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Abstract—For most potent antimalarial activity, the cinchona alkaloids appear to require certain electronic features, particularly a
sufficiently acidic hydroxyl proton and an electric field direction pointing from the aliphatic nitrogen atom towards the quinoline
ring. These observations are the result of an analysis of molecular electronic properties of eight cinchona alkaloids and an in vivo
metabolite calculated using ab initio 3-21G quantum chemical methods in relation to their in vitro ICsq values against chloroquine-
sensitive and chloroquine-resistant Plasmodium falciparum parasites. The purpose is to provide a profile of the electronic char-
acteristics necessary for potent antimalarial activity for use in the design of new antimalarial agents and to gain insight into the
mechanistic path for antimalarial activity. Distinguishing features of the weakly active epiquinine and epiquinidine include a higher
dipole moment, a different direction of the electric field, a greater intrinsic nucleophilicity, lower acidity of the hydroxyl proton, a
lesser electron affinity of the lowest unoccupied molecular orbitals, and a higher proton affinity than the active cinchona alkaloids.
A moderately potent quinine metabolite possesses some, but not all, of the same electronic features as the most potent cinchona
alkaloids. Both the positioning of the hydroxyl and aliphatic amine groups and their electronic features appear to play a crucial role
for antimalarial potency of the cinchona alkaloids, most likely by controlling the ability of these groups to form effective inter-

molecular hydrogen bonds. © 1999 Elsevier Science Ltd. All rights reserved.

Introduction

The cinchona alkaloids (Fig. 1) are found in the bark of
Cinchona ledgeriana Moens, which has been used
directly or in the form of powders as a remedy for
malaria ever since it was included in the 1677 edition of
the London Pharmacopoeia as ‘Cotex Peruanus’.! Qui-
nine remains the drug of choice for the treatment of
multidrug-resistant Plasmodium falciparum malaria and
cerebral malaria, except in Southeast Asia.>* Although
the parasite digestive vacuole appears to be the site of
action of the cinchona alkaloids, the specific mechanism
of antimalarial action of the cinchona alkaloids is still
unclear.>>°® The previously proposed theory of drug—
DNA binding is no longer favored.? The extent to which
alkalization of the parasite acid vesicles through accu-
mulation of quinine or quinidine contributes to parasite
death is also unclear.®” Quinine has been shown to
inhibit haem polymerase extracted from Plasmodium
falciparum trophozoites which may play an important
role in its antimalarial activity.?
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Intrinsic molecular properties like dipole moment, elec-
tric field direction, molecular electrostatic potentials,
and molecular orbital energies can provide a wealth of
information for assessing molecular interactions when
biological recognition processes are involved.®'? These
electronic profiles can lead to direct inferences about the
nature of the corresponding receptor site and about the
interaction between these sites and an approaching drug
molecule. Thus, to better understand the mechanism of
action of the cinchona alkaloids in terms of the interac-
tion of these alkaloids with receptor molecules, the pre-
sent study was performed to assess the importance of
specific molecular electronic properties with respect to
antimalarial activity, to relate these properties to those
of other aromatic carbinolamine antimalarial agents,
and to explain why the configuration of the epi alka-
loids greatly reduces their antimalarial activity.!3

Results and Discussion
Optimized geometry of the cinchona alkaloids
The calculated optimized conformations (Fig. 2) of the

free base forms of active erythro alkaloids (quinine, qui-
nidine, dihydroquinine, dihydroquinidine, cinchonine,
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Figure 1. Chemical structures of the cinchona alkaloids. Each struc-
ture is labeled with the configuration of the C8 and C9 carbon atoms.
The numbering scheme for selected atoms is shown on the epiquini-
dine structure.

