of tonic and depolarized channel block. Block of
peak current and current measured at the end of 1-sec depolarizations
to +10 mV were used to estimate resting and depolarized channel
affinities, respectively. A, Resting and depolarized block of WT channel
by 500 nm, 5 um, and 50 um verapamil (0 = 5-8). Solid lines, fits to the
data with the equation 1/(1 + (ICsy/[drug])), which gave a resting IC5,
value of 5.3 um and a depolarized IC,, value of 339 nm. Block of WT and
YAl channels by drug concentrations from 50 nm to 50 um was fit with
the equation above to give the resting block (B) and depolarized block
(C) results shown (n = 8-38). Note the 10-fold reduction in the ordinate
scale of C.

These results indicate that the phenolic hydroxyl of Y1463,
which is the only structural change in Y1463F, has a surpris-
ingly strong effect on (—)-D888 affinity for resting Ca%* chan-
nels, and this effect is not replaced by the hydroxyl of a
substituted threonine residue. In contrast to the results with
(-)-D888, IC,, values for resting or depolarized block of
Y1463A, Y1463F, and Y1463T by verapamil were not signif-
icantly different from those of WT channels, and block of
depolarized Y1463F and Y1463T channels showed small
changes that barely reached statistical significance (Fig. 3, C
and D). Overall, these results indicate that residues Y1463,
A1467, and 11470 interact strongly with (—)-D888 during

steady state block of resting and open/inactivated channels
but much less strongly with verapamil or D600.
Voltage-dependent phenylalkylamine block of Ca?* chan-
nels is influenced by the inactivation mechanism of the L-
type Ca%* channel (5), and effects on inactivation might
cause indirect effects on channel block. Although mutants
YAI and Y1463A cause substantial positive shifts in the
voltage dependence of inactivation (10), mutants A1467S,
11470A, Y1463F, and Y1463T do not affect the voltage de-
pendence of inactivation (V,,, values were for WT channels:
-17.7 mV, YAI: -9.3, Y1463A: -7.5, A1467S: —17.8,
Y1463F: —19.2, 11470A: —22.8, Y1463T: —16.7). Because
each of these mutants disrupted block by (—)-D888, the dis-
ruption of drug block by these mutations cannot be attributed
to indirect effects on the voltage dependence of inactivation.
Use-dependent block by phenylalkylamines. During
repetitive depolarizations, block by phenylalkylamines accu-
mulates in a frequency- and voltage-dependent manner be-
cause additional drug binds during each depolarization and
fails to unbind completely at the resting potential between
depolarizations. Such use-dependent block is important for
the clinical efficacy of these drugs. Use-dependent Ca®*
channel block by the three phenylalkylamines was compared
in control and YAI mutant channels (Fig. 4). A 1-Hz train of
twenty 100-msec depolarizations to +10 mV was applied
both in the presence of 5§00 nm (—)-D888, 5 uM verapamil, or
5 uM D600 and in the absence of drug. These concentrations
were chosen to compare use-dependent block of WT and YAI
channels in the same concentration of drug, near the ICqg,
values at —60 mV for verapamil and D600 and halfway, on a
logarithmic scale, between the ICg, values of WT and YAI
mutant channels for (—)-D888. To correct for accumulation of
voltage-dependent inactivation during the train in control,
current measured in the presence of drug was divided by
current measured in the absence of drug. This correction
averaged 30% at the end of the 20-pulse train. Each drug
produced use-dependent block in the WT channel, but it was
more pronounced for (—)-D888 and D600 than for verapamil
(Fig. 4). Less use-dependent block was observed in the YAI
mutant channel for each drug. The large decrease in block of
the YAI mutant by (—)-D888 (Fig. 4A) was expected due to
the large difference between affinities of the WT and YAI
mutant channels for block by the drug. However, verapamil
and D600 showed far less use-dependent block of the YAI
channel despite their similar affinities for resting or depolar-
ized WT and YAI channels (Fig. 4B). The discrepancy be-
tween the small effects of the mutation on the steady state
affinity for verapamil and D600 and the large effect on the
amount of use-dependent block suggested that this combined
mutation may significantly alter the kinetics of phenylalkyl-
amine block during repetitive trains of depolarizations.
Information about rate constants for drug block of depolar-
ized channels and recovery from block between pulses can by
derived from the pulsewise reduction in current observed
during use-dependent trains (20, 21). At least two exponen-
tial components were required to fit the time course of pulse-
wise current reduction, indicating that channels entered two
different blocked states during depolarizations and that
channels in these two states recovered with different rates
between depolarizations. Block at +10 mV was calculated
according to the following (see below): D + R — DRy — DRg.
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Recovery —60 mV was calculated according to the following:
DRs = DRy —»D + R.

