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Phenylalkylamines as calcium channel blockers

ANAMIKA AWASTHI and ARPITA YADAV*

Department of Chemistry, University Institute of Engineering and Technology,
CSJM University, Kanpur 208 024
e-mail: arpitayadav@yahoo.co.in; anamikaawasthi28@rediffmail.com

MS received 16 June 2007; accepted 22 August 2007

Abstract. In this study we present ab initio Hartree Fock molecular orbital calculations with complete
geometry optimizations on some phenylalkylamines (PAAs) that are clinically used as antiarrhythmic
drugs. Pharmacophoric features of PAAs have been derived. An explanation of potency regulation in
PAAs has been suggested based on ion capturing vs. ion holding by the drug. lon capturing by the drug is
always electrostatically highly favourable but has to be analysed in terms of conformational changes re-
quired and physiological accessibility of the situation. Our results also seem to offer an explanation for

inhibitory effect of Ca®" ion concentration on binding affinity of PAAs.
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1. Introduction

Voltage-gated Ca®* channels are important pharma-
cological target for treatment of cardiovascular dis-
eases.! Commonly used drugs fall into three distinct
classes: Phenylalkylamines (PAA), Benzothiazepines
(BTZ) and Dihydropyridines (DHPs).? Block of L-type
Ca* channels in cardiac and smooth muscles by vera-
pamil and related phenylalkylamines is an important
therapy for hypertension, cardiac arrhythmias and
angina pectoris.> Phenylalkylamines block voltage gated
Ca?* Channels by binding within the intracellular
mouth of the ion conducting pore.* The levorotatory
(-) enantiomers of PAAs were found to be more potent
than the dextrorotatory (+) enantiomers.” The Phenyl-
alkylamines: Devapamil, Verapamil and Gallopamil
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 ter-
minal pheny! rings (figure 1).°

Devapamil (D888) contains one meta methoxy
group at the inside of the aromatic ring of the phenethyl
part, whereas verapamil contains two methoxy group
in meta and para positions. Devapamil blocks the
channel with affinity much higher than that of vera-
pamil.® These phenylalkylamines have been widely
used in clinical medicine and in experimental biology

*For correspondence
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to block Ca?* inflow into cells across the plasma
membrane.” The conformational features of these
drugs have been studied. The neutral form of gallo-
pamil was characterized by a unique conformation
whereas the protonated form was suggested to exist
in different conformations with great mobility of the
torsional angles and of the ionized site of the mole-
cule.® Previous studies suggest that verapamil adopts
a relatively compact structure.’ Verapamil can adopt
three structural forms (or conformational shapes):
extended, folded and half folded.”® The folded con-
formation is stabilized by non-bonded interactions
between the two dimethoxy aryl rings situated on
the opposite ends of verapamil and is suggested to
be the most stable conformation of the isolated drug.
Molecular simulations for the free drug with the
crystal structure of verapamil as the starting point
have also been performed. Solution structure of vera-
pamil in deuterated DMSO using one-dimensional
'H and *C NMR data*? has been analysed.
Verapamil gains access to its binding site from the
cytoplasm? and seems to inhibit the central pore by
physical occupancy. Electrophysiological data have
indicated that the binding domain for PAA is located
on the intracellular side of the membrane in cardiac
myocyte.'* The PAA binding pocket is composed of
at least seven amino acid residues based on the
alanine scanning mutagenesis results on Devapamil.
Three amino acid residues in segment IVS6-Tyr
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Pharmacophoric features of phenylalkylamines (black lines indicate angle required between the two aryl

rings and dashed blue line indicates required distance between two aryl rings).

1463, Ala 1467 and lle 1470- are required for high
affinity because their mutations reduced the affinity
6- to 12-folds. Met 1464 has also been included as a
residue contributing to high affinity PAA interac-
tions.

