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Preface

State-of-the-Art Chirality

Stereochemistry in general and chirality in particular have long been recog-
nized as major structural factors influencing pharmacological activity and
pharmacokinetic behavior. For more than a century, relevant information
in these fields has been accumulating at an accelerating pace, leading to
rationalizations, concepts and theories of increasing breadth and depth.

Frequently, fundamental advances in stereochemical aspects of molecular
pharmacology, drug disposition and pharmacochemistry have been translated
into corresponding progress in clinical pharmacology and pharmacotherapy.
There have been exceptions, however, since some extrapolations from the
biochemical and in vitro situations to the in vivo human situation have proven
premature. This notion resulted in the now appeased, but far from closed,
debate regarding racemic versus enantiopure drugs, which saw some pro-
ponents state that “in many cases, only one isomer contributes to the thera-
peutic action while the other, the ‘isomeric ballast’, only contributes to the side
effects and toxicity” (ARrIENS 1986, 1989,1992). Other authors, in contrast, have
cautioned against hasty generalizations and advocated a more pragmatic, case-
by-case and evidence-based view (CALDWELL 1995; DE Camp 1989; SZELENYI
et al. 1998; Testa 1991; TestA and TrAGER 1990; TEsTA et al. 1993).

A survey conducted a few years ago (MiLLErsHIP and FirzpaTricK 1993)
found that the vast majority of natural and semisynthetic drugs are chiral and
marketed as a single isomer. In contrast, only half of synthetic drugs are chiral,
and among these more than half are marketed as the racemate. To avoid the
complications of developing chiral drug candidates, some medicinal chemists
give systematic preference to achiral compounds. This attitude is in sharp con-
trast with a global trend, clearly detectable in the pharmaceutical industry and
its suppliers, to face head-on the synthetic, analytical, pharmacokinetic and
pharmacological problems specific to enantiopure drugs, in a sustained effort
towards innovation and originality; an approach which is built on current
knowledge, but clearly requires a greater understanding of the complex
stereochemical interplay between chemical/drug and body macromolecule
that impacts at the pharmaco-dynamic, -toxicologic and -kinetic level (STINSON
1995, 1998, 1999, 2000).
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The results of such an approach have been inconsistent. For example, there
are numerous instances of recognized therapeutic advantages to single-
isomeric drugs (HANDLEY 1999), not to mention commercial advantages when
a patent granted to an enantiopure drug can replace an expiring patent to the
racemate (AGRANAT and CANER 1999; Stinson 1997). These recognized or
expected benefits have led to a number of “chiral switches”, whereby chiral
drugs marketed as racemates are redeveloped and marketed as single enan-
tiomers (i.e., as the eutomer). Successful examples include (R)-albuterol,
(S)-omeprazole and (§)-ketamine.

In contrast, the pharmaceutical industry is confronted with some chiral
switches that have ended in failure and market recall. (R)-Fluoxetine and
(8)-fenfluramine are respective examples of a pre- and post-marketing failure
caused by unwanted and obviously unexpected side effects. These failures are
all the more frustrating since the fundamental mechanisms underpinning such
side effects remain poorly understood. In these cases, the pharmacodynamic
and/or pharmacokinetic interactions between distomer and eutomer in the
racemate may have prevented a side effect caused by the eutomer adminis-
tered alone; however, the mechanism(s) remain to be established.

Clearly, the above paradigm could lead the community of drug researchers
to the conclusion that the problem of racemic-versus-enantiopure drugs knows
only exceptions and no rule. In a reaction against such a pessimistic and even
defeatist attitude, we have accepted Springer’s invitation to edit a monograph
on the stereochemical aspects of drug action and disposition.

To map both our vast knowledge and deep ignorance on the subject, we
have been fortunate to receive the enthusiastic support of a number of col-
leagues whose combined expertise covers this multidisciplinary field. Quite
naturally, the book spans the subject from the molecular to the clinical level.
The first section on chemical aspects contains chapters on chemical synthesis,
analysis, natural products, chiral stability (racemization) and physical prop-
erties. The second section is on experimental pharmacology, with chapters on
drug-receptor interactions, chiral recognition, ion channels and molecular
toxicology. The third section focuses on drug disposition, with chapters on
absorption, distribution, protein binding, metabolism and elimination. The
final section is dedicated to regulatory and clinical aspects.

With such a broad yet structured monograph, we hope to convince our
readers in the pharmaceutical and biotechnology industries and academia that
there are reasons for both optimism and caution in investigating stereo-
isomeric drugs. When used as probes or as medicines, stereoisomeric drugs
offer invaluable pharmacological insights or innovative therapeutic strategies.
But because the compared pharmacological properties of racemates and enan-
tiomers remain incompletely understood, unexpected setbacks may occur
which only systematic and dedicated research will render less probable.

The book also conveys another, more implicit message, that stereochem-
istry is an essential dimension in pharmacology and should be understood as
such by all drug researchers whatever their background. All too often indeed,
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investigations are still being conducted and published that ignore the contri-
bution of stereochemistry to data interpretation and extrapolation of results
to therapeutic implications (SomMoGyi 1998). AriiNs’s warning (1984) remains
as valid now as it was almost two decades ago.

By summarizing in a structured manner our current state of knowledge
and ignorance on stereochemical aspects of drug action and disposition, this
book aims to guide and inspire drug researchers as they enter the twenty-first

century.
MicHEL EICHELBAUM, BERNARD TESTA and ANDREW SOMOGYI
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Chemical Aspects



CHAPTER 1
Recent Developments in Asymmetric Organic
Synthesis: Principles and Examples

P. VoGgEL

A. Introduction

Chirality is a fundamental symmetry property in three and other dimensions.
A molecule is said to be chiral if it cannot be superimposed upon its mirror
image. Putting on one’s shoes or shaking hands confronts us with chirality.
Although there is no obvious relationship between macroscopic chirality and
chirality at the molecular level, it is accepted that homochirality (i.e., mole-
cules with the same chirality; e.g., L-a-amino acids, p-glucose, b-arabinose) is
one of the most fundamental aspects of life on Earth. Parity violation discov-
ered in the weak nuclear force (the fourth type of fundamental force, next to
gravity, electromagnetism and the strong nuclear force) led to the experi-
mental observation than the B-particles emitted from radioactive nuclei have
an intrinsic asymmetry: left-handed (L)-electrons are preferentially formed
relative to right-handed (R)-electrons. The major consequence of this finding
is that chirality exists at the level of elemental particles, making the two enan-
tiomers of a chiral molecule not to have exactly the same energy (ULBRICHT
1981; MasonN 1989; FERINGA and vaN DELDEN 1999).

1. Definitions

Many compounds may be obtained in two different forms in which the
molecular structures are constitutionally identical but differ in the three-
dimensional arrangement of atoms. For instance L-alanine and p-alanine arc
called enantiomers and are said to be enantiomeric with each other. They
are related as mirror images. L-alanine ((S)-alanine: according to the Cahn-
Ingold-Prelog (CIP) rule (CanN et al. 1966; PRELOG and HELMCHEN 1982)) is a
proteinogenic a-amino acid; p-alanine ((R)-alanine) is not. It occurs in some
bacterial cell walls (ULBricHT 1981) and in some peptide antibiotics (Table 1).

GOOH COOH 5 COOH COOH
HN—H = ©gH ; Hi (R = H—}NH,

CHs H3sC”™ "NHp : HoN™ “CHg CHs
Fischer projection L-alanine mirror plane D-alanine Fischer projection

(NHois left = L) (NH, is right = D)
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Table 1. Examples of organic stereoisomerisms and definitions

H

e’l.
FV +Ha Me>=o +Hp {Me;}<H
OH k >

H H 1 Me k1 Me OH
——
homotopic prochiral

D,O/base

H atoms J 2 S Me groups

H Re tace OH
d\/len (s +Haz { H';AG’Z:O + Hz { }-‘;‘?«R)
OH Kre Ksi H
D s D
H Dt [' H Siface L H
stereogenic enantiotopic diastereotopic
center H atoms H atoms
/EFX-
k| k
H s OH
Me, e/,
B, X9 _+He  gMer—=o N T b,
(A5 OH Kre (s) ksi (S H
D (R D
H H P B’ D Br
t—| enantiomersi——1

diastereomers enantiomers diastereomers
OH ‘_kl l_"ﬂz__* H
BrM;/'«m e — Kro "AG
1
(R) H enantiomers ( OH
D L =l D
H Br

‘q (eye) D Lq () V
M éP H Mg, (R)OH
%o S o) Hﬁ w

(

D
Reface Giface R configuration
(from rectus) (from sinister) (right-handed, CIP rule)

Acetone (CH;COCH,) is an achiral molecule (C,y symmetry: possesses
one C, axis of symmetry contained in a mirror plane of symmetry, free rota-
tion of the methyl groups). The two methyl groups of acetone are said to be
homotopic because the substitution of one of them by another group gener-
ates an achiral molecule. Reduction of acetone leads to isopropanol, an achiral
molecule possessing a mirror plane of symmetry (C, symmetry). For each
methyl group of isopropanol, the substitution of any of its three hydrogen
atoms generates the same molecule. Thus the three hydrogen atoms in one
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methyl group are homotopic. The two methyl groups of isopropanol are said
to be enantiotopic: when substituting one of them by another group (different
from H in this case) two enantiomeric molecules can be obtained. The two
methyl groups of isopropanol are said to be prochiral, which is not the case in
acetone. Monodeuteration of acetone generates CH,DCOCH;, a molecule
with C; symmetry in which the three hydrogen atoms of the CH; group are
homotopic and the two hydrogen atoms of the CH,D group are enantiotopic.
Reduction of CH,DCOCH; generates two enantiomeric alcohols, i.e., (25)-1-
deuteropropan-2-ol and (1R)-1-deuteropropan-2-ol. The C-2 carbon atom of
these alcohols are said to be stereogenic centers (the exchange of two ligands
attached to these centers gives another stereomer). The two faces of the car-
bonyl moiety of acetone are not prochiral. The two faces of the carbonyl
moiety of 1-deuteroacetone are prochiral or enantiotopic. The Re face corre-
sponds to that for which an observer sees a right-handed sequence for
the oxygen — CH,D — CHj; moieties. The Si face corresponds to that for
which an observer sees a left-handed sequence for the oxygen — CH,D —
CH; moieties (CIP rule). The monobromation of the CDH, group of
1-deuteroacetone generates two enantiomeric compounds, i.e: (1R)-1-bromo-
1-deuteroacetone and (15)-1-bromo-1-deuteroacetone. Reduction of the
carbonyl group of (1R)-1-bromo-1-deuteroacetone gives the diastereomeric
(1R2R)- and (1R,25)-1-bromo-1-deuteropropan-2-ol. Similarly, the reduction
of (15)-1-bromo-1-deuteroacetone generates the diastereomeric (15,2R)-
and (15,25)-1-bromo-1-deuteropropan-2-ol. (1R,2R)- and (15,25)-1-bromo-
1-deuteropropan-2-ol are enantiomers. Similarly, (1R2S5)- and (15,2R)-
1-bromo-1-deuteropropan-2-ol are also enantiomers. The relative configura-
tion of the (1R,2R)- and (15,2S)-enantiomers is denoted by / (like), that of
the (1R,2S) and (15,2R) enantiomers by u (unlike) (SEEBACH and PRELOG
1982).

The rate constant ratio k/k, for the monobromation of CDH,COCHj;
defines the kinetic enantioselectivity or selectivity factors of these reactions. For
irreversible reactions following rate laws with the same order for all reactants,
it is given by the enantiomeric ratio of products: s = k/k; = [(1R)-1-bromo-
1-deuteroacetone)/[(15)-1-bromo-1-deuteroacetone]. The kinetic enantio-
selectivity of the reduction of CDH,COCH; giving (2R)- and (25)-1-
deuteropropan-2-ol is defined by the rate constant ratio k../kg;. For irreversible
reactions following rate laws with the same order for all reactants, k./kg
= [(2R)-CH,DCH(OH)CH;]/[(25)-CH,DCH(OH)CH;). One defines the
enantiomeric excess for these reactions as:

_ [enantiomer (R)] —[enantiomer (S)]

" [enantiomer (R)]+[enantiomer (S)]

The kinetic diastereoselectivity of the reduction of (1S5)-1-bromo-1-
deuteroacetone giving (15,2R)- and (18,25)-1-bromo-1-deuteroacetone is
given by the rate constant ratio k/k;. . For irreversible reactions following rate
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laws with the same order for all reactants kg/k/. = [(15,2R)-1-bromo-1-
deuteropropan-2-ol}/[(1S,25)-1-bromo-1-deuteropropan-2-ol].

Using enantiomerically enriched chiral reagents, catalysts or medium,
the kinetic enantioselectivity can be different from 1/1, i.e., giving products
with enantiomeric excess ee >0 for irreversible reactions. Kinetic or ther-
modynamic diastereoselectivity # 1:1 can be observed with achiral reagents.
The stereogenic center of the starting material controls the diastereoselection
of the reaction generating a second, or more stereogenic centers in the
products.

II. The Need for Asymmetric Synthesis

Most natural products are chiral. The building-blocks (amino acids, carbohy-
drates, etc.) making the biological macromolecules of living systems are chiral.
Biopolymers are themselves chiral. As demonstrated throughout this book,
there is an absolute need for efficient methods generating enantiomerically
pure drugs or prodrugs. The majority of natural compounds are formed by
stereospecific or stereoselective biological processes (e.g., -amino acids, car-
bohydrates, terpenes, alkaloids, steroids, etc.). The preparation of optically
active compounds is one of the oldest problems of organic chemistry.
New journals dedicated to the topic of chirality or “chiroscience” including
Tetrahedron: Asymmetry, Enantiomer, Chirality and Molecular Asymmetry
complement other journals that are themselves replete with publications on
chirality and asymmetric syntheses (STiINsoN 1995; 1999; RaHMAN and SHAH
1993; AGER and EAsT 1996; GAWLEY and AUBE 1996). Three main strategies are
available:

1. The resolution of racemates to enantiomers either through physical, chem-
ical or biochemical methods

2. The use of a enantiomerically pure starting material obtained from a
natural source or by asymmetric synthesis (chiral pool)

3. The conversion of a prochiral precursor into a chiral product applying
asymmetric synthesis (chemical or biochemical methods)

With its high yielded (87 %) conversion of D-mannose into pure D-glycero-
D-talo-heptonic acid EmiL FiscHER realized the first diastereoselective synthe-
sis (1889-1894). The method involves diastereoselective additions of HCN
to the carbaldehyde moiety of the hexose, followed by hydrolysis of the inter-
mediate cyanohydrine (JACQUEs 1995). In 1904 MARCKWALD claimed to
have realized the first asymmetric synthesis by carrying out the decarboxyla-
tion of ethylmethylmalonic acid at 170°C in the presence of brucin, the
source of enantioselectivity. MARCKwALD defines asymmetric syntheses as
those reactions that produce optically active substances from symmetrically
constituted compounds, with intermediate use of optically active materials
(JacqQuEs 1995).
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B. Resolution of Racemates to Enantiomers

Three successful methods of racemate resolution (spontaneous and initiated
resolution, resolution via diastereomers, kinetic resolution) elaborated by
Louls Pasteur between 1848 and 1858 have been until recently the only
methods of preparation of enantiomerically pure compounds. They are applied
on large-scale production of industrial products (CrosBy 1991; SHELDoON 1993).
The first method, spontaneous resolution of racemates, allowed PASTEUR
(PasTEUR 1848, 1850) to separate the sodium ammonium salt of tartaric acid
as the hemihedric crystals of the enantiomers can be distinguished visually
(Jacques et al. 1994; ELieL and WILEN 1994; HaGer et al. 1999). The method
is not applicable for large-scale production, but may serve to obtain inoculate
of enantiomers that can be used in the entrainment method which consists of
the inoculation of a saturated racemate solution by a crystal of one of the
enantiomers. The method, initiated resolution), is applied industrially for
the resolution of glutamic acid and threonine (ProFIR and Marsuoka 2000).
In the case of other amino acids the resolution is successful after their con-
version to salts or other derivatives (Izumr et al. 1978). If a crystal of pure
enantiomer is not available, a crystal of some other enantiomerically pure
compound may be used in some cases (e.g., resolution of (£)-chlorampheni-
col). Scanning tunneling microscopy has been used recently to separate a
racemic mixture of two-dimensional molecular clusters (BOHRINGER et al.
1999).

I. Resolution via Diastereomers

This method consists of introducing a new chirality center into the racemate
by combining it with an auxiliary optically-active compound. In this way two
diastereoisomeric combinations (see e.g., the fractional crystallization of salts
obtained by combining cinchonidin with (£)-tartaric acid) are formed from the
racemate (e.g., salts, complexes, covalent compounds, etc.) which can be sepa-
rated by fractional crystallization, distillation, or by chromatographic methods
(KAGAN 1999) (Scheme 1).

(RA)-P + (S)-P + (R)-A — (RRA-PA + (S,A)-PA

“//,wn
(R.R)-PA (S.A)-PA

(R-P (R)-A (8)-P
recovery of the
chiral auxiliary

Scheme 1. Resolution via separation of diastereomers
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A recent example of this method is the preparation of both “naked sugars
of the first generation” (VoGEeL et al. 1990; 1999; 2000), (+)-1 and (-)-1, valu-
able chirons (= enantiomerically pure synthetic intermediates) in the asym-
metric synthesis of a great variety of natural products, rare carbohydrates and
analogues. Reaction of (R,R)-1,2-diphenylethylene diamine (R,R-2) with
racemic (1)-1 gave two diastereomeric aminals 3 and 4 that were separated by
crystallization and flash chromatography in 46% and 43% yield, respectively.
The pure aminals were hydrolyzed by treatment with 0.1 M phosphoric acid
and the organic phase was extracted with ether, providing enantiomerically
pure (15,45)-(-)-1 (33%) and (1R4R)-(+)-1 (30% yield based on (£)-1),
respectively. The chiral diamine (R,R)-2 was recovered in 92% yield from the
aquecous phase (ForsTeRr et al. 1999).

The resolution of racemates can also be carried out with less than
stoichiometric amounts of the chiral auxiliary (WILEN 1971; CERVINKA 1995).

R HzN__ wPh O H Ph
A 2 ]: 1. 4A mol. sieves 4A mol. sieves A# '\\
+
2. recrystalllsatlon . N
o H2N Ph and flash “Ph Ph
chromatography
(®-1 (R.A)-2 3 4
l H3PO3 L HsPO3
(o] o]
0
(R,H)'z + 7 {)
(1 © (+)1

II. Resolution by Means of Chromatography on a Chiral Phase

The chromatographic resolution of a racemate on an optically active phase
the resolution of racemates via diastereoisomeric salts or complexes. The
complexes formed by adsorption are not equally stable and thus the enan-
tiomer which is absorbed more weakly passes through the column more
rapidly then the other. The resolution of Troeger’s base on a column of
lactose is an historical example. Today, triacetylcellulose and other modified
cellulose are commonly used as chiral phase (Zier and CRANE 1988;
PirkLE and PocuAaPsky 1989; MILLER et al. 1999; KrieG et al. 2000; MAGORA et
al. 2000). Chromatographic resolution of the enantiomers of pharmaceutical
products is done routinely from the milligram to the kilogram scale (MILLER
et al. 1999).

Supercritical fluid chromatography (SFC) is a new method for the reso-
lution of racemates (WiLLIAMS and SANDER 1997; MEDVEDOVIC! et al. 1997). In
this method a chiral complexing agent is bonded to a stationary phase and
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the mobile phase in a supercritical fluid such as sc-CO,. SFC has several
advantages over liquid chromatography, including, highly selective enan-
tiomeric separation, rapid mass transfer, and high-speed separation with
high resolution. For example, the racemic levamisole (+)-5 has been separated
into (R)-(+)-5 and (S)-(—)-5 (Keszer et al. 1999) using a chiral solid phase
made of (2R,3R)-0O,0’-dibenzoyltartaric acid. Compound (S)-(-)-5, called
levamisole, is an effective anthelmintic drug with an immunomodulatory
activity.

N
Pl-r'f(N\/J:;

(-)-5 (levamisole)

Centrifugal partition chromatography using chiral selectors has been used
to separate enantiomers (DURET et al. 2000).

III. Simple Kinetic Resolutions

Kinetic resolution of a 1:1 mixture of two enantiomeric substrates (R)-P and
(8)-P with a single enantiomerically pure reagent, or an enantiomerically pure
catalyst, or in a chiral medium giving products Q and Q’ is well documented
(BrowN 1987; KacaN and Fraup 1988). It can lead to a maximum yield of
less than 50% of the slow reacting enantiomer with high enantiomeric
excess if the rate constant ratio k./k, = s (selectivity factor) is larger than
200 (Scheme 2).

Products Q and Q’ can be diastereomers, enantiomers or identical
depending on the type of substrates P and reactions. For instance, the esteri-
fication of a racemic alcohol with a homochiral acylating agent gives
two diastereomeric esters; the esterification of a racemic secondary alcohol
in which the stereogenic center is the alcoholic center generates two
enantiomeric esters whereas the oxidation (or dehydrogenation) of this
racemic alcohol furnishes the same achiral ketone from both enantiomeric
substrates.

For reactions following first order or pseudo-first order rate laws, the dif-
ference is:

ke

(AP —F—— Q
chiral reagent selectivity factor s = k/kg
or chiral catalyst (e€)max = (s-1)/(s+1)
or chiral medium at tmax (first order rate laws)
Ks

(9P — - a

Scheme 2. Kinetic resolution
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[(8)=PI=[(R)~P] = 3-(e* —e**) for ki /&, >1

At time t = 0 and t = o, [(S)-Plimax — [(R)-Plimax = O (n0 enantiomeric excess
for both enantiomeric substrates, and for products Q and Q’ if they are enan-
tiomers). There is a value of time tg, for which [(S)-P] — [(R)-P] reaches
a maximum. If the reaction is stopped after time t,,,, one obtains [(S)-P] - [(R)-
P] = s and een. = (s — 1)/(s + 1). For longer reaction time the yield in (S)-P
diminishes. If products Q and Q" are enantiomers, their enantiomeric excess
ee’ is the highest at the beginning of the reaction: ee; = [Q] — [Q")/[Q] + [Q]
=(s—1)/(s+1).

1. An Example of Chemical Kinetic Resolution

Hydrogenation of cyclopentenone (+)-6 with 0.1 mol % of catalyst (S)-7 at 4
atmospheres procceds with ky/k, = 11:1 and, at 68% conversion (34% maximal
yield) gives slow reacting (R)-6 in 98% ee together with (R)-enriched hydro-
genation product 6. Subsequent silylation ((--Bu)Me,SiCl, Et;N, DMAP =
4-Me,N-pyridine) and treatment with 1,8-diazabicyclo[5.4.0Jlundec-7-ene
(DBU) converted 6’ into achiral cyclopent-2-enone and, after recrystallization
homochiral (R)-8 was obtained. Enone (R)-6 is an important building block
for the three-component coupling prostaglandin synthesis (Kitamura et al.
1988).

Q o) o)
@ H/MeOH z] %j
+
HO OO P\:,ph o/\( RG HO
o0
*-6 p\*R”%‘ O  (A6R=H 6
OO g, Ph \< (F)-8 R = (+Bu)Me,Si
(Sy7

2. Examples of Biochemical Kinetic Resolutions

This method was introduced by PasTeur in 1858 when he carried out the
kinetic resolution of tartaric acid with yeast. The organism Penicillium glauca
destroyed p-ammonium tartrate more rapidly from a solution of a racemic
ammonium tartrate. The ability of microorganisms and enzymes to discrimi-
nate between enantiomers of racemic substrates is probably the best docu-
mented chapter of the biochemical methodology (Azerabp 1995). Most
enzymatic resolutions of industrial importance are realized through the use of
hydrolases (lipases from Candida cylindracea, from Candida antartica B, from
Pseudomonas sp (= aeruginosa), from Pseudomonas fluorescens (= cepacia),
from Mucor miehei, from Humicola lanuginosa, from Aspergillus niger, from
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Geotrichum caudidum, from Rhizopus delemar, from porcine pancreas;
esterases from pig liver, horse liver; acetyl esterase from orange flavedo;
proteases such as o-chymotrypsin, papain, substilisin A (from Bacillus liche-
niformis), thermolysin (from B. thermoproteolyticus) and protease from
Aspergillus oryzae, amino acylase from porcine kidney, from Aspergillus sp;
penicillin acylase from E coli, D- or L-hydrantoinases (dihydropyrimidinases)
from Agrobacterium radiobacter or B. brevis; nitrilase and nitrile hydratase
from Brevibacterium or from Rhodococus pp). These enzymes are produced
in bulk quantities (detergent, food industry) and have the advantage of not
requiring expensive coenzymes. They can be active toward a large number of
substrates and tolerate organic solvents. A large number of alcohols have been
successfully resolved using essentially lipase activity of purified enzymes or
whole microbial cells (AzeraD 1995).

B
/\‘/\OH . 'I\l/\/N \(\
NH H
2 OH
(5-9 ethambuto!

Resolution of racemic 2-aminobutan-1-ol ((£)-9) is an industrially impor-
tant process since the (§)-2-aminobutan-1-olis used as an intermediate for the
production of ethambutol, an antibiotic for the treatment of tuberculosis
(WiLkINSON et al. 1961). The classical enzymatic resolutions of (+)-9 are based
on either an enantioselective hydrolysis of the ester function of an N,O-
diacetyl derivative with a lipase or porcine pancreatic lipase catalyzed acyla-
tion of N-acylated derivative (FERNANDEZ et al. 1992) or by hydrolysis of the
N-benzoyl derivative with a fungus such as Aspergillus oryzae where the (S)
derivative is hydrolyzed due to amino acylase activity (NIkaIDo and KAwaDa
1994). A new and simple methodology applies the enantioselective hydrolysis
of the racemic N-phenylacetyl derivative (1)-10 with penicillin G acylase
immobilized on Eupergit C. Penicillin G acylase is used mainly for the pro-
duction of 6-aminopenicillanic acid; it is commercially available in large quan-
tities. The product ($)-(+)-9 is obtained with >99% ee (up to 40% conversion
rate) and the enzyme removed by simple filtration can be recycled several
times (FaDpNavis et al. 1999a).

PhCHzCOOOMe /\(\OH Penicillin G /Y\OH . Y OH
140°C NHCOCH,Ph  acylase NH, NHCOCH,Ph
pH 7.8

®-10 (+)-9 (H-10

(#)9
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Among the various options in biocatalysis, enzymes are chosen for their
high activity, their variety and commercial availability. One of the problems
with using enzymes (or microorganisms) is the fact that they are substrate-
specific. For a given reaction of interest enantioselectivity may be unaccept-
ably low. In principle, enzymatic activity and enantioselectivity through
exchange of a specific amino acid in the enzyme with one of the remaining
19 proteinogenic o-amino acids using site-directed mutagenesis can be
envisioned. Alternatively, improved enantioselectivity can be obtained by
creating new enzymes by “directed evolution in the test tube” (REETZ and
JaeGer 2000). Accordingly, the combination of proper molecular biological
methods for random mutagenesis and gene expression coupled with high-
through put screening systems for the rapid identification of enantioselective
mutant enzymes forms the basis of the approach. One starts with a wild-
type enzyme that has an unacceptable selectivity factor s = k/k; (Scheme 2)
for a given transformation of interest, P — Q, to create a library of mutants
from which a more enantioselective variant is identified. One repeats the
process as often as necessary by using, in each case, an improved mutant
for the next round of mutagenesis. In doing so, random mutagenesis is not per-
formed on the enzyme itself, but on the gene (DNA segment) which encodes
the protein.

3. Parallel Kinetic Resolutions

For a good yield (maximum 50%) and enantiomeric excess (>99%) in the
simple kinetic resolution method the selectivity factor s = k,/k; must be larger
than 200 (KacaN and Fiaup 1988). Selectivities such as these are rare for
chemical kinetic resolutions, and even above that of some enzymes such
as lipase esterases (StH and Wu 1989). Problems do arise depending on this
inherent selectivity factor and can have dramatic consequence on the yield
and enantiomeric excesses of the remaining reactant P and the product Q
(Scheme 2). One way of preventing the concentration effect of the slow react-
ing enantiomer of the reactant near the end of the resolution is to remove it
in a parallel reaction during the course of the resolution. Ideally, its rate of
reaction should be similar to that of the other enantiomer. This has led to the
strategy termed parallel kinetic resolution (EAMEs 2000). By far the most
elegant application of this strategy has been developed by VEDEIS and CHEN
with a chiral DMAP acyl transfer reaction (VEDEIS and CHEN 1997). Activa-
tion of the quasienantiomeric pyridines (R)-11 and (S)-12 with the hindered
chloroformate 13 and (+)-fenchyl chloroformate (14) gave the acyl transfer
agents 15 and 16, respectively (Scheme 3). The alkyl substitution of these chlo-
roformates (trichlorotertiobutyl and fenchyl) is very important since it is trans-
ferred to the resolved alcohol (S$)-17 and (R)-17, and because the substituents
are obviously different, the chloroformates allow separation of products 18
and 19.The fact that the fenchyl group in 19 is chiral is irrelevant to the selec-
tivity. Addition of equimolar amounts of 15 and 16 combined with an excess
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of MgBr, and Et;N to (¥)-17 gave mixed carbonates 18 and 19. Their separa-
tion is made simpler by treatment of the product mixture with zinc in acetic
acid which chemoselectively removed the trichlorobutyl protecting group to
give (5)-17 and 19 that are readily separable. The quasi-enantiomeric chiral
DMAP equivalents (R)-11 and (S)-12 liberated during the acyl transfers are
fully recyclable (Scheme 3).

NMe, NMe,

AN AN
» B
N N I
OMe OBn
(A-11 (512
X H
CizC OCOCI OCOCH

CleC” O ci
15 16
Me,, ~OH H,, ~OH
H Me
D -
(£)-17
MK 0 (9112
3 + H § H Me oo
ClsC” O O° 'Np N + (A1
O/ILO)\Np (
18 (46% yield, 88% ee) 19 (49% yield, >95% de)
l Zn/AcOH
Y
3 + HO H Me
HO Np N
o/‘Lo)\Np
(9-17 19

Scheme 3. Parallel kinetic resolution of a secondary alcohol by acyl transfer using
quasi-enantiomeric DMAP derivatives
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C. The Use of Stoichiometric Chiral Auxiliaries

For reactions that cannot be catalyzed by chemical or biochemical enan-
tiomerically pure catalysts (see Sect. D.), or for racemic products that cannot
be resolved readily (Sect. B.), asymmetric synthesis requires that at least one
of the starting materials (substrate, reagent, medium) is chiral and enan-
tiomerically enriched. One of the best scenarios is to start with an enan-
tiomerically pure material that can control the stereoselection of the reactions
themselves. Nature produces chiral materials and a number of these are avail-
able in large quantities (e.g., L-o-amino acids, L- and p-lactic acid, L- and D-
tartaric acid, p- and L-arabinose, L-ascorbic acid, D-glucose, D-galactose,
D-mannose, D-glucosamine, D-quinic acid, p-ribose, D-xylose, L-sorbose, D-
fructose, (-)-borneol, (+)-camphene, (+)-camphor, D-(+)-camphanic acid,
D-10-camphorsulfonic acid, (+)-3-carene, (—)-carvone, (+)-citronellal, (+)-fen-
chone, (-)-fenchone, (+)-isomenthol, (+)-limonene, (—)-limonene, (—)-menthol,
(+)-menthol, (-)-a-phellandrene, (-)-o-pinene, (+)-o-pinene, (—)-B-pinene,
(+)-pulegone, cinchonidine, cinchonine, p-(+)-ephedrine, nicotine, quinidine,
quinine, D~(+)-pseudoephedrine, and L-(—)-pseudoephedrine). Others can be
obtained by enantioselective synthesis using either chemical or biochemical
methods. These chiral, enantiomerically pure starting materials constitute the
chiral pool (chirons = enantiomerically pure synthons or synthetic intermedi-
ates). An asymmetric synthesis starting from a natural product may prove
expensive because of the number of synthetic steps and the nature of the
reagents required. An alternative approach is to attach an inexpensive chiral
auxiliary to an achiral molecule. The chiral groups then induce selectivity
through the subsequent chemical reactions to afford diastereoselectivity.
Removal of the “chiral auxiliary” then provides the desired product either
enantiomerically enriched or enantiomerically pure. Space does not allow one
to give an overview of the enormous amount of work realized during the
last 20 years that applies to chiral auxiliaries. To illustrate the method a few
successful examples will be presented.

I. Chiral 1,2-amino Alcohols and Derivatives

Procedures that allow the construction of C-C and C-X bonds a to the car-
bonyl group via electrophilic substitution are among the most important syn-
thetic operations. Most of the problems in carbonyl chemistry, such as aldol
self-condensation, @,o’-polyalkylations, control of the regioselectivity, side
reactions of products, and lack of reactivity of the corresponding enolates
(mostly for thermodynamic reasons), have been solved by the use of N,N-
dialkylhydrazones 20 (Scheme 4) in which the chiral auxiliary is derived from
L- or D-proline (Expers 1984). For ketones, deprotonation, and reaction
with the electrophile, occur at the least hindered center. The chiral auxiliary
(SAMP if derived from (S)-proline, RAMP if derived from (R)-proline) can
be recovered as shown in Scheme 4 (ENDERs et al. 2000).
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Scheme 4. Asymmetric o-alkylation of aldehydes via homochiral hydrazones

Evans’ oxazolidin-2-ones (e.g., 21-R) obtained by reaction of enan-
tiomerically pure 1,2-amino alcohols with diethyl carbonate (Evans et al. 1981)
have proven particularly effective for controlling variety of reactions of
attached acyl fragments, including alkylation, amination, azidation, bromina-
tion, hydroxylation, aldol addition, Diels-Alder cycloaddition and conjugate
addition (AGER et al. 1996). Davies’ 5,5-disubstituted SuperQuat 24 (DAvies
and SANGANEE 1995; BuLL et al. 1998) and Gibson’s variants 25 (GiBsoN et al.
1998) appear to be superior to Evans’ auxiliaries because of their better recy-
clability and better crystallinity (important in obtaining diastereomerically
pure products).

O 0o O o 0O
1. enolate
H\NJLO 1. Buli R'\)J\N)J\O formation RI\HLNJLO
\ / 2 RCH,COCI \__/ 2 electrophilic E /
R\C Rc' quenching (EX) Rc'
21-R R = #Pr, Ph, Bn 22 23
(e} O

24-R R = FPr, Ph, Bn, Me 25

I1. Chiral Sulfoxides

The use of sulfoxides as chiral synthons in asymmetric synthesis is now well-
established and is a reliable strategy (WALKER 1992). A recent example is the
reaction of p-tolyl orlithio-B-(trimethylsilyl)ethyl sulfoxide obtained by lithi-
ation of 26, with o,B-unsaturated esters that give the corresponding products
of conjugate addition with high diastereoselectivity (>96% de). The interme-
diate enolates 27 can be trapped with various alkyl halides or aldehydes to
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provide products 28 with excellent diastereoselectivity (NAKAMURA et al.
2000).

; : R OLi .
O/, 1. (FPr)NLi -~ allyl halide or o, "
p-To’s\L THF, -78°C pTo?/’ls = OMe _2idenyde, -78°C p_ToI/,’S\)\rCOOMe
! 2~ COOMe THF, 1 H
. R'
SiMe; RT Y siMe; MesSI”
26 27 28 (>96% de)

III. Thermodynamic Diastereoselection

The diastereoselectivity of synthetic intermediates bearing a chiral auxiliary is
in most cases governed by kinetic factors (e.g., kinetic face selectivity of eno-
lates, enoxysilanes, enoxyboranes, ketones, alkenes, etc.). For reversible reac-
tions, diastereoselectivity could be controlled by the relative stability of the
diastereomeric products or by displacing the equilibrium between products of
similar stabilities by diastereoselective crystallization. The method has been
applied to furan derivatives that undergo reversible Diels-Alder addition
(VogeL et al. 1999). In the presence of Znl, as catalyst, a 1:1 mixture of 1-
cyanovinyl (1R)-camphanate and 2,4-dimethylfuran (without solvent) is equi-
librated with a single adduct (+)-29 that precipitates diastereoselectively
(SEviN and VogGEL 1994). Adduct (+)-29 is converted into enone (+)-30 upon
saponification and treatment with formaline. The chiral auxiliary ((1R)-
camphanic acid) is recovered at this stage. Chirons (+)-29, (+)-30 and their
enantiomers which are obtained with the same ease using (15)-camphanic acid
as chiral auxiliary, are coined “naked sugars of the second generation.” They
are extremely useful starting materials in the asymmetric synthesis of long-
chain polypropionates and doubly-branched carbohydrates (SEvIN and VoGeL
1994).

Q
CN
ﬂ + /“\ _’znlj_ L MeONa/MeOH,. O 4 (1A)-camphanic acid
NG~ TOR* ) E 2, H,CO ) A*OH
O OR* ( )

(+)-29 (precipitates) (-)-30

The method of thermodynamic diastereoselection through diastereo-
selective crystallization of equilibrating Diels-Alder adducts has been applied
to furan derivatives bearing chiral auxiliaries that can be recovered easily. For
instance, the acetal of (25,35)-butane-2,3-diol and furfural is equilibrated in
molten maleic anhydride with one major crystalline product that is a 1:1
complex of maleic anhydride and Diels-Alder adduct (+)-31. Upon treatment
with isoprene this complex looses maleic anhydride which gives an adduct that
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is extracted with hexane, liberating pure (+)-31 (Guibt et al. 1996). This chiron
has been used to generate advanced anthracyclinone precursors (THEURILLAT-
Morrtiz et al. 1997). In a similar way, (S)-camphanate of furfuryl alcohol under-
goes Diels-Alder additions in molten maleic anhydride, giving one major
crystalline adduct (+)-32. It has been converted into enantiomerically pure
intermediates of the synthesis of taxol (THEURILLAT-MoRITZ and VOGEL 1996)
and squalestatin analogues (JOTTERAND and VoGEL 1999).

0 0
0 5 0
. O, 0 J
oS A P o2 G !
0 o)
o] o]
excess

(+)-31 (crystalline)

O 0 0
O
Soﬁ@”o_.ssc_ g
o O
of o) or O
O (+)-32

IV. One Chiral Auxiliary, Two Enantiomers

The most versatile chiral auxiliaries are those available in both their enan-
tiomeric forms. However, there is a growing number of instances where an
enantiomerically pure starting material attached to a chiral auxiliary can
undergo different diastereoselective reactions depending on the reagents
or/and the reactions conditions. For example, after removal of the chiral aux-
iliary, the two possible enantiomers of a given targeted compound can be
obtained.

o ¥

O
. Ho oo .
R Y\ Aol ('—B;':?:i’ R W\S&TOI — R Y\S/ Tol
% A H -
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33 36 34

C
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M H

35



18 P. VoGeL
As already mentioned (see Sect. C.II.), homochiral sulfoxides have been
used extensively in asymmetric synthesis (SoLLaDIE 1981). For instance, (+)-
(R)-methyl p-tolylsulfoxide (obtained by addition of methylmagnesium iodide
to (—)-(S)-menthyl p-toluenesulfinate) can be condensed via its lithiated con-
jugate base, without epimerization to carboxylic esters. This provides the cor-
responding homochiral 2-ketosulfoxides 33 which can be reduced with high
diastereoselectivity into the corresponding 2-hydroxysulfoxides 34 or 35,
depending on the reaction conditions (SoLLADIE et al. 1982; 1985). With (i-
Bu),AlH, its association with the sulfinyl oxygen favors an intramolecular
transfer of the hydride to the carbonyl group in a transition state 36 that is
chair-like. In the presence of Znl,, the hydride transfer is intermolecular and
takes place on a half-chair conformation 37 adopted by the chelated 2-keto-

% HoS04 ﬁ PClg ﬁ KMnO4 &
0 o o COOHp

SOzH SOCH
(-)-camphor Reychler's acid (8)-(+)-10-camphor- ketopinic acid
sulfonyl chioride

o]
1. MeOH, H* 1. NaH, Mel o
2. PhMgBr 2 LA, OH = R Ph
THF, 0°C Ph O THF, -78°C  Ph o]
Ph OH Ph OMe
38 R*OH 39
OH OH
R*’o\n/'\Ph + R ’o\n/\Ph
o] o]
40 M
39+ L-Selectride/THF 31 : 64 (87% yield)
L-Selectride + HMPA 99 : 1 (75% yield)
K-Selectride/THF + 18-crown-6  99.5 : 0.5 (60% yield)
K-Selectride/CHCl 0.5 : 99.5 (80% yield)
L-Selectride/toluene 0.5 : 99.5 (98% yield)
OH LiOH LiOH OH
HOT('\P" THF/H,0 THF/H,0 HO\n/\Ph
o] o]
(5)-42 (R)-42

Scheme 5. Enantioselective synthesis of o-hydroxycarboxylic derivatives
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sulfoxide with the Lewis acid (CARRENO et al. 1990). After desulfurization of
34 and 35 with Raney nickel, enantiomeric secondary alcohols are obtained
(SoLLADIE and ALMARIO 1992).