Fits to the data shown in Fig. 4 (solid lines) were derived
from this empirical reaction scheme using the following pa-
rameters: (i) an apparent block rate at +10 mV (k,,,), related
to the decay of current during a depolarization (Fig. 1) in
which drug (D) binds to the channel receptor site (R), and
forms the DRy and DRg complexes, (ii) two time constants
(g, Tg) for recovery at —60 mV from the fast (DRg) and slow
(DRg) drug-bound states, respectively, and (iii) the fraction of
channels entering the fast and slow blocked populations dur-
ing the pulse (fz and 1 — fg). This empirical analysis showed
that YAI channels were blocked more slowly than WT chan-
nels by (—)-D888, at nearly the same rate by verapamil, and
more rapidly by D600. The faster time constant of recovery
(15) was similar for all three drugs and for both channel types
(=500 msec). The slower time constant of recovery (7g) and
the fraction of channels that recover rapidly (fg) varied con-
siderably for the three drugs. The slow recovery time con-
stant (1) varied between 12 and 20 sec for block of the WT
channel by the three drugs (fastest in verapamil) and be-
tween 5 and 7 sec for YAIL The fraction of WT channels that
recovered from depolarized block quickly was small for D888
and D600 (7%) and largest for verapamil (47%), whereas for
YALI, the fraction of channels recovering from block with the
faster time constant was 40-80% for all three drugs. The
weak use-dependent block of YAI compared with WT chan-
nels results from both fewer channels entering the slowly
recovering fraction of channels (state DRg) and a faster time
constant of recovery for channels that do enter. Thus, the
number of channels entering the DRg-blocked population
during depolarizations and the rate at which these channels
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Depolarized block (+10 mV)

Fig: & Effect of individual
amino acid substitutions on phe-
nylalkylamine block. The individ-
ual mutations constituting the
mutant YAl, Y1463A, A1467S,
and 11470A and substitutions of
phenylalanine (F) and threonine
(T) for the tyrosine at position
1463 were characterized as de-
scribed in previous legends. A
and C, Mean IC,, value of peak
current block measured from a
holding potential of —60 mV
(mean * standard error, n =
5-12 for each mutant). B and D.
Mean ICy, value of current block
measured at the end of a 1-sec
depolarization to +10 mV (0 =
1-6 for each mutant). (—)-D888
was applied over a concentra-
tion range of 5 nm to 50 um, and
verapamil was applied over a
range of 500 nm to 50 um. Note
the 10-fold reduction in the
range of the ordinate in B and D.

\Yg\\\

(o888 verapamil

LI
verapamil

recover from drug block after repolarization differentiate
among these drugs and mutants in their ability to produce
use-dependent block. To obtain direct information about
these rates, we examined the rate of onset of block during
each depolarization to +10 mV and the rate of reversal of
drug block on return to the resting membrane potential of
—60 mV.

Rate of drug block during depolarizations. The rate
at which channels become blocked during depolarizations
was measured from the rate of decay of the current in the
presence of drug as illustrated in Fig. 5 for D600. Current
traces recorded in different drug concentrations were scaled
to the same peak amplitude (Fig. 5A), showing the concen-
tration-dependent increase in the rate of current decay dur-
ing the pulse. To correct for the inactivation rate in control,
each scaled trace was divided by the trace in control to give
the time course of drug block during the pulse (Fig. 5B). This
correction is only approximate because it does not account for
inactivated channels that have also bound drug. Fig. 6B
(smooth lines) shows single-exponential fits to the data that
gave time constants of 7.7, 1.6, and 0.31 sec for 500 nM, 5 uM,
and 50 uM D600, respectively. Rate constants determined by
plotting data of this type versus concentration were 1.9 X 107
M~ sec™! for (—)-D888, 6.2 X 105 M~! sec™! for verapamil,
and 3.2 X 10° M~! sec™! for D600. The rate constants for
D600 block of WT channels are similar to those reported
previously for block of cardiac channels (21).