Previous studies also show that in the Ca?* bound
form, two verapamil molecules are arranged with a
2-fold symmetry such that the two methoxy oxygens

from each molecule act as ligand to the cation.® A
three-dimensional model of phenylalkylamine receptor
was suggested which incorporates two nucleophilic
areas of the Ca?* channel. Gallopamil binds to this
area by amine function and via coordinated Ca**. BS
Zhorov gave the hypothesis of ternary complex forma-
tion between the ligands of calcium channel, their
receptors and Ca**.* In order to fully understand the



Phenylalkylamines as calcium channel blockers

nature of the drug-Ca”" complex, Zhorov and Anan-
thanarayanan presented a systematic analysis of the
protonated and neutral forms of verapamil and one
of its potent analogues gallopamil.’® The geometrical
criteria involved the pre-disposition of the oxygen
and nitrogen atoms of the drug molecule to form bi- tri-
and tetradentate complexes with Ca®*". They used
these criteria to demonstrate that both verapamil and
gallopamil have several low energy structural pat-
terns that are pre-disposed for bi- and polydentate
chelation of Ca®*". Recent experimental evidence by
Hockerman et al indicates that the Ca** ions may be

Int. En. =-93-56 kCal/mol

Int. En. =-91-52 kCal/mol

Figure 3. lon holding sites in phenylalkylamines and
corresponding ion holding capacity. (a) Devapamil; (b)
Gallopamil and (c) Verapamil.
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held by selectivity filter glutamates.’” Experimental
studies by Galizzi and coworkers indicate an inhibitory
effect of Ca** on the binding of PAAs to the receptor.
There is also evidence that suggests, there could be a
concentration dependence of the Ca** effect.’® Data
using a fluorescent probe that interacts at the PAA
site reveal that increase in Ca®* concentration results in
a lowering of the binding affinity for these drugs.*
At Ca* concentrations >30 xM phenylalkylamine
binding was inhibited and potency was much low-
ered (ICs raised to >300 uM).

The pKa pf PAAs have been reported to be about
9-04.%° However, it is accepted that some portion of
PAA’s still remains in the unprotonated form in
equilibrium that could diffuse through cell mem-
brane and bind to intracellular site.?® The 1Cs, values
of PAAs are shown in figure 1.

The present study concentrates on effect of sub-
stituent on Ca®* holding capacity of PAAs. A past study
has suggested that the order of potency amongst (-)-
isomers varies as follows: Devapamil greater than
gallopamil greater than verapamil.?? The (+)-isomers
exert quantitatively similar effects but at orders of
magnitude (10-200 times) higher concentrations.

2. Methodology

Ab initio HF molecular orbital calculations have
been performed on various phenylalkylamines (PAAS)
using 6-31G basis set.”*?* Complete geometry opti-
mizations have been performed using Berny optimi-
zation method utilizing steepest descent technique.?®?
The obstruction of Ca® ion flow by the drugs has
been investigated by calculating intermolecular in-
teraction energies using supermolecule approach
that is, interaction energy AEin = Ecompiex — (Ea + Eg)
energy of isolated fragments. All possible sites of
Ca”" ion interaction were explored by bringing in ion
from all directions. Most favourable interactions were
noted. lon was not allowed to be covalently bonded
or captured. The ion channel in presence of the drug
only regulates ion flow, i.e. obstructed ion flow. It
does not stop ion flow otherwise it will be fatal for
the patient. This indicates that Ca®* ion should be
loosely held (by non-bonded interaction). Conforma-
tional relaxation of the drug in presence of the ion
has also been considered (this was not taken care of
in our earlier calculations®). The relative capacity of the
drugs to hold the Ca* ion is given by intermolecular
interaction energies as mentioned above and in our
earlier study on verapamil.?’ Intermolecular interaction
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energies have been analysed in terms of mechanistic
aspects and potency regulation.

3. Results and discussion

The optimized conformations of the isolated unpro-
tonated form of drugs are shown in figure 1b. In our
earlier study®’ we have reported on the Ca®* ion
holding capacity of verapamil. Our earlier study, was
an attempt to understand how to explore ion flow in-
terruption by these drugs. In this study we have tried
to understand potency regulation in phenylalkyl-
amines and correlate it with effect of substituent on
Ca®" ion holding capacity of the drug. Figure 2 shows
the characteristic conformational features of each
drug and there from extracted pharmacophoric fea-
tures. The required disposition of the two aryl rings
is at an angle between 70-75°. The distance between
the two aryl rings has to be maintained between 5-5—
6-0 A. Possible sites for Ca?* ion interaction and cor-
responding interaction energies are shown in figure 3.
As expected, the possible site for holding the Ca®*
ion in all the cases are either the cyano group on the
chiral centre or the methoxy substituents (the meth-
oxy substituent on the lower aryl were also considered
but showed comparably lesser holding capacity). All
the sites for holding ion in the drug when considered
separately, i.e. one at a time show comparable holding
capacities with minor differences due to conforma-
tional aspects.