and cinchonidine) and the inactive threo alkaloids epi-
quinine and epiquinidine differ in several significant
ways. These differences result in the threo alkaloids
having (i) a smaller distance between the aliphatic
nitrogen atom N1 and the hydroxyl oxygen atom O12,
(i) a larger distance between N1 and the C5 atom of
the quinoline ring, and (iii) a different orientation of the
quinuclidine ring with respect to the quinoline ring as
defined by the HS8-C8-C9-H9 dihedral angle. For the
erythro alkaloids, the N1---O12 distance equals 3.14 to
3.19 A, the N1...C5 distance is around 3.9 A, and the
HS8-C8-C9-H9 dihedral angle is either —79.2 to —81.9°
or 79.8 to 92.1°. For the threo alkaloids, the N1---O12
distance is shorter at 2.82 to 2.89 A, the N1---C5' dis-
tance is around 5.3 A, and the H8-C8-C9-H9 dihedral
angle is 169.2 to 174.7° corresponding to an anti
arrangement of H8 and H9.

These optimized conformations are similar to and thus
consistent with the conformations of the alkaloids
found in crystal structures'>2° and in solution as mea-
sured by NMR.2!:22 In the crystal structures, the HS-
C8-C9-H9 dihedral angle for the erythro alkaloids is
|61.2] to |83.9]° and threo alkaloids is 173.7 to 174.4°.
The crystalline N1---O12 distance is equal to 2.93 to

epiquinine epiquinidine

3.22 A for the erythro alkaloids and 2.82 A for the threo
alkaloids. The dihedral angle C3'-C4’-C9-O12, which
defines the orientation of the hydroxyl group with
respect to the quinoline ring, is essentially the same as
for the crystal structures and matches the NMR solu-
tion structure for those alkaloids whose orientation is
given. The only exception is epiquinine whose calculated
and crystalline C3'-C4’-C9-012 dihedral angle differs by
28°. However, the calculated non-bonded distance
between N1---C5' for both the erythro and threo alka-
loids is within 0.4 A of the crystal structures.

Dipole moment

Both the direction and magnitude of the dipole moment
of the inactive threo epi alkaloids and the active erythro
alkaloids are distinctly different (Table 1). Epiquinine
and epiquinidine have a dipole moment of 3.52 and 2.43
Debye, respectively, whereas the magnitude of the
dipole moment for the erythro alkaloids is lower ranging
from 1.02 to 2.20 Debye. In addition, the dipole
moment in the erythro alkaloids points from the ali-
phatic nitrogen atom (positive end) towards the quino-
line ring whereas the positive end of the dipole moment
for the threo epi alkaloids is located away from the ali-
phatic nitrogen atom near either the middle of the qui-
nuclidine ring or near the vinyl group (Fig. 2). Since the
dipole orientation represents the direction of the electric
field due to charge distribution and the dipole magni-
tude is directly related to the interaction energy with the
electronic field surrounding an approaching molecule,
the dipole moment and its direction are important for
interpreting and predicting molecular reactivity.'%?3
Thus, the significantly greater polarization and the shift
in the direction of the dipole moment in the epi alka-
loids may be linked to their diminished potency.

Molecular electrostatic potential

The color-coded plots in Figure 3 illustrate the electro-
static potential plotted onto essentially the van der
Waals surface. For all of the alkaloids, the most posi-
tive potential (the deepest blue color) is located by the

cinchonidine cinchonine

Figure 2. Optimized conformations of the cinchona alkaloids. The direction of the dipole moment is illustrated by the arrow with the bottom of the
arrow indicating the positive end of the dipole. The magnitude of the dipole moment is given next to the arrow.
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Table 1. Calculated electronic properties* and in vitro antimalarial activities