Time courses of drug block were quite different in WT and
mutant YAI channels, as indicated by the different rates of
current decay at a given drug concentration (Fig. 1, C-E,
compare left with right). This was particularly apparent for
D600 (Fig. 1E). Mean time courses constructed as described
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Fig. 4. Use-dependent block of WT and mutant L-type Ca?* channel
currents. A, 1-Hz train consisting of twenty 100-msec depolarizations
to +10 mV was applied in the presence of (A) 500 nm (—)-D888, (B) 5 um
verapamil, or (C) 5 um D600. Mean reduction in peak current (mean *+
standard error) in each successive depolarizing pulse relative to that
measured in the absence of drug (to correct for accumulation of volt-
age-dependent inactivation) is plotted against pulse number. Voltage-
dependent inactivation at the end of the train measured in the absence
of drug was 30% in both WT and YAI (» = 6) channels. Solid lines, fits
to the data caiculated from an apparent block rate (k,,), fast recovery
time constant (7;), slow recovery time constant (rg), and fraction of
channels recovering with the fast time constant (f;). These values for
D888 on WT channels were k., = 7 X 10° M~ sec™", 7 = 0.5 sec, g
= 18 s6c, and f; = 7%; for YAL, ke = 4 X 10°, 7, = 0.7, 75 = 7, and
fe = 42%; for verapamil on WT channels, k,,,, = 6.5 X 10°, 7. = 0.56,
76 = 12, and fe = 47%; for YAI, koo, = 6.5 X 105, 7 = 0.4, 75 = 5, and
f- = 80%; for D600 on WT channels, ke, = 6.3 X 10°, 7, = 0.6, 75 =
20, and fe = 7%; and for YAI, k,, = 11 X 105, 7 = 0.56, 73 = 6, and
fe = 76%.

for WT and YAI channels in 5 uM D600 are shown in Fig. 5C.
Single-exponential fits to these data (smooth lines) indicated
that block of mutant YAI channels was more than twice as
fast as block of WT channels. Mean apparent block rates
(mean * standard error, n = 3 or 4) are shown in Fig. §D for
each drug on both WT and YAI channels. The effect of the
YAI mutation differed for the three phenylalkylamines. (—)-

D888 blocked mutant YAI channels 8-fold more slowly than
the WT channel, which is consistent with the large increase
in IC, for (—)-D888 block of the mutant channel. In contrast,
block of YAI mutant channels by verapamil and D600 was
1.6- and 3.3-fold faster than for WT channels, respectively.
Thus, the rates of block by the three drugs at +10 mV were
dramatically different for the WT channel but were similar
for the mutant YAI channel.

Recovery from depolarization-dependent block at
=60 mV. For a direct measure of recovery from depolarized
block, a 1-sec conditioning depolarization to +10 mV was
applied. Recovery from block induced by that pulse was mea-
sured during an interval of variable duration at —60 mV
followed by a 100-msec test pulse to +10 mV (Fig. 6). In the
absence of drug, 41% of the channels inactivate in response to
the 1-sec test pulse, and the recovery time course was iden-
tical in the WT and YAI mutant channels (Fig. 6B, inset). The
mean recovery time course at —60 mV was best fit with two
exponentials with time constants of 257 msec and 7.9 sec and
the fast time constant accounting for 64% of the recovery.
Thus, during 1-sec depolarizations, these Ca®* channels en-
ter both fast and slow inactivated states.

In the presence of drug, Ca%* channels bind blocking drugs
and inactivate in parallel during the 1-sec conditioning pulse.
To show the time course of recovery from depolarized drug
block alone, the recovery of current in the presence of drug
was divided by the recovery of current in the absence of drug.
This correction is only approximate because it does not ac-
count for inactivated channels that have also bound drug, but
the results are affected only during the first second of recov-
ery (Fig. 6B, inset). In the presence of blocking drugs at the
concentrations used, 80—-100% of the channels were blocked
at the end of the 1-sec conditioning pulse. Recovery of these
drug-blocked channels at —60 mV was slowed compared with
controls (Fig. 6), and this effect of drug binding was greater
for WT channels than for YAI in each case. The recovery time
courses (Fig. 6, A-C) indicated that drug dissociation from
channels was biexponential. The fast component of recovery
from drug block is indicated more clearly on the expanded
time scale in Fig. 6, D-F. The fast time constant of recovery
(1) was similar for all channels and drugs (400-500 msec).
The most significant differences were in the slow time con-
stant of recovery (7g) and the fraction of channels that recov-
ered with each time course [fast recovery fraction (fg)]. WT
channels recovered most slowly from block by D888 and D600
(1¢ = 13 and 27 sec and fiz = 7% and 10%) and fastest from
block by verapamil (1g = 7 and fp = 42%). YAI channels
recovered more rapidly from block than WT channels and
became relatively insensitive to the structure of the drug
applied (D888, verapamil, and D600: 7g = 7.7, 4.4, and 7.0
sec, and f = 65%, 72%, and 58%, respectively).

