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ABSTRACT. We investigated the binding of a fluorescent diltiazem analogRel-cis-1-[2-[[3-[[3-[4,4-
difluoro-3a,4-dihydro-5,7-dimethyl-4-bora-3a,4a-diadadacen-3-yl]propionylJamino]propylJamino]ethyl]-
1,3,4,5-tetrahydro-3-hydroxy-4-(4-methoxyphenyl)-6-(trifluoromethif}2benzazepin-2-one (DMBODIPY-

BAZ) to L-type C&" channels in the presence of different 1,4-dihydropyridines (DHPs) by using
fluorescence resonance energy transfer (FRET) [Brauns, T., Cai, Z.-W., Kimball, S. D., Kang, H.-C.,
Haugland, R. P., Berger, W., Berjukov, S., Hering, S., Glossmann, H., & Striessnig, J. Bi6ebgmistry

34, 3461]. When channels are occupied with DMBODIPY-BAZ, a rapid fluorescence change occurred
upon addition of different DHPs. The direction of this intensity modulation was found to be only dependent
on the chemical composition of the dihydropyridine employed. DHPs containing a nitro group decreased,
whereas others (e.g., isradipine) enhanced the fluorescence signal. In addition, all DHPs markedly decreased
the association rate constant for DMBODIPY-BAZ without affecting equilibrium binding. Both
observations together are best explained by a steric model where the DHP binding site is located in close
proximity to the accession pathway of DMBODIPY-BAZ.

Voltage-gated Ca channels control the depolarization- disorders. Moreover, labeled and unlabeled derivatives of
induced influx of extracellular Ca into electrically excitable  these drugs represent important tools to study the structure
cells. At least six different channel types (L, N, T, P, Q, R) and function of these channels.

have been described (Tsien et al., 1991). They can be Aan important prerequisite for the understanding of the
distinguished by their biophysical properties as well as their yglecular mechanism underlying the modulation of channel
sensitivity to organic Cd antagonists and peptide toxins. fynction by C&" antagonists is the knowledge about the
These differences are explained by the gxistence of multipleorgamzaﬂOn of their drug binding domains on tiesubunit.
classes oy subunits @ua—aue aus) forming the voltage-  Radioligand binding studies predicted the existence of distinct
sensitive ion conducting pore of these channel types (Birn- jnteraction domains for DHPs, PAAs, and BTZs that are
baumer et al., 1994). N _ ~ coupled to each other via noncompetitive mechanisms

L-type C&" channels are sensitive to various chemical (Glossmann & Striessnig, 1990). Electrophysiological stud-
classes of organic channel blockers, termetf @atagonists.  jes using membrane-impermeable drugs further refined the
DHPS (e.g., isradipine), PAAs (e.g., verapamil) and BTZs |ocalization of these binding domains with respect to the
(e.g., diltiazem) are clinically used to treat cardiovascular yembrane bilayer. The DHP and BTZ binding domain were
found to be located on the extracellular sidexgf whereas
PAAs interact with a site only accessible from the cytoplas-
mic surface of the channel (Hescheler et al., 1982). Antibody
mapping studies with photoaffinity-labeled channels revealed
that amino acid residues responsible for high-affinity DHP
and PAA binding are located within pore-forming regions
in repeats Il and IV ofy; (Striessnig et al., 1990; Nakayama
et al., 1991; Striessnig et al., 1991). These findings were
recently confirmed and extended using chimeric (Grabner
etal., 1996; Ddng et al., 1996) or singly mutated, subunits
(Hockerman et al., 1995).

Despite the growing structural information about the
regions within the primary structure involved in the formation
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of the drug binding domains, several important questions
remain unresolved. First, how far apart are drug binding
domains located on the; subunit, especially if they are

known to reside on the same side of the channel (DHPs,
BTZs)? Second, what is the molecular basis for the

© 1997 American Chemical Society



3626 Biochemistry, Vol. 36, No. 12, 1997 Brauns et al.

noncompetitive interaction between the different binding intensity were recorded in a Hi-Tech SF-61MX stopped-flow

domains? apparatus. Cd channel protein (4 nM) was preincubated
Here we exploit the fluorescent properties of a novel (1.5 h, 25°C) with DMBODIPY-BAZ (20 nM) in buffer A.

diltiazem analogue, DMBODIPY-BAZ (Brauns et al., 1995), The mixture (65:L) was then mixed with an equal volume

to address these questions. By quantitatively analyzing theof buffer A (control) or a drug solution prepared in buffer

effects of various DHPs on the fluorescent properties as well A. The FRET intensity was measured (excitatren285

as on the binding kinetics af;-bound DMBODIPY-BAZ nm, emission cut-off filter= 495 nm) at a data acquisition

we provide strong evidence for a steric interaction between rate of typically>20 points/s. Photobleaching was negligible