Cinchona Configuration I1Csy D-6 ICsq W-2 Dipole Most Negative Positive HOMO LUMO Proton
alkaloid clone clone moment negative  potential by potential by  (eV) (eV) affinity
(nmol) (nmol)  (Debye) and potential aliphatic aliphatic (kcal/mol)
its direction® (kcal/mol) N atom OH group®
(kcal/mol)  (kcal/mol)
Quinine erythro 29.3 103.2 2.17| —63.6 —58.6 35.1 —-8.88  —0.55 195.6
Dihydroquinine erythro 21.3 151.7 2.16] —64.2 —60.9 347 —-8.87 —0.54 197.6
Quinidine erythro 13.4 43.7 2.07| —64.3 -59.4 35.7 —-8.88  —0.55 195.6
Dihydroquinidine erythro 10.4 74.1 2.20 —64.2 —61.2 35.0 —-887  —0.54 198.1
Cinchonine erythro 18.3 70.8 1.02] —64.5 —64.4 353 -9.15  —0.56 203.2
Cinchonidine erythro 69.5 206.8 1.08| —64.4 —62.9 34.9 -9.16  —0.57 203.3
Epiquinine threo 3471.0 1179.0 3.52/ —65.6 —63.9 28.0 -8.67 —0.30 226.5
Epiquinidine threo 2700.0 1024.0 2.43/ —82.7 —82.7 31.4 —-8.68  —0.31 227.6
3’-Hydroxyquinine erythro 123.0 —d 0.64/ —63.5 —61.8 25.4 —8.98  —0.65 198.8

4 In an aqueous medium.

® Symbol | signifies dipole moment pointing from the aliphatic nitrogen atom towards the quinoline ring. Symbol / signifies dipole moment angled

away from the aliphatic nitrogen atom.

¢ The aliphatic hydroxyl hydrogen atom is the site of the most positive potential except for 3’-hydroxyquinine in which the aromatic hydroxyl

group is the site of the most positive potential.
4 Not determined.

hydroxyl proton, and the most negative potential (the
deepest red color) is located by the quinoline nitrogen
atom except for epiquinidine. The region adjacent to the
aliphatic quinuclidine nitrogen atom is also highly
negative and is the most negative potential site for epi-
quinidine. The molecular electrostatic potential of the
active erythro alkaloids and the inactive threo epi alka-
loids differs in several significant ways. A detailed ana-
lysis of these potentials, (Fig. 3, Table 1) shows that (i)
the most negative potential in the inactive epi alkaloids
is more negative than in the active erythro alkaloids, (ii)
the negative potential located by the aliphatic nitrogen
atom in the inactive epi alkaloids is also more negative
than in the erythro alkaloids except for cinchonine, and
(ii1) the positive potential located by the hydroxyl pro-
ton in the epi alkaloids is less positive than in the ery-
thro alkaloids. Thus, antimalarial potency is associated

epiquinine

epiquinidine

with a most negative potential of —63.6 to —64.5kcal/
mol, a negative potential by the aliphatic nitrogen atom
of —58.6 to —64.4kcal/mol, and a positive potential of
at least 34.7 kcal/mol. Since the positive and negative
potentials are a measure of the intrinsic acidity and
basicity respectively, of the hydroxyl and amine groups,
the results indicate that for antimalarial activity the
alkaloids should contain a hydroxyl group of sufficient
acidity and quinoline and aliphatic nitrogen atoms that
are not too basic.

Three-dimensional electrostatic potential surfaces at a
constant value of —10kcal/mol are illustrated in
Figure 4, again showing differences between the erythro
and threo alkaloids. The isopotential surfaces at
—10kcal/mol for quinine, quinidine, dihydroquinine,
dihydroquinidine, cinchonine, and cinchonidine have

35.0
**‘& -60.9 612 ‘

dihydroquinine
dihydroquinidine

cinchonine

cinchonidine

Figure 3. Molecular electrostatic potentials plotted onto the total electron density surface (0.002e/au’). The deepest red color corresponds to a
potential of —83 kcal/mol, and the deepest blue color corresponds to a potential of 36 kcal/mol. The blue numbers indicate the potential by the
hydroxyl hydrogen atom, the most positive site. The red numbers indicate the potential by the aliphatic nitrogen atom. The molecules are oriented as
shown in Figure 2 such that both the aliphatic nitrogen and hydroxyl protons are visible.
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epiquinidine

epiquinine

Figure 4. Isopotential surfaces. The grid represents a constant poten-
tial of —10 kcal/mol. The locations of the heteroatoms are labeled. The
isopotential surfaces for all of the other erythro cinchona alkaloids are
essentially the same as the isopotential surfaces in quinine.