Many biologically active substances contain homochiral o-hydroxycar-
boxylic moieties (HANEssIaN 1983). They can be obtained (e.g., (5)-42, (R)-42
>99% ee) via reduction of a-ketoesters derived from exo-10,10-diphenyl-2,10-
camphanediol or from exo0-10,10-diphenyl-10-methoxy-2-camphanol (38)
derived readily from (—)-camphor (Scheme 5) (CHU et al. 1999). Ester 39
derived from 38 is reduced with L-Selectride in THF with little diastereo-
selectivity. Upon adding one equivalent of HMPA (hexamethylphospho-
ramide), the diastereomeric ratio rises to 99:1. It reaches 99.5/0.5 using
K-selectride in THF with one equivalent of 18-crown-6. These results suggest
that the counter-ion of the hydride (Li", K*), can interact with the a-ketoester
and as consequence affect the face selectivity of its reduction. Very interest-
ing is the observation that solvent can also play a significant role on the
diastereoselectivity as shown by the reversal of diastereoselectivity for both
K-Selectride and L-Selectride reduction when going from THF, a good co-
ordinating solvent to CH,Cl, or toluene, noncoordinating solvents.

Homochiral o-amino-aldehydes are very useful synthetic intermediates
in the asymmetric synthesis of products of biological interest (JurczAak and
GorgEprowskr 1989). ALexakis and coworkers (ALEXAKIS et al. 1991) have
designed an efficient approach for their preparation in both their enantiomeric
forms starting with glyoxal, 1,1-dimethylhydrazine, and (1§,25)1, 2-diphenyl-
N.N’-dimethylethylenediamine (43). The hydrazone 44 so-obtained reacts
with organolithium reagents in THF, giving adducts 45 as single product.
Hydrogenolysis, followed by amine protection and acidic treatment liberates
the corresponding protected o-amino-aldehydes ($)-46 with high enan-
tiomeric purity (>99% ee). Interestingly, when using Grignard reagents in
toluene solvent, adducts 45 are obtained as major products (with diastere-
omeric ratio 45’/45 4:1 to 99:1), thus allowing preparation of the enantiomers
(R)-46 with high enantiomeric purity also (ALExakis et al. 1992). In this
method the chiral auxiliary (diamine) is readily recovered.
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D. Asymmetric Catalysis

Ewmii FiscHER recognized that enzymes act as catalysts either in living organ-
isms or as isolated species and proposed the “lock and key” analogy for
explaining the stereoselectivity of the enzymes. After PASTEUR’s discoveries
several attempts were made to generate optically active compounds from inac-
tive precursors. Most of them relied on fermentation in the presence of
microorganisms. The synthesis of optically active mandelonitrile by addition
of HCN to benzaldehyde catalyzed by an enzyme (emulsin) isolated from
almonds was an early example (RoseNTHALER 1908). Another early case of
bioorganic enantioselective catalysis was the rearrangement of phenylglyoxal
hydrate into optically active (95% ee) mandelic acid in the presence of
B. proteus (HavasHi 1908). Mandelonitrile was obtained with less than 10%
enantiomeric excess by addition of HCN to benzaldehyde catalyzed by
quinine or quinidine (BREDIG and Fiskt 1912). Before the 1970s most asym-
metric syntheses relying on asymmetric catalysis used enzymes or micro-
organisms. Today nonenzymatic man-made catalysts can lead to highly
enantioselective reactions, with high turnover numbers (TON: moles of
substrate produced per moles of catalyst used) and turnover frequencies
(TOF: turnover numbers per time unit) and that for a large variety of sub-
strates and reactions under all kinds of conditions. Biochemical methods
(catalysis by enzymes or microorganisms) remain valuable for ecological
reasons and thus will continue to play an important role in industrial processes.
Today, chemical asymmetric catalysis is easier to apply and more flexible than
biochemical methods when it deals with the preparation of new compounds
with unusual structures, and new leads for drugs, fragrances or pesticides.
Enzymes and microorganisms usually are tuned for only one of the two pos-
sible enantiomers of a given substrate or product. Man-made catalysts are
smaller chemical systems which can be obtained in their two enantiomeric
forms (KaGan 1999). Their tuning in asymmetric synthesis can be realized
efficiently by applying combinatorial chemistry methods (JANDELEIT 1999;
SHiMizU et al. 1999).

1. Biochemical Methods

The use of enzymes and microorganisms in asymmetric synthesis has been
comprehensively reviewed (AzERAD 1995; AGER and East 1996; Sucal 1999).

1. Desymmetrization of Meso-Difunctional Compounds

Pseudomonas fluorescens lipase (PFL) catalyses the hydrolysis of the bis-
acetate 47 giving (+)-48 in 33% isolated yield and >99% ee, together with 62%
of recovered 47. Chiron (+)-48 was converted into (—)-muscone and polyether
antibiotics (XIE et al. 1993).
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PFL
AcO/Y\OAc STV phosphate ™ HO™ % ~OAc
Me buffer, pH 7 H Me

0,
a7 25°C, 1.5h (+)-48 (33% yield,

>99% ee)

The methodology can be taken one step further through the use of an
enzyme for ester hydrolysis or formation. This opens up the possibility to
prepare the two enantiomers of a given substrate (Scheme 6) (Ramos TomBo
et al. 1986).

2. Carbonyl Reductions

Baker’s yeast is by far the most common agent used for the enantioselective
reduction of achiral ketones (Czuxk and GLANZER 1991). A rule as been
developed by Prelog that predicts that the hydride transfer from alcohol
deshydrogenase of Curvularia falcata occurs on the Re face of the ketone
(AzERAD 1995). Reductions, when performed by an enzymatic system, usually
require a cofactor. This is why organisms are invariably used rather than
purified enzymes. Isolation of the product from the reaction media may
become problematic. Furthermore, because those several enzymes in the
microorganisms that can catalyze the reduction, tuning of the reaction condi-
tions is necessary (control of the carbon source, immobilization of the cells,
aging, heat treatment, incubation with inhibitors, etc.). In some cases, micro-
organisms are available that allow for complementary, selective production of
either one of the two possible enantiomeric products (Scheme 7) (DAUPHIN et
al. 1989).

Sometimes immobilized microorganisms can be used, making the puri-
fication procedure simple. For instance, reduction of ethyl 2-hydroxy-3-

R R
Ac,0, HyS0,
OH OH OAc OAc
porcine pancreas porcine pancreas
lipase immobilised lipase immobilised
on Hyflo Super Cel, on Eupergit C
in CHzCOOMe H,O
H R H
z, R=1"" 90%ee LA R=1"" >95%¢e
R=Ph 92% ee R=Ph >95% ee
OH OAc R=Bn 13%ee OAc OH R=Bn 61% ee

Scheme 6. Lipase-catalyzed acetylation or hydrolysi
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0O 0 HQOH O
/U\/[j\ Saccharomyces_ M/\/\ 99%
N Cerevisiae 2 (99% ee)
Geotrichum H PH i
eotric - /”Q)J\/\/\ %
candidum X (99% ee)

Scheme 7. Stereodivergent microorganism-catalyzed reductions

oxooctanoate with immobilized baker’s yeast at pH 4.0 yields the corre-
sponding anti-(2R,3R)-dihydroxy ester with 70% diastereoselectivity and 80%
ee (FapnNavrs et al. 1999b).

3. Reductive Amination of o-keto-Acids

Nicotinamide cofactor-dependent r-amino acid dehydrogenases, which cat-
alyze the formation of ketoacids from chiral a-amino acids, have important
synthetic applications when used to obtain the reverse formation of natural or
unnatural L-amino acids in the presence of ketoacids and ammonium salts.
This occurs through the reduction of the imine resulting from the equilibrium
with the ketoacid and NH; (Scheme 8) (AZErRAD 1995).

4. Microbial Oxidations

Since the pioneering work by GissoN (GiBson et al. 1968, 1970) cyclohexa-
diene diols produced by microbial oxidation of substituted benzenes
with mutant strains of Pseudomonas putida have been used extensively in
the asymmetric synthesis of natural products and analogues of biological
interest (Hupricky 1996; HupLicky et al. 1996). Toluene dioxygenase, the
active enzyme in these oxidations, has been expressed in recombinant strains
of E. coli IM109 (pDTG601) for improved efficiency (GissoN and ZyLSTRA
1989).

Microbial oxidation of inactivated methylene groups remains one of the
most impressive examples of transformations not easily done by conventional
organic chemistry. Using the fungus Beauveria bassiana (ATCC 7159)
(7-azabicyclo[2.2.1]hept-7-yl)phosphonic acid diethyl ester was hydroxylated
giving (2-endo-hydroxy-7-azabicyclo[2.2.1]hept-7-yl)phosphonic acid diethyl
ester in 43% vyield and 64% ee (HEmMENwAy and Ovrivo 1999). A Bacillus
megaterium strain isolated from topsoil by a selective screening procedure
with alkylbenzene as a xenobiotic substrate performs the hydroxylation in
the benzylic and nonbenzylic positions of a variety of unfunctionalized
arylalkanes with high enantioselectivity (up to 99%). Interestingly, the
microorganism does not lead to arene oxidation or to products of overoxida-
tion (Scheme 9) (Apawm et al. 2000).
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5. Acyloin Condensation

Nature condenses a carbonyl carbon center (via umpolung) to another
carbonyl using thiamine pyrophosphate cofactor with yeast pyruvate decar-
boxylase. With benzaldehyde as a cosubstrate and using yeast whole-cells
in the presence of glucose or pyruvate, this constitutes the key step in the
industrial process for the manufacture of 1-(-)-ephedrine (Scheme 10)
(AzERAD 1995).

6. The Use of Catalytic Antibodies

Antibodies, or immunoglobulins, are important components of the mam-
malian defense mechanism. They are glycosidated proteins (ca. 100kDa)

A 8 e o
HoOC cooH + NHs D HOO COOH

NADH + H* NAD*

YADH
CH3CHO EtOH

nz

.

Scheme 8. Asymmetric synthesis of 4-methyl-L-glutamic acids using glutamate dehy-
drogenase (GDH) and yeast alcohol dehydrogenase (YADH)-ethanol as NADH
regenerating system

OH OH
Ph/\/\/ = Ph/'\/\/ + Ph .~ + Ph/\/\/ + Ph/\/\;/
OH OH
yield: 29% 33% 9% 14%
42%ee 88% ee 68% ee >99% ee

Scheme 9. Nonactivated C-H oxidation by Bacillus megaterium

®\=(\/opp

9 ®\=(\/ yeast pyruvate “N__.S
HeC—C—COOH * R’NVS decarboxylase R
HO L Me
thiamine pyrophosphate
H H
PhIOH 1. MeNH, Phj/:OH PhCHO
a 2. H2/cat “carboligase"”
H™ = g
NHMe ©
L-(-)-ephedri
(-)-ephedrine - ?((%)-P(O)Ozee
(e}

Scheme 10. Industrial synthesis of L-(—)-ephedrine based on a microbial mediated
acyloin condensation
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that recognize antigens, or haptens, with high specificity, in general through
noncovalent interactions leading to affinity constants ranging from 10™ to
10, 6 to 20kcal/mol in terms of the enthalpy of binding. When this energy
of binding involves an immoglobulin and an hapten that is a mimic of a
transition structure or intermediate of a given organic reaction, the immo-
globulin is a catalyst (catalytical antibody = abzyme) of the reaction itself
(WeNTWORTH and JANDA 1999). One of the first enantiofacially selective
processes catalyzed by an antibody involved the hydrolysis of enol esters
(Fuit et al. 1991). Hapten 49 (antigen) was used to elicit antibodies for the
hydrolysis of enol ester 50. The phosphonate moiety of 49 is a mimic of the
tetrahedral transition state anticipated in the hydrolysis. The protein for anti-
body induction is keyhole limpet hemocyanin (KLH). An antibody called
27B5 was selected and found to catalyze the hydrolysis of 50 with a turnover
number of ca. 300 and provided an optically enriched mixture of product 51
with 42% ee.

(@]
R HN .
(j%ol \\;\©\) j\j é/o\n/Bn antibody &O
2785
(@]
O~ 'KLH 50

49 51 (M1% ee)

The Wieland-Miescher ketone (S)-(+)-53, an extremely important syn-
thetic intermediate for natural products, notably steroids and terpenoids has
been prepared from achiral triketone 52 using the commercially available
aldolase antibody 38C2 (Aldrich no. 47,995-0) (ZHoNG et al. 1997).

o] o] o]

% Ab 38C2 m
S
(@) O

52 (5)-(+)-53

The same aldolase antibody 38C2 catalyses the aldol cyclodehydration
of 4-substituted-2,6-heptanediones to give enantiomerically enriched 5-
substituted-3-methyl-cyclohex-2-en-1-ones (yield >95%, 41%—-62% ee) (LisT
et al. 1999).

II. Chemical Methods

1. Introduction

The first example of asymmetric organometallic catalysis outside the area
of polymer chemistry was the cyclopropanation of alkenes by methyl dia-
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zoacelate catalyzed by a salen-copper complex, as described by Nozaki
and coworkers in 1966 (Nozaki et al. 1996). The maximum enantiomeric
excess obtained then did not exceed 10%. Better levels of enantioselectivity
were reached by the tuning of the structure of the ligands of the copper
complex.

COOEt _ COOEt
=\__/ + NzCHCOOMe —& . \__ +
40°C 5 h

54 55 (68% ee) 56 (62% ee)
Me n-CgH170
x> N R
cat”: @\'I\I/X R= g
FKe R
Y

For instance, chrysantemic acid, a naturally occurring insecticide, was
obtained this way with a 68% ee. The method implies the asymmetric cyclo-
propanation of 54 with ethyl diazoacetate giving a mixture of 55 and 56
(ARraTANI et al. 1975).

In 1966 WiLkiNsoN established the feasibility of homogenous hydrogena-
tion of alkenes with RhCI(PPh;); as the catalyst precursor (OSBORN et al.
1966). In 1968, Horner (HorNER et al. 1968) and KNowLES (KNOWLES and
SaBacky 1968) independently selected the enantiomerically pure monophos-
phine (5)-(Ph)(n-Bu)(Me)P as chiral auxiliary. This led to a maximum of 15%
ee for the catalytical hydrogenation of o-phenylacrylic acid. A giant jump
ahead was realized in 1971 and 1972 by Kacan and DanNG who showed that
the chelating diphosphine (-)-(R,R)-DIOP derived from (R,R)-tartaric acid
provided an excellent rhodium catalyst able to lead to enantioselectivities of
up to 88% (Scheme 11) (DANG and Kacan 1971; KaGan and Danc 1972). This
discovery has led to the first industrial application of asymmetric synthesis. At
Monsanto, KNowLEs developed a process for the fabrication of L-DOPA, an
important drug used in the treatment of the Parkinson’s disease (KNOWLES et
al. 1975; 1979). This stimulated a huge amount of research and the invention
of new and better homochiral catalysts containing transition metals. At the
same time other types of homochiral catalysts were developed such as chiral
Lewis acids and chiral bases. Impressive results both in catalytic loading
(<0.5mol %) and enantiomeric excess (299% ) have been achieved. Space does
not allow one to survey all the pertinent achievements of the last 20 years.
A comprehensive review on asymmetric catalysis has appeared recently
(JacoBsen et al. 1999). Therefore, we shall illustrate the methods with a few
selected examples.
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H

. Et, H O~ PPh

Rh/L ., . 2

/( +H2 S5, Eon AcHN/<ph L= Xoi:pphz
H

AcHN” “Ph
88% ee (--(R,R)-DIOP
COOMe o
i co0
¢ + b, 1RSI ”ED
2 5 HOT NH3
HO  ©OH HO  ©OH
L-DOPA

Scheme 11. Asymmetric catalysis of the hydrogenation of alkenes

2. Hydrogenation of Alkenes

Mibefrabil (60), the active ingredient of the antihypertensive Posicor, a new
type of calcium antagonist, is made industrially starting from 57 according to
a S-step resolution/recycling process. An efficient enantioselective route has
been developed which involves a high-yielded two-step conversion of 57 into
the trisubstituted acrylic acid 58 and its hydrogenation catalyzed with Ru((R)-
MeOBIPHEP) (OAc),. In this process, which constitutes a rare example of
asymmetric hydrogenation of a tetrasubstituted alkene, the enantiomeric
excess reaches 94% under 180 bar, giving (5)-59. Scale-up was performed in
a continuous stirred tank reactor at 270 bar and 30°C, with a molar substrate
to catalyst ratio of 100 and 93.5% ee. Upgrading of (5)-59 to 98% ee is possi-
ble by crystallization of the sodium salt. This new process is more economical
than the classical process and is ready for implementation in the plant (ScHmin
and SCALONE 1999).

~

COOH 1. FPrMgClI COOH  H, (270 bar) COOH
2. + acetone MeOH, NEtg
F 3. conc. HpS0, F 30°C, cat* F

57 58 (S)-59 (93.5% ee)

0
7 N _ome
N -
- /@:j\/\N/ cat*: ’\F\:e P)Ruxz
F : Qs
| Ph
N
N|_© 2Hl
60 Ru((R)-MeOBIPHEP)X,
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In a total synthesis of a-tocopherol with (R,R,R)-configuration, workers
at Roche have found that 61 can be hydrogenated into 62 in the presence of
Ru((S)-MeOBIPHEP) (CF;COO), with TONs of 20000 and 100000 and ee’s
of 96.5 and 98%, respectively (ScHMID and ScALONE 1999).

/\/k/\)\ H. (60 bar)
HO™ N A MeOH, 20°C HO Z

cat”
61 cat™: Ru((S)-MeOBIPHEP)(CFsCOO0), 62 (98.5% ee)

3. Hydrogenation of Imines

An important technical application of asymmetric catalytical hydrogenation
is the production of (S)-metolachlor, an important herbicide invented by Ciba-
Geigy AG and commercialized now by Novartis. In this case imine 63 is hydro-
genated in the presence of the iridium catalyst I-XYLIPHOS iodide into 64
with 80% ee. Amidification of 64 with CICH,COCI provides (§)-Metolachior.
The relatively low enantioselectivity (80% ee) obtained in this case is tolera-
ble for an agrochemical product. The cost of the catalyst is almost negligible
since a substrate to catalyst ratio of 1000000 allows the conversion 63 — 64
to be complete within 4 h, with an initial TOF exceeding 1800000 h™' (BLASER
et al. 1999).

0
NJ\/OMe /k/OMe oA /k/OMe

_Ho (80 ban) 50°C 50°C
— car

cat™: [I(XYLIPHOS)CI], + NBuyl (80% ee) (S)-Metolachlor

k)

PPh,

Q XYLIPHOS

4. Asymmetric Reduction of Ketones

Asymmetric hydrogenation and transfer hydrogenation of ketones are ideal
means with which to prepare chiral secondary alcohols in view of the opera-
tional simplicity, environmental friendliness, and economics (PALMER and
WiLes 1999). High enantioselectivities have been observed for the hydro-
genation of o-keto esters and acids to the corresponding alcohols (OHKUMA
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and Novor1 1999). Owing to environmental considerations, and safety and cost
concerns, heterogeneous catalysts are often preferred to homogeneous cata-
lysts. Cinchona alkaloid-modified platinum surfaces have been found effective
in the asymmetric hydrogenation of o-ketoesters, ketoacids, and ketoacetals
(Baiker and Brasgr 1997). For instance, ethyl 5-oxotetrahydrofuran-2-
carboxylate, an important building block in the synthesis of natural products,
has been obtained in high yield and optical purity (96% ee) by hydrogena-
tion of diethyl 2-ketoglutarate over 5% Pt/Al,O; catalyst modified by 9-
methoxy-10,11-dihydrocinchonidine (Scheme 12) (BaLAzsIK et al. 2000).

Most nonactivated ketones undergo reduction sluggishly and with low
enantioselectivity under asymmetric catalytical hydrogenation conditions. A
very powerful alternative is the CBS reduction (Corey et al. 1987) which uses
the inexpensive BH; THF (or dialkylboranes) as stoichiometric-reducing
agents, and enantiomerically pure oxazoborolidines derived from chiral 1,2-
amino alcohols as catalysts. This method has been applied successfully to the
enantioselective reduction of a large number of ketones (Corey and HEDAL
1998). For instance, the dopamine D1 agonist A77636 has been obtained in
enantiomerically pure form by the CBS reduction of adamantyl bromomethyl
ketone (Scheme 13) (DE NinnNo et al. 1992). Conversion of the chiral bromo-
hydrine 65 into the corresponding epoxide, ring opening with an arylllithium
reagent, intramolecular acetal cyclization, and deprotection gave the desired
product.

0 Ho-PYAILLO,, AcOH (solvent) OH TsOH b
2 225
E/\/lLE 9-methoxy-10,11-dihydrocin- E/\/LE AcOH O (o) “COOEt
chinidine
E = COOEt 96% ee

Scheme 12. Asymmetric hydrogenation with a solid catalyst (modified Pt surface)

(H) -B-Ph (0.1 eq)
Br BHg -THF e
(0]

PhMe 23°C HO H
65 (>95% yield CI HaN -
95% ee) dopamine D1 agonist A77636
H h
z Ph
L-proline  —= N‘HOH g:a(f':)z C,\‘:!S
(R)-B- Ph

Scheme 13. Asymmetric synthesis of A77636 via the CBS reduction
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5. Alkene Isomerization

Among the processes relying on enantioselective catalysis, the asymmetric iso-
merization of alkenes is certainly one of the most useful as demonstrated by
the industrial synthesis of (—=)-menthol (1500 tons annually). As shown in
Scheme 14, two equivalents of isoprene react with lithium diethylamide to give
a Cp-allylamine. In the presence of a catalytical amount of Rh[(R)-
BINAP][COD]CIQ,, it is isomerized into (R)-66 in 98% yield and 98% ee.
Acidic hydrolysis liberates (+)-citronellal, which undergo a zinc bromide-
catalyzed intramolecular ene-reaction to provide (—)-isopulegol, and then,
after hydrogenation, (—)-menthol (AKuTAGAWA 1999).

6. Alcohols from Alkenes

Hydroboration of alkenes and alkynes is one of the most valuable synthetic
techniques in organic synthesis because the organoboranes formed can be
converted into various kind of compounds, and the enantioselective version
developed by BrRownN has greatly expanded the scope of the hydroboration

/
= Et,NH X . -
ZJ/i + Bl ; Rh[(F{)rlﬂN:g‘IE:COD] NEte
NEty (98% yield)

(R)-66 (98% ee)

Dy
H2S04, H,0 znBra_ |\ |9~ ~ZnBrs
S CHo — | Me S5
M

Me
(+)-citronellal

— o | — (5\ HaNi_ d
OZnBr; Y~ YOH Y~ YOH
A PN

(-)-isopulegol (-)-menthol
cat*: P:: Rh

" ®
OO P\ /Ph /D

Rh[(R)-BINAP][COD]*

Scheme 14. Industrial asymmetric synthesis of (—)-menthol
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(PerTER et al. 1988). Hydroboration of alkenes with enantiomerically pure
di(isopinocamphenyl)borane is recognized to be a highly efficient reaction
for the synthesis of optically active organoboranes (DHOKTE et al. 1996). In
1985, it was reported that the hydroboration with catecholborane can be
catalyzed by rhodium(I)complexes (MANNIG and NOT1H 1985). Using homo-
chiral phosphine ligands, the catalyzed hydroboration can be enantioselec-
tive. For instance, the reaction of styrene with catecholborane in THF in
the presence of a catalytical amount of [Rh(COD),]BF, and pyrrazole-
ferrocenylphosphine ligand 67 gives 1-phenylethanol with 98% ee (68% yield)
(HavasHI 1999a).

0, [Rh(COD)5]BF + 67 Hz0. OH
/\ 4 — _u> ?
PR™ + C[O/BH THF, 20°C NaOH  p ™~

/(____( Me 98% ee
x N
I

7. Carbon Nucleophile Additions to Aldehydes

Addition of organometallic reagents to aldehydes and ketones is one of
the most powerful methods of chain elongation in combination with the gen-
eration of a chiral center. These additions can be catalyzed with asymmetric
induction (Soar and SHiBATA 1999). High enantioselectivities have been
observed for the addition of diethylzinc to aldehydes catalyzed by homochiral
titatium complexes as illustrated in Scheme 15. Enantioselective (up to
97% ee) addition of di(isopropyl)zinc to 2-(tert-butylethynyl)-pyrimidine-5-
carbaldehyde coordinated with d- or [-quartz has been reported (Soal et al.
1999a).

SeeBacH and coworkers have incorporated their tartaric acid derived
ligands called TADDOLates in dendrimers (as shown with 68), which have
then been copolymerized radically with styrene. This generates beads having
a diameter of about 400 um in the nonsolvent-swollen state. Upon treatment
with titanium tetrakis(isopropanolate), polymer-bound diisopropoxy-Ti-
TADDOLates were obtained. The solid catalyst could be used 20 times in the
asymmetric addition of Et,Zn to benzaldehyde with constant activity and
enantioselectivity (96% ee), without losing its high swelling properties
(SELLNER and SeeBacH 1999).
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Scheme 15. Asymmetric ethylation of aldehydes
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8. Aldol Condensations

The asymmetric aldol addition has emerged as one of the most powerful trans-
formations available to the synthetic chemist for complex molecule synthesis.
A new carbon—carbon bond is formed with concomitant generation of up to
two new stereogenic centers. The discovery of the Lewis acid-mediated addi-
tion of enoxysilanes to aldehydes and acetals by Mukaivama and coworkers
pioneered a novel approach to the construction of molecules via crossal-
dolization (NELsON 1998; CARREIRA 1999). They obtained a variety of mono-
saccharides with high yield an enantiomeric excesses, as illustrated in
Scheme 16 for the preparation of 4-C-methyl-p-ribose (70). The key aldol reac-
tion is catalyzed by a tin complex coordinated to a homochiral diamine 69
(Mukatyama et al. 1990; KoBavasHi and Kawasun 1993).

Chiral diamines such as 71-73 have been used also to induce asymmetric
catalyzed crossaldol condensations with enantioselectivities up to >99% ee
(KoBavasHr and HoriBe 1996).

N N
Me, Et Me, Et

N N N
oS Ao s SO

9. [2+2]-Cycloadditions

The first efficient catalytic asymmetric [2+2]-cycloaddition was reported in
1989, giving cyclobutane derivative 75 with high yield and enantiomeric excess
(Havasa1 and NAsarRakA 1989). The catalyst was the Ti-TADDOLate 74, a
chiral Lewis acid also capable of inducing enantioselective Diels-Alder addi-
tions (Sect. D.IL.10.).

0o O M o 0
MeS.__SMe )L toluene, pet. et. 0°C e J\
\ﬂ/ + N” o MeS N” o
| ./ Ph Ph ' \__/

s

- Ph)(O O-Tict, E .

E = COOMe Mg o~ O 75 (96% yield)

PN pp 98% ee

74

A new strategy for enantioselective catalyzed crossaldol reaction has been
proposed which is based on the in situ ketene formation and aldehyde [2+2]-
cycloaddition into f-lactones employing commercially available starting
materials (NELSON et al. 1999). When straight-chain, f-branched and alkoxy-
substituted aldehydes 76 and acetyl bromide were added simultaneously (via
syringe) to a solution of 10mol% Lewis acids 77A or 77B and Hiinig’s base
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1. cat. 0sO4, NMO Me o.

\raHo OSIMea _Sn(OTh)z, BuzSn(OAc), 2HSgas oH
+ =
Bnd  SEt \[/'\/U\SB 3. DIBAL-H HO ;

4. Hy/Pd-C, EtOH OH OH

Z—Z

¢ 69 (71% yield, >96% ee) 70

Scheme 16. Asymmetric synthesis of 4-C-methyl-p-ribose

)Ol\ (FPANEL 9 . j’\ _10 mol % 194 _ \]\t_cl) La(0-tBu); _ )Ol\/(:)\H
TR ~
Br “Me CHCly, -50°C h H™ "R CH,Cly, “CHClp, -50°C “"BnOH BnO R
76 79
80- 96% yield
Bn 91-97% ee
N
>u.--(\ ‘>—< DMsol NaNg
N-A-N
FsCO8 R SO CF3 O Nz 1.CHaNe O  NHBoc
2. HPdC
77A: R = Me Ho/u\/'\R Boc,0 MeO/U\)\R
778:R=Cl 80 87-99% 81

Scheme 17. Asymmetric syntheses of aldols and f-amino acids via catalyzed [2+2]-
cycloadditions of ketene and aldehydes

cooled to —50°C, the corresponding f-lactones 78 were obtained in 80%-96%
yield and 91%-97% ee (Scheme 17). The La(Oz-Bu);-catalyzed ring-opening
of 78 with benzyl alcohol afforded the optically active aldols 79 in nearly quan-
titative yield. Sodium azide (DMSO, 50°C) promoted efficient Sy2 lactone ring
opening to give the S-amino acids 80 (78%-95% yield) that could be con-
verted into optically active N-protected f-amino acids 81 (NELsoN and
Spencer 2000). Optically active S-amino acids have become increasingly
prevalent features as chemotherapeutic agents (Juaristi 1997) and are com-
ponents of peptidomimetics with unique properties (Kogerr 1997, GELLMAN
1998).

10. Diels-Alder and Hetero-Diels-Alder Additions

Since up to four new stereogenic centers can be created in a Diels-Alder reac-
tion giving cyclohexenes with high stereoselectivity (suprafacial, regioselec-
tive, Alder endo rule), this reaction plays a prominent role in organic synthesis.
In 1960, Yates and EatoN demonstrated that Lewis acid can accelerate the
Diels-Alder additions (Yates and Eaton 1960). In 1979, KoGa and coworkers
disclosed the first practical example of a catalytic enantioselective Diels-Alder
reaction promoted by a Lewis acid complex, presumed to be “menthoxyalu-
minium dichloride,” derived from menthol and ethylaluminium dichloride.
This complex catalyzed the cycloaddition of cyclopentadiene to acrolein,
methylacrylate, and methacrolein with enantioselectivities as high as 72% ee
(HasHiMoto et al. 1979). A decade later, Corey introduced an effective alu-
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minium-diamine promoter 82 for Diels-Alder and aldol reactions (Corey et
al. 1989).

OBn BnO

o 9 .
CH,Cl,, -78°C
+ \)]\NJLO 272 0
/ pO0Fs X
Ph, N 0“>N" o
/[: ‘Al-Me \_/
P N .
SO.CF3 94% yield
95% ee

82 (10-20 mol %)

Since DANISHEFSKY (Scheme 18) demonstrated that electron-rich 1,3-
dienes react with aldehydes to afford 5,6-dihydro-ypyrones (DANISHEFSKY
et al. 1982), the hetero-Diels-Alder reaction has became a powerful method
in asymmetric organic synthesis, with most applications using aldehydes or
imines as heterodienophiles (Oor and Maruoka 1999). Among the best chiral
C,-symmetrical systems 83 (SIMONSEN et al. 2000) and 84 (Evans et al. 1998),
derived from binaphthols and bis(oxazolines) respectively, must be retained
(Evans et al. 2000).

11. Other Carbon—-Carbon Bond-Forming Reactions

Transition metal-catalyzed allylic substitutions are quite useful carbon-
carbon bond-forming reactions. They often proceed under milder reaction
conditions than ordinary Sy2 or SN2’ substitutions and with different chemo-,
regio- and stereoselectivities. Typical leaving groups are acetates or carbon-
ates, rather than the more reactive halides or sulfonates. The first example of
enantioselective metal-catalyzed substitution was reported by Trost and
STREGE in 1977. It implied tetrakis(triphenylphosphine)Pd and (+)-(S,5)-DIOP
ligand and led to a maximum of 38% ee (TrRosT and STREGE 1977). More
recently, PFALTZz and coworkers prepared palladium complexes derived from
phosphinooxazolines (e.g., 85) that turned out to be very reactive, highly selec-
tive catalysts for the allylic substitution of 1,3-diphenyl-2-propenylacetate (86)
with a range of N- and C-nucleophiles (for instance, Fig. 25; VoN Mart and
Prarrz 1993).

@Yo /\/Ofc NaCH(COOMe), Mefic;[COOMe
\_7 XN Pd(C3Hs)Cl], + 85
Ph2P N [ Ph Ph [ ( 3 5) ]2 Ph ™ Ph
Ph
85 86 87 99% ee

Recently, Hoveypa and coworkers have disclosed the first examples of
asymmetric ring opening metathesis of strained disubstituted alkynes, fol-
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lowed by intermolecular crossmetathesis. As illustrated in Scheme 19, when 88
is treated with 2mol% of homochiral molybdenum catalyst 89, product 91 is
obtained with 84% yield and better than 98% ee. The reaction probably
involves an intermediate of type 90 (WEATHERHEAD et al. 2000).

There are several other carbon—carbon bond-forming reactions such as
the Heck reaction (LOISELEUR et al. 1996; 1997) the Pauson-Khand reaction
(BucawaLp and Hicks 1999), the Sy2’ nucleophilic substitution of propargyl

Me
g _38° CF3COOH o
PhCHO + 2 t-BuOMe, -38°C_ 3 L (:\L
10 mol % Ph“‘. o
OSiMe3 83 (X = Me, Ar = 2,5-(CgH130)2CsH3)
97% yield
99.4% ee

Ar

L M o]%

o) o)

(o)

; T
R Cu R

Ar
83 (X = Me, Cl) 84 (X = OSO,CF3, SbFe, BF4)
Ar = Ph, 2,5-(MeO)sCeHa, R = #Bu, £Pr, Ph, Bn, 4-Cl-CgH,
2,5-(CgH130)2CeH3 4-MeO-CgHy

Scheme 18. Asymmetric hetero-Diels- Alder addition
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36 P. VoGEL

derivatives (OGASAWARA et al. 2000), the alkylation of Schiff bases (HALPERN
1997), alkyne additions to aldehydes (FranTtZ et al. 2000), the ene reaction
(Mikami and TeEraDpa 1999; Dias 2000), the conjugate addition reaction
(TomiokA ET Nacaoka 1999; YamaGcucHi 1999), and the nitroaldol reaction

(SHBazAKI and GROGER 1999) for which useful asymmetric versions have been
proposed.

o OH
BnzN KE, THE, 10°C BNy A _-NO
B o] —
j)‘\H +  CHgNO3 o503 jN —
Ph Ph
92 94

amprenavir  NHz 93

The nitroaldol reactions can be catalyzed by enantiomerically pure qua-
ternary salts. An example is the condensation of nitromethane to aldehyde
92 in the presence of salt 93 which generates the nitro-alcohol 94 in
86% vyield. This product is an intermediate in the synthesis of amprenavir,

an important second generation HIV protease inhibitor (CoreEY and ZHANG
1999).

E. Conclusion

For a long time after the discoveries of PASTEUR on asymmetric synthesis, res-
olution of racemates and the use of microorganisms were the only practical
means to obtain enantiomerically enriched materials in the laboratory and the
factory. During the last 20 years, asymmetric organic synthesis has made
huge progress both in the application of chiral auxiliaries and in inventing
asymmetric catalytic reactions. The latter have reached such a degree of
development in terms of versatility, high enantioselectivity, chemical yields
and turnover numbers that it is difficult to imagine that the asymmetric
synthesis using man-made homochiral catalysts (homogeneous or heteroge-
neous) is not going to become more popular than the use of enzymes and
microorganisms. This can be foreseen because of the higher flexibility of the
chemical catalysts compared with the biocatalysts, at least in the hands of
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synthetic chemists searching rapidly for new structures, and new enantiomer-
ically pure compounds. Enzymatic and microbiological processes will remain
preferable to “pure” chemical processes if they are cost effective. For a time,
they will be better tolerated in the public view than “polluting” chemical
processes (heavy metals, expensive solvents and toxic reagents, waste, energy
consumption).
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CHAPTER 2

Stereoselective Separations: Recent Advances
in Capillary Electrophoresis and High-
Performance Liquid Chromatography

S. Rupaz and J.-L. VEUTHEY

A. Introduction

In 1848, Louis Pasteur discovered, for the first time, a method to resolve a
racemate into its two enantiomers by crystallization (WAINER and DRAYER
1993). Since then, this kind of separation has remained a challenging task in
analytical chemistry as enantiomers possess identical properties except when
in the presence of a chiral handle (plane-polarized light, chiral solvent, chiral
reagent, etc.). As Pasteur proposed, enantiomers are separated as diastere-
omeric derivatives after a chemical reaction with a chiral selector which adds
another asymmetric center. Indeed, diastereomers possess different physical-
chemical properties which is why the technique of fractional recrystallization
remains widely used after so many years (CoLLET 1989). However, other ana-
lytical techniques are now available for enantiomer analysis, which can be
divided into two different categories: methods that do not involve separation
such as polarimetry, nuclear magnetic resonance, calorimetry and enzymatic
techniques, and methods based on separation. In this chapter, only the latter
category will be discussed; description of the former may be found in differ-
ent textbooks (ALLENMARK 1991; KrustuLovic 1989; WAINER and DRAYER
1988).

Since the tragic accident of thalidomide in the early 1960s (see Chap. 4,
this volume), a great number of pharmacological and toxicological studies
have shown that enantiomers can have different activities and have therefore
to be considered as two distinct substances. Recently, several countries have
decided to impose toxicity studies on both enantiomers as well as on the race-
mate (FDA 1992; Gross et al. 1993; SHINDO and CaLDWELL 1995). Therefore,
the growing awareness of drug stereochemistry has initiated a tremendous
development of analytical methods for determining enantiomeric proportions
in pure substances as well as in biological matrices. Separation techniques such
as liquid, thin layer, supercritical fluid and gas chromatography, as well as more
recent techniques, such as capillary electrophoresis and capillary electrochro-
matography, are now recognized as methods of choice for the separation of
enantiomers in the pharmaceutical industry.

Three strategies are generally adopted for enantiomer resolution by chro-
matographic or electrophoretic techniques:
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1. The indirect method, which separates enantiomers via diastereomeric
derivatives, after a prederivatization step with an optically pure reagent.

2. The dynamic mode, where resolution of enantiomers is carried out by
addition of a chiral selector directly in the mobile phase or in the buffer
electrolyte solution for in situ formation of diastereomeric derivatives.

3. The direct resolution of enantiomers in a chiral stationary phase immobi-
lized on a chromatographic support. In this case, labile diastereomers are
formed on the support.

As mentioned above, different chromatographic and electrophoretic
techniques can be used for the stereoselective separation of enantiomers.
However, liquid chromatography is considered the method of choice for
the analysis of pharmaceutical compounds, especially in the presence of bio-
logical fluids. More recently, capillary electrophoresis has gained importance
in pharmaceutical analysis because of its low cost and great efficiency.
This chapter will therefore focus on the description of these two techniques
only. For information regarding chiral separations with gas and supercriti-
cal fluid chromatography, textbooks (ALLENMARK 1991; KrustuLovic 1989;
WaINER and Draver 1988) and review articles can be consulted (MARKIDES
and JuvaNcz 1992; MACAUDIERE et al. 1989; ANTON et al. 1994; Scuuric 1994,
KonN1G 1987).

B. Liquid Chromatography

Liquid chromatography (LC), and more specifically high-performance liquid
chromatography (HPLC), were developed to a considerable extent in the
1970s and 1980s and are now recognized as powerful methods for the analy-
sis of pharmaceutical compounds at every stage of drug development. Indeed,
HPLC is valuable for the quality control of an active substance from its initial
synthesis through to the finished product as well as in pharmacological, toxi-
cological, and pharmacokinetic studies. The success of this technique resides
principally in its versatility, since it can be applied to the analysis of inorganic,
organic, polar, and nonpolar compounds, as well as large biomolecules such as
oligosaccharides and proteins in organic or aqueous media. Furthermore,
several detectors such as the universal nonsensitive refractive index detector
or the selective and sensitive mass spectrometer can be coupled to the chro-
matographic column and allow qualitative and quantitative analyses. Finally,
liquid chromatography can be entirely automated, which increases its through-
put and enhances its precision and accuracy. A description of this technique
(PooLk and Poore 1994; Rosser et al. 1991; WiLLoUGHBY et al. 1998) and
several pharmaceutical applications can be found in the literature (RILEY et
al. 1994; Apamovics 1997; GosH 1992).