Because the rate of block during depolarizations was in-
creased for verapamil and D600 in mutant YAI (Fig. 5D), the
observed reduction in use-dependent block in this mutant
(Fig. 4) must be due to the acceleration of recovery rate
demonstrated here. Even for verapamil, which has the fast-
est recovery in WT channels, the slow phase of recovery must
be responsible for the use-dependent block developing over
20 sec (Fig. 4). Acceleration of this slowly recovering compo-
nent in mutant YAI substantially reduces use dependence.

Effects of single-residue mutations on the kinetics of
depolarized drug block. Mean rates of block of Y1463A,

2102 ‘T Joqwiadaq uo Ausianiun Buellayz ye Bio sjeuinofiadse wreydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

Go** Ghennel Biock by Phenylalikylemines 1399

Fig. 5. Time course of block of
depolarized channeis. A, Cur-
rents from the cell shown in Fig.
1E (D600 on celis expressing WT
channels) are scaled to permit
comparison of cument time
course as D600 concentration is
increased. The ratios of these
scaled currents to current mea-
sured In the absence of drug (con-
tol) are shown in B with
superimposed single-exponential
fits (smooth lines). Time constants
for these fits were 7.7 sec, 500 nwm;
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1.6 sec, 5 um; and 310 msec, 50
uMm. C, Mean time course of depo-
larized block by § um D600 at +10
mV is compared in cells express-
ing WT and YAI channels. Smooth
lines, single-exponential fits to the
mean time courses with time con-
stants of 375 msec (WT channels,
n = 3) and 200 msec (YAl chan-
neis, n = 3). The data have been
normalized according to the fit
time constants. D, Mean block
rates for each drug are compared
for cells expressing WT and YAl
channels (mean =+ standard error,
n = 3 or 4). Block rates were cal-
culated by multiplying the inverse
of the current decay time constant
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A1467S, and 11470A by (—)-D888 were decreased 4.8-7.0-
fold, similar to the 8-fold decrease observed for YAI (Fig. 7A).
In contrast, the mutations of individual amino acid residues
had quite different effects on the rate of block by verapamil.
Y1463A increased the rate of block, whereas A1467S had
little effect and 11470A decreased the rate of block. There-
fore, the modest increase in the rate of block by verapamil in
YAI is the net result of Y1463A increasing the rate of block
and I1470A decreasing it.

The two time constants for recovery from drug block by
(—)-D888 are affected little by the mutations A1467S and
I11470A (Fig. 7B, top). However, the slow time constant of
recovery from block by (—)-D888 is decreased and the fraction
of fast recovery is substantially increased for Y1463A, as they
are for YAI (Fig. 7B). For verapamil, none of the three single
mutations had a significant effect on recovery rate or fast
recovery fraction, which is consistent with the conclusion
that the three mutated residues act in a concerted manner in
determining the kinetics of verapamil dissociation in the
combination mutant YAI.

Because the mutation Y1463A had the most substantial
effects on the rate and affinity of drug binding, we studied the
effects of other amino acid substitutions at this position.
Different effects of Y1463F and Y1463T were observed for the
rate of block at +10 mV and the recovery from block at —60
mV (Fig. 7, C and D). The block rate for (—)-D888 was
reduced equally by both Y1463T and Y1463F but was re-
duced more by Y1463A (Fig. 7C), suggesting critical roles for
both the hydroxyl group and phenyl ring of Y1463 in deter-
mining the rate of association of (—)-D888. In contrast to
(—)-D888, Y1463F, Y1463T and Y1463A all increased the
rate of association of verapamil (Fig. 7C).

£ @
(D88

during the 1-sec depolarization to
+10 mV by the inverse of the drug
dose applied (50 nm for (—)-D888
on WT, 5 um for all others).