To mimic the real physiological conditions in our
ab initio calculations as closely as possible we have
allowed for complete relaxation of the drug in pres-
ence of the ion. Results obtained are shown in figure 4.

Devapamil...Ca**
Int. En. =-109-29 kCal/mol

lon holding by the drug after allowing complete conformational relaxation.

Figure 4.

Gallopamil...Ca**
—289-24 kCal/mol
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In Devapamil we observe that the drug has not re-
laxed conformationally much. Calcium ion places it-
self in a position where it can interact with all the
possible sites simultaneously to achieve maximum
electrostatic interaction. lon in this position would
also be held with comparable strength to other sites.
Gallopamil has the maximum number of methoxy
substituents (probably too many methoxy substitu-
ents were introduced trying to enhance Ca”* ion
holding power of the drug). But, the drug only shows
moderate activity. Drug shows huge conformational
change trying to permanently capture the ion. The
electrostatic interaction is so strong that the drug would
permanently capture/hold the ion not letting it go.
But the fact that moderate activity is observed proves
that the conformational relaxation in this case is not
physiologically attainable i.e., inaccessible, if at all,
accessed then only in a small percentage of drug
molecules. Results after conformational relaxation
in verapamil are also shown in figure 4. Verapamil
shows very little re-organization basically in the
methoxy substituents to allow Ca*" ion to probe in-
side the molecule to maximize electrostatic interac-
tions. The situation is easily accessed as not much
recoganization of the molecule is required. However,
the gain in electrostatic interaction is so much that
the ion is permanently captured though not covalently
bonded. This is reflected in verapamil’s low potency
indicating that a large percentage of drug molecules
are probably ‘wasted’ after permanently capturing the
ion. Our predictions are also indirectly supported by
the observance of concentration dependence of Ca®*
ions on the inhibitory effect of Ca®* ions on PAA
binding. If the Ca?* concentration is high PAAs have

Verapamil...Ca®*
—219-26 kCal/mol



Phenylalkylamines as calcium channel blockers 569
Devapamil
Ion holding & flow obstruction shows Permanent ion capture by some drug
moderate activity molecules ‘Not easily accessed
situation’
Verapamil
‘Easily accessed’ permanent ion
o capture
Lowest Activity Lot of drug molecules ‘wasted’
Figure 5.  Mechanistic implications.
more probability of first capturing Ca®* ion and being The mechanistic implications of these drugs as

wasted as compared to binding to the receptor. discussed above are concluded in figure 5. Based on
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our accurate intermolecular interaction calculations
we suggest here a possible explanation of observed
potency variation in these drugs. In Devapamil as
shown in figure 5 all situations can be considered as
occurring in equilibrium i.e. facile ion flow obstruc-
tion from any site (but not permanent obstruction of
channel activity) leads to devapamil’s high potency.
Gallopamil has a situation that can lead to perma-
nent ion capture but does not seem to be physiologi-
cally easily accessed. If at all attained it is only in
very few drug molecules. lon holding from other sites
reassures its moderate activity.

In verapamil again all sites of ion holding can be
easily accessed. One of the easily accessed sites in
this case leads to strong electrostatic interaction where
the ion may end up being permanently captured. In that
situation lot of drug molecules would be ‘wasted’
after permanently capturing an ion, as evidenced
through its low potency.

In this discussion we have to remember that phenyl-
alkylamines can work as antiarrhythmic drugs in an
optimum fashion only when they temporarily ob-
struct ion flow. Permanent obstruction is dangerous and
reduces the medicinal power or potency of the drug.