LC is widely used to determine the enantiomeric purity of a drug sub-
stance, as well as the enantiomeric ratio in biological matrices such as
serum and urine. In the last 10 years, several textbooks (ALLENMARK 1991;
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KrusTtuLovic 1989; WAINER and DRAYER 1988) and review articles (SIRET et al.
1992; Ceccaro et al. 1999; Bosarskl and ABoUL-ENEIN 1996) have been pub-
lished on this topic. As mentioned in the Introduction, three strategies can be
used to resolve enantiomers:

1. Precolumn formation of diastereomers
2. Addition of chiral selectors in the mobile phase
3. Use of chiral stationary phases (CSP)

I. Precolumn Formation of Diastereomers

This approach consists forming diastereomeric derivatives prior to the chro-
matographic separation. For this purpose, a pure optically active reagent is
added to the sample and the enantiomers can be separated into two diastere-
omers with different chromatographic properties. The separation can then
be conducted on a conventional achiral and cost-effective stationary phase.
However, this procedure is limited to molecules which have a suitable group
for derivatization, such as amino and carboxylic acid functions. Furthermore,
a reagent with a known and high degree of optical purity is necessary. This
parameter is of utmost importance, since it directly affects the accuracy of the
results. Finally, the derivatization reaction should be quantitative and should
avoid racemization or epimerization.

Several derivatization reagents are now commercially available for LC
such as o-phthalaldehyde (OPA), 1-(9-fluorenyl)ethyl chloroformate (FLEC),
1-(p-nitrophenyl)ethylamine and 2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl
isothiocyanate (GITC). Generally, these reagents contain a chromophore or a
fluorophore to enhance method sensitivity and possess a stereogenic center
which is as close as possible to the reaction site. This strategy, very successful
in the 1980s, is now mainly used for the stereoselective analysis of amino acids
and peptides, which lack strong chromophores (ALLENMARK 1991).

II. Addition of Chiral Selectors in the Mobile Phase

Here, a chiral selector is added to the mobile phase and forms in situ, with the
compounds of interest, complexes that can be separated on a conventional
column (LINDNER and PETTERsoN 1985). In this case, a prederivatization step
is not necessary but a large amount of expensive chiral selector compatible
with the detection system is generally required. The metal complex of a chiral
ligand, a chiral counter-ion or a cyclodextrin derivative is added in the mo-
bile phase and separation is conducted by ligand exchange chromatography,
normal phase or reversed phase ion-pair chromatography, or by reversed-
phase chromatography, respectively (Krusturovic 1989). Several papers have
been published on the separation of amino acids, hydroxy acids, amino alco-
hols, and carboxylic and sulfonic acids, as well as of numerous drugs. This
method, which is used less now because of the high consumption of chiral
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selector and because reproducible results are difficult to obtain, is mainly
applied in capillary electrophoresis (see Sect. C.).

III. Chiral Stationary Phases

Chiral stationary phases (CSPs) are certainly the method of choice for the sep-
aration of pharmaceutical compounds by LC. Since the pioneering works of
PirxLE in 1981 (PIRKLE et al. 1981), over a hundred CSPs have been made com-
mercially available. However, a universal stationary phase for resolution of all
types of enantiomers does not exist yet. Therefore, the chemist has to choose
the appropriate column depending on the nature of the analytes. In 1987,
WaINER (WAINER 1987) and CAUDE et al. (LIENNE et al. 1987) proposed a clas-
sification of chiral stationary phases based upon the formation of solute-CSP
complexes and on the nature of the chiral selector. Chiral stationary phases
can be thus classified into five or four groups according to WAINER or CAUDE,
respectively.

As shown in Fig. 1, CSPs can be divided into two main groups, the inde-
pendent and the cooperative stationary phases, according to their chiral
recognition mechanism. With the former, a chiral selector is grafted on a chro-
matographic support and each selector forms in situ; with both enantiomers,
labile diastereomeric complexes with the stoechiometric ratio 1:1. The model
established by DaLGLIESH in 1952 allows selection of the appropriate chiral
selector (DALGLIESH 1952). He postulated that chiral recognition requires a
minimum of three simultaneous interactions between the selector and the
analyte, which can include hydrogen bonding, dipolar, and charge transfer
interactions, as shown in Fig. 2. Enantioselectivity results from the difference
in the interaction energy of the complexes thus formed.

l Chiral stationary phases ]

Independent

| | [
Superficial —{ Inclusi0nA| 4{ Polymers ‘
complexes
|| m-m interactions | | Hydrophobic | | Natural o Proteins - Antibiotics
Typel A Typell A TypeIlll A Type IV
|_| Ligand exchange | | Hydrophilic |_| Synthetic
Typel B Typell B Typelll B

Fig. 1. Chiral stationary phases: classification according to chiral recognition mecha-
nisms and chemical structures. (Adapted from SIreT et al. 1992)
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Fig. 2. Three-point interactions model. (Adapted from ROSSET et al. 1991)

This model cannot be applied to polymeric chiral selectors which have
many asymmetric centers and cavities. In this case, the chiral selector acts
cooperatively and inclusion phenomena generate chiral recognition ability.

1. Type I A (Pirkle Type)

Following the concept established by DALGLIESH, PIRKLE developed numerous
CSPs (PIrLE et al. 1984). The chiral selector contains a n-donor or n-
acceptor aromatic moiety bonded to a silica-based material (Table 1). Enan-
tiomers with a n-electron-acceptor or n-electron-donor group form labile
diastereomeric complexes with the chiral selector. m-n-Interaction, as well as
hydrogen bonding and dipole—dipole stacking, can be involved in the recog-
nition mechanism. These CSPs present good stability and efficiency and are
generally used in normal phase mode as well as in supercritical fluid chro-
matography (SFC) (Caupte and BarRGMANN-LEYDER 1993). With the latter,
selectivity can be modified and separations are fast. However, these station-
ary phases are limited to compounds of low or medium polarity and it is often
necessary to add a derivatization step to introduce an aromatic moiety with
n-electron-acceptor or n-electron-donor groups.

2. Type I B (Ligand Exchange Chromatography)

These selectors contain an amino acid grafted either onto a polymer
(polystyrene-divinylbenzene) (KurGcanov et al. 1983) or a silica (GusITZ and
JUFFMANN 1987) matrix and a transition metal (Cu®, Ni**, Zn** or Cd*') loaded
by percolation before enantioselective separation (Table 1). Hence, during
chromatography with an aqueous mobile phase, a ternary labile complex is
formed with the metal at the center. These selectors have been mainly used
for the chiral separation of amino acids and derivatives as well as for amino
alcohols and hydroxyacids. The major drawback of this kind of selector is its
poor efficiency.
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3. Type II A (Cyclodextrin-Bonded Phases)

Commercially available cyclodextrin-bonded phases are made of o, f3-, or
y-cyclodextrins grafted to silica (Table 2). Cyclodextrins (CD) are cyclic
oligosaccharides of 6, 7, or 8 p-(+)-glucopyranose units, respectively, with the
shape of a truncated cone. The hydrophobic cavity of cyclodextrins enables
formation of inclusion complexes with apolar or moderately polar compounds
of the correct size (host-guest chemistry). A secondary interaction can occur
between the secondary hydroxyl groups at the entrance of the cavity and the
solute. Stability of the inclusion complex is dependent on the hydrophobic and
steric character of the analyte. These CSPs were developed by ARMSTRONG
and operate with hydroorganic mobile phases in a reversed-phase mode
(ARMSTRONG et al. 1988). Derivation of the hydroxyl groups of the CD
enhances the number of stationary phases commercially available. Derivatives,
such as acetyl-, hydroxypropyl-, and alkylcarbamate-cyclodextrins can be used
with apolar or slightly polar mobile phases. Furthermore, functions located at
the rim of the cavity induce different types of interactions with the analyte
and/or can modify the cavily size entrance, thus altering enantioselectivity.
These stationary phases present good stability and are cost effective. Several
applications have been published in the literature for the stereoselective
analysis of drugs in pharmaceutical formulations and biological matrices
(CycrLoBonD 1992).

4. Type 11 B (Crown Ether)

Crown ethers are macrocyclic polyethers which can form selective complexes
with inorganic cations such as alkali and alkaline-earth metal ions, as well
as with organic cations such as protonated amino compounds. With the latter,
complex stability depends on the molecular structure around the amino group.
It is noteworthy that in 1974, Cram developed an LC method for the chiral
separation of amino compounds with crown ethers (CraM and Cram 1974).
Three types of stationary phases can be used: polymer matrices, bonded,
and coated crown ethers on silica material. However, stationary phases
with crown ethers bearing atropisomers (bi-napthyl derivatives) coated on
silica are the most effective CSPs. These columns used with aqueous mobile
phases are now commercially available (Table 2), but are limited to the sepa-
ration of compounds with primary protonated amines such as amino acid
enantiomers.

5. Type 111 A (Natural Polymers)

Polysaccharides derivatives of cellulose and amylose are certainly the most
appropriate CSPs for the enantioselective separation of pharmaceutical com-
pounds. Natural cellulose was recognized in 1948 as a potent chiral selector
for the chiral separation of amino acids in paper chromatography. Since then,
natural polymers have been replaced by derivatives with better mechanical
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properties and different selectivity. The first derivative was triacetylated micro-
crystalline cellulose (Hrsse and HacrL 1973), which includes the solute into
molecular cavities of the polymer network (cooperative stationary phases).
Beside the inclusion process, the solute can also form other interactions with
the selector. Later, in order to improve the mechanical properties of cellulose-
based supports, ester and carbamate derivatives were prepared, coated on
silica (Table 3) and commercialized under the trade names of ChiralCel (cel-
lulose) and ChiralPak (amylose). Generally, these stationary phases are used
with nonpolar mobile phases (e.g., hexane) modified with an alcohol. For
example, isopropanol was demonstrated to be a modifier of choice to modu-
late selectivity. Numerous applications with this kind of selector in supercrit-
ical fluid chromatography have also becn published (Rosser et al. 1991).
Recently, new cellulose- and amylose-coated silica materials have been com-
mercialized for enantioselective separations in reversed-phase mode (Table
3). The application domain of these CSPs for pharmaceutical compounds is
vast (DAIcEL 1989), and can be extended to the quantitative determination of
enantiomers in biological matrices (Crccato et al. 1997).

6. Type III B (Synthetic Polymers)

Polyacrylamides and polymethacrylamides synthesized by BLASCHKE
(BLASCHKE 1986) as well as poly(triphenylmethylmethacrylate) described by
Okamoro (OKAMOTO et al. 1981) are particularly suitable for the separation of
atropisomers (Table 3). These selectors are impregnated on silica and, as
demonstrated with natural polymers, chiral recognition is mainly governed by
an inclusion mechanism into asymmetric cavities. Such stationary phases are
used in normal phase mode but offer only a limited scope of applications for
pharmaceutical compounds.

Applications of molecularly imprinted polymers as chiral stationary
phases have recently appeared in the literature (MaGEs and MosBacH 1997).
This material involves arranging polymerizable functional monomers around
a template and incorporating them by polymerization into a highly cross-
linked macroporous polymer matrix. The template is finally eliminated. The
polymer thus possesses binding sites with a specific shape and functional
groups that can recognize a particular molecule. However, even if impressive
enantioselectivities have been reported, the use of molecularly imprinted poly-
mers as CSPs is relatively limited since efficiency is very low. This drawback
will certainly be overcome in the near future and will allow for powerful chiral
stationary phases.

7. Type IV (Proteins-Antibiotics)

Different proteins and enzymes such as bovine and human serum albumin
(BSA and HSA, respectively), og-acid glycoprotein (AGP), ovomucoid
(OVM), avidine and cellobiohydrolase (CBH), as well as trypsin, o-
chymotrypsin and pepsin (ALLENMARK and ANDERSSON 1994) have been
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immobilized on silica (Table 4). It is well known that proteins form very strong
and stereoselective complexes with several compounds of pharmaceutical
interest where different interactions such as ion exchange, hydrogen bonding,
host-guest inclusion, and steric contributions are involved. However, the
importance of these interactions depends on the protein structure, which
varies depending on pH and mobile phase. Therefore, the chiral recognition
mechanism is very complex and enantioselectivity is difficult to predict.

Protein-based columns are used in reversed-phase mode to separate a
very broad range of chiral compounds (acidic, basic, and neutral compounds).
Enantioselectivity is regulated by the pH of mobile phase buffer concentra-
tion, and the nature and content of the organic modifier. In comparison with
polysaccharide-based columns, protein-based columns lack ruggedness when
biological matrices are injected. Thus, special precautions have to be taken to
periodically regenerate the column. Also, capacity of these CSPs is limited
for separative purposes because of the low surface coverage of proteins on
supports.

The use of macrocyclic antibiotics as a new class of chiral selectors was
introduced by ARMSTRONG et al. in 1994 (ARMSTRONG et al. 1994a). These
selectors are covalently bonded to silica and two phases have been
made commercially available, Chirobiotic V (vancomycin) and Chirobiotic T
(teicoplanine), as reported in Table 4. Vancomycin is an amphoteric gly-
copeptide which contains 18 chiral centers surrounding three cavities while
teicoplanine contains 23 chiral centers surrounding four cavities. These selec-
tors with hydroxyl, amine and amido groups, aromatic moieties, and sugar units
have a recognition mechanism that has not yet been elucidated. However, -
n complexation, hydrogen bonding, dipole stacking, and electrostatic in-
teractions are involved in the retention mechanism as already reported for
protein-based columns. These CSPs can be used in normal- and reversed-phase
modes as well as in polar organic mode. These three different modes have dif-
ferent selectivity and a large number of applications have been reported with
these two columns (CHIROBIOTIK 1996).

C. Capillary Electrophoresis

Since its introduction in the 1980s, capillary electrophoresis (CE) has rapidly
become a powerful separation technique and has found applications in a
number of different fields such as environment, clinical chemistry, and bio-
chemistry. In particular, CE has revealed great potential for the analysis of
pharmaceutical compounds. High efficiency, short analysis time, rapid method
development, simple instrumentation and low sample requirement are the
main reasons for this success. In addition, exotic and expensive background
electrolyte solutions can be used with fewer economical and disposal
problems.

Separation by electrophoresis is obtained by differential migration of
solutes in an electrical field. In CE, separation is performed in narrow-bore
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capillaries which are usually filled only with a buffer solution. In contrast to
conventional gel electrophoresis, CE presents numerous advantages, particu-
larly with respect to the detrimental effect of Joule heating. The high electrical
resistance of the capillary enables application of very high electrical fields
(100-500V/cm) with only minimal heat generation. Moreover, the large
surface-to-volume ratio of the capillary efficiently dissipates the generated
heat. Application of high electrical fields results in short analysis time as well
as high efficiency and resolution. In addition, minimal sample requirements
(1-10nl) and the overall simplicity of instrumentation (Fig. 3) give CE
numerous advantages vis-a-vis conventional separation techniques such as
chromatography (GrossMaN and CoLBURN 1992; HEIGER 1992; LANDERS and
SPELSBERG 1994).

In CE, transport of analytes is due to two phenomena, electrophoretic
migration and electrophoresis which occur in the so-called electroosmotic flow
(EOF). A unique feature of EOF in the capillary is the flat profile of the flow.
Since the driving force of the flow is uniformly distributed along the capillary
there is no pressure drop within the capillary and the flow remains nearly con-
stant throughout. The flat flow profile is beneficial since it avoids contributions
directly to the dispersion of the solute zone in contrast to the laminar flow
profile observed in pressure-driven techniques such as liquid chromatography.
As aresult of the EOF and as a function of electrophoretic and electroosmotic
mobilities, all sample components, be they cations, neutrals, or anions, are
drawn towards the cathode and the detector, although with different veloci-
ties. The major limitation of CE is perhaps the fact that relatively high analyte
concentrations are required. It follows that the major improvements to exist-

Fig. 3. Instrumental set-up of CE
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ing methodologies will reside in improving the detection systems, e.g., by inter-
facing CE and mass spectrometry (KEmp 1998).

I. Introduction

As mentioned above, CE enantioseparation is generally performed in the
direct separation mode, requiring addition of a chiral selector to the back-
ground electrolyte (BGE). The most frequently applied CE techniques for
chiral separations are capillary zone electrophoresis (CZE), micellar electro-
kinetic chromatography (MEKC) with addition of a chiral selector, and
capillary electrochromatography (CEC) (GtBITz and Scumip 1997; Amint
2001). In all cases, the chiral selector creates a stereoselective environment
which enables the separation of the two enantiomers. One of the most attrac-
tive advantages of CZE and MEKC for enantiomer separation is that the
separation media can easily be modified during method development to screen
the best stereoselective environment and find optimum operating conditions
at low cost according to the minimal amount of additives and solvents
required.

II. Capillary Zone Electrophoresis
1. Cyclodextrins

Among the great number of chiral selectors reported in the literature,
cyclodextrins (CDs) are now the most widely used in CZE. Neutral and
charged CD derivatives, with various functional groups, have been developed
to induce different stereoselective interactions and enhance enantioselectivity
and solubility. The use of CDs in CE was first reported by TERABE for the sep-
aration of positional isomers (TERABE et al. 1985). Later, GUTTMAN reported
on chiral CE separations via CD incorporated within polyacrilamide gel-filled
columns (GUTTMAN et al. 1988) and FanaL1 obtained a chiral separation in
CZE by simply adding CD to the BGE (FanaL1 1989).

More than 700 analytes have been resolved using CDs as chiral selec-
tors, including various pharmaceutical compounds such as S-blockers, sym-
pathomimetics, antipsychotics, antidepressants, hypnotics, barbiturates, locals
anaesthetics, bronchodilators, and anticoagulants (GUBITZ and Scumip 1997).
Several parameters such as the chiral selector type and its concentration, pH,
nature of the background electrolyte and its ionic strength, as well as the addi-
tion of organic modifiers or other additives have an important influence on
resolution. WREN and Rowk postulated a separation model to show that an
optimum CD concentration exists (WReEN and Rowk 1992a,b, 1993). Other
separation models were proposed by RAwIEE (RAWIEE et al. 1993a,b; RAWIEE
and VIGH 1994). Most commercially available CDs are a mixture of randomly
substituted components with different degrees of substitution and regio-
chemistry. The degree of substitution is an important aspect in chiral selectiv-
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ity and thus in the resolution of chiral compounds (VALKG et al. 1994; FANALI
and ATURKI 1995; WESELOH et al. 1995). A detailed characterization of these
derivatives is of key importance for the validation, optimization, and stan-
dardization of chiral separations (CHANKVETADZE et al. 1996a)

Charged CDs have been used for both charged and uncharged analytes.
The advantages of charged CD derivatives are better solubility and ability to
display additional electrostatic interactions. In the ionized state, they migrate
with their own electrophoretic mobility. In fact, as already shown by several
authors (DETTE et al. 1994; QuanG and KHALEDI 1995; DESIDERIO and FANALI
1995), a chiral selector with a mobility opposite to that of the analyte shows
relevant resolving power even at very low concentrations. The use of a charged
CD at the lowest possible concentration with low analyte concentration and
high buffer concentration is recommended to avoid electrophoretic dispersion
of the peaks. However, the higher conductivity of the separation medium
(higher Joule heating), with charged CDs instead of neutral CDs, may limit
their application in specific approaches. Cationic CDs such as mono(6-f-
aminoethylamino-6-deoxy)-f-CD were first introduced by TERABE (TERABE
1989). Different amino substituted-CDs were screcned by NARDI et al. (NARDI
et al. 1993) for the separation of several acidic compounds. The introduction
of mono(6-amino-6-deoxy)-f-CD by LELIEVRE et al. (LELIEVRE et al. 1997)
demonstrated the potential of this selector compared to neutral CDs for the
separation of solutes bearing a carboxylic function. Quaternary ammonium
B-CDs were also chosen as chiral selectors with the advantage that these
derivatives are positively charged whatever the pH (JakuBETZ et al. 1997,
CHANKVETADZE et al. 1996b). Anionic CDs such as carboxymethyl-8-CD
(CM-B-CD), carboxyethyl-3-CD (CE-g-CD), succinyl-3-CD (Succ-3-CD),
sulfobutyl-8-CD (SBE-S-CD), sulfoethyl-5-CD (SEE-S-CD), phosphated and
sulfated CD have been applied as chiral selector to resolve cationic, neutral,
and anionic compounds. As mentioned above, for positively charged com-
pounds, mobility difference between the free and complexed analyte is
increased with negatively charged chiral selectors, often leading to higher res-
olution than with neutral cyclodextrins, according to the theoretical approach
of WReN and Rowe (WREN and Rowk 1992a). Even if the number of known
anionic CD derivatives is lower than that of cationic CDs, a great number of
anionic CDs are now commercially available.

2. Macrocyclic Antibiotics

Recently ARMSTRONG and coworkers first demonstrated macrocyclic antibi-
otics to be a broad, useful new class of chiral selectors in CE, HPLC, and thin-
layer chromatography for the separation of a wide variety of enantiomers
(ARMSTRONG et al. 1994b,c; ARMSTRONG and ZHou 1994d; ARMSTRONG and NAIR
1997). These compounds contain multiple stereogenic centers and a variety of
functional groups. Most macrocyclic antibiotics are ionisable (they can be used
in either charged or uncharged states) and are sufficiently soluble in aqueous
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buffers and solvents such as those used in CE. These selectors are structurally
diverse and complementary in the type of compounds they can resolve. The
glycopeptide antibiotics ristocetin A, teicoplanine, and vancomycin consist of
an aglyconportion of fused macrocyclic rings which form a characteristic
“basket” shape, and several carbohydrate moieties. Although they have struc-
tural similarities, glycopeptide antibiotics are complementary to one another
in their enantioselectivities. Armstrong suggested that if only a partial enan-
tioresolution can be obtained with one glycopeptide, there is a high proba-
bility that a baseline or better separation may be obtained with another
glycopeptide (GasPER et al. 1996). The most versatile seems to be ristocetin A,
followed by vancomycin and teicoplanin, respectively (WARD and OswaLD
1997). Ansamycins, rifamycin B, and rifamycin SV have a characteristic ansa
structure, which includes a ring structure or chromophore spanned by an
aliphatic chain. Rifamycin B is normally negatively charged and can resolve
cationic compounds which makes it complementary to glycopeptide anti-
biotics which are better suited to resolve anionic compounds. Recently,
avoparcin, a new macrocyclic glycopeptide antibiotic, was introduced for the
CE separation of many N-blocked amino acids, as well as several nonsteroidal
antiinflammatory drugs (ExkBorG-Otr et al. 1999). The strongly absorbing
nature of these selectors in the UV region of the spectrum does not allow a
direct detection of most solutes. In order to achieve separations with this type
of chiral selector, indirect detection or the partial filling counter-current tech-
nique can be used.

3. Crown Ethers

Crown ethers are macrocyclic polyethers, synthesized in 1967, which form
stable inclusion complexes with alkali, alkaline soil and primary ammonium
cations (PEDERSEN 1967). A more advanced generation of crown ethers deriva-
tized with carboxylic groups (18-crown-6-tetracarboxylic acid) was introduced
by Crawm et al. (KyBa et al. 1978). The cyclic polyether forms a cavity where
the analyte can penetrate with its hydrophilic part and interact with oxygen
atoms. Because this complexation does not exhibit chiral recognition, addi-
tional lateral interactions between the four carboxylic acids and the analyte,
as well as electrostatic interactions such as hydrogen bonds or coulometric
attraction or repulsion forces with polar substituents of the analytes, are nec-
essary for the discrimination of enantiomers. To date, more than 100 different
chiral amines have been separated with crown ethers (KunN 1999). Interest-
ing works have been undertaken on chiral separation by dual complex for-
mation with these selectors (KUHN et al. 1994; ARMSTRONG et al. 1998) (see
Sect. C.I1.7., “Dual System”).

4. Proteins

A wide variety of protein selectors have been employed in CE. The vast major-
ity has demonstrated selectivity towards enantiomers of small molecules,
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mostly drugs. pH is a fundamental parameter to optimize, because proteins
are composed of several amino acids either positively or negatively charged
according to their pl. pH modulates the charge of both analytes and chiral
selector involving attractive and/or repulsive interactions. The major drawback
of this chiral selector is its absorption in the low UV range and the adsorp-
tion onto the fused silica capillary wall. Both problems can be circumvented
by applying the partial filling method and a coated capillary. To date, several
proteins, including BSA, AGP, avidin, human albumin, ovomucoid, and cel-
lobiohydrolase I have been used in CE for enantiomeric separation (LLoyD et
al. 1997).

5. Polysaccharides

Recently, oligosaccharides and polysaccharides have been found effective as
chiral selectors in CE. When electrically neutral polysaccharides such as
dextrin, dextran, or amylose are chosen, only ionic enantiomers can be sepa-
rated (CZE mode). On the other hand, electrically neutral enantiomers as well
as 1lonic compounds can be separated with charged polysaccharides such as
heparin, condroitin sulfate, or dextran sulfate. The chiral recognition mecha-
nism of this type of selector is still not clear, but previous investigations by
HPLC with polysaccharide-coated chiral stationary phases have shown
that hydrophobic interactions, hydrogen bonding, and dipole—dipole interac-
tions play an important role (YasHivMa and Okamoto 1995). Macroscopic struc-
ture (helical) or polymer network also contribute to enantio-recognition
(OkamoTO and KaIpA 1994). In particular, mucopolysaccharides such as
heparin and chondroitin sulfates (which are natural ionic polysaccharides) and
dextrins showed a wide enantioselectivity. Enantioseparation was also suc-
cessful with CD polymers which can be regarded as a type of polysaccharide.
In CE, two CD polymers have been employed, namely, CM--CD and neutral
B-CD (INGELSE et al. 1995; ATurki and FANALI 1994; NisHi et al. 1994; FANALI
1994).

6. Other Chiral Selectors

Ergot alkaloids were first used as chiral selectors by INGELSE et al. (INGELSE
et al. 1996) for a number of racemic acidic compounds such as mandelic
acid and racemic herbicides. Other chiral separations employ particular selec-
tors such as Calix-4-arene (PeNA et al. 1997) (SHoOHAT and GRUSHKA 1994)
or ligand-exchange complexation (GASSMANN et al. 1985) but an extensive
review of the numerous selectors of CE is outside the scope of the present
chapter.

7. Dual System

The simultaneous use of different selectors in BGE is an attractive feature
of CE. As recently reported, the combination of two CDs, e.g., charged-
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uncharged, may be advantageous in CE in order to achieve and/or improve
chiral resolution. Separation selectivity in chiral CE with mixed CDs was
recently reviewed (LURIE 1997). Dual systems other than the CDs, such as
a mixture of taurodeoxycholic acid and f-CD (TERABE et al. 1993), polymer-
ized chiral micelle and y-CD (WANG and WARNER 1995), and chiral crown
ether and hydroxypropyl-f CD (HP--CD) (KuUnN et al. 1994) have also been
successful for the enantiomeric separation of several drugs. Due to the
additional interaction processes involved in enantioselective discrimination,
the optimization of chiral separation in a dual system is generally a complex
process, but can solve a number of particularly different stereoselective
separations.

8. Migration Order Reversal

The possibility of reversing the migration order of enantiomers is an impor-
tant development in determining enantiomeric impurities. This reversal can be
achieved in different ways. Firstly, as in LC, the chiral environment can be
reversed but this method is only possible with synthetic products and not with
CDs which naturally occur in one enantiomeric form only. The most widely
used method in CE is therefore EOF reversal by addition of long chain
cationic surfactants, cationic polyamides, or immobilized cationic coating. The
third method to reverse migration order is selecting different CDs as chiral
selectors, because of the different separation and complexation mechanisms
that can occur (VERLEYSEN and SANDRA 1998). Another possibility is to use
chargeable CDs, such as CMB-B-CD. Enantiomer migration time can also be
inverted simply by varying the pH of the buffer, as demonstrated by ScumiTt
and ENGELHART for the separation of ephedrine (SCHMITT and ENGELHARDT
1995).

9. Chiral Separation in NACE

Because of its high efficiency and extremely high selectivity, nonaqueous cap-
illary electrophoresis (NACE) has evolved as an interesting alternative to
aqueous CE for the separation of closely related compounds (e.g., in drug
metabolism as well as in drug purity studies). In fact, because of their differ-
ent physical and chemical properties (dielectric constant, viscosity, auto-
protolysis constant, polarity, volatility, etc.), organic solvents allow easy
manipulation of separation performances, including selectivity, efficiency, and
separation time. By selecting a suitable medium, a wide range of solutes as
well as chiral selectors such as f-CD become soluble. Applications using qua-
ternary ammonium -CD have demonstrated the potential of nonagqueous
media to separate profens (WANG and KHALEDI 1998). Heptakis-3-CD was
used for a variety of weak base analytes with limited solubility in aqueous
background electrolytes (BJORNSDOTTIR et al. 1996). Recently, quinine and car-
bamoylated quinine were found to be highly stereoselective for separation of
N-protected amino acids (PIETTE et al. 1999).
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10. Micellar Electrokinetic Chromatography

Micellar electrokinetic chromatography (MECK or MECC) was first intro-
duced by TeraBE for the separation of uncharged as well as charged com-
pounds and is based on the repartition of analytes between two phases
(TeraBE et al. 1984). The MECK separation principle consists of adding
surfactants in BGE which play the role of a pseudo-stationary phase. At
concentrations above the critical micelle concentration (CMC), aggregates
of individual surfactant molecules, called micelles, are formed. Surfactants
and thus micelles are usually charged and migrate electrophoretically as a
solute in CZE. During migration, micelles can interact with solutes in
a chromatographic manner through both hydrophobic and electrostatic
interactions.

Many surfactants are commercially available but only some are chiral.
Amino acid-derived synthetic surfactants, bile salts, an abundant source of
chiral surfactants, and a number of others have been successfully used for
enantiomer separation, including electrically neutral compounds (TERABE et
al. 1994). Another possibility is to employ CD together with ionic micelles,
such as sodium dodecyl sulfate (SDS). This feature was originally developed
to separate highly hydrophobic compounds which are almost totally incorpo-
rated into the micelles and cannot be separated (TERABE et al. 1990). Addition
of CD to MECK solution changes the apparent distribution coefficients
between micellar and nonmicellar phases, because CD can include hydro-
phobic compounds in its cavity, thus increasing the apparent solubility of the
aqueous phase. This approach, applied to chiral separations in microfabricated
channels etched in a glass substrate, demonstrated that stereoselective analy-
ses can be achieved in microchip devices with high speed and high resolution
(RODRIGUEZ et al. 2000).

11. Capillary Electrochromatography

Capillary electrochromatography (CEC) is a hybrid of electrophoresis and
high-performance liquid chromatography. Silica-based particles are packed
into capillaries generally used in CZE, and CEC separation results from both
the effect of electrophoresis and partitioning (DrrTMANN et al. 1995). This tech-
nique, which combines the advantages of CE (i.e., separation efficiency) with
those of LC (i.e., well-characterized retention), has recently generated a great
interest. The main operating problem with CEC is the preparation of frit,
required to prevent the packed bed movement under the effect of the EOF
or pressure. The frit introduces some inhomogeneities, inducing an additional
source of band broadening and favors bubble formation within the column,
leading to the breakdown of current and EOF (ArTrIA et al. 1997). Applica-
tions of CEC appears to be similar to LC and CE, including determination of
impurities, main components assay and, of course, chiral separation. For the
latter, this technique can be realized in two basic modes: CEC in wall-coated
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open tubular capillaries (MAYER and ScHURIG 1992; FraNcoTTE and JUNG 1996;
VINDEVOGEL and SANDRA 1994) and CEC in packed with CSPs (Lt and Lroyp
1993; LELIEVRE et al. 1996). Brush-type, proteins, macrocyclic antibiotic, CDs,
natural and molecular imprint-based polymer have already been immobilized
as chiral selectors in CEC. One important advantage of CEC over CE is the
possibility of using chiral selectors insoluble in common BGE or which possess
a detector response.

12. CE-MS Coupling

UV-VIS spectrophotometry is often chosen for the on-line detection of com-
pounds separated by CE. However, the CE-UV bottleneck is its relatively low
sensitivity due to the short optical path length afforded by the small internal
diameter of capillaries. Additionally, many compounds do not possess a
chromophore and, therefore, their UV detection requires a derivatization pro-
cedure. Moreover, with spectroscopic detectors, peak identity is generally con-
firmed by migration times only. However, this information is often insufficient
to identify unequivocally compounds of interest because the electroosmotic
flow can vary. In this context, the coupling of capillary electrophoresis with
mass spectrometry is a powerful technique which opens new development per-
spectives in chemical analysis (BANKs 1997; JoHANSSON et al. 1991; SMITH et al.
1993; Car and HENION 1995).

The on-line coupling of CE with MS is a promising combination of two
analytical techniques. Among the available interfaces, electrospray ionization
(ESI) is the most widely used for on-line coupling of CE with MS (WHEAT et
al. 1997; Bruins 1998; WaHL and ScHMiTH 1994). Because of its instrumental
simplicity at the capillary outlet and of its possibility to enhance ionization
by chemical reaction, the coaxial sheath-flow interface is by far the most
popular and suitable configuration for CE-ESI-MS. It consists of adding a
make-up flow to attain optimal conditions of electrospray ionization (1-
10 ul/min). This coupling induces some limitations concerning the choice of the
background electrolyte solution. Indeed, nonvolatile buffers commonly used
in CE, such as phosphate, borate and citrate are not compatible with MS,
although the use of a make-up flow containing 50%-80% organic solvent may
encompass this incompatibility. These nonvolatile buffers may have detri-
mental effects on the performance of the mass spectrometer, since they can
enhance contamination risk of the ionization chamber and suppress the
analyte signal. Therefore, the use of volatile buffers such as ammonium acetate
and ammonium formate or nonaqueous media are often recommended to
achieve CE-ESI-MS experiments (ToMLINSON et al. 1994). In addition, addi-
tives such as surfactants, cyclodextrins or ion-pairing agents, necessary for
selectivity and stereoselective separations in CE, are not suitable for ESI-MS.
Therefore, the partial filling counter-current technique is generally used to
overcome this problem.
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13. Partial Filling Counter-Current Technique

This technique was first introduced by VALTCHEvA to perform separations with
CBH as chiral selector (VALTCHEVA et al. 1993) and was largely used with other
proteins (TaNakA and TeraBe 1997), macrocyclic antibiotics (FaNALI and
Desiperio 1996), and CDs (AMINI et al. 1997). More recently, this method was
applied in chiral CE-MS determination to avoid the presence of a chiral selec-
tor in the MS detector ion source, which can have a detrimental effect on
method sensitivity (SCHULTE et al. 1998; TaNAkaA et al. 1998; JAVERFALK et al.
1998). This technique involves filling a discrete portion of the capillary with a
background electrolyte containing a suitable amount of chiral selector for
enantiomeric separation (partial filling). Generally, a coated capillary is used
to reduce the EOF (CHERKAOUI et al. 2001; Rupaz et al. 2001). As mentioned
before, enhanced enantioselectivities can be achieved when electromigrations
of the chiral selector and chiral analytes are opposite to one another (counter-
current) (WARD et al. 1995) (Fig. 4).

Negatively charged CDs are used for basic compounds. The electrical field
then makes the chiral selector and the enantiomers migrate in opposite direc-
tions. The potential of CE-ESI-MS combined with this technique was demon-
strated in the stereoselective analysis of chiral drugs in biological matrices,
such as tramadol and its phase I metabolites, as shown in Fig. 5. In spite of the
peak overlapping observed in the reconstructed ion electropherogram (RIC),
the recording of selected masses allowed unambiguous determination of each
analyte, which demonstrates the high selectivity of MS compared to conven-

Fig. 4. Schematic presentation of the partial filling method
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Fig. 5. CE-ESI-MS enantioseparation of tramadol and its phase I metabolites
(M1I1-MS5) in the presence of a negatively charged chiral selector. Experimental condi-
tions — CE conditions: running buffer, 40 mM ammonium acetate at pH 4 in the pres-
ence of SBE--CD (2.5mg/ml); PVA-coated capillary 70 cm X 50 g m ID.; partial filling
of the capillary (90%); sample concentration, 100 ng/ml; pressure injection, 50 mbar for
10s; applied voltage, 30 kV; temperature, 20°C. MS conditions: SIM positive ion mode
(4 ions); capillary voltage, 3 kV; fragmentor, 70 V; drying gas N, flow and temperature,
61/min and 150°C; nebulizer pressure 4 p.s.i; sheath liquid, 0.5% formic acid in water-
isopropanol (50/50, v/v); sheath flow, 3 i l/min. RIC, reconstructed electropherogram.
(Adapted from Rupaz et al. 2000)

tional detectors. Acquisition in the SIM mode allowed enhancement of both
sensitivity and selectivity. All compounds were baseline-resolved within rea-
sonable analysis time (Rupaz et al. 2000).

D. Discussion and Conclusion

The increased need of stereoselective analyses has induced a tremendous
development of analytical techniques for resolving enantiomers. Among these
techniques, liquid chromatography (LC) and more recently capillary elec-
trophoresis (CE) are recognized as methods of choice for the chiral separa-
tion of pharmaceutical compounds.

LC is particularly suited to determine the enantiomeric purity of a drug
substance as well as its enantiomeric ratio in biological matrices for pharma-
cological studies. Indeed, L.C is mature, reliable, efficient, and easily auto-
mated, and affords good sensitivity since several detectors can be used such
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as UV-visible, fluorimetric and electrochemical detectors, as well as mass spec-
trometry (MS). Chiral stationary phases (CSP) are generally employed and
more than a hundred columns are now commercially available permitting
direct resolution of a great number of enantiomers. Natural polymers such
as polysaccharide derivatives of cellulose and amylose coated on silica, which
can be used in normal and reversed-phase modes, are certainly the most
appropriate supports for the stereoselective separation of pharmaceutical
compounds. However, the choice of a CSP is not obvious and remains a
tedious task for the analyst. It can be noted that a database (CHIRBASE;
http://chirbase.u-3mrs.fr/) is also available for selecting the column. Further-
more, new stationary phases such as molecularly imprinted polymers are con-
tinuously developed for particular applications.

In addition to L.C, capillary electrophoresis has generated a great interest
in stereoselective analysis due to its numerous advantages such as high effi-
ciency, low cost and rapid development. Generally, the separation is performed
with the addition of a chiral selector into the background electrolyte solution.
A large number of chiral selectors have been tested, and cyclodextrin deriva-
tives (neutral and ionic) are considered as selectors of choice for pharmaceu-
tical compounds. Capillary electrochromatography with chiral stationary
phases is also developed but to a lesser extent. It can be noted that its lack of
sensitivity remains the methods bottleneck of CE for biological matrices.
However, coupling of CE with mass spectrometry can overcome this draw-
back and the partial filling technique is particularly adapted with chiral selec-
tors added into the electrolyte solution. There is still considerable interest in
the development of new chiral selectors to enlarge the field of stereoselective
separation in capillary electrophoresis. With the success of cyclodextrins
as chiral selector in CE, it is difficult to predict the future role of these new
additives.

List of Abbreviations

ACN acetonitrile

AGP oy-acid glycoprotein

BGE background electrolyte

BSA bovine serum albumin

CBH-I cellobiohydrolase I

CD cyclodextrins

CD-MEKC cyclodextrin-modified electrokinetic micellar chromatography
CE capillary electrophoresis

CEC capillary electrochromatography
CE-B-CD carboxyethyl-f-cyclodextrin
CM-3-CD carboxymethy!-S-cyclodextrin
CMC critical micelle concentration
CSP chiral stationary phase

CZE capillary zone electrophoresis
EOF electroosmotic flow

ESI electrospray ionization

HPLC high-performance liquid chromatography
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HP-3-CD hydroxypropyl-f cyclodextrin
HE-3-CD hydroxyethyl-f-cyclodextrin

HSA human serum albumin

LC liquid chromatography

MEKC micellar electrokinetic chromatography
NSAI non-steroids anti-inflammatory
OVvM ovomucoid

RIC reconstructed ion monitoring
SBE-3-CD sulfobutyl-f-cyclodextrine

SDS sodium dodecyl sulfate
SEE-3-CD sulfoethyl-3-CD

SFC supercritical fluid chromatography
SIM single ion monitoring

Succ-B-CD succinyl-f-cyclodextrin
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CHAPTER 3
Stereochemical Issues in Bioactive
Natural Products

C. TERrREAUX and K. HOSTETTMANN

A. Introduction

Beside molecules produced by classical organic synthesis, by combinatorial
chemistry or designed by molecular modeling, natural products represent a
large source of new chemical entities, potential lead compounds or novel
drugs. These compounds originate from higher plants, marine organisms, fungi
and animals, or are produced by microorganisms or yeasts using biotech-
nology. This chapter will focus on secondary metabolites from higher plants.