These single mutations also had diverse effects on recovery
rates. Y1463T increased the proportion of the fast phase of
recovery from block by (—)-D888 ~10-fold, which is similar to
Y1463A, but Y1463F had no effect on recovery. This suggests
that the size and hydrophobicity of the residue at position
1463 are more important in determining the fast recovery
from block by (—)-D888 at depolarized potentials than is
interaction with the hydroxyl group. Individual substitutions
for Y1463 had less marked effects on the increased rate of
recovery from verapamil block observed with YAI (Fig. 7, B
and D). Y1463A and Y1463T increased the fraction of fast
recovery, whereas Y1463F reduced it. Thus, for verapamil,
both the hydroxyl and the phenyl ring of Y1463 affect the
time course of recovery from block.

S e

Verapamil D600

Discussion

Two effects of mutations in IVS6 on block by phenyl-
alkylamines. The three phenylalkylamines that were tested
differ greatly in the characteristics of their block of L-type
Ca?* channels. Of the three, (—)-D888 is the most potent
blocker of resting and depolarized L-type Ca®* channels.
Verapamil and D600 are less potent than (—)-D888 but are
effective use-dependent blockers of WT channels.

Mutation of three amino acid residues in region IVS6 that
differ between L- and N-type CaZ* channels reduced block of
resting L-type Ca?* channels by (—)-D888 (10). The same
mutations also reduced affinity of the depolarized Ca%* chan-
nel for (—)-D888 indicating a reduction in affinity for drug
binding to the open and inactivated states of the channel.
Surprisingly, these mutations had no major effects on affin-
ity for tonic block by D600 or verapamil. The disruption of
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Fig. 6. Time course of recovery from depolarized channel block. Conditioning depolarizations to +10 mV for 1 sec were followed by recovery
intervals (at —60 mV) of 10 msec, 110 msec, 500 msec, 1 sec, 10 sec, or 30 sec. A 100-msec test depolarization to +10 mV was then applied
after each interval to measure recovery. The time course of recovery from drug-induced block was obtained by dividing the time course measured
in the presence of drug by the time course measured in the absence of drug (B, inset). Mean fraction of current recovered is shown on two scales:
0-30 sec (A-C) and 0-1 sec (D-F). (—)-D888 (50 nm) was applied to cells expressing WT channels and 5§ um drug was applied to all others (n =
3-8). Solid lines, double-exponential fits to the mean data with a fast time constant (7¢), slow time constant (75), and fraction of channels recovering
with the fast time constant (f). These values for D888 on cells expressing WT channels were 7. = 0.47 sec, 75 = 12.6 sec, and f- = 6.7%; for
YAl 7 = 0.47, 1¢ = 7.7, and f = 65%; for verapamil on cells expressing WT channels, 7 = 0.52, 1g = 7.1, and fz = 42%; for YAI, 7- = 0.58,
7 = 4.7, and fz = 72%; for D600 on cells expressing WT channels, 7 = 0.54, 7g = 26.5, and fz = 9.7%; and for YA, 7z = 0.53, 75 = 7, and f;
= 58%. For the mean rate of recovery in the absence of drug (B, inset), 7 = 0.26 sec, 7g = 7.9 sec, and f- = 64%.

block by (—)-D888 was highly structurally specific because
mutation Y1463F, which removes only a single hydroxyl
group at position 1463, resulted in a large disruption of block.
Apparently, interaction of (—)-D888 with this single hydroxyl
group accounts for much of the increased affinity of (—)-D888
relative to verapamil and D600.

The same mutations affected the rate at which all of the
drugs blocked depolarized channels and the rate of recovery
from block at the holding potential between depolarizations.
Recovery at —60 mV was accelerated by the mutations com-
prising YAI for all three drugs. The effect was most dramatic
for D600 and (—)-D888, drugs that caused the most slowly
recovering block of the WT channel. Block of the channel by
D600 and verapamil was also accelerated by the YAI muta-
tion. This effect was not seen for block by (—)-D888, but it
was likely to have been counteracted by the large decrease in
affinity of the mutant channel for this drug. These results
suggest that these three mutations alter both affinity for and
drug access to the phenylalkylamine-binding site.