4. Conclusions

Pharmacophoric features of phenylalkylamines have
been derived based on conformational studies. De-
rived features can be used for virtual screening of
various chemical compounds. Drug ion interaction
energies indicate all possible sites from where the
drug can ‘hold’ the ion. Potency of some phenylal-
kylamines has been explained in light of the fact that
the drug is required to temporarily obstruct ion flow
not permanently. Allowing conformational relaxa-
tion of drug in presence of the ion leads to a situation
in Gallopamil where the ion seems to be ‘captured’
but the moderate activity actually observed indicates
that probably only few drug molecule are ‘wasted’.
In verapamil results indicate that the ion can easily
be so strongly held that a number of drug molecules are
seemingly ‘wasted’ thus explaining its lowest acti-
vity. Potency has to be explained in terms of ‘physio-
logical accessibility’ of the situation and acceptability
in terms of mechanistic implications.

Acknowledgement

We acknowledge financial support by Department of
Science and Technology (DST). A Awasthi acknowl-
edges DST for the Senior Research Fellowship.

Anamika Awasthi and Arpita Yadav

References

N

% N

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Triggle D J 1999 Eur. J. Pharmacol. 375 311

(a) Hockerman G H, Peterson B Z, Johnson B D and
Catterall W A 1997 Annu. Rev. Pharmacol. Toxicol.
37 361; (b) Mitterdorfer J, Grabner M, Kraus R L,
Hering S, Prinz H, Glossmann H and Stressing J 1998
J. Bioenerg. Biomembr. 30 319

Flockenstein A and Flockenstein-Grun G 1980 Eur.
Heart J. 115

Hescheler J, Pelzer D, Trube G, Trautwein N 1982
Pflugers. Arch. Eur. J. Physiol. 393 287

Ferry D R, Gou A, Gadow C and Glossmann H 1984
Naunyn—Schmiedeberg’s Arch. Pharmacol. 327 183
Johnson B D, Hockerman G H, Scheuer T and Cat-
terall W A 1996 Mol. Pharmacol. 50 1388

Singh B N, Elrodt G and Peter C T 1978 Drugs 15 169
Brausseur R, Deleers M and Malaisse W J 1983 J.
Biochem. Pharmacol. 32 437

Tetrault S and Ananthnarayanan V S 1993 J. Med.
Chem. 36 1017

Lipkind G M and Fozzard H A 2003 Mol. Pharmacol
63 499

Carpy A and Leger J M 1985 Acta Crystallogr. C41 624
Maccotta A, Subona G, Valensin G, Gaggeli E, Botre
F and Botre C 1991 J. Pharm. Sci. 80 586

Hockerman G H, Johnson B D, Scheuer T and Cat-
terall W A 1995 J. Biol. Chem. 272 22119

Herring S, Aczel S, Grabner M, Doring F, Berzukow
S, Mitterdorfer J, Sinnegger M J, Striessnig J, Degtiar
V E and Wang Z J 1996 J. Biol. Chem. 271 24471
Zhorov B S 1993 J. Membr. Biol. 135 119

Zhorov B S and Ananthanarayanan V S 1993 J. Biol.
Struct. Dyn. 11 529

Hockerman G H, Johnson B D, Abott M R, Scheuer T
and Catterall W A 1997 J. Biol. Chem. 272 18759
Galizzi J P, Fosset M and Lazdunski M 1985 Bio-
chem. Biophys. Res. Commun. 132 49

Knaus H G, Moshammer T, Kang H C, Haugland R P
and Glossman H A 1992 J. Biol. Chem. 267 2179
Sayle R Protonics Il: Physiological ionization and pKa
prediction by Cup 01, Bioinformatics Group, Meta-
phories LLC, Santa Fe, New Mexico (5 March 2001)
(a) Hockerman G, Johnson B D, Scheuer T, Catterall
W A 1995 J. Biol. Chem. 270 22119; (b) Lacinova L,
Ludwig A, Bosse E, Flockerzi V and Hoffmann F
1995 FEBS Lett. 373 103

Nawrath H and Radchack M 1987 J. Pharmacol. Exp.
Ther. 242 1090

Ditchfield R, Hehre W J and Pople J A 1971 J. Chem.
Phys. 54 724

Hehre W J, Ditchfield and J A Pople 1972 J. Chem.
Phys. 56 2257

Schlegel H B 1989 New theoretical concepts for under-
standing organic reactions (ed.) J Bertran (The Neth-
erlands: Kluwer Academic) p. 33

Peng C, Ayala P Y and Schlegel H B 1998 J. Comp.
Chem. 17 49

Awasthi A and Yadav A 2005 Bioorg. Med. Chem.
Lett. 15 5412