Among the main plant biosynthetic pathways, i.e., the shikimate, acetate-
malonate, acetate-mevalonate and amino acids metabolic routes, the first two
usually lead to polyphenolic derivatives, while terpenoids and alkaloids are
produced by the last ones. Compounds from these two chemical classes always
contain at least one chiral center. Biosynthetic and enzymatic pathways in
higher plants generally allow production of single enantiomers in a definite
plant. However, another species might possess other enzymatic functionalities
with opposite enantiospecificities. Despite these considerations, the charac-
terization of opposite stereoisomers in one plant is quite common and is most
probably due to the various processing steps of the plant material such as
drying, exposure to light, extraction with various solvents and fractionation by
chromatography.

Numerous natural products have important pharmacological or toxico-
logical properties. As receptor interactions are specific and, in many cases, even
stereospecific, chirality in natural products is of prime importance. Therefore,
chiral pharmacological specificities such as those observed with the nons-
teroidal antiinflammatory profens might also occur with natural products.

Some examples of chiral plant secondary metabolites in relation with
their biological and pharmacological properties are presented here. Since
many compounds contain more than one chiral center, the discussion will be
expanded to diastereomerization or epimerization processes.
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B. Natural Products Occurring in Opposite
Enantiomeric Forms

Usually, natural products occur in one single isomeric form in a plant, due to
the presence of specific enzymatic systems. This stereospecific biosynthesis can
generally be extended to a definite plant genus or family. However, it is not
rare to detect the presence of opposite enantiomers in nature.

I. Occurrence of Camphor

Camphor is a well-known example for the occurrence of opposite enantiomers
in plants. The European Pharmacopoea describes the natural (+)-(1R;4R)-
camphor (1a), as well as the racemic mixture produced by organic synthesis.
The pure enantiomeric form is a crystalline powder obtained by sublimation
from the essential oil of the camphor tree [Cinnamomum camphora (L.)
Siebold, Lauraceae), a tree native from the coasts of Eastern Asia.

The camphor molecule has two chiral centers at positions C(1) and C(4),
so that four stereoisomers would be expected. However, steric constraints
(bonds for the bridge over carbon 7 from positions 1 and 4 are in cis configu-
ration) allow only two enantiomers, (+)-camphor (1a) and (-)-camphor (1b)
(HANSEL et al. 1999). While the dextrorotatory isomer (la) is present in the
camphor tree, levorotatory camphor is found in feverfew (Tanacetum parthe-
nium Schultz Bip., Asteraceae) and tansy (Tanacetum vulgare L.) and follows
different biosynthetic pathways compared to (+)-camphor (CroTEAU et al.
1990). The presence of racemic mixtures of camphor has also been described
in the essential oil of some Lamiaceae species: (+)-camphor is predominant in
rosemary oil (Rosmarinus officinalis L.), while in sage oil (Salvia officinalis L.)
either enantiomer can predominate (Ravip et al. 1993).

HaC CH3 HaC CH3
4
0 o
CH3 CH3
1a 1ib

In external use, camphor is widely applied as a hyperemic drug and enters
in the composition of numerous oils and ointments for massage or for the
treatment of rheumatic pains. It is also applied in cases of respiratory difficulty
due to a cold (HANSEL et al. 1999). As many camphor-containing preparations
are commercially available, acute toxicity of camphor is of importance, par-
ticularly to newborns and young children. Moreover, camphor has shown a
high epileptogenic potential as observed with other monoterpenic ketones
(BURKHARD et al. 1999).
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I1. Organoleptic Properties of Menthol and Carvone

Besides camphor, various monoterpenic essential oil constituents are natur-
ally encountered in different isomeric forms. Unlike camphor, some of them
display distinct organoleptic properties, as exemplified by menthol or carvone.
Naturally occurring (-)-menthol (2a) is obtained from the essential oil
of peppermint (Mentha piperita L., Lamiaceae) or cornmint (Mentha arvensis
L.). It represents the generally used form, although the racemic mixture
is also accepted in the European Pharmacopoea. Menthol has three chiral
centers, allowing four pairs of optical isomers (2a-5b). The complete mixture
of isomers can derive from the partial synthesis of menthol by hydration
of thymol. Racemic menthol is then obtained after separation of the diastere-
omeric pairs of enantiomers (EccLEs 1994). (-)-Menthol and (+)-menthol
have similar physical properties. However, they differ in their organoleptic
properties: levomenthol has typical strong peppermint odor, while dextro-
menthol has a weak peppermint and musty smell (HANSEL et al. 1999). Both
enantiomers also strongly differ in their cooling and refreshing effect.
(+)-Menthol is almost inactive, but (—)-menthol is responsible for the cold
sensation observed when applied on skin or mucosa (EccLgs 1994).
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Another example of the differing odor of two enantiomers is given by
the main caraway oil constituent, (+)-(S)-carvone (6a), and its optical isomer,
(-)-(R)-carvone (6b) (LEITEREG et al. 1971). (+)-Carvone is extracted from
the essential oil of caraway (Carum carvi L., Apiaceae) and is responsible
for the strong characteristic caraway odor. On the other hand, (-)-carvone is
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the major component of curled mint oil [Mentha spicata L. var. crispa (Benth.)
Danert] and possesses a typical mint odor.

CHs CHs
O O
HaC CHa H3c/\CH2
6a 6b

C. Stereochemistry and Pharmacological Implications
I. Tropane Alkaloids

Tropane alkaloids derive from the amino acid ornithine, which is transformed
into tropanone (7). This intermediate is then reduced to either tropan-3o-ol
(tropine, 8) or tropan-3f-ol (pseudotropine, 9) (DRAGER 1996).

ch\N H3zC—__ N

OH

The alcohol is then esterified with various acids and the tropine deriva-
tives are present in some genera of the Solanaceae family (Atropa, Datura,
Hyoscyamus, Scopolia, Mandragora). Esterification of pseudotropine yields
the alkaloids found in the genus Erythroxylum (Erythroxylaceae), the leader
in this category being cocaine.

The medicinal plants night shade (Atropa belladonna L.), thomn apple
(Datura stramonium L.) and black henbane (Hyoscyamus niger L.) have been
included in most pharmacopoeias since ancient times. They contain large
amounts of the alkaloids (—)-(S)-hyoscyamine (10) and (—)-(S)-scopolamine
(11), in various proportions. These substances are strong antagonists of the
muscarinic acetylcholine receptors and thus act as parasympatholytic drugs.
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The active (-)-(S)-hyoscyamine racemizes very easily to (+)-(R)-hyoscyamine,
which possesses almost no affinity for the muscarinic receptors. This racemic
mixture is called atropine. Racemization can occur during extraction from
the plant material or can be induced under weak alcohol/base conditions
in order to produce atropine, which is used for its therapeutic properties.
The pharmacological action will appear either as peripheral or central effects,
such as dry mouth, mydriasis, tachycardia, constipation or, at high dosage,
respiratory depression. Central effects are memory loss, sedation, then hallu-
cinations and delirium (RANG et al. 1997). The pharmacological difference
between hyoscyamine or atropine and scopolamine is mainly due to their
lipophilicity, since the epoxide function in scopolamine considerably increases
its lipophilic character. Thus, hyoscyamine and atropine are used preferably
as spasmolytics for peripheral disorders, while scopolamine crosses the
brain-blood barrier better and its main indication is the treatment and pre-
vention of nausea and travel sickness, applied as a transdermal therapeutic
system. These considerations also allowed MaNN (1992) to offer a tentative
explanation for the common representation of witches flying on their broom-
sticks. In the Middle Ages, witches yielded their secret under torture: they pre-
pared an ointment with leaves of Solanaceae plants and then applied it
to the armpits or covered their broomstick, which they rode, in order to rub
the ointment on their genital mucosa. This way of administration hindered the
absorption of hyoscyamine and, consequently, its peripheral toxic effects, while
scopolamine easily reached the CNS and induced hallucinations and flying
sensations.

HaCrl Hac\N

Angel’s trumpet, Datura suaveolens Humb. and Bonpl. ex Willd., is a
widespread ornamental plant of the Solanaceae family, but recently became
notorious through its abuse as a hallucinogenic drug. The World Wide Web is
diffusing recipes for hallucinogenic beverages prepared by maceration of
angel’s trumpet leaves and flowers in alcoholic drinks (wine, beer). In that case,
scopolamine as well as hyoscyamine are extracted. Therefore, besides the
hallucinogenic effect of scopolamine, an anticholinergic syndrome can occur
through hyoscyamine. Many cases of intoxication have been reported (FRANCIS
and CLARKE 1992), even the death of a 20-year-old woman (RAUBER et al.
1999).
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II. Khat and Cathinone Derivatives

Khat designates the fresh leaves or branch endings of Catha edulis Forsk., a
shrub of the Celastraceae family, which are chewed for their stimulating effect.
Khat cultures look similar to tea cultures and the main producers are Yemen,
Ethiopia, Somalia, Kenya and Madagascar. Khat chewers usually take 100-
400¢g fresh leaves and form balls in their mouth, which are either ingested or
spat (PALLENBACH 1996). The active substance of khat is (—)-(S)-cathinone (12),
a pseudoalkaloid showing structural but also pharmacological similarities
with amphetamine. Thus, (-)-(S)-cathinone acts as an indirect sympath-
omimetic and enhances the release of adrenergic neurotransmitters such as
noradrenaline (inducing a higher activity, anorexy, stimulation) and dopamine
(stimulation, stereotypical behavior). The difference between cathinone and
amphetamine resides in their relative potency, the latter being around eight
times more potent (HANSEL et al. 1999). Fresh leaves of khat are sold in
traditional markets and are usually chewed, as the stimulating effect of
dried leaves is around five times lower. During the drying process, cathinone
undergoes an enzymatic reduction to (1R;2S)-norephedrine (13) and (15;25)-
norpseudoephedrine (14). This enzymatic reaction is highly stereospecific as
only traces of the former can be found in the dried plant.

The effects of khat chewing can be described as follows: decreased
tiredness, higher resistance to stressful jobs, slight excitation and improved
sociability, while intoxication signs are mydriasis, extrasystoles, increased
blood pressure, headache, hyperthermia and insomnia (KaLix 1996). The
maximal plasmatic concentration following khat chewing is reached after
1.5-3h (HALKET et al. 1995). Khat addiction leads to a poor physical but strong
psychological dependance. Khat use is not restricted to the countries of
origin of the plant, but is also widespread over Europe and is submitted to
the legislation of drugs of abuse. Recently, a pharmacological study has eval-
uated the analgesic effect of a khat extract compared to amphetamine and
ibuprofen (ConNoR et al. 2000). All three were active, although to a different
degree.
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11I. Kawalactones

Kava (also called kawa or kava-kava) is a traditional beverage of the South
Pacific Islands (Samoa, Tonga, Fiji, Vanuatu, etc.), as well as the plant it is made
from. The kava “ceremony” is very common in these regions and starts with
the mastication of kava rhizomes (Piper methysticum Forst., Piperaceae) by
men only. The mixture, including saliva, is then spat into water, macerated and
filtered: the kava beverage is ready. Kava drinking induces a feeling of well-
being and an increased resistance to fatigue. A higher dosage will have a
tranquilizing effect and cause sleepiness (SINGH 1992). This fascinating plant
has attracted the curiosity of chemists and pharmacologists for more than
100 years. Anxiolytic (HoLM et al. 1991), but also anticonvulsive, analgesic and
central muscle relaxing properties have been demonstrated for a kava extract.
Phytomedicines from kava rhizomes are now commercialized in Europe as a
natural anxiolytic, and clinical studies have assessed such preparations as an
alternative to benzodiazepines for the treatment of anxiety (VoLz and KIESER
1997). The active principles of kava appear to be kawapyrones, the main con-
stituents of kava rhizomes. Although little is known about their mode of
action, pharmacological studies are investigating the effects of this chemical
class on various targets such as paminobutyric acid (GABA) receptors
(BooNEN and HABERLEIN 1998), benzodiazepine receptors (DAvIES et al. 1992),
neurotransmitter systems (BooNEN et al. 1998), and direct neuronal interac-
tions (BooNEN et al. 2000).

The main kawapyrones from P. methysticum are (+)-kavain (15) and
(+)-methysticin (16), their dihydrogenated derivatives (+)-dihydrokavain
(17) and (+)-dihydromethysticin (18), together with yangonin (19) and
desmethoxyyangonin (20). According to their degree of insaturation in the
lactone ring, they are classified into enolides and dienolides. The enolides are
5,6-dihydro-o-pyrones with a chiral center at position 6. As yet, no study
has reported differences in the pharmacological activities of the correspond-
ing isomers. However, the stereochemical issue of kawapyrones is still current:
(£)-kavain is commonly produced by synthesis and is often added to kava
preparations in order to increase their kavain content. An analytical
HPLC method has been developed to separate (R)-(+)- and (S)-(-)-kavain
(HABERLEIN et al. 1997), and analysis of the presence of both enantiomers
in a kava extract can indicate a falsification of the original plant extract with
synthetic kavain.

Kava is gaining increasing importance in the market of nonprescription
drugs and health foods. Further studies are required regarding its mode
of action, but also its potential liver toxicity, as severe hepatic troubles
have recently been described following long-term kava ingestion (CSPV
2000).
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IV. Gossypol

Gossypol (21) (2,2"-bis-(8-formyl-1,6,7-trihydroxy-3-methylnaphthalene) is a
natural polyphenolic dialdehyde occurring at high concentration in the
pigment glands of the cotton plant Gossypium herbaceum L. or G. hirsutum
L. (Malvaceae). The discovery of its male antifertility properties in the early
1970s raised considerable interest in family planning programs. A large-scale
study with more than 10000 patients assessed the male contraceptive activity
and provided extensive information on the toxicology and pharmacokinetics
of gossypol (Wu 1989). However, the slow onset of action, the risks of steril-
ity and hypokalemia and other adverse effects are major disadvantages for its
use as an antifertility agent (Wu 1987).

Though possessing no chiral center, gossypol exists in the cotton plant
as a racemate of two enantiomers as a result of the axial dissymmetry of the
molecule (atropisomerism). The rotation around the C—C bond linking the two
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naphthyl rings is hindered by the presence of -OH and —CHj; substituents in
ortho position, which results in (+)- (21) and (-)-isomers (22).

There are strong differences in the pharmacokinetic and pharmacological
profiles of both enantiomers. (—)-Gossypol is responsible for the antifertility
action, while the (+)-isomer does not affect sperm counts (no antispermato-
genic activity) and does not cause testis atrophy (Wu 1987). This stereo-
specificity has also been shown for the cytotoxic activity of gossypol, with
a significant higher cytotoxicity of (-)-gossypol towards various cell lines
(SHELLEY et al. 1999). On the other hand, the active enantiomer is very rapidly
eliminated compared to the inactive form. In humans, (+)-gossypol and
(-)-gossypol have elimination half-lives of approximately 133h and 4.5h,
respectively. Thus, long-term administration of racemic gossypol leads to (+)-
gossypol accumulation in the body and may increase toxicity. The half-life
differences may be due to a lower binding capacity of (-)-gossypol to tissue
proteins (Wu 1987). In addition to the high elimination rate of the active
enantiomer, the antifertility action appears after 2—4 months treatment with
the cumulative effect of single doses. As mentioned above, this slow onset
of action was one of the major drawbacks in the use of gossypol as a male
contraceptive.

D. Epimerization

Epimers are diastereomers possessing an opposite configuration at only one
of several chiral centers. The most common epimers in the field of natural
products are the sugars. They occur either as free units, oligosaccharides or
long-chain polysaccharides, or in the glycosidic part of secondary metabolites.
For example, glucose and mannose are C(2)-epimers, while glucose and galac-
tose are C(4)-epimers. Sugars are usually not encountered as open-chain
tautomers, but with their aldehyde and an alcoholic group cyclized to an hemi-
acetal. This ring formation generates a new asymmetric carbon at position
C(1), which can have either the a- or the B-configuration. The o and
B-forms of a sugar are diastereomers called anomers and C(1) is described
as the anomeric carbon. Naturally occurring o~ and fS-glucose can be men-
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tioned as examples. Since many plant secondary metabolites contain more
than one asymmetric carbon, epimerization phenomena might also be of
importance.

I. Stability of Pilocarpine

Pilocarpine (23) is a parasympathomimetic drug widely used externally in the
treatment of the acute angle closure glaucoma, as 0.5%-4% solutions (HANSEL
et al. 1999). Pilocarpine is obtained from the leaves of several species of the
genus Pilocarpus (Rutaceae), such as P. jaborandi Holmes, P. microphyllus
Stapf, P. pennatifolius Lem. and P, racemosus Vahl. Natural pilocarpine occurs
in the (+)-(3S;4R)-configuration, which is the only pharmacologically active
form. In aqueous solution, pilocarpine rapidly converts to the inactive epimer
(+)-(3R:4R)-isopilocarpine, and to the lactone-opened pilocarpic acid through
base catalysis (NUNES and BRocHMANN-HANSSEN 1974). Further mechanistic
investigations have shown that pilocarpine hydrolysis forms pilocarpic acid
and isopilocarpic acid, but the latter with its higher thermodynamic stability
leads only to isopilocarpine (SzepEsl et al. 1983).
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As the degradation rate is quite slow (half-life of about 36 days, at pH 7.4
and 35°C), the issue of pilocarpine stability has a low pharmacological
relevance, but is of prime pharmaceutical importance (TEsTA et al. 1993).
Therefore, one major challenge of companies producing pilocarpine eye
drops is to ensure stability of the active principle in the drug formulation.
Thus, a pilocarpine salt is usually conditioned in a dry form and the solution
is prepared just before use.

II. Lysergic Acid and Derivatives

(-)-(5R;8R)-Lysergic acid (24) and its derivatives are the pharmacologically
active alkaloids from the ergot of rye, Claviceps purpurea (Fries)
Tulasne (Clavicipitaceae). Ergot is an ascomycete fungus contaminating
rye (Secale cornutum Offic. ex Nees, Gramineae), which caused many intoxi-
cations since the Middle Ages. The strong vasoconstrictory effects of the
lysergic acid alkaloids induced gangrene epidemics when ingested in con-
taminated cereals.
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HOOC
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Lysergic acid possesses two asymmetric carbons at positions C(5) and
C(8). Native lysergic acid and its derivatives have an R,R-configuration, but
handling of these substances during extraction, liquid-liquid partition or sol-
ubilization can easily lead to epimerization at C(8) and yield isolysergic acid
(25). Epimerization occurs through a keto-enol equilibrium with the carbonyl
function attached at C(8) (HANSEL et al. 1999). Epimerization affects not only
lysergic acid, but also its natural and semisynthetic derivatives, such as amides
(ergometrin, 26) and the peptidic alkaloids (ergotamin, 27). Dihydrogenated
semisynthetic derivatives (e.g., dihydroergotamine) are less likely to epimer-
ize, the lack of the double bond A-9,10 resulting in a lower stability of the enol
intermediate.
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C(8)-Epimerization leads to a strong decrease in pharmacological activ-
ity of the natural or semisynthetic alkaloids, which are still used in various
therapies. Ergotamine is a component of many preparations used in the treat-
ment of acute migraine, while dihydroergotamine finds a place in the long-
term management of migraine. Lysergic acid diethylamide (LSD, 28) was first
synthesized as a drug, but was rapidly misused because of its strong hallu-
cinogenic properties. The relatively wide use of these prescription drugs
or drugs of abuse can of course lead to intoxications due to overdosage or
interactions. Recently, severe ergotism (intoxication by ergot alkaloids)
was reported following an interaction between ergotamine and ritonavir, a
component of HIV tritherapies (LIAUDET et al. 1999).

28

E. Conclusion

Stereochemistry has a prominent influence on various steps of drug develop-
ment, from synthesis to therapeutic action, including drug formulation, distri-
bution and pharmacological interactions (JamaLI et al. 1989; REisT et al. 1995).
Higher plants represent a rich source of new drugs and lead compounds
(HosTETTMANN et al. 1998) and in many cases, these potential new chemical
entities are chiral molecules. As shown by several examples, stereochemistry
can have implications at different levels, namely isolation procedures,
organoleptic properties, stability, pharmacokinetics, pharmacological activity
and toxicology. One major challenge for phytochemists is the elucidation
of stereochemical features in natural products, mainly in collaboration with
pharmacologists. This issu¢ not only concerns pure phytochemicals, but is
also of prime importance for phytomedicines, as phytotherapy with plant
extracts is now accepted worldwide.
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CHAPTER 4
Drug Racemization and Its Significance in
Pharmaceutical Research

M. REist, B. TeEstA, and P.-A. CARRUPT

A. Introduction

The presence of one or more elements of chirality (i.e., centers, axes or planes
of chirality, and generally helicity) (CanN et al. 1966; TEsta 1979) in drug mol-
ecules generates specific properties which may be advantageous in some cases,
but inevitably require special consideration and studies. Examples of advan-
tages include the possibility of increased selectivity and the fact that chirality
per se is an invaluable probe in molecular pharmacology and biochemistry
(Testa 1989, 1990; Testa and TRAGER 1990). In contrast, problems generated
by stereoisomerism include the need for stereospecific synthetic and analyti-
cal methods, the influence of the degree of resolution on activity (BARLOw et
al. 1972), and the increased complexity of metabolic, pharmacological, and
clinical studies (ARIENs 1986; TEsTa et al. 1993a).

One additional complicating factor in such studies is the possibility of
low configurational stability, which results in nonnegligible racemization or
epimerization (TesTa et al. 1993a,b). Ignoring the question of possible chiral
inversion can cause misleading or ambiguous results in the pharmacodynamic
and pharmacokinetic study of pure enantiomers. Thus, special attention to this
problem is required. In this chapter, we examine the problem of low configu-
rational stability as encountered for a number of chiral drugs and resulting in
racemization or epimerization. The focus is on implications in pharmaceutical
research and drug development. After offering a clarification of some relevant
terms and concepts, methods available to screen compounds for their config-
urational stability are briefly reviewed. Prediction of low configurational sta-
bility and chemical factors influencing it are discussed in Sects. D and E.
Finally, the case of thalidomide is presented as a most relevant and timely
example of the interplay of biological activities, metabolism, and stereoselec-
tivity of drugs with low configurational stability.
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B. Background and Concepts

1. Racemization, Enantiomerization,
Diastereomerization and Epimerization

The configurational lability of stereoisomeric drugs can be studied at two
levels, namely macroscopic and microscopic. At the macroscopic and statisti-
cal level, the process considered is the formation of an equilibrium mixture
of two stereoisomers when starting from a single stereoisomer. At the
microscopic and molecular level, we consider the reversible conversion of
one stereoisomer into the other (REIST et al. 1995a).

In the case of enantiomers, i.e., compounds containing only one element
of chirality, the irreversible process leading to equilibrium is known as racem-
ization, and at equilibrium a racemic mixture (i.e., a mixture of enantiomers
in equal amounts) is obtained (Fig. 1). The rate constant of racemization (k,,.)
applies to the rate of formation of the racemic mixture, starting from a single
enantiomer or an enantiomerically enriched mixture. In contrast to racemiza-
tion, the term enantiomerization describes the microscopic process occurring
at the level of individual molecules and is defined as the reversible conversion
of one enantiomer into the other. The microscopic chemical model in Fig. 2
shows that one enantiomer inverts its configuration, from R to S or from S to
R, by passing through a transition state or an intermediate product. The rate
constant of enantiomerization (K.....) thus applies to this process of R-to-S, or
S-to-R, conversion. A comparison of Figs. 1 and 2 makes it evident that the
rate of enantiomerization is half that of racemization, since the interconver-
sion of one molecule reduces the enantiomeric excess by two molecules. Thus,
when discussing the configurational lability of chiral compounds, it is obviously
of importance to discern whether the reported rate constants refer to the inter-
conversion of enantiomers (i.e., enantiomerization) or to the formation of the
racemic mixture (i.e., racemization).

macroscopic chemical model

@) @) ——

kinetic model

@ — @
—_—— -~

Fig. 1. Chcmical and kinetic models of racemization. R, (R)-enantiomer; S, (S)-
enantiomer; rac, racemic mixture; k,,., rate constant of racemization. (Reproduced with
permission from REIST et al. 1995a)
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chemical model
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Fig. 2. Chemical and kinetic models of enantiomerization. R, (R)-enantiomer; S,
(S)-enantiomer; TS, transition state; Int, intermediate product; k..., rate constant of
enantiomerization. (Reproduced with permission from REisT et al. 1995a)

A number of cases are known of drugs that can exist as two or more
diastereomers and which contain one stereogenic element of poor configura-
tional stability. There are some examples in the literature of interconversion
of geometric isomers, and more numerous examples of interconversion of
epimers (Testa and TraGER 1990). Since epimers are but a particular case of
diastereomers, the class and its subclass will be discussed together here. In con-
trast to enantiomers, two diastereomers obligatorily differ in their internal
energy (heat of formation), however small the difference. It follows that when
the interconversion of two diastereomers is left to proceed to equilibrium, an
exact 50/50 ratio cannot be reached. As a result, the rate constant of the con-
version of diastereomer A to diastereomer B can only be different from that
of the reverse reaction, the difference being small or large depending on the
relative heat of formation of the two isomers. The conversion of one diastere-
omer (or one epimer) into the other, observed at the microscopic and molec-
ular level, is designated as a reaction of diastereomerization (or epimerization)
(Fig. 3). The two rate constants are designated as Kyupmio8 # KdiasyB-io-n
(or kepisson F kepisio-a)- In the case of diastereomers, the only term that exists
to describe the macroscopic process of formation of an equilibrium mixture
of two isomers when starting from a single diastereomer, is that of mutarota-
tion applicable only to optically active epimers (REisT et al. 1995a).

In brief and as summarized in Table 1, the following terms are recom-
mended to discuss the inversion of stereoisomers. Depending on the nature of
the stereoisomers (i.e., enantiomers, diastereomers, or epimers), the terms
of enantiomerization, diastereomerization, and epimerization, respectively,
describe the microscopic process. The terms of racemization (in the case of
enantiomers) and mutarotation (in the case of optically active epimers) refer
to the macroscopic process.



94

chemical model

M. REIST et al.

@@= () —@

kinetic model

kdiast/A-to-B
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kdiast/B-to-A

Fig. 3. Chemical and kinetic models of diastereomerization (or epimerization), i.e., of
interconversion between diastereomer A and diastereomer B. TS, transition state; Int,
intermediate product; kg, rate constants of diastereomerization. (Reproduced with

permission from REIST et al. 1995a)

Table 1. Processes of isomerization of stereoisomers

Enantiomers Diastereomers Epimers
Microscopic Enantiomerization Diastereomerization Epimerization (a
process particular case of
(conversion of diastereomerization})
one stereoisomer
into the other)
Macroscopic Racemization Mutarotation®
process (leading
to an equilibrium
mixture)
Relations kenanl = 1/2 krac kdiasl/A-lo—B * kdiast/B—lo—A kepi/Avlo—B

# kcpi/B—to~A

# 172 kmuta/A~lo—eq
* 1/2 kmula/B-lo-eq

*Applies only to optically active epimers.

II. Enzymatic and Nonenzymatic Inversion of Chiral Compounds

Beside nonenzymatic racemization reactions, which are the main object of this
chapter, a limited variety of enzymatic (i.e., metabolic) reactions can operate
to interconvert stereoisomers (TesTa 1995; TesTA et al. 1993b). Several race-
mases, such as a-methylacyl-CoA-racemase (Scumitz et al. 1995), glutamate-
racemase (YAGASAKI et al. 1995), N-acylamino acid-racemase (TOKUYAMA
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and HataNo 1995), mandelate-racemase (MITRA et al. 1995), alanine-racemase
(HorrMANN et al. 1994), aspartate-racemase (YamaucHr et al. 1992), and
hydantoin racemase (LICKEFETT et al. 1993), have been isolated, identified
and characterized. Also, reactions of oxidoreduction (TESTA 1995; TesTA and
JeNNER 1976), sulfoxide/sulfide and N-oxide/tertiary amine equilibria, as well
as reactions of conjugation, offer some interesting cases of enzymatic
chiral inversion (TEsTA et al. 1993b). A well-known example is that of anti-
inflammatory 2-arylpropionates (MayYer 1990, see also Chap. 14, this volume).
The inactive (R)-enantiomer of ibuprofen and a few analogues are enantio-
selectively conjugated with coenzyme A to yield the (R)-acyl-CoA thioester.
This conjugate is then epimerized to a mixture of the (S)-and (R)-acyl-CoA,
followed by hydrolysis to yield a profen enriched in the (S)-form. However,
such enzymatic reactions should not be confused with nonenzymatic
inversion of chiral compounds, which will be discussed in the remainder
of this chapter.

Cases indeed exist of drugs whose enantiomers interconvert readily due
to the configurational instability of their element of chirality. A representative
example is the drug oxazepam, whose asymmetric carbon-3 undergoes rapid
inversion (Aso et al. 1988). Its kinetics of racemization is interesting and
relevant from a pharmacological viewpoint, since it indicates that oxazepam
racemizes at ambient temperature and in the neutral pH range with a pseudo-
first-order rate constant of 0.1 + 0.05min™, suggesting a half-life of racemiza-
tion of 1-4min at 37°C. This rate of racemization is extremely fast compared
to the duration of action of the drug, indicating that oxazepam is correctly
viewed as a single compound existing in two very rapidly interconverting chiral
states.

The case of oxazepam is obviously an extreme example of a racemization
that is so rapid that the separation and pharmacological testing of the sepa-
rate enantiomers would be pointless and impossible, respectively. However,
between apparently complete configurational stability and this rapid chiral
inversion, all possibilities exist a priori, forming a continuum of high to inter-
mediate to low stability. A case in point is that of the anticholinergic alkaloid
(S)-(-)-hyoscyamine, whose asymmetric carbon can be partly racemized
during isolation and storage in solution (Rama Sastry 1981), offering a
rationale for the therapeutic use of rac-hyoscyamine, i.e., atropine. Unfor-
tunately, studies appear to be lacking on the configurational lability of
(5)-(—)-hyoscyamine under physiological conditions of temperature and pH,
perhaps because the reaction is not detectable under these conditions.

The two above examples deal with the configurational stability of
compounds having one center of chirality and undergoing racemization. Com-
pounds having two or more elements of chirality and undergoing epimeriza-
tion are also of relevance in pharmaceutical research since epimerization is
documented for a number of drugs. Pilocarpine, whose absolute configuration
is 25;3R, thus epimerizes to (2R;3R)-isopilocarpine by inversion of the C(2)-
chiral center. A detailed mechanistic and kinetic study has demonstrated
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hydroxide ion-catalyzed epimerization and hydrolytic ring opening (NUNEs
and BRoOCHMANN-HANSSEN 1974). From the second-order rate constant of the
two reactions, activation energies of 28.5 and 25.0kcal/mol, respectively, were
calculated. The data provided allow one to estimate a pseudo-first-order rate
constant of pilocarpine disappearance (epimerization to isopilocarpine plus
hydrolysis to pilocarpic acid) of about 8 x 10°*h™ at pH 7.4 and 35°C,i.e,a 1,
of about 36 days. At 35°C, about 26% of pilocarpine undergoes epimerization.
Of mechanistic importance is the fact that epimerization does not occur in
pilocarpic acid due to the presence of the free carboxylic group that acts as a
strong configurational stabilizer (see Table 3).

III. Relevant Time Scales for the Configurational
Instability of Drugs

An important aspect to take into account when considering the config-
urational lability of stereoisomers is its significance in drug research and
development. Indeed, one should always bear in mind that configurational
stability and lability are relative phenomena. Given proper conditions (e.g.,
temperature and pH), no stereoisomer is configurationally stable. However,
only two time scales (and their related sets of conditions) are of relevance as
far as drug research is concerned (REIsT et al. 1995a). As schematized in Fig. 4,
the pharmacological time scale applies to the time of residence of a drug
in the body and under physiological conditions (37°C, pH 7.4; e.g., oxazepam).
Very fast rates of isomerization (in the order of minutes) are of interest
only for drug-receptor or drug-enzyme recognition, whereas a half-life of
isomerization of months is no longer of importance in pharmacology and
therapy.

Half-lives of isomerization in the order of months or a few years are
important in a pharmaceutical perspective, i.e., compared to the duration
of the manufacturing process and the shelf-life of drugs. This is the pharma-
ceutical time scale, which applies to the manufacturing process and to the shelf-
life of drugs (e.g., hyoscyamine and pilocarpine).

Pharmaceutical
Pharmacological relevance

relevance

tio
I l I l |

min hours days months years decades

Fig. 4. Time scales of relevance for the configurational instability of drugs (indicative
1, of interconversion). (Reproduced with permission from REist et al. 1995a)
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C. Methods to Assess Configurational Stability
I. Direct and Indirect Methods

A brief overview of the main methods available to study the configurational
stability (or lack thereof) of chiral compounds is given here (Testa 1979; TEsTA
and JENNER 1978, see also Chap. 2, this volume). According to Table 2, these
methods can be divided into direct and indirect ones. Direct methods investi-
gate the chiral inversion (e.g., racemization, enantiomerization or epimeriza-
tion) of an optically active compound. They follow directly the increase or
decrease of the concentration of an enantiomer or the loss of optical activity
of a substance over a period of time. As shown in Table 2, the direct methods
may be further subdivided into two different categories depending on whether
they involve physical separation of the enantiomers or not (ALLENMARK 1991).
Direct methods are traditional ones and will not be discussed, except to
mention that their implementation calls for the availability of the separate
enantiomers.

On the other hand, indirect methods take advantage of the fact that inver-
sion of chiral centers and substitution reactions share a common mechanism
(Cowarp and BRrUICE 1969; CraM et al. 1961; INGoLD and WiLsoN 1934). What
is being monitored is not the chiral inversion itself, but the substitution reac-
tion. Almost a century ago, a number of authors noted that substitution reac-
tions are accompanied by inversion of configuration (e.g., HOLMBERG 1913;
WERNER 1911). Various studies investigating the steric course of substitution
reactions have been published since, and it is well accepted that a number of
chemicals experience the same mechanism for substitution and chiral inver-
sion. For example, base-catalyzed racemizations, halogenations and deutera-
tions of carbon atoms « to a carbonyl group share a common mechanism of

Table 2. Methods for the determination of the configurational stability of chiral
compounds (REisT et al. 1997)

Direct (chiral) methods Indirect methods
Methods involving Methods not involving

physical separation physical separation

(resolution)

LC (HPLC, SFC, CPC) Polarimetry Substitution reactions

(proton-deuterium
substitution monitored
by 'H-NMR)

GC CD

CE ORD
'"H-NMR with chiral
solvents, chiral shift
reagents or inclusion
compleges
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the Sz1 type, with a rate-limiting formation of a carbanion intermediate sta-
bilized by resonance (HsU and WiLsoN 1936; HsU et al. 1938; INGoLD and
WiLson 1934). Hence the configurational stability of a chiral compound can
be determined by monitoring a substitution reaction. A condition for a quan-
titative interpretation of results, however, is that previous studies must have
established the existence of a common mechanism of racemization and sub-
stitution in analogs.

The indirect methods have the major advantage of not needing separate
enantiomers, and are thus of marked interest as a means of screening the con-
figurational stability of chiral drugs prior to the synthesis or resolution of their
enantiomers. An indirect method of interest is proton-deuterium substitution
(Marsuo et al. 1967; Maver et al. 1989; Testa 1973), discussed here in some
detail.

I1. Screening of Compounds for Configurational
Stability by '"H-NMR

A substitution reaction that can easily be monitored by "H-NMR is proton-
deuterium substitution (Kawazoe and OHNISHI 1964; Matsuo et al. 1967).
When a compound having a chirally labile carbon atom is dissolved in deu-
terium oxide (or an other solvent with exchangeable deuterium), the proton-
deuterium exchange occurs irreversibly due to the absence of protium,
and the deuteration (i.e., racemization or enantiomerization) can be followed
by integrating the decreasing signal of the proton connected to the chiral
carbon.

Four limiting ratios of k., (rate constant of deuteration) over k. (rate
constant of racemization) can be envisaged (CraMm and Cram 1973; MarcH
1985; RortmaN and Cram 1971):

1. If deuteration occurs with complete retention of configuration, the ratio
Kaeu/k o approaches infinity (isoinversion). Such a reaction was seen in
nondissociating nonpolar solvents and appears to have little relevance in a
pharmacological and pharmaceutical context.

2. If deuteration takes place with complete racemization, each carbanion is
captured from either side with equal probability, and kg.../k,.. €quals unity
(i.e., the rate of deuteration would be identical to that of racemization).

3. If deuteration occurs with inversion of configuration (i.e., enantiomeriza-
tion), its rate is half that of racemization (i.e., equal to that of enantiomer-
ization) and the ratio kg../k... equals 0.5.

4. If racemization takes place without deuteration, the ratio kg../k.. ap-
proaches zero (isoracemization). Such reactions were observed in aprotic
solvents with aprotic bases such as tertiary amines and are of little rele-
vance in a pharmacological and pharmaceutical context.

Thus only cases 2 and 3 appear of relevance in pharmaceutical research
and drug design.
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A few years ago, we validated 'H-NMR spectroscopy as an indirect
method to monitor rates of racemization using 5-substituted hydantoins as
model compounds (REisT et al. 1996). The comparison between '"H/*H substi-
tution monitored by '"H-NMR and racemization investigated by chiral HPLC
was performed for (S)-5-phenyl- and (§)-5-benzylhydantoin because of their
good resolution on the chiral stationary phase (compounds 1 and 4 in Fig. 5).
Identical solutions (solvent mixture, pH or pD, ionic strength, concentrations
of test compound and of sodium 3-trimethylsilylpropionate-d,) were investi-
gated under identical conditions (four temperatures between 26°C and 80°C,
sealed tubes) by both methods. To detect a possible solvent isotope effect,
chiral HPLC experiments were performed in deuterated and in nondeuter-
ated solvents. The experiments yielded the activation energies of deuteration,
racemization in nondeuterated solvents, and racemization in deuterated sol-
vents, as calculated from Arrhenius plots. Within experimental errors, each
compound had the same activation energy in all three reactions. This confirms
a common mechanism of 'HAH substitution and racemization for 5-
substituted hydantoins. This mechanism was of the Sz2 push-pull type, with the
reaction of deuteration seemingly occurring with inversion of configuration
(case 3 above).

As already mentioned, the main advantage of an indirect "H-NMR spec-
troscopic method is the fact that the configurational stability of a product can
be checked with the racemate. The disadvantages of the method are a poorer
sensitivity and inferior precision compared to chiral HPLC. The sensitivity of
magnetic resonance methods has improved following the introduction of high-
frequency spectrometers, but is still below that of HPLC applications. As for
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Fig. 5. Molecular structures of the investigated 5-monosubstituted hydantoins.
1, (5)-5-phenyl-; 2, (8)-5-(hydroxymethyl)-; 3, (RS)-5-ureido-; 4, (S)-5-benzyl-; 5,
(8)-5-methyl-; 6, (S)-5-(carboxymethyl)-; 7, (S)-5-isopropylhydantoin
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precision, it is markedly lower when the signal of interest (i.e., the signal of
the proton attached to the chiral center) is near a large solvent peak or even
masked by the spinning side-bands of the solvent (SANDERs and HUNTER 1993).
Nevertheless, 'H-NMR spectroscopy is a valuable alternative method to chiral
approaches.

D. Predicting Configurational Stability

Based on a literature survey, it was possible some years ago to propose a pre-
liminary generalization of the structural factors decreasing the configurational
stability of a chirally substituted carbon atom of the type R"R’'RC-H (TEsta
et al. 1993b). Configurational inversion at such a center is generally catalyzed
by bases, and involves the deprotonated form (i.e., the carbanion R”"R’RC) as
the intermediate or transition state. It thus appears convenient to distinguish
between acid-strengthening, neutral, and acid-weakening groups (Gu and
STRICKLEY 1987).

Such functional groups usually act by stabilizing the carbanion, but effects
on the acid or the transition state should not be neglected. To be of pharma-
ceutical or even pharmacological relevance, low configurational stability
appears to require the presence of either (a) three carbanion-stabilizing
groups, or (b) two carbanion-stabilizing groups (one of which must be strong)
and one neutral group. A provisional list of such groups, based on available
evidence, is given in Table 3 (TesTa et al. 1993b). A number of question marks
were added to indicate suspected cases. Much additional quantitative work is
needed to verify and complete the list in Table 3, and to assess the relative
importance of mesomeric, inductive, and solvation contributions. More distant
objectives, perhaps difficult or impossible to reach, are a ranking of the listed
groups and the elaboration of rules for quantitative prediction.