considerable similarity and are represented by quinine
in Figure 4. The active erythro alkaloids show three
distinct negative potential areas: (i) one broad negative
potential region extending from the methoxyl oxygen
atom to the aromatic ring moiety which covers the
quinoline ring, (ii) one negative potential region near
the hydroxyl oxygen atom linking the negative potential
zone over the quinoline ring through a narrow negative
potential pipe, and (iii) an almost isolated, localized
potential region by the aliphatic quinuclidine nitrogen
atom. In contrast, the —10 kcal/mol isopotential surface
of the epiquinine has one extended broad negative
potential zone wrapping almost the entire molecule, and
in epiquinidine the negative potential wraps around the
quinuclidine ring forming a broad bulk engulfing both
the hydroxyl and aliphatic amine groups. Thus, it
appears from these profiles that the conformation of the
epi alkaloids facilitates interaction between the lone
pairs of the quinuclidine nitrogen atom, the lone pairs
of hydroxyl oxygen atom, and in the case of epiquinine
perhaps also with the pi system of the quinoline ring.
For the active erythro alkaloids, the distinct separation
of the three negative potential zones enables each region
of these alkaloids to interact separately with a receptor
and to more readily form hydrogen bonds with a
receptor. The diffuse nature of the isopotential surfaces
of the epi alkaloids makes recognition by a receptor to
specific hydrogen bonding sites more difficult.

Highest occupied and lowest unoccupied molecular
orbitals (HOMOs and LUMOs)

The molecular orbital energies of the alkaloids were
studied in order to assess the alkaloid’s reactivity pro-
files. All of the alkaloids have large negative HOMO
energies with relatively smaller negative LUMO energy
values (Table 1). This indicates that the electrons are

firmly bound to the nuclei, but that the LUMOs have a
strong attraction for electrons. Thus, electron acceptor
ability of the alkaloids appears to have a greater role
toward antimalarial activity than electron donor ability.

The epi alkaloids have about 0.25eV (about 6 kcal/mol)
less negative LUMO energy than their erythro counter-
parts. The stronger electron affinity of the epi alkaloids
appears to have a negative effect on activity.

Proton affinity

The epi alkaloids have on average 31 kcal/mol stronger
proton affinity of the quinuclidine nitrogen atom than
the more active erythro alkaloids (Table 1). This sug-
gests a higher pK, for protonation of the aliphatic qui-
nuclidine nitrogen atom of the epi alkaloids relative to
the erythro alkaloids. Thus, the epi alkaloids would
have a higher concentration of the protonated form
than the erythro alkaloids at physiological pH, perhaps
resulting in slower diffusion through cell membranes to
the site of action.

The metabolite 3'-hydroxyquinine

In order to test our results as a predictor of antimalarial
activity, the molecular electronic properties of 3'-
hydroxyquinine, a major human metabolite of qui-
nine,?* were calculated. The metabolite is less active in
vitro than the erythro cinchona alkaloids, but is more
active than the epi alkaloids. Specifically, Nonprasert et
al.>* report that 3'-hydroxyquinine is 4.2 times less
active than quinine against the chloroquine-sensitive D6
P. falciparum clone and 3.4-17.1 times less active than
quinine against four different multi-drug resistant P.

falciparum patient isolates. The optimized geometry of

3-hydroxyquinine is similar to the erythro alkaloids with
the N1---O12 distance equal to 3.14 A, the NI.--C¥
distance equal to 3.92 A, and the H8-C8-C9-H9 dihe-
dral angle equal to —81.0°.