DHPs and BTZs. This suggests that the binding domains during acquisition time.

of these drugs are localized in close proximity to each other

on the extracellular side of the channel. Quantitatve Analysis of RecepteiLigand Kinetics

MATERIALS AND METHODS All kinetic experiments were analyzed on the basis of their
differential equations employing the program FACSIMILE

Chemicals (Prinz & Striessnig, 1993). The strategy for obtaining the

global fit shown in Figure 3 was the following: In a first
step, four association reactions were recorded after the
addition of 10, 30, 100, and 300 nM DMBODIPY-BAZ to
1.6 nM (determined as DHP-binding sites) ofCahannels.
These experiments (data not shown) showed a fluorescence
increase, followed by a slow decrease. This slow inactivation
of binding activity had been observed before with other
calcium channel ligands and was explained by the slow
denaturation of the channel protein in detergent solution
Calcium Channel Preparations (Striessnig et al., 1986; Schneider et al., 1991). It could not
be attributed to photobleaching of the fluorochrome as shown
Partially purified L-type calcium channels from rabbit in control experiments.
skeletal muscle were prepared by affinity chromatography  These binding data were simultaneously fitted to an
of digitonin-solubilized membranes on Wheat-Germ-Lectin association reaction accounting for the irreversible binding
Sepharose according to standard protocols (Brauns et al.jnactivation according to Scheme 1. R indicates thé*Ca
1995). channel, L the fluorescent ligand, and RX inactivated
- channels. A global fit was achieved with reaction 1 for all
Fluorescent DMBODIPY-BAZ Binding Assays ligand concentrations, but not with the same rate constants,
FRET-Binding AssayBinding of DMBODIPY-BAZ (20 kq, for the channel inactivation, which varied between
nM) was determined in buffer A (50 mM Tris/HCI, pH 7.4, experiments (observed range 3:926 x 107°s™).
0.1% (w/v) digitonin, 0.25 mg/mL bovine serum albumin)
as described employing &achannel protein concentrations Scheme 1
of 0.02-0.035 mg/mL (80 pmol/mg of «)-isradipine R+L <. JIR; R_%X, RX; LR_X, RX + L
binding sites (Berger et al., 1994; Brauns et al., 1995),
yielding receptor concentrations of 8.8 nM). The FRET Scheme 2

Unlabeled calcium antagonists were kindly provided by
Dr. Traut (Knoll AG, Ludwigshafen, Germany) and Sandoz
AG (Basel, Switzerland); DMBODIPY-BAZ and Bz-BAZ
were synthesized as described before (Brauns et al., 1995)
digitonin (special grade) was from Biosynth AG (Staad,
Switzerland); bovine serum albumin (essentially fatty acid
free) and other chemicals were from Sigma (Deisenhofen,
Germany).

signhal was measured simultaneously in up to four temper- 2 .1 1r R X px
ature-controlled (25°C) and magnetically stirred quartz — -
cuvettes using an excitation wavelength of 285 nm (slit width ]2 ]3 IR_X, RX + L
= 4 nm) and recording emission at 517 nm (slit width 8

nm) in a Perkin-Elmer LS50B spectrofluorimeter. Data RD % , LRD RD X, RX + D

acquisition rates were 0.7 data points/min.

Measurement of DHP Effects on DMBODIPY-BAZ Fluo-  Having thus determined the rate constants for reaction 1
rescence by Direct Excitation at 488 nrithe fluorescence  in Scheme 1, we analyzed the kinetic experiments in the
signal after excitation at 488 nm does not discriminate presence of the DHP isradipine (shown in Figure 3) on the
between bound and free ligand. As DHPs only affect the basis of Scheme 2: D indicates the nonfluorescent DHH} ((
fluorescence of bound ligand, experiments were carried outor (—)-isradipine), RD the DHP-channel complex, and LRD
under conditions where a high ratio of bound to free ligand the ternary complex. The addition of ligands is not explicitly
was achieved. These were obtained by employing high shown for each reaction step. A ternary complex LRD is
receptor (9.6 nM) and low ligand concentrations-&3 nM). required in order to account for the observed FRET enhance-
After binding equilibrium was achieved, DHPs were added ment (see below, Figures 1 and 2). The following assump-
to a final concentration of 8M and changes in fluorescence tions were made for the fitting procedure: Rate constants
were recorded at 517 nm (0.7 data points/min). The meansfor the decay of R, LR, and RD were assumed to be identical.
of 10 data points before and after addition of DHP were No decay of the ternary complex LRD was required. For
calculated to quantify increases or decreases in fluorescencereactions 2 and 3 only their relative affinities and not their
No DHP-induced DMBODIPY-BAZ fluorescence changes rate constants were determined from the experiments shown
were observed in the absence of channel proteis (3). in Figure 3. The association rate constant fe)-{sradipine