Table 3. Provisional list of functional groups affecting the configurational stability of
chirally substituted carbon atoms of the type R”R’-H (TesTa et al. 1993b)

Groups decreasing Neutral groups Groups increasing
configurational stability configurational stability
(acid-strengthening groups) (acid-weakening groups)

—-CO-0O-R (strong) —CH; -COO0O-
—CO-aryl (strong) —CH,CH; -S0;3
-CONRR’

-OH

-NRR’

-N=R

—Halogens

—Pseudohalogens

—Aryl

—CHj-aryl

-CH,0H
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In an effort to gain insight into structure-reactivity relationships and
to confirm some of the rules in Table 3, we examined the configurational
stability of the seven chiral 5-substituted hydantoins shown in Fig. 5 (REIsT
et al. 1996). '"H/H Substitution rates in a solvent mixture of phosphate
buffer (pD 7.4, 0.1 M, ionic strength 0.22) and d¢-DMSO in the proportion
1:1 (v/v) were determined for all compounds by 'H-NMR at four or five
different temperatures between 26° and 80°C. The addition of 50% ds-DMSO
as cosolvent was necessary to solubilize some of the compounds. No hydrolysis
was observed under these conditions. Semilogarithmic rate plots of the rates
of deuteration at 50°C are shown in Fig. 6 and demonstrate the very
large differences in reactivity. Half-lives of deuteration at 50°C varied from
3.8min for (S)-5-phenylhydantoin to 115.5h for (S)-5-isopropylhydantoin,
a 1800-fold difference. The rates of deuteration decreased in the order
phenyl > hydroxymethyl > ureido > benzyl > methyl > carboxymethyl >
isopropyl-hydantoin.

Enthalpies and entropies of activation (AH* and AS*, respectively) were
also determined, but did not correlate with the order of reactivity. Hence the
configurational stability of the investigated hydantoins depends on both the
enthalpy and entropy of activation. In an attempt to rationalize the above reac-
tivity sequence, energies of deprotonation (i.e., the sum of the heats of for-
mation of the carbanion and proton, minus the heat of formation of the neutral
molecule) were obtained by semiempirical molecular orbital calculations per-
formed at an AM1 Hamiltonian level. No correlation between the activation
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Fig. 6. Pseudo-first-order rate plots for the deuteration of the seven investigated 5-
monosubstituted hydantoins at 50°C. 1, (S)-5-phenyl-; 2, (S)-5-(hydroxymethyl)-; 3,
(RS)-5-ureido-; 4, (S)-5-benzyl-; 5, (S)-5-methyl-; 6, (S)-5-(carboxymethyl)-; 7, (S)-5-
isopropylhydantoin; 7, integral of exchanging methine proton at time ¢, /,, integral of
exchanging methine proton at time 0. (Reproduced with permission from REIST et al.
1996)
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energy E,q.u and the calculated energy ., was seen. One of the implications
of these data is that inductive and resonance effects on the transition state
(which are reflected in a change of AH?) are only partially responsible for the
observed influences of substituents on the rates of deuteration. Solvation and
steric effects (which alter AH* and AS*) must be of similar importance.

In conclusion, a qualitative estimate of configurational stability is
feasible. Indeed, carbonyl-, amine-, amide-, phenyl-, hydroxymethyl-; ureido-,
and benzyl groups (all acid-strengthening) were found to decrease, and the
acid-weakening carboxy- and carboxymethyl groups to increase, the configu-
rational stability of chiral carbons of the type R“"R’'RC-H. Hence, the sub-
stituents around the chiral carbon play a determining role whose magnitude
depends on their inductive and resonance effects. Given enough experimen-
tal evidence, such substituents are classifiable as having a modest or strong
effect in stabilizing or destabilizing the configurational stability of chiral
carbons.

In contrast, a quantitative prediction of rates of racemization is very dif-
ficult in view of the complexity of the intramolecular and intermolecular
factors involved. Indeed, solvation and steric effects appear to affect so
markedly the entropy of the reaction that their accurate computation is
beyond reach at present, and no general rules for a quantitative prediction of
substituent effects on the configurational stability of chiral compounds can be
derived.

E. Conditions Influencing Configurational Stability

Like all chemical reactions, the configurational stability of chiral compounds
depends on conditions such as medium and temperature. Thus, inversion rates
of chiral centers of the type R”"R’'RC-H increase with increasing tempera-
ture, pH, and polarity of the solvent (REIST et al. 1996, Reist et al. 2000). An
interesting and relevant aspect in this context is the nature of the base-
catalyzed mechanism, i.e., specific-base catalysis or general-base catalysis.
Here, we summarize studies with the anorectic drug amfepramone and the
alkaloid rac-cathinone (Fig. 7) (REIST et al. 1995b). The configurational stabil-
ity of amfepramone in phosphate buffers (as monitored by 'H/"H-exchange)

R=CH,CH3:  Amfepramone

R=H: rac-Cathinone

Fig. 7. Molecular structures of amfepramone (diethylpropion) and rac-cathinone
(o-aminopropiophenone). (Reproduced with permission from Reist et al. 1995b)
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was found to decrease with increasing pD (range 2.3-7.5), indicating a base-
catalyzed process. Further investigations showed that the proton-deuterium
exchange of amfepramone and rac-cathinone is subject to general-base catal-
ysis and obeys an Sp1 mechanism (case 2 above). As Fig. 8 illustrates, the
observed rate constants for both compounds were a linear function of phos-
phate concentration. The racemization of amfepramone was also found to
follow general-base catalysis by hydroxylamine. Preliminary investigations
of the general-base catalyzed racemization of amfepramone by carbonate
showed similar results.

The racemization of amfepramone at pD 7.4 was about S to 6 times faster
in a phosphate buffer than in a hydroxylamine buffer of identical molarity.
This demonstrates that the nature of the buffer base has an important
influence on the rate of chiral inversion. Hence, comparing literature data
and drawing conclusions from them can only be done with great caution.
Only when rate constants are obtained under identical conditions (i.e.,
identical buffer bases and molarities) can they be validly compared and
discussed.

A mechanism of general-base catalysis has also important pharmacologi-
cal implications. Indeed, the racemization of chiral compounds in biological
media can be expected to be catalyzed by a variety of endogenous buffers such
as plasma proteins, amines, and perhaps anions such as thiolates, phosphate
and bicarbonate. Thus, it will not be possible to deduce rates of in vivo racem-
ization or epimerization of chiral drugs from results obtained in nonbiologi-
cal media. In other words, only experiments conducted in vivo or in biological

2.5+ o rac-Cathinone

¢ Amfepramone

2.0
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Fig.8. Influence of phosphate concentration on the rate of proton-deuterium exchange

of amfepramone and rac-cathinone at 37°C (phosphate buffers of pD 7.4, ionic strength
0.43). (Reproduced with permission from REIST et al. 1995b)
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media such as plasma will yield clinically useful figures for racemization or
epimerization of configurationally labile chiral drugs.

The above discussions focus on base-catalyzed inversions via a carbanion,
but acid-catalyzed inversions have also been seen in a very limited number
of cases. Another possibility is acid-catalyzed enolization involving an acyl
group. However, systematic studies of medicinal relevance do not appear to
be available.

F. The Case of Thalidomide: Interplay of Configurational
Stability, Biological Activities, Metabolism,
and Stereoselectivity

Its sad history made thalidomide one of the most (in)famous chiral drugs, to
become synonymous with tragedy following the discovery of its catastrophic
teratogenic effects (MELLIN and KarzensteiN 1962). Despite this justifiable,
negative accreditation, clinical interest in thalidomide began to rise again
when SHESKIN reported that thalidomide could cause a dramatic improvement
of the inflammatory reactions in leprosy patients (SHESKIN 1965). The clinical
benefit exhibited by the drug was confirmed, and it is now widely employed
for the treatment of erythema nodosum leprosum. Thalidomide has also been
successfully used to treat various inflammatory conditions and autoimmune
diseases (STEVENS et al. 1997; VOGELSANG et al. 1992).

Here, the case of thalidomide is discussed as an example of the interplay
of biological activities, metabolism, and stereoselectivity of drugs having
low configurational stability. The biological activitics of thalidomide and the
complexity of its metabolism and stereoselectivity are outlined in Fig. 9. Beside
its sedative, neurotropic, teratogenic, neurotoxic, antiinflammatory, and
immunomodulatory effects, thalidomide has also been reported to reduce HIV
type 1 replication in vitro (MoRreira et al. 1997). Although the mechanisms of
action of thalidomide are only poorly understood, some of its activities may
be related to its capacity to inhibit the production of TNF-o (SHANNON et al.
1997). Considering the fact that enantiomers can have very different pharma-
cological activities (Testa and TRAGER 1990), the question arises whether the
biological activities of thalidomide are associated with either one or both of
the enantiomers. Unfortunately, findings in the literature are contradictory,
and it is presently still unclear whether any of the effects of thalidomide are
enantioselective. The problem is complicated by the fact that the enantiomers
of thalidomide are subject to rapid chiral inversion in vitro (KNocHE and
BrascHKE 1994) and in vivo (Eriksson et al. 19953).

In a recent study, we examined the mechanism of chiral inversion of
thalidomide and its catalysis by HSA and general bases (REIsT et al. 1998). All
experiments were performed at 37°C using a stereoselective HPLC assay. As
expected (KNOCHE and BLASCHKE 1994), human serum albumin catalyzed the
chiral inversion of thalidomide. The observed pseudo-first-order rate constants
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Fig. 9. Interplay of biological activities, metabolism and stereoselectivity of thalido-
mide enantiomers and their ring-opened metabolites. (Reproduced with permission
from REisT et al. 1998)

of chiral inversion increased with increasing HSA concentration (Fig. 10). To
obtain further insights into the mechanism of chiral inversion of thalidomide
and its catalysis by HSA, the influence of pH (2.0-11.0), phosphate concen-
tration (0.05-0.3M) and various acidic, neutral and basic amino acids (0.1M
solutions of Arg, Asp, Gln, Glu, Gly, Lys, and Ser) was investigated. Our results
showed that the chiral inversion of thalidomide was pH-dependent. At acidic
pH the rate of chiral inversion was about zero, and it increased with increas-
ing pH, suggesting a base-catalyzed process. It was also shown that at pH 7.4
the rate of inversion was linearly dependent on phosphate concentration. Thus,
chiral inversion is deduced to be subject to general-base catalysis. The influ-
ence of various acidic, neutral and basic amino acids on the chiral inversion
of thalidomide showed that the basic amino acids Arg and Lys (which possess
two basic groups) had a superior catalytic potency than neutral and acidic
amino acids with only one basic group. This also implies a general-base catal-
ysis in the chiral inversion of thalidomide. As albumin has many reactive &
amino groups and almost all of its ligand binding sites involve lysine and/or
arginine residues (PETERs 1996), it is suggested that the ability of albumin to
catalyze the chiral inversion of thalidomide is due to its Arg and Lys residues.
No single catalytic site on the albumin molecule is thought to exist. This sug-
gestion is also consistent with the fact that the chiral inversion of thalidomide
in vivo, in plasma and in blood was found to be slower than in HSA solutions
of physiological concentrations (ErikssoN et al. 1995). Endogenous albumin
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Fig. 10. Influence of the concentration of fatty acid-free HSA (Sigma A-1887) on the
chiral inversion of thalidomide (HSA solutions in phosphate buffer 0.1M, pH 7.40,
ionic strength 0.3, 37°C). k,,,, Observed pseudo-first-order rate constant of chiral inver-
sion; open circles, inversion from S to R; filled circles, inversion from R to S. Values are
means (tstandard deviation) of triplicate determinations. Some standard deviations
were smaller than the symbols

ligands such as fatty acids and bilirubin may block the catalytic basic amino
acid residues of HSA and as a result reduce the catalysis of the chiral inver-
sion. Furthermore, the rates of chiral inversion of (R)- and (S)-thalidomide
showed a slight HSA concentration-dependent stereoselectivity (Fig. 10). At
low albumin concentrations no significant difference between the rates of
inversion of the two enantiomers could be obscrved, whereas at physiological
concentration the inversion from (S)- to (R)-thalidomide was about 1.4 times
faster than that from the (R)- to the (S)-enantiomer. This may be due to the
fact that albumin is subject to concentration-dependent polymerization caused
by various factors such as heating, freeze-drying and others (Zin1 et al. 1981).
For the commercial fatty-acid free HSA used in the present study, which is
freeze-dried, it is known that at low albumin concentrations no polymeriza-
tion occurs whereas at a physiological concentration up to 50% of the HSA
can be polymerized (Zin1 et al. 1981). This polymerization might lead to con-
formational changes in the HSA molecule, inducing stereoselectivity by an
unknown mechanism. This hypothesis is in agreement with the finding that
in freshly drawn blood no significant difference was observable between the
rates of chiral inversion of the enantiomers (Eriksson et al. 1995). No albumin
polymerization is believed to exist in untreated human blood. In vivo in
humans, it was even found that (R)-thalidomide inverses its configuration
faster than (S)-thalidomide (Eriksson et al. 1995). Hence the stereoselectiv-
ity of the chiral inversion of thalidomide is dependent on the medium and it
would be misleading to draw conclusions on in vivo stereoselectivity from in
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vitro studies. In summary, the chiral inversion of thalidomide is suggested to
occur by electrophilic substitution with protons as incoming and leaving
groups. Specific and general-base catalysis accelerates the reaction by facili-
tating the abstraction of the proton bound to the chiral center (REist et al.
1998).

Parallel to inverting its configuration, thalidomide is hydrolyzed to ring-
opened products (Fig. 9). The drug has been found to be eliminated mainly by
spontaneous hydrolysis in blood and tissues of humans and animals (CHEN et
al. 1989; SCHUMACHER et al. 1965a). All four amide bonds of the molecule are
susceptible to hydrolytic cleavage at pH > 6 (ScHUMACHER et al. 1965b)
(Fig. 11). The main urinary metabolites in humans are 2-phthalimidoglu-
taramic acid (3) to about 50% and o-(o-carboxybenzamido)-glutarimide (4)
to about 30% (BEckMANN 1963). Of the 12 hydrolysis products of thalidomide
only those three which contain the intact phthalimide moiety showed terato-
genic activity, i.e., 2- (3) and 4-phthalimidoglutaramic acid (2), and 2-phthal-
imidoglutaric acid (5) (Kocu 1981) (Fig. 11). An investigation of the
teratogenic potency of the optical antipodes of 2-phthalimidoglutaric acid (5)
in pregnant mice showed that the (S)-enantiomer caused dose-dependent

Fig. 11. First products in the hydrolytic degradation of thalidomide in aqueous solu-
tions of pH > 6. 1, Thalidomide; 2, 4-phthalimidoglutaramic acid; 3, 2-phthalimidoglu-
taramic acid; 4, o-(o-carboxybenzamido) glutarimide; 5, 2-phthalimidoglutaric acid;
6,4-(o-carboxybenzamido)glutaramic acid; 7, 2-(o-carboxybenzamido) glutaramic acid;
8, 2-(o-carboxybenzamido)glutaric acid. Teratogenic compounds are circled. (Repro-
duced with permission from REIST et al. 1998)
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teratogenicity, whereas the (R)-enantiomer was devoid of effect even at four
times higher doses (OCKENFELS et al. 1976).

The discussion of enantioselective pharmacological activities of the ring-
opened products of hydrolysis implies the consideration of their configura-
tional stability. To address this question, we investigated the configurational
stability of the three teratogenic metabolites of thalidomide 2, 3,and 5 (Fig. 11)
by using the indirect method of proton-deuterium substitution monitored by
'H-NMR (REist et al. 1998). In a 0.3-M phosphate buffer of pD 7.4 at 37°C,
no deuteration was observed for any of the three metabolites in up to 7 days
of incubation. This is in agreement with the fact that a carboxy group is known
to stabilize chiral carbon atoms of the type R"R’-H (see Sect. D. and Table 3).
The complete stability of their configuration for at least 7 days suggests that
the pharmacological testing of the separate enantiomers produces unbiased
results. Further, the configurational stability of the teratogenic metabolites of
thalidomide invites to reflect on a possible enantioselectivity on the terato-
genicity of thalidomide. Given the stable configuration of the three teratogenic
metabolites, inversion of the chiral center must stop with the hydrolysis of
thalidomide. Thus, after administration of ($)-thalidomide the concentration
of teratogenic metabolites with S-configuration is postulated to be higher than
after application of (R)-thalidomide. Assuming that the teratogenic potency
of the metabolites with S-configuration is markedly superior to that of the
metabolites with R-configuration, as verified for 2-phthalimidoglutaric acid (5)
(OckENFELS et al. 1976), it might in fact be conceivable that (R)-thalidomide
could cause less teratogenic effects.

The above discussion illustrates the complex interplay of the biological
activities, metabolism and stereoselectivity of the enantiomers of thalidomide
and their ring-opened metabolites. It also shows that the low configurational
stability of thalidomide further complicates the study of the case.

G. Conclusion

Low configurational stability of chiral compounds, drug candidates, and drugs
may be less seldom than assumed. This concerns racemization as well as
epimerization. The consideration of the possibility of low configurational sta-
bility should therefore not be neglected in pharmaceutical research and drug
development.

The first point to note is the time scale of the phenomenon. When con-
figurational stability is truly low and results in half-lives of racemization or
epimerization in the order of minutes or hours, the phenomenon has phar-
macological significance. When in contrast the half-lives of racemization or
epimerization are in the order of months or years, the phenomenon has phar-
maceutical significance and may shorten the shelf-live of the drug. Presumably
the majority of reactions of nonenzymatic racemization or epimerization have
pharmaceutical but not pharmacological relevance.
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The second message emerging from the above examples and discussions
is that a fast method exists to screen the configurational stability of drug can-
didates having a chiral center of the type R”R’-H, namely proton-deuterium
exchange. As an alternative method to chiral approaches it has the consider-
able advantage in that it can be performed with the racemate. In other words,
it is a convenient method to screen chiral drug candidates prior to their reso-
lution, which can be especially useful in the early stages of drug development.
This advantage more than compensates the main disadvantage of the method,
which is its lower precision compared to chiral HPLC.

The third point made here is that a qualitative prediction of configura-
tional stability is feasible. The substituents around the chiral carbon play a
determining role whose magnitude depends on their inductive and resonance
effects. Thus, given enough experimental evidence, such substituents should be
classifiable as having a modest or strong effect in stabilizing or destabilizing
the configurational stability of chiral carbons. However, the complexity of the
intramolecular and intermolecular factors involved renders a quantitative pre-
diction of rates of racemization very difficult. Indeed, solvation and steric
effects appear to affect so markedly the entropy of the reaction that their accu-
rate computation is beyond reach at present.

Another message to keep in mind is that a mechanism of general-base
catalysis has important pharmacological implications. Indeed, the racemiza-
tion of chiral compounds in biological media is expected to be catalyzed by a
variety of endogenous buffers such as plasma proteins, amines, and perhaps
thiolates, phosphate and bicarbonate. It will therefore not be possible to
deduce rates of in vivo racemization or epimerization of chiral drugs from
results obtained in nonbiological media. Only experiments conducted in vivo
or in biological media such as blood or plasma will yield clinically useful
figures for racemization or epimerization of configurationally labile chiral
drugs.

Finally, the case of thalidomide demonstrates that the presence of an
element of chirality with low configurational stability in drug molecules
requires a thorough investigation of the drug’s pharmacological activities,
metabolism, and stereoselectivity.
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CHAPTER 5
Physical Properties and Crystal Structures of
Chiral Drugs

C.-H. Gu and D.J.W. GRANT

A. Introduction

More than half of all marketed drugs contain one or more chiral centers and
are therefore members of the category of chiral drugs (MILLERsHIP and
Frrzpatrick 1993). Because the biochemical processes of life are either stereo-
specific or stereoselective, opposite enantiomers and racemates of chiral drugs
may differ markedly in the following properties: pharmacological (IsLam
1997), toxicological (WAINER 1993), pharmacodynamic and pharmacokinetic
(DRrAYER 1986; MIiDHA et al. 1998). Some chiral drugs must therefore be mar-
keted as pure enantiomers from both the practical and reguiatory points of
view (P1rrer! and PErucca 1995; TEsta and TrRaGer 1990). However, from a
commercial viewpoint, racemates can usually be manufactured more eco-
nomically than enantiomers; hence, many chiral drugs are still marketed as
racemates. However, a recent trend is towards marketing more single-
enantiomer drugs (Stinson 1998).

No matter whether a racemate or an enantiomer is chosen for adminis-
tration, the physical properties of the chiral drug must be thoroughly charac-
terized in both the racemic and enantiomeric forms in the development of the
drug for a safe, efficacious, and reliable pharmaceutical formulation. Further-
more, the physical properties of a chiral drug also provide the basic informa-
tion needed to achieve the purification of enantiomers via crystallization,
either directly or via a diastereomer. Because most properties are governed
by the structure of the crystals, knowledge of the crystal structure of a chiral
drug should, in principle, provide an in-depth understanding of its properties.
In this chapter, emphasis is placed on the characterization of the physical
properties of chiral drugs and the relationship between physical properties and
crystal structure.

B. Nature of Racemates

The majority of chiral drugs are marketed as racemates (BrRocks and JAMALI
1995). Three types of crystailine racemates are known as shown schematically
in Fig. 1 (RoozeBooM 1899):
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(a) (b) (c)

RSRSRS

Homochiral or Heterochiral or Solid solution

enantiomorphic racemic crystal

crystal (randomly
(paired arranged

(same chirality) enantiomers) enantiomers)

Fig. 1a-c. Schematic representation of the molecular arrangements in three types of
racemic species. a Homochiral or enantiomorphic crystal (same chirality); b heter-
ochiral or racemic crystal (paired enantiomers); ¢ pseudoracemate or solid solution
(randomly arranged enantiomers). (CoLLET et al. 1995, reproduced by permission of
Kruwer Academic)

1. Conglomerate, which is a 1:1 physical mixture of homochiral crystals of the
two enantiomers. Conglomerates belong to the class of homochiral crystals,
because individual crystals in a conglomerate are themselves homochiral
(Fig. la), such as asparagine and sodium ibuprofen. Approximately
5%-10% of crystalline racemates are of this type.

2. Racemic compound, which is a homogeneous solid phase with the two
enantiomers present in equal amounts in each unit cell of the crystal lattice,
such as ibuprofen free acid and ephedrine free base. A racemic compound
consists of heterochiral crystals (Fig. 1b). This type of crystalline racemate
is the most common, representing 90%-95% of racemates.

3. Pseudoracemate, or solid solution, which is a homogeneous solid phase con-
taining equimolar amounts of the opposite enantiomers more or less
unordered in the crystal, such as camphor. A pseudoracemate consists of
heterochiral crystals (Fig. 1c). This type is rather rare, representing less than
1% of racemates.

The nature of a racemate can be determined by reference to the binary
phase diagram (Fig. 2), or by spectroscopic techniques to be discussed in
Sect. C. A racemic chiral drug may, in principle, crystallize in any one of the
three types summarized above, but only one type is the most stable under
given conditions. This phenomenon is discussed in detail in Sect. D.

The differences in properties between the two enantiomers in a con-
glomerate and a racemic compound arise from the different interactions
between the homochiral or heterochiral molecules and from the different
packing arrangements in the crystal structures. The homochiral interactions in
a crystal of an enantiomer, (R . . . R), are defined as intermolecular nonbonded
attractions or repulsions in assemblies of molecules of the same chirality. On
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@ (®) ©
Racemic Racemic Pseudoracemate
conglomerate compound Solid solution

D R L D R L D R L

1: ideal, 2: maximum
and 3: minimum
melting temperatures

(d)

T Diastereomers

RS RR

Fig. 2a—e. Typical phase diagrams of melting point against composition (a—c¢) for three
types of racemic species, and (d) for a pair of diastereomers. In some systems, termi-
nal solid solutions may exist, which is illustrated in e for the racemic compound and
its enantiomers. (JACQUES et al. 1981, reproduced by permission of John Wiley and Sons)

the other hand, the heterochiral interactions (R ...S) in the racemate are
interactions between molecules of different chirality (EvieL et al. 1994). These
two interactions are unlikely to be the same, because they are diastereomeri-
cally related. However, the difference between these interactions is small
enough to be neglected in the gaseous or liquid state, or in an achiral solution.
In the solid state or in a chiral environment, the difference between these
interactions is significant enough to result in different physical properties
between the racemic compound and the corresponding pure enantiomer
(EvrieL et al. 1994). The differences between the homochiral and heterochiral
interactions lead to different crystal structures which, in turn, lead to differ-
ent physical properties and/or biological activities (L1 and GrRaNT 1997).
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C. Physical Properties of Chiral Drugs
I. Optical Activity

Optical activity refers to the rotation of the plane of polarized light, which is
commonly used to check the enantiomeric purity. The opposite enantiomers
have equal rotatory powers but with opposite signs. The enantiomer which
rotates the plane of polarized light to the right is designated dextrorotatory,
and is referred to as (+), while that which rotates the plane to the left is des-
ignated levorotatory, (). The racemate is optically inactive and is designated
(£). This nomenclature is arbitrary and does not reflect the absolute configu-
ration of a chiral molecule.

The composition of a mixture of opposite enantiomers can be determined
from the ratio of the optical rotation of the mixture, []ey,, to that of the pure
enantiomer, [@]yu.. This experimental ratio is known as the optical purity
(%op, Eq. 1), whose value is equal to the enantiomeric excess (%ee) (KAGAN
1995).

o _
%op = Lo R-S

[[a XlOOo/ozm x 100 = %ee (1)

]pure

II. Thermal Properties

The three types of racemate can be simply characterized by the binary melting
point phase diagram of the two enantiomers. Fig. 2a represents the phase
diagram of enantiomers that form conglomerates with no mutual solubility in
the solid state, corresponding to the typical eutectic behavior of a physical
mixture. The liquidus line in the diagram can be calculated by the following
Schréder-van Laar equation, which gives the relationship between the com-
position of mixtures and the terminal melting temperature,

AHL (1 1
Inx = R (—TK—F) (2)

where x is the mole fraction of the more abundant enantiomer, AHY is the
molar enthalpy of fusion of the pure enantiomer, R is the gas constant, and 7T
and T" are the melting point of the pure enantiomer and the mixture, respec-
tively (JACQUEs et al. 1981).

The phase diagram of enantiomers that form a racemic compound is rep-
resented by Fig. 2b, which is similar to the typical phase diagram of two solids
forming a solid complex. Figure 2b indicates that the racemic compound is a
new solid phase, which shows eutectic behavior when mixed with either enan-
tiomer. The liquidus line between the pure enantiomer and the eutectic point
can be calculated by the Schroder-Van Laar equation, whereas the liquidus
line between the two eutectic points can be calculated by the Prigogine-Defay
equation which relates the solid composition to the melting temperature,
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Indx(1-x)= (ZA;;I &) (%—-Tl—f) (3)

where x is the mole fraction of more abundant enantiomer and AHY is the
enthalpy of fusion of the racemic compound, and T% and T' are the melting
point of the racemic compound and of the solid mixture, respectively. The
chiral purity can be estimated by applying either the Schroder-Van Laar or
the Prigogine-Defay equations or by measuring the area of the eutectic peak
(Jacqugs et al. 1981).

As mentioned above, relatively few racemic species (less than 1%) are
pseudoracemates (JACQUES et al. 1981), for which the two enantiomers exhibit
complete solid solubility. Figure 2¢ represents the phase diagrams of pseudo-
racemates, which include an ideal solid solution (Fig. 2¢, 1), and those giving
positive deviations (Fig. 2c, 2) and negative deviations (Fig. 2¢c, 3) from the
ideal solid solubility behavior.

When two chiral drugs are diastereomers, their binary melting phase dia-
grams can be analyzed similarly to those of enantiomers discussed above. The
most common phase diagram of diastereomers is eutectic (Fig. 2d; JAcQUES
et al. 1981). Phase diagrams of diastereomers do not exhibit the symmetry
shown by enantiomers.

Besides the melting phase diagram, the phase diagram based on the
enthalpy of fusion, which is usually determined by differential scanning
calorimetry (DSC), can also be used to infer the type of racemate (ELSABEE
and PRANKERD 1992a). The DSC curve may be analyzed by a multiple non-
linear regression program to deconvolute the overlapping endothermic peaks
(ELsaBEE and PRANKERD 1992b). The enthalpy of fusion so obtained may be
plotted against the composition. It is easier to determine the eutectic compo-
sition from the phase diagram based on the enthalpy of fusion than from that
based on the melting point (ELSABEE and PRANKERD 1992a).

The thermodynamics of racemates may be quantified from the thermal
data using thermodynamic cycles, as developed by Jacques et al. (1981).
Recently, L1 et al. (1999) employed this approach and derived the enthalpy,
entropy, and Gibbs free energy of racemates with respect to the individual
enantiomers from thermal data. The formation of a racemic compound is given
by:

Ds+Ls =Ry 4)

where the left-hand-side represents the racemic conglomerate which is an
equimolar mixture of opposite enantiomers, D and L, in the solid state, sub-
scripts, and the right-hand-side represents the racemic compound, R, in the
solid state, subscript. If the free energy of formation of the racemic compound
is negative, the racemic compound is formed spontaneously and is more stable
than the conglomerate. By assuming that enantiomers behave ideally in the
liquid mixture and that the heat capacity difference between the solid and the
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melt is small enough to be neglected, the free energy of formation of the
racemic compound at the melting point is given by:

AGy, =—-ASK(T{ ~T{)-TiRIn2 )

when T < T
AGY, =~ASL(T{ ~T{)~T{RIn2 )

when T < Tk

In Egs. 5 and 6, AS' is the entropy of fusion, T is the melting temperature,
and subscripts A and R refer to enantiomer and racemic compound, respec-
tively, as mentioned above. By extrapolating the free energy at the melting
temperature with knowledge of the heat capacity, the free energy of forma-
tion at lower, practical temperatures, e.g., ambient, can be derived (L1 et al.
1999). The sign of the Gibbs free energy of formation at a certain tempera-
ture may be different from that at the melting temperature, which refiects
the change of relative stability between the racemic compound and the
conglomerate.

Examination of 23 chiral drugs that form racemic compounds indicates
that the negative free energy of formation at the melting temperature is
proportional to the difference in melting point, AT', between the racemic
compound and enantiomer, as suggested by Egs. 5 and 6 (L1 et al. 1999). This
linearity suggests that the greater the melting temperature of a racemic com-
pound, as compared with that of its enantiomer, the more stable it is. When
the melting point of the racemic compound and that of an enantiomer are
equal, the racemic compound is still stabilized by the entropy of mixing term
in Eqgs. 5 and 6.

I11. Solubility

Although construction of the melting point phase diagram is a simple tech-
nique for determining the nature of the racemate, it is suitable only for a ther-
mally stable compound. A ternary solubility phase diagram can overcome this
limitation for thermally labile drugs. Furthermorc, knowledge of the solubil-
ity behavior of racemates and enantiomers is essential in the resolution of
racemates via crystallization (JacQues et al. 1981). The theoretical phase
diagram of a conglomerate is represented by Fig. 3a, which corresponds to
eutectic behavior. Most solubility diagrams of diastereomers also show eutec-
tic behavior.

A representative ternary phase diagram showing the solubility of a
racemic compound is presented in Fig. 3b. The solubility of the racemic
compound can be either greater or less than that of the enantiomer. If the
solubility of the enantiomer is less than that of the corresponding racemic
compound, a rapid crystallization in the presence of seed crystals may provide
pure enantiomer without allowing the system to reach its solubility equilib-
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S

(c)

Fig. 3a—c. Ternary phase diagram showing the solubility of the racemic species. a Con-
glomerate C; b racemic compound R; ¢ pseudoracemate P; (i), ideal; (ii), positive devi-
ations; (iii), negative deviations. D and L represent the enantiomers, and S represents
the solvent. (ELIEL et al. 1994, reproduced by permission of John Wiley and Sons)

rium (the eutectic composition). However, most racemic compounds have a
lower solubility than the pure enantiomer (REPTA et al. 1976). Some examples
are listed in Table 1, where the solubility of the enantiomer is 2-10 times
that of the racemic compound. The different solubilities of the racemate and
enantiomer will lead to different dissolution rates. Regardless of the rate-
controlling step, the dissolution rate increases with an increase in the
solubility (GraNT and HiGucHi 1990). When drug absorption is controlled by
the dissolution rate, the greater dissolution rate of the enantiomer may lead
to significantly greater bioavailability over the racemic drug, which is
another advantage of administering the enantiomeric drug. It was observed
that the enantiomeric drug in a tropical formulation, being more soluble,
exhibits a significantly greater skin permeation rate than the corresponding
racemic drug (WEARLEY et al. 1993).
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Table 1. Solubility of some racemic compounds and the corresponding enantiomers

Solubility (mg/ml) Enantiomer
Racemic compound

Dexclamol hydrochloride (Liu and 33 16.4
Hurwirz 1978)

1,2-Di(4-piperazine-2,6-dione)propane 3 15
(REPTA et al. 1976)

SCH-39304 (WEARLEY et al. 1993) 3.6 392

Ketoprofen (KomMURu et al. 1998) 1.42 232

Theoretically, three types of ternary phase diagrams are possible for
pseudoracemates (Fig. 3c). Purification by crystallization is practically impos-
sible in this system because of the relative small change of solubility with
composition (ELIEL et al. 1994).

IV. Vibrational Spectra and Nuclear Magnetic Resonance Spectra

Vibrational spectroscopy includes infrared (IR) spectroscopy and Raman
spectroscopy, which are powerful characterization tools for chiral drugs
(Bugay and WiLLiaMs 1995). The opposite enantiomers give identical spectra.
Consequently, the IR spectrum of a conglomerate, which is a physical mixture
of opposite enantiomers, is identical to that of the pure enantiomers, while
the spectrum of the racemic compound usually differs significantly from that
of the pure enantiomers. Therefore, it is often easy to determine the type of
racemate from the IR spectra. The differences in IR spectra between the
conglomerate and the racemic compound are due to the different molecular
interactions in the solid state, which are the result of the different molecular
arrangements in the crystal structures. The IR spectra of the enantiomer of
mandelic acid and the racemic compound are shown in Fig. 4. For similar
reasons, the solid-state Raman spectrum of the racemic compound is differ-
ent from that of the enantiomers, while the conglomerate gives a spectrum
identical to that of the enantiomers.

Solution nuclear magnetic resonance (NMR) has becn widely used to
determine the enantiomeric composition by the use of chiral shift reagents.
For characterizing solid chiral drugs, solid-state C NMR spectroscopy can
be used to probe the short-range intermolecular interactions in the solid
state, and is especially useful for identifying the conformational differences
(Bucay 1995). The type of racemate can be identified by the solid-state NMR
spectra because the racemic compound gives a spectrum that is different from
that of either enantiomer (Fig. 5), whereas the spectrum of the conglomerate
is identical to that of either enantiomer. Solid-state *C NMR spectroscopy is
also a quantitative method that can be applied to determine the enantiomeric
composition in a solid sample, provided that the racemate is a racemic
compound. The distinctive peaks are marked with asterisks.
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Fig. 4. Infrared spectra of the racemic compound and enantiomer of mandelic acid in

Nujol mulls. (JacQUEs et al. 1981, reproduced by permission of the copyright owner,
John Wiley and Sons)
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Fig. 5. °C solid-statc NMR spectra of the racemic compound and an enantiomer of

norephedrine hydrochloride. (L1 et al. 1999, reproduced by permission of American
Pharmaceutical Association)
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V. X-ray Diffraction Patterns

The single crystal X-ray diffraction pattern reveals the crystal structure of the
solid, which provides fundamental information about the properties of the
chiral drug. However, powder X-ray diffractometry (PXRD) is the primary
method for demonstrating the existence of polymorphs and solvates. The type
of racemate can be easily determined by comparing the diffraction pattern of
the racemate with that of one of the pure enantiomers. If the pattern is dif-
ferent, the racemate is a racemic compound, whereas if the pattern is similar,
it is a conglomerate (Fig. 6). Quantitative PXRD has also been applied
to determine the enantiomeric composition of ibuprofen in the racemic
compound (PHADNIS and SURYANARAYANAN 1997). A useful complement to
ordinary PXRD is variable temperature powder X-ray diffractometry
(VTPXRD). The phase transformation induced by a temperature change can
be readily characterized by VTPXRD.

D. Polymorphism and Pseudopolymorphism of
Chiral Drugs

Polymorphism is a phenomenon whereby a chemical substance crystallizes in
more than one form with different crystal structures, termed polymorphs. A
compound may also form solvates, which are crystals that contain the solvent
of crystallization as part of the crystal structure, termed pseudopolymorphs
(ByrN et al. 1999). Polymorphism and pseudopolymorphism are common
among chiral drugs. The importance of polymorphism in pharmaceutics is well
documented on account of the different physicochemical properties of the
polymorphs (GRaNT 1999). The existence of polymorphism of a chiral drug will
not only affect its pharmaceutically relevant properties, but will also result in
conversion between the different types of racemate. It may be rather compli-
cated to characterize the polymorphs of chiral drugs because the conglomer-
ate and the racemic compound may also be considered to be polymorphs.
Based on the thermodynamic stability relationships between the poly-
morphs, polymorphism may be categorized into two types, namely, monotropy
and enantiotropy (Fig. 7; BURGER and RAMBERGER 1979). In monotropy, one
polymorph is always more stable than the other at all temperatures below their
melting points. In enantiotropy, the polymorphs have a transition point below
the melting points; on crossing the transition point the relative stability of the
polymorphs is inverted. This definition is based on the assumption that the

>
Fig. 6. Powder X-ray diffraction patterns of (a) the racemic compound (upper traces)
and an enantiomer (lower traces) of norephedrine hydrochloride, and (b) the pseudo-
racemate (+/—) and an enantiomer (—) of atenolol. The distinctive peaks are marked
with asterisks. Shift of peak position is indicated by an asterisk and is characteristic of
a solid solution. (L1 et al. 1999, reproduced by permission of American Pharmaceuti-
cal Association)
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Fig. 7a, b. Energy/temperature diagrams of polymorphic systems. a An enantiotropic
system, b a monotropic system. (BURGER and RAMBURGER 1979, reproduced by per-
mission of Springer)

pressure remains constant at atmospheric pressure. An alternative definition
is that, if the pressure-temperature phase diagram does not allow a polymorph
to be in equilibrium with its vapor phase below the critical point, it is an unsta-
ble monotrope, otherwise it is a stable monotrope or an enantiotrope. This def-
inition recognizes that some monotropes may be thermodynamically stable at
elevated pressures and temperatures, e.g., diamond, which is the metastable
polymorph of carbon under ambient conditions. The thermodynamic stability
relationship between polymorphs at a given temperature is determined by the
transition temperature, at which the free energy difference between the two
polymorphs is zero. The transition temperature may be estimated either from
solubilities or from intrinsic dissolution rates (dissolution rate per surface
area) determined at several temperatures (SHEFTER and HiGucH1 1963; GRANT
et al. 1984), or from melting data (Yu 1995) or from both heat of solution and
solubility data determined at any one temperature (Gu and GranT 2001).
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Table 2. Several theoretically possible polymorphic systems of enantiomers and of the

corresponding racemic species, with examples (“=" represents the coexistence of dif-

ferent species)

Enantiomers

Racemic species

Examples

Individual enantiomers
exhibit polymorphism

Individual enantiomers
have no polymorphs

Conglomerate I =
Conglomerate 11

Racemic compound I =
Racemic compound 1T

Solid solution I = Solid
solution 11

Conglomerate = Racemic
compound

Racemic compound with
no polymorph

Racemic compound I =
Racemic compound 11

Racemic compound =
Conglomerate

Racemic compound =
Solid solution

Conglomerate =
Solid solution

Solid solution I =
Solid solution 11

Carvoxime (JACQUES
et al. 1981)

Nicotine derivatives
(LANGHAMMER 1975)

Nitrendipine (BURGER
et al. 1997)
Nimodipine
(GRUNENBERG

et al. 1995)

Difficult to prove
absence of
polymorphism

Mandelic acid
(KUHNERT-
BRANDSTATTER and
ULMER 1974)
Sodium ibuprofen
(ZuANG 1998)

a-Bromocamphor
binaphthyl (CoLLET et al.
1972)

Camphoroxime (JACQUES
and GaBarp 1972)
cis-m-Camphanic acid
(BrRIENNE and JACQUES
1970)

No example available

Several theoretically possible polymorphs of chiral drugs are listed in

Table 2. The most common are polymorphic enantiomers, polymorphic
racemic compounds, and the existence of both a conglomerate and a racemic
compound of a chiral drug. Polymorphs may be discovered by crystallization
under various conditions or by thermally induced transformations (GUILLORY
1999). The ultimate evidence of polymorphism is a comparison of the single
crystal structure. DSC, hot-stage microscopy, FTIR, solid state NMR, PXRD,
and VIPXRD are routinely used to characterize polymorphs, while thermo-
gravimetric analysis (TGA) provides the stoichiometric number of the solvent
molecules in the crystal lattice of solvates (BritraiN 1999). The complication
of polymorphism in chiral systems makes the DSC curve of a chiral drug some-
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times difficult to interpret. It is therefore necessary to apply several techniques
to characterize both the enantiomer and the racemate and to identify the
origin of the polymorphism. For example, three monotropically related mod-
ifications were found for (RS)-nitrendipine (BURGER et al. 1997). The melting
phase diagram showed that the thermodynamically stable form (I) is a racemic
compound, while the other polymorphs, form II and I1I, are both conglomer-
ates. These conclusions were confirmed by the IR spectra and PXRD patterns.
Study of the pure enantiomer also revealed that three modifications exist
in which enantiomeric form I corresponds to the metastable conglomerate
form II, enantiomeric form II corresponds to conglomerate form III,
while enantiomeric form I1I is not related to the racemic modifications. There-
fore, both the enantiomer and the racemate are polymorphic in this system.
When the designations of the enantiomeric polymorphs and the conglomer-
ate polymorphs do not correspond, careful attention to the nomenclature is
necessary.