A kinetic model for Ca?* channel block by phenyl-
alkylamines. To separate the effects of our mutations on
affinity and drug access more clearly and to understand how
the observed changes in use-dependent block and recovery
time course might come about, a kinetic model of drug inter-
action with three primary channel states was constructed
(see Materials and Methods) and used to reproduce the data
(Fig. 8) with the constraints described and the parameters

listed in Tables 1 and 2. A schematic diagram of this model is
shown in Fig. 8D (inset). Drug is assumed to bind and block
closed, open, and inactivated channels without preventing
transitions between each of the elementary channel states
(e.g., closed blocked channels can become open blocked chan-
nels, and so on). This was the simplest model that would
describe our data. It reproduced the observed results for: 1)
channel behavior in the absence of drug (Figs. 1, C-E, 6B,
inset, and 8A), 2) tonic block of resting channels at —60 mV
and depolarized channels at +10 mV (Figs. 1, C-E, 2, and 8,
A, C, and E), 3) the apparent block rate of depolarized chan-
nels (Figs. 5, and 8, A, C, and E), and 4) the biexponential
time course of recovery from depolarized drug block (Figs. 6,
8, B, D, and F, and 9B).

According to the model, the channel opens on depolariza-
tion (state O) and then sequentially enters two inactivated
states: I1 and I2. Two inactivated states were required to fit
the biexponential recovery from inactivation after a 1-sec
depolarization to +10 mV in the absence of drug (Fig. 6B,
inset). Control current time courses were identical for the WT
and mutant YAI channels; the mean is shown in Fig. 8A
(dashed line superimposed on the model fit). Recovery time
courses for WT and YAI channels under control conditions
were also identical, as shown in Fig. 6B (inset). Each of these
comparisons between the experimental data and the predic-
tions of the model resulted in a close fit.

Our experiments demonstrate that drug binds to both rest-
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Fig. 7. Effect of individual
amino acid substitutions on the
time course of phenylalkylamine
block. The individual mutations
constituting the mutant YA,
Y1463A, A1467S, and 11470A
and substitutions of phenylala-
nine (F) and threonine (T) for the
tyrosine at position 1463 were
characterized as shown in previ-
ous figure legends. A and C,
Mean block rates (n = 3-6 for
single mutants). B and D, Mean
recovery time courses (n = 3-8
for single mutants). Recovery
time courses were fit with the
sum of two exponentials. Both
time constants and the fraction
recovering with the fast time
constant are shown. (—)-D888
was applied over a concentration
range of 5 nm to 50 um, and ve-
rapamil was applied over a range
of 500 nm to 50 um.

(-)D8ss verapamil

«“@-‘“«;& & «“@"‘@ & @ SFS & SFEF
_,:\ _&x _J:\ _f\ -1.’\ ‘k\ NN -k" _1‘\ _,:\
(-)D8ss verapamil (-)D8s8s8 verapamil

ing and depolarized states of the channel but with different
affinities. Transition rates between drug-bound states for the
three drugs tested were set to simulate the degree of resting
channel block (Fig. 2B), the magnitude of depolarization-
induced drug block (Fig. 2C), and time course of recovery
from depolarized drug block (Fig. 9B) obtained from the
mean values shown in the figures. The biexponential time
course of recovery from depolarized block was seen most
prominently in WT channels for block by verapamil but was
seen in the YAI mutant for block by all three drugs (Fig. 6).
In the model, the rapidly recovering component arises from
drug-bound open channels that are blocked during the depo-
larization. The slowly recovering component results from
drug-bound inactivated channels. In the WT channel, the
slow recovery from block by (—)-D888 and D600 was also

TABLE 2

predominantly caused by a slow rate of recovery of drug-
bound, inactivated channels.

The increase in the fraction of channels found in the fast
recovering state (open blocked channels) in YAI compared
with WT channels arose from a decrease in the affinity of the
inactivated state for all three drugs (Table '2). The drug
affinity for the inactivated channel decreased 355-fold for
D888 (K; = 1.21 nM in WT channels versus 429 nM in YAI
channels), decreased only 3.2-fold for verapamil (K; = 200 nM
in WT channels versus 643 nM in YAI channels), and de-
creased 17.8-fold for D600 (K; = 19.3 nM in WT channels to
343 nM in YAI channels).

The increases in block rates for verapamil and D600 for
mutant YAI, which occur without changes in apparent affin-
ity for depolarized channels, arise from increases in access to

Rate constants and K, values of drug-blocked channel states used in the kinetic model

Mean data for WT and YAl channel

from depolarized drug block (Fig. 9B) were fit using the kinetic scheme diagrammed in Fig. 8D (insef). Block of inactivated

channels in both states, |,B and |,B, were set to be equal (see Materials and Methods). The behavior of the model using these rate constants is shown in Fig. 8 as
solid fines during depolarizations to +10 mV and as recovery time course at —60 mV.