Stopped-Flow Binding Measurementddighly time- was taken from previous experiments [lorsee Knaus et
resolved measurements of DHP-induced changes in FRET-al. (1992a) Striessnig et al. (1986K; was determined in
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Ficure 1. Modulation of FRET intensity by different DHPSA)
Partially purified C&" channel protein (1:62.8 nM) was incubated
with 20 nM DMBODIPY-BAZ in buffer A until equilibrium was
reached (1.5 h, 28C). One milliliter aliquots were transferred to
quartz cuvettes and the FRET signal was recorded (excitation at
285 nm, emission at 517 nm). DHPs dissolved inL50f DMSO

or DMSO alone (control) were added to the indicated final

R 1
v L

control

concentrations. |,€)-isradipine; Il, )-isradipine; Ill, darodipine; TV R B R v T
IV, (+)-202-791. Arrow indicates time of DHP additionB) Time, min
Concentration-dependence of FRET enhancementpystadipine 0o SR '
(@), (—)-isradipine ©) and darodipineM). The amplitude of the =2
fluorescence increase was determined as in panel A and normalized § O =) O
with respect to the maximal effect. £ sl 1
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E W Ficure 3: Effect of isradipine enantiomers on association and
i T . . dissociation kinetics of DMBODIPY-BAZ as measured by FRET
P "30 nM 00. 500 1000 (excitation, 285 nm; emission, 517 nmA,(B) Partially purified
s g Yisradipine conG. M Ca* channel protein (1.6 nM final concentration) was rapidly mixed
ot T with buffer A containing 20 nM DMBODIPY-BAZ and the
) : ™ 3 20 indicated concentrations of+-isradipine (panel A) or «)-
Time, sec isradipine (panel B). Heavy lines represent association curves
5 I 1 calculated from the kinetic parameters derived by least-squares
® fitting to reaction scheme 2 (see Materials and Methods section).
g 4 B ] The following ky values were used (): (+)-isradipine, control,
g R 8.5x 1076, 10 nM, 2.7x 1075, 100 nM, 2.3x 1077, 2uM, 2.0 x
g s 1077, (—)-isradipine, control, 1.0x 1075, 200 nM, 8.2x 1076,
g 600 nM 3.3x 1076 2 uM 9.7 x 107. Note, that irreversible
< 10 ] inactivation also decreases with isradipine concentration indicating
g possible protection by the DHRCY After equilibrium was reached,
845 an excess of uM unlabeled Bz-BAZ was added in order to
o ! ! 1 measure DMBODIPY-BAZ dissociation. The semilogarithmic plot
0 2 8 of the FRET signal reveals a decrease in dissociation rate with

DHP concentration, yM . . N Lo T
: increasing concentrations (as indicated) -bj{sradipine present.

FIGURe 2: Stopped-flow measurements of the FRET modulation k_; Values were calculated as the slope of the regression l@g: (
(A) Partially purified C&" channel protein (4 nM) was incubated  control, 7.0x 1074 s7%; (O0) 10 nM, 5.0x 104 s%; (W) 100 nM,
with 20 nM DMBODIPY-BAZ in buffer A (25°C, 1.5 h) and 3.7x 104 s% (O) 2uM, 1.8 x 104 s71. One of three similar
rapidly mixed with increasing concentrations af)¢isradipine (30 experiments is shown.

nM to 1 uM) in a stopped-flow apparatus. FRET was measured

every 10-100 ms. The points represent means of six to eight ;
measurements. A monophasic association function was fitted to theProcedure. The fluorescence yield of the ternary complex

data (solid line) to yield the following apparent association rates, LRD had been_ determined experimentally from Fhe inde-
kaps 30 NM, 0.2 s%; 100 nM, 0.26 s%; 300 nM, 0.42 st 1 uM, pendent analysis of our FRET-enhancement experiments and
0.78 s. (Inset) Linear regression of a plotkef,vs (+)-isradipine  was kept constant. It was 1.2 times the fluorescence of the
concentration yielded k& of 5.8 x 10° M™% s *and ak-; of 0.21 binary complex LR (Figure 1). As a starting parameter the