Solvates may be formed by certain chiral drugs. When the incorporated
solvent is water, the solvates are known as hydrates, which are the most abun-
dant. The incorporated solvent may be present either in stoichiometric
amounts, e.g., histidine monohydrate (JacQUEs and GaBARD 1972), or in non-
stoichiometric amounts, e.g., cromolyn sodium hydrates (CHEN et al. 1999). The
relative stability of the anhydrate (unsolvated crystal) and the hydrate is deter-
mined by the thermodynamic activity of the solvent and the temperature
(SHEFTER and Hricucui 1963). The activity of a solvent can be reduced to the
desired value by dilution with a miscible cosolvent. The resulting solvent mix-
tures can then be used to prepare solvates with different degrees of solvation
(Znu et al. 1996).

In chiral systems, it is observed that the racemic compound and the enan-
tiomer undergo different degrees of solvation under given conditions. There
are many examples of a change of degree of solvation as a result of a change
of the nature of the racemate (JACQUES et al. 1981). For example, enantiomeric
histidine hydrochloride forms a monohydrate when crystallized from water,
whereas racemic histidine hydrochloride forms a dihydrate. The racemic
dihydrate transforms to the conglomerate monohydrate above 45°C (Fig. §;
JacouEs and GaBaRD 1972). It would be informative to perform similar studies
on chiral drugs to determine whether the formation of a solvate can be used
to transform a racemic compound into a conglomerate and thereby facilitate
resolution.

Diastereomeric pairs also form solvates with different degrees of solva-
tion. This phenomenon is useful for achieving a high efficiency of resolution.
The solubility of a solvate with a higher degree of solvation is usually lower
than that with a lower degree of solvation in the corresponding solvent.
On the other hand, in a solvent that is miscible with the solvating solvent,
the solubility of the more highly solvated solid is usually higher than that of
the solid with a lower solvation (SHEFTER and HicucHI 1963). Therefore, by
choosing the appropriate solvent, the solubility ranking of a diastereomeric
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Fig. 8. Ternary phase diagram showing the solubility of histidine hydrochloride enan-
tiomers [(+) and ()] in water (S) at various temperatures. The maximum at 25°C and
35°C corresponds to the solubility of the racemic compound. The sharp minimum at
45°C corresponds to the equal solubilities of the two enantiomers in the racemic con-
glomerate. (JacQUEs and Gasarp 1972, reproduced by permission of Société Frangaise
de Chimie)

pair can be changed to obtain the desired enantiomer. For example, in the
resolution of pL-leucine by forming salts with (5)-(-)-phenylethanesulfonic
acid (PES), L-leucine-(-)-PES (LS) is less soluble in acetonitrile-methanol
mixture than its diastereomer, b-leucine-(-)-PES (DS). However, in
acetonitrile-water mixture, DS monohydrate is formed and is less soluble than
LS, which does not form a hydrate (YosHioka et al. 1998).

It is important to be aware that polymorphic transitions may occur during
pharmaceutical processing, such as grinding, milling, and wet granulation. Both
mechanical forces, especially shear, and relative humidity (RH) are believed
to exert influences. The external mechanical energy may transform to struc-
tural energy, facilitating the transition, while the water content of a drug
may increase under higher RH and will significantly increase the molecular
mobility (Zograri 1988). Hydration and dehydration may occur during these
processes. It was found that physical mixtures of the enantiomers of malic acid,
tartaric acid and serine transformed to racemic compounds after grinding or
during storage at 53% RH and at 40°C (Pryarom et al. 1997).

E. Influence of Impurities on the Physical Properties of
Chiral Drugs
Impurities exert profound impacts on the acceptability, quality, and properties

of drug substances. For chiral drugs, it is especially important to consider the
influence of impurities because it is often difficult to separate chiral isomers
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completely, such that commercially available chiral compounds often contain
trace amounts of their chiral isomers (Dupbpu et al. 1991). Crystallization from
solution is one of the most important techniques for separation and purifica-
tion of chiral drugs. During crystallization, the presence of trace amounts of
structurally related impurity exerts profound effects on nucleation and crystal
growth. During nucleation of a system displaying polymorphism, the presence
of a small amount of impurity may selectively suppress the nucleation of one
form permitting another more or less stable form to crystallize (WEISSBUCH
et al. 1995). This principle has been applied to the kinetic resolution of
enantiomers by inhibiting the nucleation of the more stable racemic crystals
(WEIssSBUCH et al. 1987). Additives may also serve as nucleation promoters by
providing templates to selectively induce the nucleation of desired polymor-
phic forms (BoNaFeDE and WarD 1995). In the presence of impurities, the
crystal morphology is often modified because the adsorption of an impurity
onto a certain face during crystal growth may alter the growth rate of that spe-
cific face (MuLLIN 1993). The morphological change may lead to changes in
particle size distribution, in specific surface area, and in true density. These
changes can further alter the mechanical properties, such as the flowability and
tablet properties, and the bulk dissolution rate.

The impurities present in the crystallization medium may be incorporated
into the lattice of the host crystals to form terminal solid solutions during crys-
tallization (Fig. 2e). In addition to their possible toxicological effects, the impu-
rity molecules will interact with the neighboring host molecules in a way which
is different from the interaction between host molecules themselves. Thus, the
incorporation of the impurity may disrupt the crystal lattice, thereby chang-
ing the nature and the concentration of the crystal defects. Such defects,
created by the incorporation of impurity, are found to significantly alter the
solid-state properties of crystalline drugs, such as the thermodynamic proper-
ties (L1 and GrANT 1996; Gu and GRrRANT 2000a), mechanical properties (LAw
1994}, dissolution behavior (L1 and Grant 1996; GU and Grant 2000a), and
stability (Byrw et al. 1999). These changes may be the source of batch-to-batch
or lot-to-lot variations among pharmaceutical compounds, which may result
in bioinequivalence and instability of the solid drug in its final dosage form
('York 1983).

Studies of the ephedrine and pseudoephedrine systems have demon-
strated that appreciable amount of chiral impurities (guests), including the
opposite enantiomer, excess enantiomer of a racemate, and a diastereomer,
can be incorporated into the lattice of the host chiral crystals. The incorpora-
tion of impurities leads to decreases in the enthalpy and entropy of fusion,
suggesting increases of lattice energy and disorder of the chiral host crystals
(Dubpu et al. 1993, 1996; L1 and GRrRANT 1996; GUu and GranT 2000a). The
effects of the incorporation of the impurity on the intrinsic dissolution rate
(IDR) of the host are profound and vary from system to system. Depending
on whether the mole fraction of the guest in the host crystal lattice is less than
or greater than the solid solubility limit, either a stable or a metastable solid
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solution may be formed. When a stable solid solution is formed, in which case
the guest and the host in the impure crystals have lower chemical potentials
than in the respective pure crystals, the impure crystals will have a lower sol-
ubility than the pure crystals and therefore a lower IDR under constant hydro-
dynamic conditions (GiorDANO et al. 1999). Conversely, if the concentration
of incorporated impurity exceeds the solid solubility, a metastable solid solu-
tion is formed, in which case the impure crystals are expected to have a higher
IDR than the pure crystals (Dupbpu et al. 1996). Furthermore, the impurity
itself may exert an inhibitory effect on the dissolution rate of the host, either
by segregating at dislocations (GILMAN et al. 1958), where the dissolution
process often begins, or by entering the dissolution medium and acting as an
inhibitor (BUNDGAARD 1974).

Considering the significant effects of impurities on the crystal properties
of chiral drugs, the impurity profile of a chiral drug must be carefully con-
trolled to limit the batch-to-batch variations and to maintain the quality of the
drug. The extent of impurity incorporation is greatly dependent on the crys-
tallization conditions. A general rule is that the faster the crystal growth, the
greater the mole fraction of impurities that are incorporated. Gu and GrRANT
(2002) observed that larger crystals incorporate more impurity than smaller
crystals in the same batch. It is therefore possible to minimize the impurity
incorporation by optimizing the crystallization conditions. On the other hand,
crystallization in the presence of tailor-made guest molecules may be used as
a technique of crystal engineering to modify the crystal properties, such as
habit, mechanical properties, and dissolution rate.

F. Crystal Structures of Chiral Drugs

A crystalline solid is a solid composed of atoms or molecules arranged in a
periodic pattern in threc dimensions. The physical properties of chiral drugs
discussed above are controlled by the packing mode and molecular interac-
tions, which can be studied by analyzing their crystal structures. For example,
different PXRD patterns, IR spectra, and solid state NMR spectra of the
racemic compound and enantiomers are all the result of the different molec-
ular packing and subsequently different molecular interactions in the crystats.
On the other hand, the solubility and thermal properties reflect the lattice
energy of the crystal. Therefore, it is necessary to analyze the crystal struc-
ture of a chiral drug to gain a fundamental understanding of its physical
properties.

The nonsuperimposibility of the mirror image of a chiral molecule, which
is the primary implication of its chirality, is reflected in its crystal structure.
Although chirality does not imply the total lack of symmetry (asymmetry), the
existence of chirality in a crystal does require the absence of improper rota-
tion elements (a proper rotation combined with either an inversion center or
a reflection plane). Consequently, the overall crystal structure of an enan-
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tiomer must be disymmetric (BrrrraiNn 1990). Geometrically, there are 230
unique ways of arranging objects repetitively in a three-dimensional pattern.
These 230 space groups are classified into 32 crystal classes according to their
symmetry. Enantiomers may then crystallize in only 11 enantiomorphous
crystal classes of the 32 classes, which comprise 66 space groups (JACQUES et
al. 1981). However, racemic compounds are not subject to this restriction and
potentially may crystallize in any space group, including a chiral one, as shown
by achiral molecules that crystallize in chiral space groups (JACQUEs et al.
1981). A recent example is the achiral drug, cromolyn sodium hydrate, which
crystallizes in the chiral space group P1 (CHEN et al. 1999). Therefore a powder
sample of this drug is essentially a racemic conglomerate of crystals with oppo-
site chiralities. However, this designation is not particularly useful, because the
molecules themselves are achiral.

Although enantiomers may, in principle, crystallize in any one of the 66
enantiomorphous space groups, a survey of 430 cases of enantiomers by
Bevskir and Zorx1 (1971) revealed that enantiomers crystallize preferentially
in certain selected space groups: 67% in the P2,2,2; space group, 27% in the
P2, space group, 1% in the C2 space group, and 5% in the other 63 space
groups. Racemates also frequently crystallize in certain space groups. A similar
study of 792 cases of racemates revealed that 56% crystallized in the P2,/c
space group, 15% in the C2/c space group, and 13% in the P1 space group,
while 16% crystallized in the other 161 achiral space groups (BEL’ski1 and
Zorxkn 1971).

G. Comparison of the Crystal Structures of the Racemic
Compound and Enantiomer

An interesting theoretical question relevant to chiral compounds is, which
factors govern the formation of the different types of racemate? This question
has practical importance, too, because conglomerates can be readily resolved
by preferential crystallization, which is the most cost-effective method
for enantiomeric separation. The answer lies in the different crystal stabilities
of the racemic compound and enantiomer, which indicate differences between
homochiral and heterochiral interactions introduced in Sect. B., “Nature of
Racemates”. Three principal factors are related to crystal stability, namely
compactness, symmetry, and intermolecular forces, including hydrogen
bonding, van der Waals forces and electrostatic interactions.

I. Compactness and Symmetry

After comparing the density of eight pairs of chiral compounds at room
temperature, WaLLAcH (1895) formulated a rule that crystals of the racemic
compound tend to be denser than homochiral crystals. This rule implies that
molecules in racemic crystals tend to be more tightly packed than in the cor-
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responding homochiral crystals. At a low temperature, it is generally true that
the more tightly packed form is more stable. However, Brock et al. (1991)
found that Wallach’s rule is only valid for resolvable enantiomers, because this
rule is derived from a biased group which excludes those racemic compounds
that are markedly less stable. Based on this argument, it is impossible to
compare the properties of racemic compounds and conglomerates without
statistical bias. In spite of the statistical bias, the racemic compounds are,
on average, more stable than the homochiral mixtures, i.e., conglomerates,
because about 90% of chiral compounds form racemic compounds, while only
10% form conglomerates (CoLLET et al. 1995). The greater compactness of the
crystal structure of a racemic compound may, nevertheless, contribute to its
greater stability than that of the conglomerate.

As discussed in Sect. F, enantiomers can crystallize only into asymmetric
space groups which are devoid of inverse symmetry elements, while almost all
racemates crystallize in those space groups that possess elements of inverse
symmetry. This symmetry may contribute to close-packing, leading to greater
stability of the racemic compound (JacqQues et al. 1981). Different packing
arrangements also lead to the differences in van der Waals interactions and in
the geometry of hydrogen bonding, which will be discussed in the next section.

II. Intermolecular Interactions in the Crystal

Recent developments in crystallographic and computational chemistry make
it possible to estimate the strength of the intermolecular interactions in the
crystal either qualitatively, i.e., by comparing the molecular packing mode and
the geometry of the hydrogen bond network, or quantitatively, i.c., by com-
paring the crystal lattice energy (KRIEGER 1995). Both qualitative and quanti-
tative analyses enable us to interpret the physical properties at the molecular
level.

Qualitative structure analysis has been employed to study the structural
basis of the formation of racemic compounds and conglomerates, using a series
of salts formed by a chiral base and a series of structurally related acids as
model systems. The rationale for preparing salts is that the probability of a
chiral salt being a conglomerate is two to three times that for covalent com-
pounds (JAcQuEs et al. 1981). On the other hand, salt forms of drugs are some-
times marketed because of their superior properties, such as dissolution rate
and processing characteristics, over their covalent acidic or basic counterparts
(BERGE et al. 1977). KINBARrA et al. (1996a) compared the crystal structures of
a series of salts of chiral primary amines with achiral carboxylic acids (Fig. 9).
They found that both the formation and assembly of a characteristic colum-
nar hydrogen-bond network, in which the ammonium cations and the car-
boxylate anions are aligned around a twofold screw axis, constituting a 2;
column, are essential in the formation of conglomerates from these salts
(Fig. 9). In another study of acidic salts of a-phenylethylamine with achiral
dicarboxylic acids, Bocskel et al. (1996) found that a conglomerate formed
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only when there is a —-CH,~CH,- group between the two carboxylic groups
and when the protonated and deprotonated carboxylic groups form hydrogen
bonded chains rather than forming cyclic intramolecular hydrogen bonds.

These pioneering studies began a new chapter for understanding the
structural basis of conglomerate formation using qualitative analysis of crystal
structure. However, this approach is limited to the qualification of short-range
interactions, particularly hydrogen bonds. If the difference in lattice energy
between a conglomerate and a racemic compound arises from the long-range
electrostatic or van der Waals interactions, this method is doomed to fail
(LeuseN 1993). To analyze quantitatively the lattice energy differences
between a conglomerate and a racemic compound, molecular modeling (MM)
tools may be applied to calculate the lattice energy. L1 et al. (2001) found that
van der Waals forces significantly contribute to the difference both in melting
behavior and in the enthalpy of fusion, which are responsible for chiral dis-
crimination in the solid state. In salts, the contribution of electrostatic energy
towards the total lattice energy increases, which offsets the contribution of the
van der Waals forces. This result may explain why conglomerates are more
common among chiral salts. Currently, the accuracy of MM is still question-
able. However, advances in this field will ultimately give us the power to
probe the molecular interactions in the crystals and to predict the physical
properties from the crystal structure.

H. Crystal Structural Basis of Diastereomer Separation

Another aspect of crystal structure studies focuses on the structural compar-
ison of diastereomers, which is intended to elucidate the correlation between
crystal structure and efficiency of resolution. The resolution of enantiomers
via the formation and subsequent separation of a diastereomeric pair is a
common practice. However, the choice of appropriate reagent is still based on
trial and error. Although the efficiency of resolution may be modified by
varying the crystallization conditions, such as solvent, cooling rate, and tem-
perature, the efficiency depends mainly on the magnitude of the difference in
solubility between the diastereomers. The difference of solubility is most likely
controlled by the stability of the crystal that can be deduced from the crystal
structure. Based on this argument, KiNBARA et al. (1996b) studied the depen-

<4
Fig. 9. a Hydrogen-bond network in the crystal of salt of 1-phenylethylamine with p-

butylbenzoic acid, represented by the dotted lines. Two ammonium cation and car-
boxylate anion pairs form a unit through the hydrogen bonds between the ammonium
hydrogens and the carboxylate oxygens. This unit forms an infinite columnar structure
around a 2-fold screw axis along the b axis (2,-column). b Schematic representation of
a 2;-column formed in conglomerate salts of chiral primary monoamines with achiral
monocarboxylic acids. (KINBARA et al. 1996a, reproduced by permission of American
Chemical Society)
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Fig. 10. Schematic representation of the hydrogen bond network of the less soluble
salts of optically pure mandelic acid with 1-arylethylamines. Columnar supramolecu-
lar assemblies are formed by the hydrogen bonds between the carboxylate oxygens and
the ammonium hydrogens, which are linked by OH--O hydrogen bonds to construct a
tightly hydrogen-bonded supramolecular sheet. (KINBARA et al. 1998, reproduced by
permission of Royal Society of Chemistry)

dence of resolution efficiency on the differential stability of a series of
diastereomeric pairs. High resolution efficiency was achieved with those pairs,
for which one crystal is stabilized by both hydrogen-bonding and van der
Waals interactions. In the less soluble salt, a tightly columnar hydrogen
bonded supramolecular sheet was formed (Fig. 10). Similarly, in another
study, Kinara et al. (1998) found that high resolution efficiency is achieved
when a stable hydrogen bond column is formed in the less soluble salts.
Low resolution efficiency is observed in those salts whose hydroxyl groups
participate moderately in the formation of hydrogen bonds in each
diastereomer.

Besides the hydrogen bond pattern, the conformation of molecules in the
crystal is also an important factor, which will influence the geometry of the
hydrogen bond network, i.e., bond lengths and angles, and its strength (DI1EGO
1995). In addition to the strength of hydrogen bonding, CH- winteractions are
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also found to play a role in diastereomeric discrimination (KINBARA et al.
2000). These studies demonstrate that it is possible to design a resolving
reagent by considering the number and orientation of interacting groups
which may determine the type and strength of the molecular interactions thus
formed in the diastereomeric salts.

I. Concluding Remarks

Chiral drugs comprise an important subgroup of pharmaceuticals. On account
of their chirality, special attention should be paid to the physical characteri-
zation of chiral drugs. The various techniques that are employed in the char-
acterization of polymorphs may be applied to chiral drugs. The nature of the
racemate is the key property to be determined for a chiral drug, because it
influences all the physical properties as well as the separation of the enan-
tiomers. Classical characterization tools, such as thermodynamics and spec-
troscopy, are now routinely used. Meanwhile, crystal structure analysis is more
extensively employed for physical characterization because the internal struc-
ture governs the solid-state properties. We are now in the era of understand-
ing the physical properties from the point view of molecular packing and
interactions in the solid-state, thanks to developments in X-ray crystallogra-
phy and computational chemistry. The ultimate goal in the physical charac-
terization of a drug is to predict its properties from the molecular structure.
We may eventually achieve this goal by a combination of improved charac-
terization tools and advancements in crystal structure analysis, in molecular-
modeling of the solid state, in intermolecular force fields and energetics, and
in molecular dynamics.
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A. Introduction

The epoch-making work of Pasteur, van't Hoff and LeBel was published in
1860 and 1874, respectively, and marks the creation of stereochemistry as we
understand it (reviewed by HormsTeDpT 1990). The observation by Prurm
(1886) that the two enantiomers of asparagine have different tastes is perhaps
the first literature report of enantioselectivity in a biological effect. Organo-
leptic differences between enantiomers have been discovered ever since
(GARDNER 1982). Around the end of the nineteenth century and the beginning
of the twentieth century, a number of studies were carried out on differences
in the biological effects of enantiomers, but it seems that the first clear proofs
were provided by CUsHNY (see below).

Not seldom, the artist’s intuition anticipates scientific discoveries, and
enantioselectivity is no exception. Indeed, Charles Lutwidge Dodgson, better
known by his nom de plume Lewis Carroll, wrote the following in Through
the Looking Glass and What Alice Found There published in 1871:

Perhaps Looking-glass milk isn’t good to drink ...” [Said Alice to her
kitten].

Or madly squeeze a right-hand foot

Into a left-hand shoe . . .”” [Sang the White Knight to Alice].

The first quotation applies to enantioselectivity at a macroscopic biologi-
cal level, as discussed in Sect. B., whereas the second quotation encapsulates
chiral recognition (Sect. C.). Such is the sequence of arguments in this chapter,
which serves as a general introduction to most of the following chapters in this
volume.

B. Enantioselectivity at Macroscopic Biological Levels

The therapeutic activity of a drug can be broken down into two components,
namely, what the drug does to the body (pharmacodynamics, PD), and
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what the body does to the drug (pharmacokinetics, PK). This is classical if
not trivial knowledge, but it is not always realized just how closely PD and PK
are intertwined and can influence each other (TEsTA 1987). Thus, pharmaco-
dynamic actions may influence disposition, for example, by modifying blood
flow, whereas absorption, distribution, metabolism, and excretion will affect
the intensity, duration, and localization of pharmacodynamic effects. Perhaps
the best known PK-PD interactions are the production of active or toxic
metabolites, and the induction or inhibition of its own metabolism by a drug
(autoinduction or autoinhibition). Yet despite such interactions, an exposition
of stereoselectivity cannot consider all pharmacological events simultaneously,
hence the sequential presentation of the following subsections.

I. Stereoselectivity in Drug Action and Pharmacodynamics

1. Pfeiffer’s Rule and Eudismic Analysis

The influence of chirality on pharmacological activities is illustrated in innu-
merable publications, an epoch-making work being that of CusuNy (reviewed
in 1926). Other important reviews are those of BECKETT (1959), PORTOGHESE
(1970) and SimoNYI (1984).

A landmark generalization was made by PFEIFFER (1956), who first showed
that some pharmacological data can be rationalized so that the greater the
activity of the racemate, the larger the ratio of the enantiomers’ activity.
Indeed, for 14 drugs, PreIFFER found a linear relationship between the loga-
rithm of the activity ratio of enantiomers (dependent variable) and the loga-
rithm of the average human dose of the racemate (independent variable), the
slope being —0.35, the intercept 1.2 and the correlation coefficient » > 0.9.
Despite its rightful impact, this study suffers from a number of limitations such
as:

1. The possibility that a number of other observations were not included in
the generalization.

2. The fact that the human dose is a highly hybrid parameter which depends
on many biological parameters besides intrinsic activity, and particularly on
bioavailability and clearance. Indeed, BaArLow (1990) has found numerous
exceptions to Pfeiffer’s rule.

3. The degree of optical purity plays a major role (see Sect. 1.2.).

Nevertheless, AriiNs and Sivonts (1967) compiled some examples that
follow Pfeiffer’s rule, adding the important observation that the influence of
configuration is large or small depending on whether the asymmetric center
is located in a critical or noncritical moiety of the drug, i.e., a moiety playing
an essential or accessory role in the binding to the receptor.

Analysis of chirality-activity relationships found a useful mathematical
basis when LEHMANN and colleagues (LEHMANN 1986, 1987; LEHMANN et al.
1976) developed what they termed eudismic analysis. Briefly, they introduced
the following definitions:
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1. The more active and less active isomer are termed eutomer and distomer,
respectively. A series of pairs will then consist of an eutomeric series and a
distomeric series.

2. For any given pair the ratio of their activities (potencies, affinities, efficien-
cies as substrates, etc.) is called the eudismic ratio and its logarithm, the eud-
ismic index (EI).

It is generally found that a plot of EI versus eutomer affinity (e.g., pICso,
pK;, pKp) or potency (e.g., pEDsy, pECso, pDs, pA”) gives straight lines with
positive slopes between 0.5 and 1.0. In the case of affinity, this slope, which has
been termed the eudismic affinity quotient (EAQ), represents the increase in
chiral discrimination per unit increase in affinity, and as such can be taken as
a quantitative measure of the binding enantioselectivity displayed by a given
receptor towards a series of stereoisomeric ligands. Numerous examples can
be found in an extensive chapter by LEHMANN et al. (1976).

2. The Problem of Optical Purity

Eudismic analyses, like all other types of structure-activity relationships, can
never be more reliable than the experimental data on which they are based.
Yet one experimental factor is often overlooked when comparing the activi-
ties of enantiomers, namely their degree of optical resolution. Indications such
as “the optical purity was better than 98%” are commonly found, but the lim-
itations of the usual methods (optical rotation, NMR with chiral shift reagents,
chiral chromatography) are ignored (CALDWELL and Testa 1987; Testa 1979,
1986a). That the degree of optical purity markedly and even dramatically influ-
ences the eudismic ratio was proven beyond doubt by BarRLow and colleagues
(1972). Their simulations of stereospecific indices (i.e., eudismic ratios) versus
degree of resolution should be a cause of worry for many workers, yet the
warning has been all but ignored. It took almost two decades for a strong
experimental confirmation to be published, when TrorasT and colleagues
(1991) reported that marked differences in eudismic ratios exist between
stereoisomers having good (ca. 98%) or excellent (ca. 99.7%) degrees of
optical purity. The fear is thus real that many eudismic ratios in the literature
are misleadingly underestimated.

II. Stereoselectivity in Some Pharmacokinetic Responses

Whereas the differences in pharmacological effects between enantiomers can
be observed directly, stereoselectivity in pharmacokinetic processes may
be more difficult to assess and has received belated attention compared to
pharmacodynamic effects. The realization that enantiomers may show vastly
different pharmacokinetic behavior and toxic properties, as well as spectacu-
lar advances in analytical methodologies, have led to an accelerating accumu-
lation of data. In the following subsections, we summarize the role of
stereoselectivity in the pharmacokinetic processes of absorption, distribution,
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excretion, and metabolism, as discussed at greater length in other chapters of
this volume.

1. Oral Absorption

There are some pharmaceutical effects which may lead to the predominant
appearance of one of the enantiomers in the plasma. Thus, liberation of a drug
from its formulation matrix takes place in the gastrointestinal tract, and a
stereoselective interaction with chiral excipients such as cellulose derivatives
may slow down dissolution stereoselectively.

The absorption of many drugs occurs by passive diffusion through bio-
logical membranes. Since diffusion depends less on steric factors and more on
physicochemical properties such as distribution coefficients (themselves a
function of ionization and lipophilicity), absorption is generally not a stereo-
selective process (TEsTa et al. 2000). However, the absorption of amino acids,
sugars, vitamins, and other essential compounds involves active absorption by
transporters. Because these must first recognize and bind their substrates (a
condition for stereoselectivity, see Sect. C.), active transport usually shows
some degree of stereoselectivity. An increasing number of drugs are now found
to be absorbed or effluxed stereoselectively by transporters. Thus, the major
antiparkinsonian drug 1-dopa passes across the intestinal wall more rapidly
than its inactive D-isomer which is not transported by the amino acid pump
(WaDE et al. 1973). Similarly, some JB-lactam antibiotics are carried by the
intestinal dipeptide transporter. In the rat intestine, L-cephalexin was shown
to have a higher affinity for the carrier site than its p-isomer, but only the p-
form could be detected in plasma since the L-isomer is also more susceptible
to hydrolysis by peptidases in the intestinal wall (TaMmar et al. 1988). Overall,
however, absorption plays only a minor role in stereoselective disposition.

2. Distribution

At equilibrium, the volume of distribution of drugs is a function of plasma and
tissue binding. This can be demonstrated by a simple mass balance model:

V =V, + V; -fu/fur

where V is the apparent volume of distribution, Vp the plasma volume, and Vy
the tissue volume into which the drug distributes. The terms fu and fur are the
fractions of drug unbound in plasma and in tissue, respectively. The volume of
plasma is about 31 for all drugs. Diffusion into tissues involves membrane
crossing which, as discussed, depends mostly on physicochemical properties.
Consequently, stereoselectivity in the total volume of distribution will be
mostly be determined by the stereoselectivity in binding. The tissue binding
capacity exceeds in most cases the binding capacity of plasma. However, fuy
is not very sensitive to stereoselective binding in a particular tissue since it is
influenced by binding to a large number of sites, most of which are rather
unspecific.
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The major reason for differences in the volume of distribution of enan-
tiomers is their binding to plasma proteins. The most important binding sites
are on albumin for acids and on ¢-acid glycoprotein for bases. A large number
of examples document differences in the binding of enantiomers to plasma
proteins and in their tissue distribution (MULLER 1988). Nevertheless, the con-
tribution of enantioselective distribution to overall stereoselectivity in drug
disposition is usually modest.

3. Urinary Excretion

Excretion is the physical elimination of unchanged drug. Renal excretion is
the net result of three processes, namely filtration, secretion, and reabsorption,
which should be considered separately to understand stereoselective renal
excretion.

Filtration does not discriminate between enantiomers. However, the
rate of filtration depends on the fraction unbound in plasma, which may differ
between enantiomers. Differences in the plasma binding of enantiomers will
result in different rates of filtration. Tubular secretion is generally an active
process and involves saturable binding to a carrier. This may result in stereo-
selectivity and even in enantiomeric interactions. Active secretion is believed
to be responsible for the stereoselective renal clearance of, for example, pin-
dolol, chloroquine, and disopyramine (Hsyu and Giacomint 1985; GIACOMINI
et al. 1986).

Drug reabsorption from the tubules and return to circulating plasma
can be an active or passive process. L-Amino acids, for example, are reab-
sorbed stereoselectively from the proximal tubule. The importance of stereo-
selective renal reabsorption for a globally stereoselective drug disposition will
be significant only if the fraction of drug excreted unchanged is greater than
25%.

4. Metabolism

Biotransformation by drug-metabolizing enzymes is the pharmacokinetic
process exhibiting the greatest degree of stereoselectivity, although we
can expect the world-wide ongoing research on transporters to uncover
comparable level of chiral recognition. But metabolism is different from all
other pharmacological processes because it displays not one but two types of
stereoselectivity. '

In all pharmacodynamic processes as well as in all pharmacokinetic
processes except biotransformation, stereoselectivity manifests itself by
the differential activities or disposition of stereoisomers. This is also seen in
metabolic reactions, where differences between stereoisomers in terms of rates
of biotransformation and/or nature of metabolites are manifestations of sub-
strate stereoselectivity. In other words, substrate stereoselectivity is seen when
stereoisomers are metabolized by the same biological system and under iden-
tical conditions (a) at different rates and/or, (b) to different products. Sub-
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strate stereoselectivity is a well-known and abundantly documented phenom-
enon under in vivo and in vitro conditions.

In addition to substrate stereoselectivity, metabolic reactions also display
product stereoselectivity, which is defined as (a) the differential formation (in
quantitative and/or qualitative terms) of two or more stereoisomeric metabo-
lites, (b) from a single substrate having a suitable prochiral center or face
(JENNER and TesTA 1973; MAYER and TesTA 1994; TESTA 1986b, 1988, 1989, 1990,
1995; Testa and JENNER 1976, 1980; Testa and Maver 1988). Examples of
metabolic pathways producing new centers of chirality in substrate molecules
are: ketone reduction, reduction of carbon~carbon double bonds, hydroxyla-
tion of prochiral methylenes, oxygenation of tertiary amines to N-oxides, and
oxygenation of sulfides to sulfoxides.

It is unfortunate to note that the fundamental difference between sub-
strate and product stereoselectivity is not always recognized explicitly, result-
ing in some confusing presentations and interpretations of data.

There are some cases in which stereoselective metabolism is of toxico-
logical relevance (MAYER and Testa 1994). This situation can be illustrated
with disopyramide and mianserin which undergo substrate stereoselective oxi-
dation. Disopyramide (Fig. 1), a chiral antiarrhythmic agent, is marketed as the
racemate. Although disopyramide is generally well tolerated, several cases of
hepatic toxicity have been described. In vitro studies using rat hepatocytes
revealed a considerably higher cytotoxicity of the (§)-enantiomer, as assessed
by leakage of lactate dehydrogenase and morphological changes. The bio-

cowﬁ/
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Fig. 1. Substrate stereoselective metabolism of disopyramide; *, chiral center. (LE
CoRRE ct al. 1988)
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Fig. 2. Stereoselective metabolism of mianserin; *, chiral center. (RIiLEY et al. 1989)

transformation of disopyramide involves mono-N-dealkylation (which is
stereoselective for (S)-enantiomer) and aromatic oxidation (which is stereo-
selective for the (R)-enantiomer). The low cytotoxicity of the N-dealkylated
metabolites in rat hepatocytes led to the hypothesis that toxicity is mainly due
to aromatic oxidation (LE CoRRE et al. 1988).

The metabolism of the antidepressant drug mianserin (Fig. 2) revealed
analogies and differences with disopyramide. Here, aromatic oxidation in
human liver microsomes occurred more readily for the (S)-enantiomer, while
N-demethylation was the major route for the (R)-enantiomer. At low drug
concentrations, cytotoxicity towards human mononuclear leucocytes was due
to (R)-mianserin more than to (S)-mianserin, and showed a significant corre-
lation with N-demethylation (RiLEY et al. 1989). Thus the toxicity of mianserin
seemed associated with N-demethylation rather than with aromatic oxidation,
in contrast to disopyramide. The chemical nature of the toxic intermediates
was not established, but a comparison between disopyramide and mianserin
emphasises that no a priori expectation should influence toxico-metabolic
studies.

The mechanisms of substrate and product stereoselectivity are discussed
in the next section.

C. Mechanisms of Chiral Recognition in
Biochemical Pharmacology

I. Physicochemical Principles

Since enantiomers have identical chemical and physical properties, their dis-
crimination or physical separation necessitates a “chiral handle.” In stereo-
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Fig. 3. Principle of chiral recognition: the reaction of a mixture of two enantiomers
with an enantiomerically pure reagent (i.e.,a “chiral handle™) leads to two diastereoiso-
meric complexes

selective chromatography, chiral handles may be optically active solvents,
derivatization agents or chiral columns (TEsta 1986a; Chap. 2, this volume).
The two complexes resulting from such interactions are diastereoisomeric
(Fig. 3) and as such have different physical properties (TEsta 1979). The dis-
crimination between, or physical separation of, two enantiomers is made pos-
sible by these diastereomeric differences.

Living organisms, like the chiral handles used in synthetic chemistry,
chromatography, and spectroscopy are monochiral at the molecular level.
Indeed, only r-amino acids are encoded in proteins, whereas most sugars
have the D-configuration. In addition, helicity in proteins is preferably right-
handed. Further chirality results from secondary, supersecondary and tertiary
structures. In consequence, hormones, enzymes, receptors, transporters,
immunoglobulins, etc, are all chiral. When interacting with biological systems,
two enantiomers will therefore form two diastereomeric complexes. This is the
basis of chiral recognition in biochemical pharmacology.

II. The Model of Easson and Stedman

Our current understanding of biological enantiosclectivity owes much to the
three-point attachment model of Easson and STEDMAN (1933). In comparing
the activity of enantiomers containing a single center of asymmetry, they pro-
posed a three-point attachment model to account for the observed selectivities.
This model postulates three binding sites in the receptor (X,Y and Z) to which
correspond three complementary (pharmacophoric) groups in the drug mol-
ecule (X', Y’ and Z’) (Fig. 4). But only in the more active enantiomer (the
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Fig. 4A-C. The three-point attachment model of Easson and Stedman schematizing
chiral recognition at receptors and other biological binding sites. A Binding of an
eutomer; B binding of a prochiral analog; C three out of six possible binding modes of
a distomer. (Modified from EassoN and STEDMAN 1933; PORTOGHESE 1970)

eutomer) can the three groups X', Y" and Z’ be positioned so as to simulta-
neously interact with the three receptor sites X, Y and Z (Fig. 4A); the less
active enantiomer (the distomer) can bind only via one or two out of its three
complementary groups (Fig. 4C), hence its weaker affinity. The binding of a
prochiral analog is shown in Fig. 4B.

An obvious feature of the current model is that it admits only attractive
interactions between receptors and eutomers. But is current knowledge com-
patible with chiral recognition being based solely on attractive interactions?
As clearly demonstrated by FersHT (1987), unfavorable (repulsive) interac-
tions are an important determinant of specificity. Such repulsive interactions
may be steric or electrostatic in nature, implying that one site on the receptor
may for example be a zone of steric hindrance. MEYER and Rals (1989) have
published vivid pictorial descriptions of chiral three-point recognition, includ-
ing the case of one repulsive interaction.

The Easson-Stedman model was, for example, challenged with analogues
of adrenaline, namely catecholimidazolines and catecholamidines (Fig. 5A and
B, respectively) (RICE et al. 1987). In each series the hydroxylated enantiomers
followed the order of affinity to the ¢-adrenoceptor predicted by the model.
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()-(R): R=0OH:;R'=H

(+)-(S) :R=H;R'=0H
desoxy:R=R'=H

Fig. 5A, B. The chemical structure of catecholimidazolines (A) and catecholamidines
(B)

However, and in contrast to the prediction, the desoxy analogues had
equal (catecholimidazolines) or greater (catecholamidines) affinity than the
respective eutomers. These finding were interpreted to mean that the Easson-
Stedman model cannot be extended to catecholimidazolines and cate-
cholamidines. However, such an interpretation may result from a static and
too literal understanding of the model. Indeed, one of the NH/NH, groups in
the protonated imidazolinyl and amidinyl functions fulfils the role of the NH,
group in protonated adrenaline, whereas the other mimics the benzylic OH
group as an H-bond donor to the receptor. The model thus retains its validity
if bioisosterism is taken into account.

III. The Four-Location Model

Recent crystallographic data of broad significance have revealed one major
ambiguity in the model of Easson and Stedman. As portrayed in Fig. 4, the
model implies that the binding sites in the receptor are on a surface. However,
the 3D model of the catalytic site of isocitrate dehydrogenase showed that
three of its binding sites (X, Y and Z in Fig. 6, left) are located on the inter-
nal face of a cavity. As a result, these three sites alone would allow both
enantiomers of the substrate to bind with similar affinity, the fourth group in
the substrate pointing in either direction. Enantioselectivity is achieved by a
fourth site, which proved to be Argl19 (W, in Fig. 6, right) in the metal-free
enzyme, and Mg (W, in Fig. 6) in the magnesium-containing enzyme (MESECAR
and KosHLAND 2000). Figure 6 schematizes two enantiomers with groups X',
Y’ and Z’ bound to enzymatic sites X, Y and Z, respectively, chiral recogni-
tion being due to the group W’ in one enantiomer interacting with site W5, and
with site W, in the other enantiomer.
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Fig. 6. A schematic representation of the four-location model of MESECAR and
Kosuranp (2000)

This significant result have led MEsecar and KosHLAND (2000) to propose
what they rightly labeled a four-location model, as schematized in Fig. 6, to
explain a protein’s ability to exhibit enantiospecificity. The four locations can
be four attachment sites, or three attachment sites and one direction. The latter
case is in fact the model of Easson and Stedman, which must therefore be con-
sidered as a particular case of the more general four-location model.

It is instructive to compare the four-location model with a four-point
3D model used in in silico pharmacophore screening of chemical libraries
(LABAUDINIERE 1998). In this method, a pharmacophore (defined as the
minimum necessary features for interacting with a biological target), is repre-
sented by chiral tetrahedron (Fig. 7) whose vertices can be of six types (H-
bond donor or acceptor, aromatic ring, hydrophobic group, acid or base)
separated by a number of predefined distances. The four-location model
indeed offers a mechanistic rationale for the four-points 3D pharmacophoric
model.