The molecular electronic properties of 3’-hydroxy-
quinine are a mixture of the properties of the active and
inactive alkaloids (Table 1), consistent with 3’-hydroxy-
quinine possessing an intrinsic antimalarial activity in-
between the activity of the active erythro alkaloids and
the inactive epi alkaloids. The values for the most
negative potential, the negative potential by the alipha-
tic nitrogen atom, and the HOMO eigen value fall in the
range of the active alkaloids. In addition, the LUMO
eigen value is more negative than the epi alkaloids.
However, the direction of the dipole moment differs
from the more potent alkaloids, and the positive poten-
tial by the C9 hydroxyl proton is low. The site of the
most positive potential moved to the C3 hydroxyl pro-
ton with a value of 49.0 kcal/mol. The isopotential sur-
face at —10kcal/mol displayed distinct regions about
the quinoline ring and the aliphatic nitrogen atom simi-
lar to the more active erythro alkaloids, but the negative
potential by the C9 hydroxyl group merged with the
negative potential by the aromatic C3’' hydroxyl group
making intermolecular hydrogen bond formation with
the C9 hydroxyl group less favorable.
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Conclusion

The most potent cinchona alkaloids possess the follow-
ing electronic profile: dipole moment magnitude of 2.2
Debye or less, an electric field pointing from the ali-
phatic nitrogen atom towards the aromatic ring, distinct
—10kcal/mol isopotential surfaces by the quinoline ring
and the hydroxyl and aliphatic amine groups, an acidity
corresponding to at least 34.7 kcal/mol of positive
potential by the hydroxyl proton, a basicity of no more
negative than —64.4 kcal/mol of negative potential by
the aliphatic nitrogen atom, a proton affinity of the ali-
phatic quinuclidine nitrogen atom of 200 £ 5 kcal/mol,
and a comparatively moderate electron affinity. The
quinine metabolite shows that having only some of
these profile features is insufficient for high antimalarial
activity.

The electronic profile thus associated with antimalarial
potency of these alkaloids should be useful in the
designing of new antimalarial agents, particularly when
these results are combined with the electronic profile of
other active synthetic aromatic carbinolamine anti-
malarial agents. The electronic profile for potent activity
of the cinchona alkaloids has similarities to a recent
stereoelectronic study of mefloquine analogues where
the compounds with the most potent antimalarial
activity possessed a positive potential by the hydroxyl
hydrogen atom of at least 36 kcal/mol and a negative
potential by the aliphatic nitrogen atom no more nega-
tive than —64kcal/mol, a HOMO eigen value more
negative than —8.8eV, and a LUMO eigen value more
negative than —0.5eV.?® Potent synthetic non-phenan-
threne carbinolamines are also similar with a positive
potential by the hydroxyl hydrogen atom of at least
35.4kcal/mol and a negative potential by the aliphatic
nitrogen atom no more negative than —64.2 kcal/mol, a
HOMO eigen value more negative than —9.1¢eV, and a
LUMO eigen value more negative than —1.2eV.2°
Taken together these results provide a set of electronic
properties evidently necessary for antimalarial potency.

The stereoelectronic profiles of the cinchona alkaloids
may also be helpful in understanding why the proteo-
lipid subunit of the Fy F; H*-ATPase of Streptococcus
pneumonaie is inhibited by quinine and quinidine, but
not by epiquinine and epiquinidine.?’ In all likelihood,
the epi alkaloids are not able to bind to the ATPase in
the same manner as quinine and quinidine.

The stereoelectronic features of the cinchona alkaloids
increases our understanding of their mechanism of
action at the molecular level by showing that both steric
and electronic factors appear to be affecting the hydro-
gen bonding capacity of the inactive epi alkaloids. A
previous crystallographic study'3 demonstrated that the
conformational differences between the erythro and the
threo alkaloids forces the direction of hydrogen bonding
between the alkaloid and a receptor to differ. In other
words, the epi alkaloids cannot form hydrogen bonds
from the hydroxyl and the aliphatic amine groups
with the same geometry as the erythro alkaloids. Like-
wise, the electronic profiles of the less active quinine