s 1. (B) Modulation of FRET by several DHPs as observed in iati tion 4 d to be 10 fi |
stopped-flow experiments. The relative change in total fluorescence @5S0CIation reaction 4 was assumed 1o be Imes slower

intensity after 25 s is plotted against the applied DHP concentration than the association reaction 1. Its affiniku) was initially

for (@) (+)- and ©) (—)-isradipine, ) darodipine, #) (+)- and assumed to be equal &y;. With these initial parameters
(©) (—)-202-791, &) (+)- and ) (—)-nitrendipine, andy) (—)- all rate constants shown in Table 1 were derived from a
niguldipine. global fit. The last part of the experiments in the presence
stopped-flow experiments (see below). Constantsfgr (  of (+)-isradipine (Figure 3A) could not be accounted for
isradipine could not be determined and were assumed to bewith this simple reaction scheme. Instead of extending the
10’ M~! st in accordance with a diffusion controlled scheme, we excluded the data points obtained after 1000 min
association.k, andks; were held constant during the fitting  from the global fitting procedure.
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The isradipine effect critically depended on the presence
of DMBODIPY-BAZ—channel complexes. It was absent
when channel protein was omitted from the incubation

Table 1: Rate Constants Determined from a Global Fit of Reaction
Scheme 2 to the Experimental Data Shown in Figure 3

Kon (W) (Z)Slzradlpme z)slséadlpme m_ixturg (n = 10) or when .D.HP_wa.s added after com.plete
kld%M_l s 16x 10 16x 10° dissociation of the specific binding component with a
k 1(sD) 4.2 % 1074 4.2 % 10°4 nonfluorescent competitor (Bz-BAZ, (Brauns et al., 1995))
Ke ("M) 177 109.5 (_n = _5). When added at di_fferent times during the associa-
ke (Mt 523 4.5 % 106 10 tion time course, the amplitude of the DHP-induced FRET
K, ND ND increase was proportional to the concentration of bound
Kas (NM) 58 109.5 DMBODIPY—BAZ (n=2). Moreover, the effet;t was absent
ke (M~1s 22 5.8x 10F 10° when, instead of the BTZ site, the PAA binding domain of
ks ND ND the channel was labeled with the fluorescent verapamil
Kaa (M) 84 25.6 analogue DMBODIPY-PAA (Knaus et al., 1992hb) € 2,
ke (M~ 57Y) 6.5 % 102 2 4% 10° data not shown).
kea(s™) 5.5x 1075 6.1x 1075 Taken together, these experiments show that the FRET
aHeld constant® ND, not determined (see Materials and Methods ©€nhhancement occurs only when the DHP binds to the
section). DMBODIPY-BAZ-occupied channel to form a ternary
complex.
Statistics This implies that the amplitude of the FRET increase is

saturable and that its rate (reflecting the association of the
DHP to the DMBODIPY-BAZ-channel complex) must
depend on the concentration of added DHP. Figure 1B
illustrates the saturability of the DHP-induced FRET en-
hancement. A small but significarp & 0.05) stereoselec-
tivity was observed for stimulation by the two isradipine
enantiomers ()-isradipine: EGy = 29.0+ 11.2 nM,n =

We have recently described the development of a novel g; (—)-isradipine: EG, = 106 + 14.6 nM,n = 5).
binding assay using the fluorescent diltiazem analogue The time course of the FRET increase in Figure 1A
DMBODIPY-BAZ (Brauns et al., 1995) as a ligand specific suggests a very high association rate of the DHP. Stopped-
for the BTZ binding site. This assay is based on FRET flow experiments clearly resolved this formation of the
(Stryer & Haugland, 1967) between one or more tryptophan ternary complex at a higher time resolution. Figure 2A
residues of the L-type C& channela; subunit and the  demonstrates that the apparent association fatg (n-
DMBODIPY fluorophore of DMBODIPY-BAZ. It allows  creased with the concentration of-)isradipine added.
the direct quantification of specifically bound ligand with  From a plot ofkyy, Vs isradipine concentration we calculated
high time resolution and under equilibrium conditions. ak; of 6.7+ 0.93 x 10° M~1s ! and ak_; of 0.17 + 0.04
Binding occurred with high affinitys = 25 nM) and was 51 (n = 3), yielding a kinetically derivedy of 254 nM.
reversible (Brauns et al., 1995). We have now studied the This K is about 2 orders of magnitude higher than reported
interaction between two classes of channel ligands (BTZs for high-affinity DHP binding and in agreement with the low
and DHPS) that are able to bind to their domains onothe apparent aff|n|ty of ﬂ—)-isradipine for FRET enhancement
subunit simultaneously. as determined in equilibrium experiments (Figure 1). Taken
together, our results indicate that isradipine forms an initial,
weakly stereoselective contact with the channel protein that
mediates the enhancement of FRET fluorescence.