IV. Binding Versus Receptor Activation

Easson and Stedman in their epoch-making paper started from the implicit
assumption that the enantiospecificity of receptors and enzymes is due to dif-
ferential affinity (i.e., binding), and they explicitly and repeatedly stated that
their model is one of attachment. Whether differential binding is the sole mech-
anism of chiral recognition in biochemical pharmacology is now challenged
here. From a general viewpoint, the interaction of a xenobiotic, and more gen-
erally of any chemical compound, with a molecular machine (receptor,
enzyme, transporter, etc.) can be broken down into two steps (TEsta 1989):
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Fig. 7. Four-point 3D pharmacophore model used in in silico screening of chemical
libraries. (LABAUDINIERE 1998)

1. A binding step (recognition) measured as affinity and involving the binding
(complex formation) to the molecular machine.

2. An activation step (measured by potency, velocity, etc.) involving the func-
tional response of the molecular machine, e.g., activation or blockade of a
receptor, enzymatic catalysis leading to metabolite formation.

These two steps are conceptual ones, and as such have the utility and
limitation of schematic perceptions. It is known, however, that both the
binding and the activation step, either alone or together, can contribute to
chiral recognition in pharmacodynamic and pharmacokinetic processes. A few
examples are summarized below to demonstrate that chiral recognition does
not need to be restricted to the binding step, but can also occur at the activa-
tion step.

Such a mechanism of enantioselectivity was uncovered in the activation
of muscarinic presynaptic receptors by the enantiomers of methacholine, both
of which acted as full agonists (FUDER et al. 1985). While the affinity ratio was
ca. 180, the potency ratio was ca. 650. Thus, not only did (+)-methacholine show
a higher affinity, it also had a higher efficacy, meaning that it had to occupy
fewer receptors than its distomer to induce a given response. In other words,
the high eudismic ratio in potency resulted from synergistic chiral recognition
at both the binding and activation steps.
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The effect of dobutamine enantiomers on ¢-adrenoceptors in rat aorta was
due to a simpler mechanism of chiral recognition (RUFroLo et al. 1981). Both
enantiomers were partial agonists, the intrinsic activity of (-)- and (+)-dobut-
amine being 0.60 and 0.03, respectively. The (—) enantiomer was also 6 times
more potent than the distomer. Both enantiomers however displayed identi-
cal affinity in two functional test models. In this example, chiral recognition is
thus limited to the activation step, in complete contrast to the catecholimida-
zolines and catecholamidines discussed above (Fig. 5).

V. Binding Versus Enzyme Catalysis in Drug Metabolism

A similar story can be told for drug metabolism, if one is careful enough to
distinguish between substrate and product enantioselectivity (see Sect.
B.I1.4.).

Metabolic transformations involve functionalization (oxidation, reduc-
tion. hydrolysis) and conjugation reactions. Accumulated evidence indicates
that substrate enantioselectivity can originate from chiral recognition either
at the binding step or at the catalytic step or at both. Here, metabolic interac-
tions between enantiomers may be quite informative. Thus, the reaction of
nicotine with guinea-pig lung azaheterocycle N-methyltransferase is enan-
tiospecific in that only (+)-(R)-nicotine is N-methylated. The natural (-)-(S)-
nicotine enantiomer is unreactive but acts as a strong competitive inhibitor of
(R)-nicotine N-methylation (CunDy et al. 1985). The complete lack of reac-
tivity of (§)-nicotine despite its high affinity is of catalytic origin, presumably
arising from an unproductive mode of binding which positions the target
pyridyl nitrogen out of reach of S-adenosylmethionine. Less extreme exam-
ples were found in the microsomal oxidation of amphetamines (e.g., para-
chloroamphetamine; AMES and Frank 1982), where the (§)-enantiomer is a
poorer substrate but a distinctly better ligand/inhibitor than the (R)-enan-
tiomer. Such cases demonstrate that binding is a necessary but not sufficient
condition for catalysis to occur; a proper positioning and alignment of the cat-
alytic and target groups in the enzyme-substrate complex is also required
(MENGER 1985).

Despite its limitations, Michaelis-Menten analysis offers another infor-
mative approach for assessing the binding and catalysis components of sub-
strate enantioselectivity. Here, the Michaelis constant Ky represents affinity,
whereas the catalytic rate is expressed by the maximal velocity V., or the
turnover number k.. A large compilation of literature data has been pub-
lished (TesTa and MAYER 1988), uncovering cases of substrate enantioselective
metabolism where the two enantiomers have similar Ky but different V.,
values (catalysis-mediated recognition), other cases with different Ky but
similar V,, values (binding-mediated recognition), and also cases where the
enantiomers display differences in both K\, and V,,,, values.

Whereas substrate enantioselectivity involves the metabolic recognition
of enantiomeric molecules, product stereoselectivity arises from the metabolic
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discrimination of enantiotopic or diastereotopic target groups in a single
substrate compound. The phenomenon may be due to the action of distinct
isoenzymes, or it may result from two distinct binding modes of a prochiral
substrate to the active site of a single isoenzyme. In such a case, the two result-
ing enzyme-substrate complexes are diastereomeric and hence of different
energy, and depending on the nature of both partners they interconvert rapidly
or slowly relative to the rate of the enzymatic reaction. Thus, 2-phenylpropane
w-hydroxylation was found to involve two binding modes with cytochrome
P450, each of which places one enantiotopic methyl group in the vicinity of
the reactive site. Interconvertion of the two states was fast and its equilibrium
constant was reflected in the ratio of the enantiomeric products (Suciyama
and TRAGER 1986). In other words, the observed product enantioselectivity was
conditioned primarily by the binding step. Stated differently, the ratio of prod-
ucts depends on the relative probability of the two binding modes.

In contrast, the ratio of regioisomeric and stereoisomeric products result-
ing from the cytochrome P450L.M2-mediated oxidation of camphor, adaman-
tane, and adamandanone was found to parallel their chemical reactivity
(WHITE et al. 1984). This suggested considerable movement of the substrate in
the substrate-enzyme complex, and hence a catalytic control of the regio- and
stereoselectivity.

V1. Current Limitations of the Three-Point and Four-Location
Binding Models

To summarize the above, a general model of chiral recognition in biochemi-
cal pharmacology does not need to be limited to attractive interactions, but
should also allow one repulsive interaction such as steric hindrance or elec-
trostatic repulsion (Sect. C.IL). This is not a real limitation of the attachment
models, provided it is kept in mind and made explicit.

A more serious limitation is the fact that within current knowledge, the
attachment models remain qualitative in that they cannot rank the binding
enantioselectivity of series of enantiomeric pairs. The development of a
quantitative or even semi-quantitative model would be a major step forward.
Progress in this direction should take advantage of intrinsic free energies
of binding (positive and negative) of functional groups in drug-receptor
interactions.

Another limitation is that the three-point and four-location models depict
only affinity/binding. However, we know from Sects. CIV and C.V that in
drug-receptor interactions as well as in xenobiotic metabolism, enantioselec-
tivity results from chiral recognition at the binding and/or at the activation
step. This can be understood in molecular terms since the stereoelectronic con-
ditions for high affinity and high efficiency or velocity may not be identical.
Binding requires adequate functional groups and geometric features in the
ligand molecule, as depicted in the three-point and four-location binding
models. In contrast, the efficiency of the activation step depends on a trigger
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in the receptor or enzyme being activated. However, much remains to be
understood regarding:

1. The structural and dynamic nature of the trigger

2. The involvement of binding sites in the activation step

3. The conformational dynamics that accompany and follow trigger activation
(WiLsoN 2000), for example:
a. Realignment of functional sites to form the catalytic triad of hydrolases
b. Low-to-high spin transition in cytochrome P450
c. Allosteric changes in receptors allowing coupling to other functional

macromolecules such as G-proteins

In this molecular perspective, the difference between receptors, enzymes
and transporters loses some of its significance, and all three are viewed as
molecular machines. Whether the compound (endogenous or exogenous)
acts on the effector or is acted upon or both, the basic phenomenon is that
of a biological interaction which should be understood in its systemic
globality.

At this stage of our functional understanding of molecular machines, it
appears premature to transform the three-point and four-location attachment
models into functional ones.

D. Conclusion

In this chapter, we have considered pharmacological processes of chiral recog-
nition at two levels, the macroscopic and the molecular one. The two views are
complementary and equally important. In vivo enantioselective processes
allow clarification of the therapeutic and clinical significance of chiral recog-
nition. At this stage, however, only information is gained, and little rational-
ization and understanding can be obtained.

Only at the molecular/mechanistic level is knowledge obtained, allowing
understanding, prediction (if only qualitative), and a search for coherence with
other phenomena. This is the path we have followed, hoping to provide the
reader with a conceptual background useful to understand fully the following
chapters in this volume.
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CHAPTER 7
Enantioselectivity in Drug-Receptor
Interactions

W. SoupnN, I. vAN WIINGAARDEN, and A .P. DZERMAN

A. Introduction

G protein-coupled receptors (GPCRs) constitute one of the largest super-
families of proteins in the human genome. It is estimated that there are at least
600 and probably over 1000 receptor species. The known ones are the target
for approximately 60% of today’s medicines for such diverse disease states as
high blood pressure (S-adrenoceptor and angiotensin receptor antagonists),
asthma (B-adrenoceptor agonists), and acid overproduction in the stomach
(histamine H, receptor antagonists). Each member shares structural and/or
sequence motifs and operates by common transduction mechanisms to
mediate the transmission of extracellular signals into biochemical or electro-
physiological responses within a cell. The signalling species is a specific
endogenous molecule (e.g., neurotransmitter or hormone) which binds to the
receptor. This results in activation of receptor and intracellularly located G
proteins and propagation of the signal to effector molecules such as adenylyl
cyclase. This enzyme converts ATP into cyclic AMP, the classical “second”
messenger.

Many neurotransmitters and hormones are chiral compounds. Among
them are proteins and peptides, such as FSH (follicle stimulating hormone)
and the endorphins, respectively. They are composed of natural amino
acids, which, except for glycine, are all chiral. The translation machinery for
peptide and protein synthesis has evolved to utilize only one of the chiral
forms of amino acids, the L-form. The reason for this is not clear. Amino acids
themselves may also act as endogenous signalling molecules for GPCRs.
Examples are GABA (jpaminobutyric acid) acting on GABAg receptors, and
metabotropic glutamate receptors for which L-glutamate and L-aspartate serve
as signalling molecules. Other small endogenous molecules may serve a similar
purpose. Among them are the classical biogenic amines, such as (nor)ad-
renaline, histamine, and serotonin, and numerous other examples, such as
leukotrienes, adenosine, and ATP. This group hosts both nonchiral and chiral
substances. Dopamine, serotonin, acetylcholine and histamine do not have a
chiral center in their structure, whereas others possess one (adrenaline and
noradrenaline) or more (adenosine and ATP). Interestingly, for a large
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number of cloned (“orphan”) receptors, the endogenous ligand is not known
(yet). An important effort to keep track of the latest information on receptors
is the G protein-coupled receptor database which is maintained on the Inter-
net (www.gpcr.org/7tm/).

The earliest evidence for stercoselective receptor recognition was re-
ported by Prutti (1886) who pointed out that D-asparagine has a sweet taste,
while the natural L-isomer is insipid. Interestingly, PASTEUR (1886) ascribed this
finding to the presence of an optically active substance in the nervous mech-
anism of taste. Given our current understanding of olfactory receptors as a
special branch of the large superfamily of G protein-coupled receptors,
PasTrUR’s statement was well ahead of its time. CusaNy (1926) was the first
to review and pay particular attention to the biological role of optically active
substances. Even before the receptor concept had been introduced in an early
form by LaNGLEY and EnrricH (see HorLmsTtEDT and LILJESTRAND 1963)
CusHNy provided pharmacological proof that the two enantiomers of the mus-
carinic antagonist atropine showed large differences in potency, followed by
similar observations, for example, adrenaline. Such findings led EassoN and
StEDMAN (1933) to hypothesize a three-point attachment for an asymmetric
molecule to its receptor. For the first time then a rationale for stereoselective
ligand recognition by GPCRs was proposed, which has become the dogma
ever since. Interestingly, this concept was recently expanded by MESECAR and
KosHLAND Jr (2000), who suggested a four-location rather than a three-point
model. Their view, based on crystal structures of the enzyme isocitrate dehy-
drogenase complexed with either L- or D-isocitrate, is that such a four-location
model is the minimal requirement for a protein to discriminate between L-
and D-isomers.

In this chapter we will first review some typical, recent examples of chiral
ligands interacting with their receptors. Such an overview is by definition arbi-
trary, since it is only self-evident from the receptor concept that different
drugs, e.g., two enantiomers, may have different affinities, selectivities and
intrinsic activities. In the latter part of this contribution we will include the
macromolecular targets in our analysis and focus on the ligand-receptor inter-
action. Emphasis will be on receptor mutations that seem to have a direct
impact on stereoselective recognition.

B. Receptor Ligands and Enantioselectivity
I. Ligands of Biogenic Amine Receptors

Serotonin (5-hydroxytryptamine, 5-HT, itself nonchiral) is a very ancient neu-
rotransmitter (PEROUTKA 1994) that interacts with a variety of 5-HT receptor
subtypes. It is involved in numerous physiological and pathophysiological
processes. For instance, 5-HT,;, receptors are implicated in feeding, sexual
activity, sleep, anxiety, and depression.
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Table 1. Stereoselectivity ratios of aminotetralin derivatives

A TS e
fa® ¥

F
8-OH-DPAT (5-HT,,) 1-Me-8-OH-DPAT (5-HT ) UH-301 (5-HT,,)
%, ia  2ECs, K, ia  =EC,, K, ia ECs,, PA,
@2R) 41 1 574 cis(2R) 29 022 - (2R) 32.7 047 356
(2S) 6.1 047 135  «cis(25)2920 035 - (28)126 0 7.71

N
0 1 2 10b>_§‘a
OH
5-OH-DPAT (D,) 7-OH-DPAT PD 128907
oK, oK, bK,
D, D, D, D, D, D, D, D, D,

(2R) 55.1 76 182 (2R) 34 0.57 110 4aR,10bR 42 1.1 7000
(28) 14.0 0.54 47 (28) 275 58 3300 4aS,10bS> 10° > 105 > 10°

Affinity: K,nM.a:[*H]-8-OH-DPAT, rat cortex membranes.b:[*H]-N-0437, hD,, / D,/ D, , Rs{(CHO-K; cells).
Intrinsic activity: i.a. Potency: EC,,,nM;pA,,a: FSK-stimulated cAMP, rat hippocampal membranes.
* Accurate EC,, values could not be calculated.

The racemate 8-OH-DPAT (Table 1) is the prototype of 5-HT, receptor
ligands. In competition binding studies both enantiomers of 8-OH-DPAT are
virtually equipotent. In functional tests, however, (R)-8-OH-DPAT is a full
agonist, whereas (5)-8-OH-DPAT is a partial agonist (Table 1) (CorNFIELD et
al. 1991). In human brain, however, both enantiomers act as full agonists
(PALEGO et al. 2000). Introduction of a methyl group at C-1 of the nonaromatic
ring of 8-OH-DPAT results in high stereoselectivity. The cis-(2R)-enantiomer
has a high affinity for the 5-HT;, receptor whereas the affinity of the cis-(25)-
enantiomer 1s 1000-fold lower. Both enantiomers are weak partial agonists
(Table 1) (CornFIELD et al. 1991). Modeling of 8-O H-DPAT and analogs shows
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that the methyl substituent at C-1 in the cis-(2R)-configuration does not inter-
fere with the binding of the N-propyl chains or the 8-OH group to the 5-HT) 4
receptor (KuipErs 1997a).

The enantiomers of UH-301, the 5-fluoro-substituted analog of 8-OH-
DPAT, bind with moderate affinity to the 5-HT, 4 receptor (Table 1). (S)-UH-
301 was the first full 5-HT,. antagonist described. The (R)-enantiomer is a
weak partial agonist (CorNFIELD et al. 1991; VAN STEEN 1996).

The position of the monohydroxy group at C-8 of 8-OH-DPAT is crucial
for 5-HT, 4 activity. The other monophenolic regio-isomers 5-OH-, 6-OH- and
7-OH-DPAT are pure dopamine agonists (SEILER and MARKSTEIN 1984). Later
studies provided evidence that 5-OH-DPAT and 7-OH-DPAT have prefer-
ence for the novel dopamine Dj; receptor subtype (VAN VLIET et al. 1996).
The affinity resides mainly in the (S)-enantiomer of 5-OH-DPAT and the (R)-
enantiomer of 7-OH-DPAT (Table 1). A similar reversal of the stereoselec-
tivity was reported for the dopamine D; and D, receptors (SEILER and
MARKSTEIN 1984). The authors showed that (S)-5-OH-DPAT can be superim-
posed on (R)-7-OH-DPAT but not on (5)-7-OH-DPAT. Restriction of the
conformation of 7-OH-DPAT as illustrated in PD 128907 results in high stere-
oselectivity (Table 1). The (4aR,10bR)-enantiomer binds with high affinity and
moderate selectivity to D; receptors (VAN VLIET et al. 1996). The (4aS,10bS)-
enantiomer is devoid of activity (DE WALD et al. 1990; WiksTrOM 1999). In func-
tional tests (4aR,10bR)-PD 128907 acts as a full agonist at D, and D; receptors
(DE WALD et al. 1990; PucGsLEY et al. 1995).

Mixed dopamine D,, D; and serotonin 5-HT,, receptor binding pro-
perties have been demonstrated with 5-OMe-BPAT (Table 2). This compound
is a derivative of 5-OMe-DPAT, the methoxy analog of 5-OH-DPAT. The
enantiomers of 5-OMe-BPAT differ in their stereoselectivities for D,, Dj,
and 5-HT), 4 receptors. (R)-5-OMe-BPAT prefers the dopamine receptors and
(5)-5-OMe-BPAT the 5-HT,, receptors. Both enantiomers act as full agonists
at 5-HT, s receptors. However the enantiomers differ in their intrinsic activity
at the D, receptors. In vivo (R)-5-OMe-BPAT behaves as a D, receptor antag-
onist whereas (5)-5-OMe-BPAT acts as a D, receptor agonist (HoMaN et al.
1999a). The difference in intrinsic activity has been analyzed by molecular
modeling, suggesting that (R)-and (5)-5-OMe-BPAT bind at the D, receptor
in a different way. The interaction with the 5-HT,, receptor is, however, very
similar: both enantiomers are full agonists (HomaN et al. 1999b). Compounds,
such as (R)-5-OMe-BPAT, combining D, antagonism and 5-HT,, agonism,
may be useful antipsychotics.

Another 2-aminotetralin-containing compound is apomorphine (Table 2).
The (6aR)-enantiomer binds with high affinity to dopamine D, receptors,
whereas the (6aS)-enantiomer displays a 23-fold weaker affinity (Kura et al.
1985). In functional tests, however, both enantiomers have opposite effects:
(6aR)-apomorphine acts as a potent full agonist and (6aS)-apomorphine acts
as a moderately potent full antagonist (GoLpMAN and KEBABIAN 1984). Sub-
stitution of the methyl group of apomorphine for n-propyl results in N-n-
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Table 2. Stereoselectivity ratios of aminotetralin derivatives including apomorphine

(@]
—\ N>_© K, i.a #Cs0

Nn—" H
D,, D, 5-HT, 5-HT,, 5-HT,,
0 (2R) 077 0.14 3.8 1 100
(2S) 34 042 0.20 1 < 100
OMe
5-OMe-BPAT

HC, \—\ H,G,

N N— N
C ) C ) (7
e = e~
HO  OH HO  OH H,C OH
APO (D,) NPA (D,) MHA (5-HT,,)
NC,, la  PEC, K MC,, ia bEC,, K, ia CEC, ICg
(R} 43 1 14 (6aR) 3 1 03  (aR) 31 1 50
(28) 984 0 495 (6aS)492 1 167  (6aS) 39.0 O 30

Affinity: K; / IC,,,nM.a:[3H] - raclopride, hD,, / D;Rs (Ltk -,CHO cells). b:[3H] - ADTN, rat striatal
membranes. ¢: [°H}-8-OH-DPAT, rat cortex membranes. Intrinsic activity: i.a. Potency: EC,, / IC4, / K,
nM. a: VIP-stimulated cAMP, GH,ZD,, cells. b: 1R-aMSH release, rat pituitary cells. c: single shock-
contractions, guinea pig iteum.

propyl norapomorphine (NPA) (Table 2). In contrast to the apomorphine
enantiomers both enantiomers of NPA are full D,receptor agonists (GOLDMAN
and KeBaBian 1984). In binding studies (6aR)-NPA is more potent than (6aS)-
NPA (KuLa et al. 1985).

Opposite pharmacological effects have also been observed in 10-methyl-
11-hydroxy-aporphine (MHA) a close structural analog of apomorphine
(Table 2). Unexpectedly, MHA interacts selectively with 5-HT, , receptors.The
(6aR)-enantiomer of MHA is a full agonist and the (6aS)-enantiomer is a full
antagonist (CANNON et al. 1991). The 5-HT;, receptor selectivity of MHA 1is
due to the presence of the C-10 methyl substituent suggested to be capable of
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interacting with a lipophilic cavity unique for the S-HT,, receptor (HEDBERG
et al. 1995).

Potent 5-HT;snc receptor agonists were obtained by incorporation of
the 2,5-dimethoxy substituents of the hallucinogenic amphetamines such as
DOB (4-bromo-2,5-dimethoxyamphetamine) into a tricyclic benzo[1,2-b; 4,5-
b’]difuran nucleus. The (R)-enantiomer of the semirigid analog of DOB,
for instance, displays a high affinity for the 5-HT,, receptor (K; = 0.31nM)
and the 5-HT, receptor (K; = 0.11nM) ([’H] DOB, [’H] DOI, rat 5-HT,4/5-
HT,c receptors, NIH-3T3 fibroblast cells). The (S)-enantiomer is only twofold
less potent. In a functional test (phosphoinositide hydrolysis) the (R)-
enantiomer acts as a full agonist at 5-HT;a receptors (ECs, = 2.7nM) and the
(S)-enantiomer acts as a partial 5-HT;, receptor agonist (ECs, = 19nM, i.a. =
0.79) (Cnamgegs et al. 2001).

Agonism versus inverse agonism has been reported for the enantio-
mers of the a,-adrenoceptor agonist medetomidine (Jansson et al. 1998).
Dexmedetomidinc is a potent full agonist and levomedetomidine is a moder-
ately potent inverse agonist (Table 3). However, in some test systems, lev-
omedetomidine acts as a weak partial az-adrenoceptor agonist. These results
indicate that levomedetomidine has protean agonistic properties: activating
uncoupled a;-adrenoceptors and inhibiting the constitutive activity of pre-
coupled a-adrenoceptors. This type of compound may restore the normal
function of the receptor. In binding studies dexmedetomidine is about 30 times
more potent than levomedetomidine at az-adrenoceptors (Table 3) (JANssoN
et al. 1994). Structurally related to medetomidine is RX821002 (Table 3). In
contrast to dex- and levomedetomidine, both enantiomers of RX821002 are
full antagonists at ap-adrenoceptors. The affinity and activity reside mainly in
the (25)-enantiomer (WELBOURN et al. 1986).

High stereoselectivity has also been observed in various compounds inter-
acting with f-adrenoceptors. For instance the (S)-enantiomers of the well-
known B-adrenergic blockers of the propranolol prototype are significantly
more potent than the corresponding (R)-enantiomers (Table 3). This differ-
ence in affinity and activity has been the basis of combined receptor mutation
and molecular modeling studies (vide infra). A number of -blockers display
affinity for the 5-HT,;, receptor. The enantioselectivity of the compounds for
both receptors is quite similar (Table 3). A relatively novel S-adrenoceptor
antagonist is nebivolol (Table 3). The compound is a pseudosymmetrical mol-
ecule with 4 centers of asymmetry. Nebivolol is a racemate consisting of the
SRRR and RSSS enantiomers. The affinity and activity for the f;- and .-
adrenoceptors resides mainly in the (SRRR)-enantiomer. This enantiomer
displays a moderate (binding) to high (cAMP-accumulation) selectivity for ;-
adrenoceptors (Table 3). The hemodynamic profile of nebivolol differs from
that of the classical B-blockers. In contrast to the latter nebivolol improves left
ventricular function, reduces systemic vascular resistance, and increases
cardiac output. Both enantiomers contribute to this particular profile
(PaUwELS et al. 1991).
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Table 3. Stereoselectivity ratios of o~ and f-adrenoceptor ligands

CH, =
* ’_O N
gy
N 2
H,C CH, / ) ' o—~ @ N
N CH,
H
MEDETOMIDINE  (a,,) RX821002 (o)
aK, i.a 2EC,, 1C5, bK; ia bpA,
(+) 0.78 1 17 (2R) 253 0 7.07
() 217 -1 390 (2S) 036 0 9.69
OH OH OH
H H
O O\)\/N Q. N 4 O
T QT
F F
PROPRANOLOL (B1,2'5-HT1A) NEBIVOLOL (S,R,R,R) +(R,S,S,S)

K, i.a K; oK ia 4Cgq
B1,z 5'HT1A B1_z 5'HT1A B1.2 5'HT1A (1121314) B1 ﬁz B1,z 5'HT1A ﬁ1 ﬁz
(R) 100 3100 0 0 40 89000 (S.RRR) 0.72 5.6 0 nt 041 36.7
(S) 06 68 0 0 0.5 50 (R.,S,5,5)2008 1394 0 nt 600 750

Affinity: K;,nM. a:[*H] - rauwolscine, ho,,R (S115 cells). b:[3H] - idazoxan, rat cortex membranes.

c:['#1] IHYP, S49 mouse lymphoma cells; [*H]-8-OH-DPAT, h5-HT,,R (COS-7 celis).

d: PH] CGP-12177, hp,/ B,Rs (CHO cells). Intrinsic activity: i.a. Potency: ECy, / IC,, / K, nM; pA,.

a: FSK - stimulated cAMP, HEL92.1.7 celis. b: clonidine antagonism, rat vas deferens. c: isoproterenol -
stimulated cAMP, $49 mouse lymphoma cells; FSK - stimulated cAMP, rat hippocampal membranes.
d: isoproterenol - induced cAMP, hp, / B,(CHO cells).

II. Ligands of Adenosine, Cannabinoid and Melatonin Receptors

Various compounds interacting with adenosine receptors display moderate to
high stereoselectivity. For instance (R)-PIA, a reference agonist for adenosine
A, receptors, binds 78 times better than (S)-PIA (Table 4). In functional tests
a similar stereoselective ratio has been observed. Both enantiomers are full
agonists (DaLy 1982). Recently close analogs of (R)-PIA, e.g. 2-chloro-N°®(1-
phenoxy-2-propyl) adenosine, have been developed as potential antiischemic
agents. These novel neuroprotective compounds display less cardiovascular
side effects than (R)-PIA (KNUTSEN et al. 1999).

The enantiomers of the deazaadenine derivative ADPEP act as full antag-
onists at A, receptors (Table 4). (R)-ADPEP is approximately 30-35 times
more potent than (S)-ADPEP (MULLER et al. 1990). A novel A, receptor
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Table4. Stercoselectivity ratios of adenosine A; receptor ligands

CH,
2 ' NH,
HN CH,
N/
T don,
N7 TN
1
H,C

NZ~

LY

o OH OH
OH OH
PIA (A,) ADPEP (A,) FK453 (2°R) (A,)
K, ia oK K, A K Cyq, Q@ ©IC,
@R) 16 1 3 (1'R) 47 0 38 @R) 175 0 0.56
@2's) 125 1 200 (1"s) 165 0 112 (2*S) 10100 0 1180

Affinity: K; / 1C,, nM. a:[3H] - CHA, rat brain membranes. b:[*H] - PIA, rat cortex membranes.
¢:[*H] - CHA, rat cortex membranes. Intrinsic activity: i.a. Potency: K,/ Kg / 1C,, nM.

a: catecholamine-stimulated cAMP, rat adipocytes. b: antagonism inhibition cAMP by (R) - PIA,
rat fat cells. ¢: inhibition adenosine-induced neg. inotropic act., guinea pig atria.

antagonist is FK453 (Table 4). The compound, synthesized in a program on
diuretics, is structurally different from the well-known A, antagonists. The (S)-
enantiomer is hardly active. These results indicate that the diuretic action of
FK453 might be due to its selective A, antagonism (AKAHANE et al. 1996).
HU210 ((-)R,R-11-hydroxy-A®-3-(1'-dimethyl)heptyltetrahydrocannabi-
nol) is a compound with high affinity for the cannabinoid receptor and a
potent inhibitor of forskolin-stimulated cAMP production (Table 5; FELDER et
al. 1992). Both affinity and potency of HU210 are much higher than those of
its (+)S,S-enantiomer HU211 (Table 5) and also of the natural product (-)R,R-
A’-tetrahydrocannabinol. Compared to the natural product, the affinity and
potency of HU210 are 2,750- and 880-fold higher (FELDER et al. 1992).
Melatonin, 5-methoxy-N-acetylserotonin, modulates circadian rhythm
and the sleep-wake cycle in vertebrates by interaction with melatonin recep-
tors. The affinities for the melatonin receptor and the functional activities of
a series of chiral rigid melatonin analogs has been published by DaviEes et al.
(1998). (S)-enantiomers have the highest affinity (Table 6). In a functional test
both enantiomers of N-acetyl-4-aminomethyl-6-methoxy-9-methyl-1,2,3.4-
tetrahydrocarbazole (AMMTC) act as full agonists and so does the (S)-
enantiomer of its desmethoxy analog AMTC (DaviEs et al. 1998). However,
the (R)-enantiomer of AMTC acts as a full antagonist. There is no statistical
difference in the affinities of the racemate of N-(4-methoxy-2,3-dihydro-
1H-phenalen-2-yl)acetamide and its enantiomers. In functional tests the com-
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Table 5. Stercoselectivity ratios of ligands for cannabinoid, nociceptin, and cholecys-
tokinin receptors

,CH,0H
CHZOH
=N
{§ O o

HU210 (6aR,10aR)(CB, ,) J-113397 (3R,4R)(ORL1) L-365,260 (3R)(CCK2)
HU211 (6aS,10aS)(CB, ,) J-112444 (38, 4S)(ORL1) L-365,346 (3S)(CCK1)

K ia eIC, bC,, La bIC, EC <IC, ia  dC,
(6aR,10aR) 006 1 002 (3R4R) 23 0 56 >10¢ CCK1 CCK2 CCK2 CCK2
(6aS,10aS) 1364 1 191 (3S4S) 820 0 >10% >10¢ (3R)740 85 0 39

(3S) 4.7 280

Affinity: K; / ICg,, nM. a:[*H} CP55,940, hCBR L all membranes. b:['%]] Tyr'4-nociceptin, hORL1R

(CHO cells). c:['?51] CCK-8, rat pancreatic (CCK1R); guinea pig brain (CCK2R). Intrinsic activity: i.a.
Potency: EC,, / IC,,, nM. a: FSH-stimulated cAMP, rCBR (CHO cells). b: nociceptin-produced [%5S]

GTPyS binding, hORL1R (CHO cells). d: inhibition CCK-8-induced IP, rCCK2R (CHO cells).

pounds lack agonist activity whereas the racemate acts as an antagonist
(Table 6; JELLiMANN et al. 1999). A phenalene derivative possessing a partially
constrained ethylamido chain is N-[(4-methoxy-2, 3-dihydrophenalen-1-
yl)methyl] butanamide. The (-)-enantiomer (K; = 0.8nM) is 27-fold more
potent than the (+)-enantiomer (K; = 21.7nM) (2-[**I]-melatonin, chicken
brain). In a functional test (melanophore contraction in X. laevis tadpoles) the
racemate acts as a full agonist (ECs, = 1.61 nM) (JELLIMANN et al. 2000).

ITI. Ligands of Peptide Receptors

ORL-1, a recently cloned opioid receptor-like GPCR with significant homol-
ogy to the classical u-, 8- and x-opioid receptors has a low affinity for endoge-
nous and synthetic p-, 6- and x-ligands. The endogenous ligand of the ORL-1
receptor is nociceptin, a peptide consisting of 17 amino acids with a low, if any,
affinity for the classical opioid receptors (HENDERSON and McKniGHT (1997).
The first highly potent and selective nonpeptide antagonist 1-[(3R,4R)-1-
cyclooctylmethyl-3-hydroxymethyl-4-piperidyl]-3-ethyl-1,3-dihydro-2 H-
benzimidazol-2-one (J-113397) was developed by Kawamoro et al. (1999).
J-113397 binds with high affinity to the ORL-1 receptor but has a low affinity
for the u-, 8- and xreceptors. The compound is a potent inhibitor of the
nociceptin-stimulated GTP¥S binding to G proteins (Table 5). The (3S5,45)-
enantiomer J-112444 on the other hand has a 400-fold lower affinity for the
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Table 6. Stereoselectivity ratios of melatonin receptor ligands

CH, CH, CH,
O:< O:< [0 ——1
NH NH NH
oD QD O
,]\l/ ,\l,/
CH, CH,
AMMTC (MT) AMTC (MT) (MT)
K ia 2EC,, K, i.a K i.a bIC,,
(4*R) 48.4 1 52.3 (4'R) 708 0 2IC4,=6400nM (R) 38.3 0 (RS) 487
(4*S) 0.372 1 0.23 (4'S) 40 1 PEC,= 189nM (S) 28.7 0

Affinity: K;,nM. [2-125]] - melatonin, chicken brain membranes. Intrinsic activity: i.a
Potency: EC,, / ICg, nM. a: X.laevis dermal melanophore cell line. b: X.laevis tadpoles.

ORL-1 receptor and is virtually inactive as nociceptin antagonist (Table 5).
The inhibiting effect of nociceptin on forskolin-stimulated cAMP accumula-
tion was dose-dependently inhibited by J-113397 with an 1Csy of 26 £ 3nM
(Ozaki et al. 2000). The selectivity of action of J-113397 on ORL-1 receptor
was confirmed in ORL-1 receptor-deficient mice (IcHikAwA et al. 2001).
Cholecystokinins (CCKs) are endogenous neuropeptides interacting
with G protein-coupled central and peripheral CCK-receptors of which
there are at present two subtypes known, i.e., CCK,; = CCK,, mainly situated
in the gastrointestinal tract, and CCK, = CCKy, predominantly present in
the brain. L-365260, 3R(+)-N-(2,3-dihydro-1-methyl-2-oxo-5-phenyl-1H-1 4-
benzodiazepin-3-yl)-N'-(3-methylphenyl) urea is a potent CCK, selective
antagonist, whereas the selectivity is reversed in the (5)-enantiomer L-365 346,
a potent CCK; antagonist (Table 5) as shown by Bock et al. (1993). It was
reported by JAGERSCHMIDT et al. (1996) that histidine His381 of the rat CCK,
receptor determines its selectivity for antagonists. The search for CCK, antag-
onists with improved aqueous solubility and brain penetration compared to
L-365260 resulted in L-740093 a close analog of L-365260 in which the C-5
phenyl group was replaced by a 3-azabicyclo[3,2,2]Jnonan-3-yl moiety (PaTEL
1994). Both the affinity of L-740093 for the CCK, receptor (IC5 0.1nM) as
well as its selectivity versus the CCK, receptor (16000-fold) are extremely
high. The penetration in mouse brain of L-740093 or L-365260 after intra-
venous injection was studied by the ex vivo binding of '“I-BH-CCK-8S to
brain tissue homogenates. The 1Ds, values for L-740093 and L-365260 were
0.2 and 13mg/kg, respectively, indicating that for studying central effects of
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CCK,; receptor inhibition in patients L-740093 is probably the better tool
(PATEL et al. 1994).

The endogenous undecapeptide substance P (SP) stimulates central
and peripheral neurokinin (NK) receptors. A large number of stereoisomeric
antagonists has been synthesized and tested for affinity and potency. The
four stereoisomers of 2-(diphenylmethyl)-3-((3,5-bis(trifluoromethyl)benzyl)-
oxy)-1-azabicyclo[2.2.2]Joctane (Table 7) were prepared by Swain et al. (1995)
and tested for affinity on human NK, receptors expressed in CHO cells and
for potency in inhibiting substance P-induced extravasation in the skin of
guinea pigs. It was shown that optimal affinity and potency was highly depen-
dent on the absolute configuration of the substituent at the C3-atom of
the quinuclidinyl moiety and much less on the cis- or trans- configurations of
the substituents. This was confirmed by testing the affinity for the NK, recep-
tor of the four stereoisomers of 2-((3,5-bis(trifluoromethyl)benzyl)-oxy)-3-
phenylmorpholine (Table 7) as reported by HALE et al. (1996). Note that the
numbers of the asymmetric C-atoms in the quinuclidinyl and morpholine
structures are reversed. The enantiomers L-733060 (25,3S) and L-733061
(2R .3R) are piperidine analogs of the morpholine compound (Table 7) and
again the (2R,3R) enantiomer displays the lowest affinity for the human NK;
receptor, ICsy 350nM versus 1nM for the (25,35) isomer (HarriSoN et al.
1994). Introduction of additional substituents to the morpholine derivative
shown in Table 7 resulted in MK869 = L.-754030, a highly potent NK, recep-
tor antagonist in the (1R,2R,35) conformation (HALE et al. 1998). Deletion of
either the (1R)-CHj group or the para F-atom of MK869 does not affect the
affinity for the NK, receptor. However when both the para F-atom is deleted
and the configuration of the 1-CH; group is changed from R to S a tenfold
loss in affinity results. The IDs,s of MK869 and the structurally modified drugs
in functional in vivo tests were comparable at the time of peak effect but the
modified drugs were shorter-acting. The “(15,2R,35) minus F” derivative was
not tested (HALE et al. 1998). The search for potential therapeutic applications
of NK antagonists has covered a wide range of indications. So far, antiemetic,
antidepressant, and antianxiety properties appeared to be clinically significant.
Intracerebroventricular infusion of NK agonists induces locomotor activation
and vocalization in guinea pigs. The effects can be abolished by pretreatment
with brain permeating NK antagonists such as 1-733060, but not by its less
active enantiomer L-733061. Structures of both compounds and their affini-
ties for the NK, receptor are shown in Table 7. Stress-induced vocalizations
by guinea pig pups during transient maternal separation were also inhibited
by antagonists such as MK869, L-760735 (a MK869 analog), and L-733 060.
The enantiomers of the latter two antagonists (L-770765 and L-733061) with
a respective 873- and 350-fold lower affinity for the NK,; receptor did not
inhibit this type of vocalizations (KRAMER et al. 1998). A novel NK, antagonist
1S a nonbasic tri-substituted propane derivative: 2-[N-(2-(4-hydroxy-
methylphenoxy) acetyl) amino]-3-(1-H-indol-3-yl)-1-[N-(2-methoxybenzyl)-
N-acetylamino] propane. The activity resides mainly in the (R)-enantiomer
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Table 7. Stereoselectivity ratios of NK, receptor ligands

CF, CF,
CF, CF,
0.0
2
3
N
H
L-709,210 (2S,38)
ICs i.a ainhib. ICs,
(2R,3R) 300 0 0% (2R,3R) 287
(28,38) 0.2 0 76% (28,38) 24
(2R,38) 0.2 0 70% (2R,38) 376
(28,3R) 125 0 nt (2S,3R) 59

CF;

3
2

N N

\
o% N

N
L-733060 (2S,3S) H
L-733061 (2R,3R) L-754,030 = MK869 (1R,2R,3S)
IC,, i.a I1Cs, i.a oID5q
4hr 24 hr
(2R,3R) 350 0
(2S,398) 1.0 0 (1R,2R,3S) 0.09 0 0.04 0.33

Affinity: 1C,,nM. ['251] SP, hNK R (CHO cells). Intrinsic activity: i.a Potency:
a: inhibition SP-induced extravasation skin guinea pigs, dose 10 mg / kg po.
b: ID,,, mg / kg i.v. inhibition GR73632-induced foot tapping, gerbils.
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(ICs = 0.4nM). The (S)-enantiomer is more than 100-fold less potent (['*I|SP
binding, h NK;R(IM-9 cells). Functional data have not been published yet
(Fritz et al. 2001).