D888 Verapamil D600
Kon Kont Ka Kon Konr Ky Kon Kot Ky
w1 sec! sec™! ~ v 1sec! sec™! w w1 sec™? sec™! w
CcB
WT 1,000 48 x 10°5 48 1,000 6.7 x 1073 6,700 1,000 9 x 107 9,000
YAl 1,000 500 x 10~5 5,000 1,000 6.0 X 10°3 6,000 1,000 13 x 1073 13,000
oB
WT 1.8 x 107 0.03 1.67 9.6 x 10° 0.35 365 2.4 x 10° 0.12 500
YAl 1.2 x 10® 0.45 375 1.7 X 108 0.6 353 1.8 X 10° 1.5 833
B
WT 1.4 x 10° 1.7 1.21 1.4 x 107 2.8 200 1.4 x 107 0.27 19.3
YAl 1.4 x 107 6.0 429 1.4 x 107 9.0 643 1.4 x 107 4.8 343

CB, block of closed channel; OB, block of open channel; IB block of inactivated channels.
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Fig. 8. State-dependent model of Ca2* channel block by phenylalky-
lamines. Predicted current traces (solid lines) are illustrated for a kinetic
model of channel block by phenylalkylamines of the form shown in D
(inset) with the best-fit parameters listed in Tables 1 and 2 and are
compared with experimentally determined values (dashed lines). The
model was first fit to mean experimentally determined channel activa-
tion and inactivation (A, C, and E; dashed lines), deactivation, and
recovery from inactivation (Fig. 6B, insef) measured in the absence of
drug and then fit to mean recovery from depolarized drug block (B, D,
and F; dashed lines) for each of the three drugs and both WT and YAl
channels (Figs. 6 and 9B). The magnitude and time course of the
calculated currents evoked during a 1-sec depolarization in the pres-
ence of drug (A, C, and E) were then plotted to compare the model
behavior with that measured under each condition (Fig. 1, C-E). Ap-
parent block rates calculated from this simulated data are similar to
mean data summarized in Fig. 5D (D888: WT channel = 2.2 X 10" m~"'
sec”’, YAl = 2.3 x 10%; verapamil: WT channel = 1.3 X 10%, YAl =
2.7 x 10% D600: WT channel = 4.5 x 105, YAl = 2.1 X 10°). Rate
constants derived for each of the channel states are summarized in
Materials and Methods and Tables 1 and 2.

the open blocked state and compensating increases in disso-
ciation from this channel state. This was seen in the model as
an increase in the association rate for drug block of open
channels of 1.8-fold for verapamil and 7.5-fold for D600 (Ta-
ble 2). A decrease in the affinity of the inactivated state of the
channel for drug is seen as a reduction in the number of
channels that recover slowly and a speeding of the time
course of this slow recovery (Fig. 6) but not as a change in the
apparent depolarized affinity (Fig. 2C).

Three amino acids determine the high affinity of
L-type channels for (—)-D888. The high affinity blocker
(—)-D888 has only a single methoxy group in the meta posi-

tion of the phenyl ring nearest the amine, whereas D600 and
verapamil have one in the meta and one in the para position
(Fig. 1A). The second methoxy group on this end of the
phenylalkylamine molecule has a negative influence on phen-
ylalkylamine action (22). Thus, the single methoxy group on
(—)-D888 is expected to have a more effective interaction
with the channel than the corresponding group in the other
phenylalkylamines.

Our results indicate that each of the individual amino acid
side chains of the YAI residues participates in stabilizing
(—)-D888 in its binding site. For resting block, each of the
amino acid side chains contributes approximately equally in
stabilizing (—)-D888, but the disruption caused by each indi-
vidual mutation is greater than would be expected if each of
the amino acids constituting mutation YAI interacted inde-
pendently with the drug. This is even more striking for block
of depolarized channels because mutating any of the individ-
ual amino acids causes near total disruption of block ob-
served after mutation of all three of the amino acids consti-
tuting YAI. This suggests that these three amino acids are
required to form a structure that stabilizes the drug opti-
mally in its binding site and that all must be present to
stabilize the bound drug at depolarized potentials.