DMBODIPY-BAZ was added to partially purified skeletal To determine if the DHP-induced change in FRET
muscle C&" channels, and its association reaction was fluorescence depends on DHP structure, we examined in
directly followed as a FRET fluorescence increase (Brauns stopped-flow experiments the effect of a number of DHPs
etal., 1995). After equilibrium was achieved, we added the on FRET fluorescence (Figure 2B). The DHPs differed with
benzoxadiazol-DHP)-isradipine to the preformed DM-  respect to their substituents in positions 3 or 5 of the DHP
BODIPY-BAZ—channel complex. Nanomolar concentra- ring and on the aromatic system linked to position 4 (for
tions of (+)-isradipine increased the FRET signal in a structural formulae see Figure 4). FRET increase was only
concentration-dependent manner (Figure 1A). A similar found for the isradipine enantiomers and darodipine. In
increase was also observed for the respectieghantiomer contrast, the enantiomers of 202-791 both caused a similar
and the achiral isradipine analogue darodipine. The increaseconcentration-dependent decrease of FRET fluorescence.
was not due to a stimulation of ligand binding as the Note, that in functional experiments-}-202-791 acts as a
fluorescence change occurred in the time course of secondschannel blocker, whereas thé)enantiomer is an activator.
much faster than the observed association rate required forA FRET-reducing effect of similar magnitude was also

Data are given as range or meahSD for the indicated
number of experiments.

RESULTS AND DISCUSSION

DHPs Modulate DMBODIPY-BAZ FRET Fluorescence

the formation of nhew DMBODIPY-BAZreceptor com-
plexes ((Brauns et al., 1995), fkr; see below). The DHP-

induced increase in FRET fluorescence was not accompaniedion, respectively,n = 2).

observed for both enantiomers of the antagonist/agonist pair
of (+)- and ()-BayK 8644 (17#20% and 12-14% reduc-
The channel blockers—(-

by a detectable shift in the maximum of the emission nitrendipine and-{)-niguldipine were also inhibitory. Like

spectrum (not shown). Addition of other DHPs such-a¥ (

for (+)-isradipine half-maximal effects were observed in a

202-791 resulted in a decrease of the FRET emission (seeconcentration range about 100-fold higher than their reported

Figure 1A, trace IV).

Kq (Berger et al., 1994; Knaus et al., 1992b; Vaghy et al.,
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Isradipine 202701 ment and inhibition of FRET fluorescence was observed. An
N B N allosteric model predicts that DHPs stabilize (or induce) a
N N channel conformation that displays a different energy transfer
9 "o o "o efficiency from the channel tryptophans to the DMBODIPY-
rsco” “ocHCHa), “ocH(CH)z BAZ fluorophore. Our finding of opposite effects on FRET
e N ch, e N oH fluorescence by different DHPs would therefore require that
Darodipine Nitrendipine different [_)H_Ps_stabilize _different channel co_nformations.
N Noy This possibility is very unlikely because opposite effects on
N)3 FRET fluorescence were observed for structurally highly
o H oo o H oo related antagonists (e.g+)-isradipine and {)-202-791).
e oo | co”” ot This minor difference in chemical structure is not expected
me” M New el N Vot to induce long-distance allosteric effects distinguishable as

FRET fluorescence changes. Third, if DHP-induced changes
Ficure 4: Structural formulae of ligands binding specifically to  of channel conformation would exist they should also affect
the DHP binding site: A) Drugs found to enhance FRET from  FRET to bound fluorescent calcium antagonists of other

channel protein to DMBODIPY-BAZ are the+)- and (-)- . : I
enantiomer of isradipine and the achiral darodipigg Structurally ~ chemical classes. As mentioned above, such DHP-induced

similar DHPs inducing FRET decrease are both enantiomers of 202-(*_“5“‘9@S were not detectable after Igbeling of the channel
791 and nitrendipine. with a DMBODIPY-coupled verapamil analogue, DMBO-

) ] o ) DIPY-PAA. Therefore, overall changes in channel confor-
1987; Striessnig et al., 1985) for channel binding (Figure mation are very unlikely. Fourth, qualitatively similar effects
2B). All DHPs that decrease the FRET signal contained a op, the fluorescence of bound ligand were observed when
nitro group on the phenyl ring or in position C3 or C5. DMBODIPY-BAZ was directly excited at 488 nm, not
The observed changes in FRET fluorescence could alsoinvolving FRET. These experiments rule out that DHP

be explained if the various DHP inhibitors bind to a site very effects on FRET fluorescence are only due to changes in
close to a tryptophan that is the major excited-state energyiryntophan quantum yield.