metabolite and the inactive epi alkaloids are less
favorable for facile intermolecular bond formation
between a receptor and the hydroxyl and amine groups
of the alkaloid. This results from the lower magnitude
of the electrostatic potential by the hydroxyl group and
the diffuse negative isopotential surfaces which reduce
the recognition of the receptor with specific hydrogen
bonding sites. Thus, for both steric and electronic rea-
sons, the threo epi alkaloids cannot hydrogen bond to a
receptor in the same manner as the potent erythro alka-
loids. This may be crucial to the antimalarial activities
of the cinchona alkaloids.

Experimental

Geometry optimization and energy calculations

Geometry optimization and energy calculations were
performed on the free base and protonated forms of
each alkaloid at the ab initio quantum chemical level by
using the 3-21G split-valence basis set as implemented
in the Gaussian 94 package?® running on a Silicon
Graphics Power Indigo R8000 workstation. The start-
ing geometry for optimization of the erythro alkaloids
was taken from the crystal structures of quinine and
quinidine'*!> and for the threo epi alkaloids from their
reported crystal structures.'>!® Geometry optimization
and electrostatic potential profiles of the molecules were
determined in the presence of an aqueous environment
in order to simulate biological environments. The effects
of aqueous salvation were calculated using the self-con-
sistent reaction field (SCRF) method by Dixon,? a
modification of the Onsager Model.?*32 In this method,
the aqueous solvent is viewed as a continuum medium
of uniform dielectric constant. The dipole in the mole-
cule induces a dipole in the aqueous medium generating
an electric field which in turn interacts with the mole-
cular dipole creating an additional term in the Hamil-
tonian for the solvent effect.

Calculation of molecular electronic properties

The molecular electronic properties of the compounds
such as dipole moment, molecular electrostatic poten-
tials, and molecular orbital energies were calculated on
the optimized geometries of the molecules using SPAR-
TAN software’® running on a Silicon Graphics Indigo
Extreme R4000 workstation. The molecular electro-
static potential in the range from —83.0 to 36.0 kcal/mol
was superimposed onto a surface of constant electron
density (0.002¢/au’) to provide a measure of the elec-
trostatic potential at roughly the van der Waals surface
of the molecule. This color-coded surface provides a
measure of the overall size of the molecule as well as the
location of the positive (deepest blue, most positive) and
negative (deepest red, most negative) electrostatic
potentials. The regions of positive electrostatic potential
indicate excess positive charge, that is, repulsion of the
positively charged test probe, while regions of negative
potential indicate areas of excess negative charge, that
is, attraction of the positively charged test probe. Three-
dimensional surfaces of molecular electrostatic potential
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at a constant —10 kcal/mol were generated to provide a
profile of the electrostatic potential encountered by an
approaching molecule.

Proton affinity

Proton affinity (PA) of the aliphatic quinuclidine nitro-
gen atom was calculated using the equation PA=
AH(H")+ AH/{B) — AH/(BH"), where AH/(H") is
equal to 367.2kcal/mol, the experimentally determined
value of the heat of formation of a free proton,* where
AH/B) is the calculated heat of formation of the free
base form of the alkaloid, and where AH(BH™) is the
calculated heat of formation of the alkaloid protonated
at the aliphatic nitrogen atom.

Antimalarial activity

Structure—activity relationships are based upon in vitro
P. falciparum assay results'>?* using the chloroquine-
sensitive Sierra Leone D-6 clone and the chloroquine-
resistant Indochina W-2 clone. The ICs, values for qui-
nine, dihydroquinine, quinidine, dihydroquinidine, epi-
quinine, and epiquinidine were obtained from ref. 13,
the ICsy values for cinchonine and cinchonidine were
obtained from the Department of Parasitology, Walter
Reed Army Institute of Research, and the ICs, value for
3’-hydroxyquinine was obtained from ref. 24 and nor-
malized using the ICsq value for quinine in ref. 13.
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