Mutations constituting YAI define the kinetics of
drug block. The kinetics of block by each of the drugs were
affected by the mutations constituting YAI. Despite the lack
of effect of these mutations on the affinity for resting and
depolarized channels, the rate of block by verapamil and
D600 during depolarizations and the rate of block reversal
for all drugs were dramatically affected by this combined
mutation. These effects are consistent with effects of these
mutations both on a rate-limiting access pathway for drug
entry and exit from the binding site and on the affinity of
inactivated channels for drug. Mutations affecting both drug
affinity and drug access have also been identified for local
anesthetics binding to a site on the IVS6 transmembrane
segment of Na* channels (23).

Like the effects on affinity, the effects on blocking kinetics
involved all three residues. Block rate by D888 was reduced
by mutation of all three residues. Verapamil block rate was
increased by mutations Y1463A, Y1463T, and Y1463F but
reduced slightly by A1467S and I11470A. The acceleration of
recovery from depolarized block by (—)-D888 could be almost
entirely attributed to Y1463A, with little effect observed for
the A1467S or I11470A mutations. Consistent with the hy-
pothesis that the size and shape of the residue at position
1463 control the pathway by which D888 leaves its binding
site, mutation Y1463T had effects that were similar to those
of Y1463A, whereas mutation Y1463F had recovery kinetics
that were essentially WT.

Molecular model of Ca®* channel block by phenyl-
alkylamines. Fig. 1A shows the structures of D888, vera-
pamil, and D600. When data from control and YAI channels
from previous figures are summarized with respect to the
totalnumberand positionofmethoxygroupsonthephenylalkyl-
amine molecules, the effect of each methoxy group on channel
block becomes evident (Fig. 9). In Fig. 9A, the block rates for
each compound are arranged in order of ascending number of
methoxy groups on the two phenyl rings. On adding a me-
thoxy group to D888 in the para position of one phenyl ring to
yield verapamil, block rate drops by 31-fold in the WT chan-
nel. On adding a methoxy group to the other end of the
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Fig. 9. Structure-blockrelation for three phen-
ylalkylamines. Block rates (A) and recovery
time courses (B) for WT and YAl channels are
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tion of methoxy groups on both phenyl rings of
the phenylalkylamines (see Fig. 1A for struc-
tures). D888 has two methoxy groups on the
primary phenyl ring and one on the secondary
ring; verapamil has two on the primary phenyl
ring and two on the secondary ring; and D600
has three on the primary phenyl ring and two
on the secondary ring. Data are summarized
from previous figures.
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molecule in the meta position to yield D600, block rate de-
creases an additional 2-fold. For the same changes in drug
structure, comparatively little alteration in block rate occurs
for the mutant YAI, and both D888 and D600 block the
channel more like verapamil. In looking at recovery time
courses (Fig. 9B), it is apparent that the addition of a me-
thoxy group to D888 to give verapamil results in an increase
in the fraction of fast recovery, whereas the addition of an-
other methoxy group to the other phenyl ring of verapamil to
yield D600 results in both a decrease in the fraction of fast
recovery and an increase in the slow recovery time constant.
Regarding association rates, the same changes in the drug
molecule lead to statistically insignificant differences in
block of the mutant YAI.

These results can be interpreted in terms of both crystal
structures and calculated structures of phenylalkylamines,
which indicate that these molecules are bent with both phe-
nyl rings pointing in the same direction (24-27). The YAI
mutations affect block by these compounds differently, sug-
gesting interactions with both ends of the drug. In studies of
drug structure and cardiac function (22), the results sug-
gested that the addition of a methoxy group in the para
position (e.g., D888 to verapamil) leads to reduced effective-
ness through steric hindrance. Our data suggest that the YAI
residues both interact directly with the bound drug and in-
troduce steric hindrance to drug access and binding. The
critical role of Y1463 in resting block of (—)-D888 shown in
our previous study (10) suggests that it constitutes one point
in a two-member binding motif on transmembrane segment
IVS6, whereas A1470 and 11473 constitute the other half.
The addition of a methoxy group to the para position may
introduce steric hindrance through an interaction with the
bulky side chain on the Y1463 phenyl ring. The addition of
another methoxy group on the other end of the phenylalky-
lamine to yield D600 apparently adds another point of steric
hindrance that slows both block rate and recovery rate by
making it more difficult to enter the binding site. Further
analysis of the effect of the other nearby amino acid residues
will be required to define the positions of the bound drug
molecule in its receptor site, but we assume that the posi-
tively charged amino group approaches and interacts with

the negatively charged residues in the ion selectivity filter
formed by SS1/SS2 (or P) loop and also interacts with Y1463
in the phenylalkylamine receptor site.
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