donor to the bound DMBODIPY-BAZ. It is therefore
conceivable that the DHPs could modulate the quantum yield
of this tryptophan, thereby modulating the magnitude of the
FRET without changing interfluorophore distance. This
could all occur at a distance from the DMBODIPY-BAZ
site. To exclude this possibility we investigated the effect
of DHPs under conditions where fluorescence changes of
bound DMBODIPY-BAZ were measured by direct excitation

In contrast, our data are most easily explained by assuming
that the change of DMBODIPY-BAZ FRET fluorescence
results from close interaction with DHP molecules. This
explains why all tested DHPs carrying a nitro group (Figure
4), a known fluorescence quencher (Lakowicz, 1983), lead
to a decrease in the FRET signal. It implies that the binding
domains for DHPs and DMBODIPY-BAZ must be located
in close proximity to each other. Our data therefore strongly

at 488 nm (see Methods). For all four benzoxadiazol DHPs . : :
P o o o ono. support a steric model for the interaction of these two classes
tested (f+)-isradipine, darodipine,)-202-791, ¢)-202 of C&* channel ligands,

791), the fluorescence change was qualitatively the same as
observed for FRET arjalysis (@ 2 for each DHP tested; DHPs Slow the Binding Kinetics of DMBODIPY-BAZ
absolute changes ranging from 1 to 6% of total fluorescence).
Consequently, the FRET-induced change cannot (or notonly) The close proximity of the two drug molecules in the
be explained by DHP effects on tryptophan quantum yield. ternary complex could also explain the noncompetitive
DHP effects on DMBODIPY-BAZ were experimentally  binding mechanisms observed earlier for the modulation of
more difficult to determine (see Methods) by excitation at diltiazem binding by DHPs. In particular, DHPs are known
488 nm. Therefore, no detailed kinetic analysis was to slow the dissociation of ligands from the benzothiazepine
performed under these experimental conditions. binding domain (Glossmann & Striessnig, 1990; Brauns et
al., 1995). We therefore investigated the effects of the
isradipine enantiomers on DMBODIPY-BAZ binding kinet-
ics in more detail. The association time course for the
A possible explanation for our experimental findings could formation of the DMBODIPY-BAZ-channel complex at 25
be an allosteric mechanism linking the two drug binding sites. °C is illustrated in Figure 3. As shown previously, the
This would require DHP-induced conformational changes association reaction followed second-order kinetics, the initial
of the channel molecule and thus changing the efficiency of association rate increasing linearly with the concentration
FRET between DMBODIPY-BAZ and one or more tryp- Of ligand (Brauns et al., 1995). As discussed in the Materials
tophan residues of the; subunit. Although such a mech- and Methods section, the association reaction was ac-
anism cannot be ruled out completely, our experimental Companied by an irreversible inactivation of blndlng activity
evidence argues against such a model: First, DHP agonistgiue to slow denaturation of the channel in detergent solution
and antagonists represent optical antipodes able to stabiliz§Schneider et al., 1991).
different channel conformations that correspond to open and The association rate of DMBODIPY-BAZ decreased in
closed conformations in functional experiments (Glossmann the presence of increasing concentrations of the unlabeled
& Striessnig, 1990). However, FRET fluorescence changes DHPs (+)- or (—)-isradipine (Figure 3). In the case of the
did not correlate with the opposite pharmacological activity more potent (Striessnig et al., 1986))(isradipine, this effect
of these stereoisomers as the FRET decrease was seen byas saturable at micromolar concentrations so that a similar
both, agonistic and antagonistic enantiomers of 202-791 anddecrease was observed for 0.1 and\ (Figure 3A). In
BayK 8644. Second, among DHP antagonists both enhance-contrast to the slowing of the association rate, the maximal

Steric Interaction Model for DHP and DMBODIPY-BAZ
Binding
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the observed decrease in its association rate. The close
proximity of both ligands explains the fluorescence changes
shown in Figures 1 and 2.

Another important finding of our study was that the FRET
increase by-t)-isradipine is observed at drug concentrations
1-2 orders of magnitude above its reporti€gl value for
partially purified skeletal muscle €achannels. This implies
Ficure 5: Steric model of DHP and BTZ binding. L indicates that FRET enhancement occurs upon formation of a low

DMBODIPY-BAZ and D isradipine bound to the subunit. Access aff!n!ty D_HP_ ) channel_com_pl_ex. In Contrast_ to the h'.gh
to the L-binding site is hampered in the presence of D. The close affinity binding of (+)-isradipine, the formation of this
proximity of the two ligands explains the druagrug interaction complex is only weakly (about 3-fold, Figure 1) stereose-
that results in a modulation (enhancement or reduction) of the FRET |ective. Therefore, this low-affinity interaction must repre-
emission. sent an initial binding step of isradipine that may be followed
by further rearrangements of the drugceptor complex
binding was not decreased after prolonged incubation in theleading to the high-affinity binding interaction. The dis-
presence of {)-isradipine. This was also confirmed in crepancy between the apparent affinity for FRET enhance-
separate charcoal-binding assays (not shown). Note, thatment and reporte&y (or K;) values was mainly seen for
within the experimental time range no DHP-induced fluo- (+)-isradipine (29 nM in equilibrium experiments in Figure
rescence increase (due to the higher fluorescence yield ofl vs aKq4 of 1—2 nM) but was absent for—)-isradipine
the ternary complex) above control was observed in the (106 nM vs aK; of 120 nM, (Berger et al., 1994)). This
presence of{)-isradipine. This can be explained by the indicates that after the formation of the “initial” complex
pronounced slowing of the DMBODIPY-BAZ association only the (+)-enantiomer can form additional contacts that
time course that would allow apparent stimulation only after mediate stereoselective high affinity binding. These findings
an even longer incubation time. However, as the slowing further support a multistep binding model previously pro-
of DMBODIPY-BAZ association was less pronounced for posed for the binding of a fluorescence-labeled DHP (Berger
(—)-isradipine, the fluorescence increase became apparentet al., 1994).

Both enantiomers also decreased the dissociation rate of The above steric model is in accordance with the finding
the DMBODIPY-BAZ—channel complex, when induced by that DHPs and BTZs both approach their site from the
the addition of a nonfluorescent competitor [Figure 3C, see extracellular side of the channel (Hering et al., 1993). If
also Brauns et al. (1995)]. Attempts to determine the effect DHP binding occurs at a site in close proximity to the BTZ
of DHPs on the dissociation reaction of DMBODIPY-BAZ binding domain, the DHP molecule could interfere with the
initiated by rapid dilution were not feasible due to the low binding process of the bulky DMBODIPY-BAZ molecule.
specific binding signal obtained after dilution of preformed DMBODIPY-BAZ association and dissociation from the
complexes in the cuvette. DHP-occupied channel would be blocked (or delayed). Such

Similar kinetic effects were induced by other DHP?Ca  an “ordered binding mechanism” has recently been described
channel ligands. All of them caused a concentration- for [*H]N-methylscopolamine and vecuronium binding to the
dependent decrease of DMBODIPY-BAZ associatiopL muscarinic acetylcholine receptor (Proska & Tucek, 1994).
darodipine: 3-4.5-fold; (—)-nitrendipine, 4-8-fold; (+)- In another study the association and dissociation rate of
niguldipine, 4-5-fold; (—)-202-791, 4-6-fold; (+)-202-791, N-methylacridinium binding to acetylcholinesterase was
2—3-fold; range,n = 3) and dissociation (data not shown) found to be decreased by up to 3 orders of magnitude in the
as described above fof-j-isradipine. presence of the snake venom fasciculin 2 (Rosenberry et al.,

Our observations of a DHP-induced decrease of apparent1996).
association rates without a decrease of equilibrium binding This model is also in accordance with our recent bio-
(neitherKy nor Bmay require a model that assumes simul- chemical data (Kraus et al., 1996), which show that a
taneous binding of BTZs and DHPs to distinct sites on the photoreactive DMBODIPY-BAZ analogue photoincorporates
channel. The simplest reaction diagram of this kind is into a region of skeletal muscle L-type calcium chanagl
depicted in Scheme 2 (see Materials and Methods section).subunits (111S6) which also forms part of the DHP binding
The experiments of Figure 3 were analyzed with this model domain. These results provide biochemical support for the
and with one consistent set of parameters (global fit). The close proximity of the DHP and BTZ binding domains and
resulting rate constants are shown in Table 1. The valuesalso suggest that the bulky side chains of these diltiazem
obtained for isradipine-free reaction 1 are in good accordancederivatives are responsible for the drtdyug interaction

with the recently derived values féy1, ky andk_; (25 nM,
1.1+ 0.15x 10)M1s71,9.2+ 2 x 10457}, respectively,
from Brauns et al., (1995). As expected from Figure 3, the
DMBODIPY-BAZ-association rate constant in the presence
of isradipine ki) was markedly smaller than in its absence
(k): ki/ky = 25 and 6.7 in the case oft)- and (-)-
isradipine, respectively. This indicates that especiahy- (
isradipine prevents rapid access of DMBODIPY-BAZ to its
binding site, which can be explained easily by the model
illustrated in Figure 5: If the binding site for DHPs (D) is
localized within the access pathway of DMBODIPY-BAZ
(L), then D can sterically hinder the access of L, explaining

described here.

Our results also explain findings on purified heart sar-
colemmal membranes (Garcia et al., 1986) where PAA and
diltiazem (as BTZ-specific ligand) binding were inhibited
by treatment of the channel with dithiothreitol. Prebinding
of the DHP nitrendipine to the channel prior to addition of
dithiothreitol partially protected the BTZ binding site, but
not the one for the PAAS3H]verapamil. This differential
influence of DHP binding on two distinct binding sites can
easily be explained by a shielding effect of the DHP molecule
burying the BTZ binding site in analogy to our above
model.



Proximity of DHP and BTZ Sites on €& Channels

Implication for Channel Structure

Our steric model gives rise to a new working hypothesis
providing a basis for the future structural characterization
of Ca&" channel drug binding domains. It predicts that
structurally diverse L-type Ca antagonists (DHPs, PAAs,

and BTZs) possess binding affinity to a restricted area (“hot-

spot for drugbinding’) close to the extracellular, intracellular,

Biochemistry, Vol. 36, No. 12, 1998631

Durell, S. R., & Guy, H. R. (1996Neuropharmacology 35/61.

Ellinor, P. T., Zhang, J.-F., Randall, A. D., Zhou, M., Schwarz, T.
L., Tsien, R. W., & Horne, W. A. (1993Nature 363 455.

Garcia, M. L., King, V. F., Siegl, P. K., Reuben, J. P, &
Kaczorowski, G. J. (1986). Biol. Chem. 2618146.

Glossmann, H., & Striessnig, J. (199Bgv. Physiol. Biochem.
Pharmacol. 1141.

Grabner, M., Wang, Z., Hering, S., Striessnig, J., & Glossmann,
H. (1996)Neuron 16 207.

or transmembrane regions of the channel pore. Recent workHering, S., Savchenko, A., Stiing, C., Lakitsch, M., & Striessnig,

refining the localization of the DHP and PAA binding
domain on theny subunit further supports this hypothesis.
It was shown that both (noncompetitively coupled, (Gloss-

mann & Striessnig, 1990)) binding domains are formed by

stretches of primary structure located in close proximity
within the pore-forming regions (Grabner et al., 1996;

Hockerman et al., 1995) according to current folding models

of ay (Durell & Guy, 1996). This region oft; undergoes

defined voltage-induced changes upon channel opening anq<r

closing (Ellinor et al., 1993) and carries the channel’s high-
affinity Ca?* binding sites (C# selectivity filter, (Yang et

J. (1993)Mol. Pharmacol. 43820.

Hescheler, J., Pelzer, D., Trube, G., & Trautwein, W. (1982)
Pfligers Arch. 393287.

Hockerman, G. H., Johnson, B. D., Scheuer, T., & Catterall, W.
A. (1995)J. Biol. Chem. 27022119.

Knaus, H.-G., Moshammer, T., Friedrich, K., Kang, H. C.,
Haugland, R. P., & Glossmann, H. (199Znoc. Natl. Acad.
Sci. U.S.A. 893586.

Knaus, H.-G., Moshammer, T., Kang, H. C., Haugland, R. P., &

Glossmann, H. (1992h). Biol. Chem. 26,72179.

aus, R., Reichl, B., Kimball, S. D., Grabner, M., Murphy, B. J.,

Catterall, W. A., & Striessnig, J. (1996). Biol. Chem. 271

20113.

al., 1993)). It may therefore represent the channel’'s most Lakowicz, J. R. (1983) ifPrinciples of fluorescence spectroscopy

efficient target for drug action (“hot-spot for drugtion’)
where C&" antagonists could affect channel gating and/or
calcium coordination (Mitterdorfer et al., 1995).

Further structural studies determining the localization of
several other Ca antagonist drug binding domains on
L-type channels will be necessary to confirm or refute our
hypothesis. A detailed model of these domains will facilitate
the development of nonpeptidergic, high-affinity blockers for
other classes of voltage-gated?Ca&hannels that could be

valuable therapeutic agents for the treatment of chronic pain
and cerebral ischemia (Miljanich & Ramachandran, 1995).
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