C. Receptors and Enantioselectivity
I. Introduction

GPCRs are membrane-bound proteins. Multiple sequence alignments suggest
there are seven quite hydrophobic stretches of 20-25 amino acids in virtually all
receptors. This observation has led to the hypothesis that these domains are
membrane-spanning, arranged in a barrel-like fashion and o-helical in nature,
such that the more hydrophobic amino acids are facing the lipid environment.
As a consequence other, on average more hydrophilic, residues are facing the
central core of the protein, which may be involved in the recognition of endoge-
nous and synthetic ligands among other functions. The membrane-embedded
regions are connected via intra- and extracellular domains, with the N-terminus
at the outside of the cell and the C-terminus located in the cytosol. These struc-
tural features find strong support in the atomic architecture of bacteri-
orhodopsin which also has this seven-helices-template. Bacteriorhodopsin is
one of the few membrane-bound proteins for which electron-diffraction and
crystallographic data are available (HENDERSON et al. 1990; LUECKE et al. 1999)
yielding a high resolution 3D structure, but it is a bacterial proton pump rather
than a GPCR. Nevertheless, we have used bacteriorhodopsin as a template
to develop a backbone of the transmembrane domains for, among others,
the adenosine A, receptor (I3ZERMAN et al. 1992), quite similar to the seminal
models developed by HiBert and coworkers (HiBert et al. 1991; Trump-
KALLMEYER et al. 1992). The visual pigment rhodopsin, which is a GPCR, has
also been subjected to biophysical experimentation. At present resolution data
are of significantly lower quality, suggesting, though, that the helical organiza-
tion is similar to that in bacteriorhodopsin, but certainly not identical. As a con-
sequence a slightly different receptor model emerged, when we used the
o-carbon atoms of the transmembrane dornains of rhodopsin (BALDWIN et al.
1997) as a template for the construction of a model for the human adenosine A,
receptor interacting with prototypic agonists (RIVKEES et al. 1999). Obviously,
all such models can only be rough approximations of biochemical reality. In our
opinion they are best used as a visualization of known structure-activity/
affinity relationships and as filters to, for example, select amino acid residues for
mutation. This latter feature has proven successful, also in the delineation of the
molecular mechanisms involved in stereoselective recognition.

In this section we will illustrate this with examples of o~ and S-
adrenoceptors, 5-HT;, and melanocortin receptors. We will address only
those studies in which point mutations in the receptor substantiate and cor-
roborate the reported findings and derived models with respect to stereo-
selective interactions.



174 W. Soupnn et al.

I1I. Adrenoceptors

B.-Adrenoceptors serve as prototypic GPCRs. They were one of the first to be
cloned and subjected to site-directed mutagenesis. In these studies an aspar-
tate residue in helix IIT (Asp113 in the human receptor) and two serines in
helix V (Ser204 and 207) were identified as anchor points for the protonated
amine function and the catechol group of the endogenous agonist, adrenaline,
respectively (STRADER et al. 1988, 1989). Interestingly, an amino acid responsi-
ble for stereoselective recognition could not be identified, despite the strong
preference of the receptor for the (R)-enantiomer of adrenaline. We identi-
fied, using receptor models based on the bacteriorhodopsin template (Fig. 1),
two potential amino acids for interaction with the S-OH group in the ligand,
which defines the chiral center (WIELAND et al. 1996). Either Ser165 (helix IV)
or Asn293 (helix VI) were the most likely candidates for direct interaction.
Mutation of Ser165 to Ala, however, did not change the binding of the two
stereoisomers of isoprenaline (a close and more stable analog of adrenaline).
In contrast, an Asn293Leu mutation showed a substantial loss in the stere-
ospecificity of catecholamine binding (transient receptor expression in
HEK?293 cells) and receptor activation after stable expression in CHO cells.
The maximal stimulation of adenylyl cyclase by (R)-isoprenaline was similar
in CHO cell membranes expressing either wild-type or mutant receptor, indi-
cating that the mutant receptor was fully capable of activating the G protein
pool available (Fig. 2). Concentration-response curves of the two isoprenaline

Fig.1. Schematic representation of the binding of (R)-isoprenaline to the human f,-
adrenoceptor. The receptor a-helical backbone is viewed from the extracellular side.
(R)-Isoprenaline and the receptor residues thought to be involved in ligand binding —
Aspl13 (helix III), Ser204 and Ser207 (helix V) and Asn293 (helix VI) — are shown.
Dashed lines, potential hydrogen bonds
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Fig.2. Stimulation of adenylyl cyclase in membranes from CHO cells expressing wild-
type (circles) or Ans293Leu mutant (squares) B,-adrenoceptors by (—)-isoprenaline
(solid symbols) or (+)-isoprenaline (open symbols). Data are means of four indepen-
dent experiments, performed in duplicate

isomers showed a substantial stereoselectivity (over 130-fold) on the wild-type
receptor. This was reduced to less than 13-fold on the mutant receptor, all due
to the reduced potency of the more active R-isomer. Similar data were
obtained for adrenaline and noradrenaline. From this we reasoned that
Asn293 is critical in, although probably not solely responsible for, the stere-
oselective recognition of catecholamines.

Partial agonists such as terbutaline and clenbuterol were less affected, if
at all. All these compounds share the ethanolamine side chain with the chiral
carbon atom, and differ in the aromatic moiety only. Hence, we considered it
worthwhile to further characterize the atomic details of this stereoselective
interaction. We synthesized “mutated” derivatives of both isoprenaline and
clenbuterol, and analyzed their effects on both the wild-type and mutant
receptor (ZUURMOND ct al. 1999). Such an approach, we hypothesized, might
lead to a “gain of function” in terms of affinity, indeed providing further phys-
ical evidence for a direct interaction between a specific receptor residue and
a functional group in the ligand. The B-hydroxy group in the parent molecules
isoprenaline and clenbuterol was replaced by either hydrogen, methyl or
methoxy substituents. The six new derivatives were also tested on the wild-
type receptor and the Asn293Leu mutant. It appeared that one analog of iso-
prenaline, but not of clenbuterol, showed a sixfold gain in affinity on the
mutant receptor (Fig. 3). This derivative had a methyl substituent instead of
the hydroxy group, fully compatible with the more lipophilic nature of the
leucine side chain versus the hydrophilic asparagine residue. On the wild-type
receptor a 100-fold affinity difference was observed between isoprenaline and
this “methyl” derivative, which was fully canceled on the mutant receptor.
Interestingly, the methyl derivative did not prove superior to isoprenaline on
the mutant receptor, suggesting that the receptor environment around the
chiral center remains largely hydrophilic, despite the presence of the leucine
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Fig.3. Affinity ratios (K wig.ype/Ki asaoses) fOr clenbuterol, isoprenaline, and deriva-
tives. Data are means of three independent experiments, performed in duplicate

side chain. All these findings also provide evidence that there is not just one
single agonist binding site on the receptor. Hence, the critical involvement of
Ser204 and Ser207 in agonist binding may be limited to catecholamines only.
These two amino acids are supposed to hydrogen bond to the two catechol
OH-groups, and as a consequence (Fig. 1), isoprenaline is directed to position
its B~-OH group in the vicinity of Asn293. In binding clenbuterol and deriva-
tives Asn293 does not seem to play any particular role, and, thus, Ser204 and
Ser207 are thought to be of less importance too. Preliminary experiments with
a “double mutant” f3,-adrenoceptor (Ser204Ala, Ser207Ala) strongly corrob-
orated this idea. Isoprenaline was over 100-fold more potent on the wild-type
receptor, whereas clenbuterol’s affinity was only 3-fold diminished on the
double mutant receptor.

Ruffolo and coworkers studied the stereoselective recognition by ;-
adrenoceptors (HEHR et al. 1997; HIeBLE et al. 1996). They too found that a
serine in helix IV (also on position 165) did not play a role, whereas Ser90
(in helix II at the cytosolic end) and Ser419 (helix VII) seemed to serve a
comparable role as Asn293 on the f;-adrenoceptor. Thus, the affinities of the
(S)-(+)-enantiomers of noradrenaline and adrenaline were only marginally
affected, whereas a dramatic drop in affinity (40-70-fold) was observed for the
active (R)-(—)-enantiomers. Ser90 is conserved in only the a-adrenoceptor
subtypes, whereas the serine on position 419 is also conserved in the B-
adrenoceptors. Molecular modeling showed that Ser90, however, is rather
remote from the other amino acids thought to be important for binding, i.e.,
the equivalents of Asp113, Ser204 and Ser207 in the f,-adrenoceptor. All in
all the outcome of these studies seems somewhat less unequivocal than for the
B:,-adrenoceptor.
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Fig.4. Schematic representation of putative interactions of S-propranolol with the
wild-type 5-HT 4 receptor (A), and its methylated analog with the Asn386Val mutant
receptor (B), respectively. In B the shaded area suggests a favorable lipophilic contact
of Val386 with the methyl moiety of the ligand’s B-methoxy group. Dashed lines (A,
B), potential hydrogen bonds

IIl. 5-HT,, Receptors

Kurpers et al. (1997b) analyzed the stereoselective interaction between
aryloxypropanolamine antagonists and the human 5-HT,;. receptor. These
ligands, all classical B-adrenoceptor blockers, display significant affinity for this
serotonin receptor subtype as well. Thus, the (R)- and (S)-enantiomers of pro-
pranolol, penbutolol, and aiprenolol were studied with respect to their ability
to bind to the wild-type and a mutant 5-HT 4 receptor. This Asn386Val (helix
VII) mutant appeared to act as a chiral discriminator. In all cases both enan-
tiomers displayed lower affinity for the mutant receptor, but the more
active (S)-enantiomer was always more affected. The mutation did not have
any influence on other, structuraily unrelated, 5-HT receptor ligands. This
prompted us to synthesize a series of propranolol analogs with structural vari-
ation in the oxypropanolamine moiety (the “side chain”), and determine their
affinity for both the wild-type and the Asn386Val mutant receptor. In
particular, methylation of the B-OH group increased the affinity of the (S)-
enantiomer for the mutant receptor to a value identical to the wild-type recep-
tor (K; = 160nM in both cases). These and other findings led to the model
depicted in Fig. 4, in which the lipophilic valine residue accommodates the
methoxy group of the propranolol derivative, leading to a substantial gain of
affinity. Interestingly, an asparagine residue is also present on the same loca-
tion in helix VII of the B-adrenoceptor, suggesting that the antagonist binding
model developed for the 5-HT, 4 receptor also holds for the B-adrenoceptor.
In that case two asparagine residues are responsible for the stereoselective
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recognition of (catecholamine) agonists (Asn in helix VI) and antagonists
(Asn in helix VII), respectively.

II1. Melanocortin Receptors

FrRANDBERG and colleagues (1994) studied the molecular basis for the stereos-
elective recognition of a-MSH (melanocyte-stimulating hormone) by the MC,
(melanocortin) receptor. The binding of this endogenous peptide and a close
analog in which a methionine residue (on position 4) was replaced by the syn-
thetic amino acid norleucine, was severely affected (up to 250-fold) upon
mutation of Aspll7Ala (helix III) and His260Ala (helix VI). These two
residues are both located close to the extracellular domains. However, a
second potent agonist and o-MSH analog, in which also the natural L-
phenylalanine (on position 7) was replaced by its D-enantiomer, retained high
affinity for the wild-type and both mutant MC, receptors. The authors con-
cluded that different binding epitopes on GPCRs appear to exist for peptide
ligand stereoisomers.

D. Concluding Remarks

From a simplified perspective, stereoisomers can be regarded as a rather
special pair-wise class of different drugs. In such a view it is only logical that
two enantiomers may have different affinities, selectivities, and intrinsic activ-
ities. This notion, however, somehow denies the continued interest in the
development of enantiomers as potential new drugs, and the special empha-
sis on chirality in drug design. It is anticipated that the future elucidation of
the 3D structure of receptors will fuel our understanding of the molecular and
even atomic mechanisms behind stereoselective recognition. Only then will
the old concepts of, for example, Easson and STEDMAN have their true struc-
tural correlate.
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CHAPTER 8
Mechanisms of Stereoselective Binding to
Functional Proteins

G. KLEBE

A. Introduction

The three-dimensional structure of a drug molecule determines and evolves
its biological properties at a given receptor. The spatial configuration of a mole-
cule results from the connectivity of the atoms composing the molecule under
consideration. If this spatial configuration encodes for asymmetry, the mole-
cule gives rise to optical activity and two enantiomers exist. Without breaking
bonds such a pair of chiral molecules cannot be transformed from one to the
other form (neglecting special situations of slowly converting atropisomers;
see also Chap. 4, this volume.). As long as such enantiomers are exposed to an
achiral environment they possess identical properties. However, once pre-
sented to a handed surrounding, image and mirror-image will be recognized
differently and will produce different effects. Receptors, for example enzymes,
often being the target of drug molecules, create a chiral environment. They are
constructed from chiral building blocks, such as L.-amino acids. Other targets,
e.g., DNA, RNA, or ribozymes, are composed by D-ribose or D-desoxyribose
as chiral building blocks. Furthermore, as a whole, these molecules adopt con-
formations that correspond to handed objects. Accordingly, a different bio-
logical response can be expected once the two mirror-symmetrical molecules
bind to such a chiral receptor. For example, the flavor of the two enantiomeric
forms of carvone and limone (1 and 2 in Fig. 1) create quite different smelling
characteristics once binding to the corresponding receptors (FRIEDMAN and
MILLER 1971). These belong to the class of G-protein coupled receptors,
present in our nose (Fig. 1). Many examples are known that demonstrate the
deviating biological properties of chiral molecules, producing distinct profiles
either in the intensity or quality of their biological response (ARIENS 1984,
1993). For example, the drug labetalol (3: Fig. 2) has two stereogenic centers
giving rise to two pairs of diastereomers. Labetalol is claimed to be a mixed
antagonist and it acts at the o4-, fi-, and f,-adrenergic receptors (ARIENS et
al. 1988) with deviating profiles depending on its stereochemistry.
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Fig. 1. The enantiomers of carvone (1)
and limonene (2) create quite different
smelling characteristics via binding to
their rcceptor. This difference results
from distinct chiral recognition of the
enantiomers at a G-protein coupled
receptor constructed from seven trans-
membrane helices

Fig. 2. Labetalol (3) has two asymmetric
centers giving rise to four diastereomers
which produce different pharmacological
responses at distinct G-protein coupled
receptors. The antagonistic effects decrease
for the oy-receptor as S,'R >» SS ~ RR >
R,S; for the f;-receptor RR > RS >SS ~
S,R; and for the B,-receptor RR *» RS »
SS~SR
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B. Chiral Molecules in a Crystal Environment

Crystallography is the most powerful tool to elucidate the three-dimensional
structure of molecules. Exploiting the effects of anomalous scattering of
particularly the heavier atoms, this technique allows determination of the
absolute configuration of molecules.

The crystallization of a racemate can either result in the formation of
racemic crystals showing both enantiomers side-by-side in the same unit cell,
or in a spontaneous resolution leading to an agglomerate of morphologically
enantiomorphic crystals. These crystals are composed either by the image or
the mirror-image. The latter crystals do not possess any symmetry operations
corresponding to a mirror, an inversion center or a glide plane. Thus, out of
the 230 possible space groups, only 65 can accommodate chiral molecules.
In a crystal, molecules have to pack densely together. The obtained self-
recognition of a racemate or an enantiomeric pure compound produce quite
different packing patterns that could parallel with different conformations
adopted in the solid state. For example, Fig. 3 shows the packing of the amino
acid histidine in a racemic and enantiomeric-pure crystal (EDINGTON and
HARDING 1974; MADDEN et al. 1972). Proteins being chiral objects and found
in nature as single enantiomers can only crystallize in one of the 65 enan-
tiomorphic space groups. As a curiosity the polypeptide chain of Rubredoxin
has been synthesized from D-amino acids (ZAWADZKE and BERG 1993). A 1:1

Fig. 3. The enantiopure L-histidine crystallizes in the acentric space group P2; with two
molecules in the unit cell (left). They are related via a twofold screw axis. The racemic
histidine crystallizes in the centrosymmetrical space group P2,/c with four molecules
in the unit cell (right). In the center of the cell (i) a center of symmetry is indicated. In
both crystal structures, the local packing interactions are quite different and imply in
the present case different conformations of the amino acid (superposition below)
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mixture with the natural L-protein resulted in a racemate forming racemic
crystals in a centrosymmetrical space group.

C. Recognition of Chiral Ligands at
Protein Binding Sites

At a protein binding site, enantiomers are recognized as different species.
Accordingly, distinct affinities are the rule, similar affinities the exception. HIV
protease is a key enzyme in the replication of the human immunodeficiency
virus (WEST and FAIRLIE 1995). It cleaves the produced polypeptide chain
into functional proteins. This protease is a homodimer of two 99-amino-acid
peptide chains. Also this enzyme has been synthesized purely from D-amino
acids (MILTON et al. 1992; JUNG 1992). Interestingly enough, the L-protein can
only cleave the natural L-substrate, whereas the D-protein operates only on
the all D-substrate. The enantiomers of chiral inhibitors discriminate between
both handed forms of the enzyme, whereas an achiral inhibitor reveals the
same inhibitory potency toward both forms.

Binding modes of ligands can be studied by determining their crystal
structures when complexed with a protein. Since usually the affinity of two
enantiomers toward a given protein differs by some orders of magnitude, only
the binding geometry with one of the mirror images can be studied success-
fully. Therefore, of particular interest are cases where both species reveal com-
parable affinities. In such cases, crystallography can provide some insight into
how both forms can be accommodated at the binding site. The serine protease
inhibitor Daiichi DX 9065 (4 in Scheme 1) has been cocrystallized with trypsin
(STUBBS et al. 1995). Two distinct crystal forms have been discovered showing
deviating crystal packings in the solid state (Fig. 4a,b). In the first form, the
binding pocket opens toward a solvent channel in the crystal. In the second
form, a neighboring symmetry-related molecule packs toward the binding
site of the first, imposing some geometry constraints in this region. Crystal-
lization of the complex has been performed with the racemate of the inhibitor,
which possesses a stereogenic center next to its carboxylate group. Interest-
ingly enough, in crystals of the first form exhibiting access to the solvent,
clear evidence for binding of the racemate is indicated by the difference in
electron density. Affinity measurements of the enantiomers in solution
revealed comparable values. In the second form with the geometrically

Scheme 1.
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Fig. 4. a, b Binding geometry of the serine protease inhibitor DX9065a (4, Scheme 1)
to two different crystal forms of trypsin. On the /left, the structure of a crystal form with
the binding pocket opening to a solvent channel is shown. This form accommodates
both enantiomers by giving a different orientation to the carboxylate group. A second
crystal form, displayed on the right, closes up the binding site due to contacts with a
neighboring molecule (magenta) in the densely packed crystal. The residual electron
density indicates that this crystal form is only occupied by one enantiomer. ¢ The two
enantiomers of the sulfonamide 5 (Scheme 2) bind with comparable orientation to
carbonic anhydrase. They coordinate to zinc through their sulfonamido groups. The
hydrophobic isobutylamino groups, attached to the stercogenic center, orient similarly
into a hydrophobic pocket. Energetically distinct ligand conformations are adopted to
achieve this comparable binding mode, but the difference in affinity represents two
orders of magnitude. d—f HIV protease is a homodimer with C2 symmetry. Inhibitors
such as 7 have been synthesized and studied crystallographically, reflecting this C2 sym-
metry. The two enantiomers S,S (green) and R,R (magenta) (e) differ by a factor of
13 in affinity. This difference can be explained by a less efficient hydrogen bonding
pattern formed by the central R,R diol unit compared to the S,S unit. The pseudo-
symmetrical § (red) and S,R inhibitors (blue) bind with comparable affinity and very
similar binding geometry (f). Obviously, the additional H-bond forming OH group
in the S,R-diol does not improve binding affinity. The gain of one hydrogen-bond is
compensated by less favorable solvation/desolvation properties
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constrained binding site, only one enantiomer can be detected. Obviously, the
contacts to the neighboring molecule in the crystal packing generate a binding
site that favors binding of one of the enantiomers. Apparently, the conditions
experienced in the first form, accommodating both enantiomers, better resem-
bles the situation in solution and, most likely, under in vivo conditions.
However, this example demonstrates that chiral recognition requires
pronounced and well-discriminating molecular interactions in the close pro-
ximity of the stereo center thus creating local molecular asymmetry for the
considered ligands.

Another example for inhibitor binding of distinct enantiomers has been
studied with human carbonic anhydrase II (Fig. 4c) (GREER et al. 1994). Both
enantiomeric forms of a potent sulfonamide (5 in Scheme 2) show quite similar
binding modes, although their affinity differs by approximately two orders of
magnitude. Since solvation/desolvation properties are identical for both enan-
tiomers, the affinity difference must result from distinct interactions at the
binding site. Both molecules bind with their sulfonamide group to the catalytic
zinc and the neighboring Thr199. Furthermore, the SO, group in the six-
membered rings interact identically with GIn92. The iso-butylamino group at
the stereogenic center orients into the same hydrophobic pocket, but the
conformation required to adopt this spatial arrangement has been computed
as less favorable for the less active enantiomer. This difference provides an
explanation for the observed affinity discrepancy.

A high resolution structure determination has been reported on the enan-
tiomeric discrimination of two agonists (6 in Scheme 3) binding to the human
nuclear retinoic acid receptor (KLAHOLZ et al. 2000). Both enantiomers bind
to the structurally conserved binding pocket of the receptor. With their
benzoic acid moiety, both form a network of hydrogen bonds to Arg278,
Ser289, a water, and Leu233. The orientation of the hydroxy group in the
central bridge gives rise to the two enantiomeric forms. In both, this OH group
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forms an H-bond with good geometry to the sulfur of Met272. Interestingly
enough, the tetrahydronaphthalene moiety adopts in both cases a different
conformation with respect to the bond next to the hydroxymethylene bridge.
Thus, the rotation of the tetrahydronaphthalene moiety together with the
rearrangement of the amido group occurs to maintain the H-bond to Met272,
simultaneously accommodating the naphthalene moiety. A comparison of the
bound conformations of both enantiomers with the energetically most favor-
able arrangement in the free state suggests that the largely inactive S-
enantiomer binds with an energetically less favorable conformation compared
to the active R-enantiomer. It is reported that the affinity of both compounds
toward the receptor differs by three orders of magnitude. Accordingly, and in
analogy with the example of carbonic anhydrase binding, the affinity differ-
ence and thus chiral discrimination result from an adaptation of the less active
enantiomer in a rather strained unfavorable conformation to fit into the struc-
turally unchanged binding pocket.

D. Recognition of Chiral Building Blocks in
Stereoisomers at the Protein Binding Site

The above-mentioned HIV protease belongs to the class of aspartyl pro-
teinases. Its catalytic center is composed by two aspartates, each residing in
one of the two C2-symmetrical homodimers. A set of four inhibitors (7 in
Fig. 4) has been studied with this enzyme (KEMPF et al. 1990; HOSUR et al.
1994). The genuine skeleton of these inhibitors has been designed to resem-
ble the C2-symmetry of the protein (Fig. 4d-f). To mimic possible transition
state analogs, OH groups with varying stereochemistry were attached, result-
ing in four different compounds. The inhibitors 7a with X = S-CH(OH)CH,
and 7b with X = S-CH(OH)-R-CH(OH) were found to adopt nearly identical
binding modes and to have very similar affinities. In both inhibitors the §-
CH(OH) groups are recognized by Asp25” and Asp25. The additional OH
group, present in the second inhibitor 7b, only interacts with Asp25. Obviously,
this additional hydrogen bond does not contribute to binding affinity and is
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even compensated by solvation effects resulting in a slightly reduced binding
affinity (by ca. 2.4).

Two other stereoisomers 7c and 7d, being mirror-symmetrical to each
other in their central diol moiety, were studied. The §,§ and R,R derivatives
differ in affinity by a factor of 12. The reversed orientation of the diol portion
is believed to allow for a more efficient hydrogen bonding network in the case
of the S,S-derivative 7c compared to the R,R-analog 7d (Fig. 4e.f).

Inversion of configuration at Cl in N-acetylglucosamide (8 in Scheme 4)
results in different diastereomers. This local change strongly modifies
the binding mode of the ligand (IMOTO et al. 1972) (Fig. 5a). Although still
recognized by Asp59 and Alal07 through their amido groups, the glucose
moieties of both isomers orient in opposite directions of the binding pocket,
thus interacting with different binding-site residues. Changes in the molecular
skeleton of a ligand can also require changes in the local stereochemistry
of a ligand. The two thrombin inhibitors Napap (9) and Argatroban (10)
(Scheme 5) bind with their amidino or guanidino group, respectively into the
specificity pocket of this serine protease (SHAFER and GOULD 1993). The
altered topology of the basic side-chain along with the modified length of the
sulfonamido linker requires inverted stereochemistry at the central C, atom
for potent enzyme inhibition (Fig. 5b).

Without knowing the binding mode of a particular substrate, the stereo-
chemical prerequisites for a competitive inhibitor are difficult to estimate. The
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Fig. 5. a The two sugar moieties of 8 (Scheme 4) exhibit different orientation of the
OH group at C1 giving rise to different diastereomers. Due to this difference the recog-
nition properties are modified substantially and quite different binding modes are
observed. The amido groups are commonly recognized by Asn59 and Ala107. The
remaining parts of the molecules, including the distinct C1 OH group, are placed into
different binding pockets. b Napap 9 (green) and Argatroban 10 (red) (Scheme 5) are
recognized with thcir basic amidino- or guanidino group by Asp189 in the specificity
pocket of thrombin, the piperidine and naphthyl or tetrahydroquinoline moiety pack
together and occupying similarly the proximal and distal hydrophobic S2/S3 pockets
in thrombin. Due to the recognition differences of the basic groups, the rather similar
placements of the hydrophobic molecular portions are only achieved with inverted
stereochemistry at C,carbon. ¢ Thiorphen (12, white) and retro-thiorphen (13, yellow)
(see also Fig. 7) differ by their reverse sequence of the amino- and carbonyl group in
the central peptide bond. However, the side-chains and the reversed peptide bond are
similarly recognized by the residues exposed to the binding site of thermolysin. d The
two enantiomers of menthyl phosphonate transition state analogs (15, 16) have been
cocrystallized with Candida rugosa lipase. Both inhibitors adopt slightly different ori-
entations at the catalytic center. The isopropyl groups interfere with the neighboring
residue. In the 1S-derivative in particular this group pushes the catalytically important
His449 out of place. This reorientation has been linked to the lower reactivity of the
ester corresponding to the related translation state analog
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Fig. 6. Gyki (11, black), like the natural fibrinopeptide (gray), occupies the specificity
pockets of thrombin. Both molecules possess an arginine residue with identical binding
orientation. The proline moiety mimics valine in the substrate and the terminal pheny-
lalanine resembles a similar residue in the peptide. However, D-Phe configuration is
required in Gyki to position its phenyl moiety in the same volume area as the substrate

natural substrate of thrombin, fibrinogen, has a L-phenylalanine at its N-
terminal part, just next to the cleaved peptide bond (Fig. 6). The inhibitor Gyki
N-methyl-Dp-phenyl-prolylarginine (11), exhibits a phenylalanine with inverted
stereochemistry. The role of this inversion becomes obvious when examining
the crystal structures of the enzyme with the substrate and Gyki N-methyl-D-
phenyl-prolylarginine, indeed, the benzyl moiety of D-phenylalanine mimics a
hydrophobic surface of the substrate formed by a L-phenylalanine and L-
leucine residue (BAJUSZ 1993; MARTIN et al. 1992) (Fig. 6).

E. Chemical Reactions in Proteins Using
Stereoisomeric Substrates

Nature has provided several classes of enzymes to cleave polypeptide chains.
Usually these catalysts operate efficiently only on peptides composed by L-
amino acids. Nevertheless, some naturally occurring peptide antibiotics
contain D-amino acids, resulting in metabolically more stable compounds. For
the same reasons, D-amino acids have been introduced in some synthetic drugs
of peptidic origin. These often exhibit higher activity and better metabolic
stability. A special case are synthetic peptides with retro-inverse configuration,
where the sequence of amino and carboxy groups is interchanged (Fig. 7).
In order to retain the same relative configuration, L-amino acids are replaced
by their D-analogs. Apparently, this exchange can mislead some enzymes or
receptors and recognition, similar to the natural peptide, is observed. As an
advantage the retro-inverse peptides are usually more resistant to metabolic
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Fig. 7. Peptides composed by D-amino acids often possess better metabolic stability.
To retain the same relative configuration, L-amino acids in the original peptide have
to be replaced by their D-analogs while reversing the order of the peptide bond to
retro-inverse configuration. Cases are known where this exchange can mislead enzymes
or receptors resulting in a recognition of the reversal peptide similar to the natural one.
The experimentally observed binding modes (see also Fig. 5¢) of thiorphan (12) and
retro-thiorphan (13) provide some explanation how this comparable recognition might
be achieved on a molecular level

degradation. The experimentally observed binding modes of thiorphen (12)
and retro-thiorphen (13) at the binding site of thermolysin (RODERICK et al.
1989) possibly provide a first glimpse of how the similar recognition of pep-
tides with reversed sequence could be achieved (Figs. 5c, 7). Both inhibitors
are equally potent. At the binding site, they adopt a geometry that places their
peptide bonds in similar orientation even though they are being reversed in
the two cases. The backbone amido and carbonyl groups of both ligands can
form equally stable H-bonds with adjacent residues Asnll2 and Arg203
(Figs. 5¢, 7).

Catalytic pathways in enzymes are stereospecific. This property qualifies
them as valuable stereoselective catalysts for organic synthesis. Organic reac-
tions are often performed in nonaqueous solvents, but most biomolecules
degrade under such conditions. Due to their biological function to operate at
hydrophobic interfaces, lipases usually remain intact in such a milieu (SCHMID
and VERGER 1998). Accordingly, they have frequently been used as stereo-
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specific catalysts in organic synthesis. Lipases belong to the class of serine
hydrolases which cleave ester bonds in triglycerides. Their catalytic center is
composed by a triad formed by a serine, histidine, and aspartate or glutamate
residue. The cleavage reaction proceeds via a nucleophilic attack of the serine
OH group on the ester carbonyl carbon, resulting in a tetrahedral transition
state (Fig. 8). Subsequently, the weakened C-O ester bond breaks and a cova-
lent acyl intermediate is formed. Usually in the following step a water mole-
cule attacks this acyl intermediate as nucleophile and displaces the remaining
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Fig. 8a—e. General reaction path of ester hydrolysis in a serine hydrolase. The reaction
proceeds via two intermediate tetrahedral transition states (b, d) and a trigonal cova-
lently bound acyl intermediate (c¢). This latter form decomposes via a nucleophilic
attack by a water molccule, or by an alcohol or amide under nonaqueous conditions.
If for example the substituent R1 bears a stereogenic center (a,b), diastereomeric tran-
sition states are produced whose energies will differ
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part of the cleaved substrate from the catalyst. Under nonaqueous conditions,
other nucleophiles can also be used to react with the acyl intermediate, e.g.,
alcohols or amines. These reagents will result in the formation of a new
ester or amide bond. It has been shown that different nucleophiles react with
deviating efficacy. Accordingly, many examples exist of lipases discriminating
specifically between different nucleophiles. Since enantiomers are recognized
as distinct species by a protein catalyst, lipases can discriminate between the
chiral forms of a nucleophile attacking the intermediately formed acyl
complex (CHEN and SIH 1989; GUTMAN and SHAPIRA 1995).

F. Structural Basis for Chiral Resolution in Lipases

Various molecular properties are responsible for chiral discrimination in the
decomposition step of the acyl intermediate. The reaction is performed on a
particular time scale and differences in the reaction velocity will result in chiral
discrimination. Since the reaction at a binding site of a protein involves several
consecutive steps, it is difficult to estimate which of the various steps is the
rate-determining one and whether or how this provokes chiral discrimination.
The same step will not necessarily be the rate-determining one for different
reagents.

Kinetic, energetic, and structural considerations are involved. As a first
insight, structural evidence has been associated with kinetic findings. As
described, the reaction proceeds via a tetrahedral transition state. Accordingly,
chemically stable transition-state-analogs have been synthesized. Usually a
phosphorous atom is selected to mimic the intermediately formed tetravalent
carbon.

For example, the enantio-preference of Candida rugosa lipase to
hydrolyze both forms of menthyl pentanoate (14,15 in Fig. 9) has been studied
by CYCLER et al. (1994). Kinetic evidence has been collected which indicates
that the R-enantiomer (16) is favored. To mimic the tetrahedral transition state
of the hydrolysis step, the phosphonate analog of menthyl heptanoate (16,17)
has been synthesized and covalently linked to Ser209 in the active site. The
corresponding 1R-isomer mimics the transition state for the fast-reacting
enantiomer while the 1S-isomer resembles the transition state for the slow-
reacting enantiomer. Crystals were obtained for the inactivated enzyme con-
taining cither inhibitor 16 or 17 (Fig. 9). Subsequently, the structures with both
isomers have been determined (Fig. 5d). Both phosphonate groups bind
similarly with a covalent link to the terminal oxygen of Ser209, and show S-
configuration at their phosphorous. The terminal phosphonyl oxygens of both
inhibitors occupy the oxyanion hole with hydrogen bonds to the amido NH
groups of Ala210 and Gly124. The hexyl chain orients along a hydrophobic
channel that extends toward the center of the enzyme. In both inhibitors the
menthyl portion is positioned toward the entrance of the binding pocket where
it opens to the solvent. The orientation of the six-membered rings in the two
isomers exposes the iso-propyl groups of both isomers in a similar spatial area
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Fig. 9a—c. The ester hydrolysis of racemic menthyl pentanoate (14, 15) was studied
in detail (a). Deviating reaction kinetics were observed. To study the geometry of
the proceeded transition states, phosphonate analogs (16, 17) were synthesized
and cocrystallized with the lipase Candida rugosa (b, ¢). Inhibitor complexes with
deviating binding geometry were observed (see Fig. 5d)

next to the catalytic histidine. However, in the 1S-derivative this group is
closely directed toward Phe344 and displaces the rings of Phe345 and His449.
Compared to the apoenzyme and the structure of the 1R-isomer this rotation
amounts to 60°. This reorientation of the His449 ring has been linked to the
differences in reactivity for the two esters toward hydrolysis.

In the complex with the 1R-isomer, which mimics the transition state of
the fast-reacting enantiomer, the imidazole ring of His449 adopts the same
orientation as in the uncomplexed state and N&2 forms a bifurcated hydrogen
bond to Oy of the catalytic Ser209 and to O1 of the mentyl moiety. This
arrangement is in agreement with the usual assumptions about the catalytic
mechanism in serine-type hydrolases. For the 1S-derivative, the transition-
state-analog pushes His449 out of place and thus perturbs the hydrogen bond
between Ne&2 and O1 of the menthyl moiety. Simultaneously, conformational
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rearrangement modifies the torsion angles around phosphorous and increases
the latter distance by 0.3 A compared to the 1R derivative. The interaction
geometries formed by the tetrahedral intermediates along the reaction path
are less favorable for the 1S-isomer. These differences are assumed to be
responsible for the experimentally observed differences in reactivity along the
two stereoisomeric enzyme reactions.

G. Conclusion

Biological macromolecules, which are frequently receptors of small molecule
ligands (e.g., drugs), create a chiral molecular environment. They are
constructed from chiral building blocks and arrange as a whole in a handed
conformation. Accordingly, enantiomers will be recognized as different species
at the binding sites of such receptors. Scme rare cases have been reported
on the crystallographically determined binding mode of both enantiomers
together with the protein.

Usually quite distinct binding affinities are observed for both forms.
However, since solvation/desolvation properties are identical in these cases
the energy difference has been attributed to conformational differences.
A more strained and thus less favorable binding configuration is detected for
the less active enantiomer. This distinct immobilization of stereocisomers in the
handed environment of a binding pocket can also be exploited in enzyme
kinetics, e.g., to achieve more favorable metabolic stability of retro/inverse
peptides or to succeed in chiral resolution of amines and alcohols with lipases.
Further crystallographic work with carefully selected and optimized crystal-
lization conditions will hopefully reveal a more detailed insight into the spatial
discrimination of stereoisomers at the binding site of proteins.
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CHAPTER 9
Stereoselective Drug-Channel Interactions

C. VALENZUELA

All artificial bodies and all minerals have superposable images. Opposed
to these are nearly all organic substances which play an important role in plant
and animal life. These are asymmetric, and indeed have the kind of asymme-
try in which the image is not superposable with the object.

Louis Pasteur, 1860

A. Ton Channels as Drug Targets

Ion channels are integral components of cellular signaling pathways in almost
all living cells. In fact, our ability to do exercise, to perceive colors and sounds,
to process language, and, more generally, to initiate muscle contraction depend
on electrical messages produced as ion channels in cell membranes open and
close (ArMsTRONG and HiLLE 1998). Various ion channels mediate sensory
transduction, electrical propagation over long distances, and synaptic trans-
mission. In this chapter, I will focus on voltage-gated ion channels, the family
of channels that includes Na*, K* and Ca*" channels responsible for nerve and
muscle excitability. Our basic understanding of these proteins maintains the
framework and rigor established 50 years ago by Hobkin and HUXLEY (1952),
enriched by much new molecular information (CATTERALL 1988) and by
insights gained from patch-clamp methods (HamiLL et al. 1981). Tonic chan-
nels are membrane proteins that are blocked by many different types of drugs,
such as local anesthetics, antiarrhythmics, anticonvulsants, antihypertensive
drugs, etc. Therefore, they represent the binding sites for these therapeutic
agents and, in fact, ion channels are considered their drug targets, whose topol-
ogy, at the ion channel level, has been analyzed by studying the interactions
of specific ion channel blockers and site-directed mutant ion channels
(RaGsDALE et al. 1994; HockERMAN et al. 1997a; YEoLa et al. 1996; FRANQUEZA
et al. 1997; Nau et al. 1999a).

In the best case, drug targets would have several characteristics: known
biological function; robust assay systems for in vitro characterization and
high-throughput screening; and finally, they have to be specifically modified
by and accessible to small molecular weight compounds in vivo. Ion channels
have many of these attributes and, thus, they can be viewed as suitable targets
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for small-molecule drugs. However, target-based drug discovery programs
require the identification, characterization and validation of molecular targets.
An approach to these considerations is to associate the gene that encodes
the expression of such ion channels with a specific cellular process, discase
indication, or mammalian model of disease. In fact, involvement of a gene
in an inherited disease provides direct evidence that a given protein is func-
tionally important. During the last decade, enormous progress has been
made identifying mutations in ion channel genes that cause human and
animal diseases that result from defects in ion channel function
(channelopathies).

Stereoselective interactions are especially interesting because they
can reveal three-dimensional relationships between drug and channel
with otherwise identical biophysical and physicochemical properties (ARIENS
1993; Franks and Lies 1994). Furthermore, stereoselectivity suggests direct
and specific receptor-mediated action, and identification of such stereospecific
interactions may have important clinical consequences (ARIENS 1993; ABERG
1972). The fact that drug targets would be able to discriminate between the
enantiomers present in a racemic drug is the consequence of the ordered
asymmetric macromolecular units that form living cells. In fact, it i1s this
ordered asymmetry which gives the macromolecules the necessary informa-
tion to discriminate between the optical isomers of monomeric substrates such
as amino acids and sugars. However, almost 25% of drugs used in the clinical
practice are racemic mixtures, the individual enantiomers of which frequently
differ in both their pharmacodynamic and pharmacokinetic profile. Moreover,
different effects induced by one of the enantiomers of a racemic drug may
contribute to undesired effects, which can be similar to or different from the
pharmacological effect of the drug. In other cases, the pharmacological effects
induced by the two enantiomers on the molecular target are opposite, as exem-
plified by the dihydropyridines at L-type Ca® channels.

Ion channels can be differentiated into those that open or close in
response to changes in transmembrane voltage, and those in which opening
and closing mechanisms are modulated by binding of extracellular or intra-
cellular ligands by activation of a cation-specific conductance across the
plasma membrane (CATTERALL 1994). Ion channels from the first category
are named voltage-gated ion channels and mediate rapid, voltage-gated
changes in ion permeability during action potentials in excitable cells and
also modulate membrane potential and ion permeability in many unexcitable
cells (HiLLE 1992). In contrast, those ion channels which open and close in
response to the concentration of extraccllular or intracellular ligands are
called ligand-gated ion channels. These include the nicotinic acetylcholine, y
aminobutyric acid (GABA), and glycine receptors, and they mediate local
mcreases in ion conductance at chemical synapses and thereby depolarize or
hyperpolarize the subsynaptic area of the cell (CaTrTERALL 1988). Both types
of ion channels belong to the superfamily of plasma-membrane cation
channels.
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B. Voltage-Dependent Ion Channels
I. Na* Channels

1. Structure

The first ion channel gene to be cloned was that encoding the sodium channel
of the eel electroplax (Nopa et al. 1984) (Fig. 1). The activation of sodium chan-
nels after depolarization of the cell membrane leads to their brief opening (for
<1ms) after a short latency, and afterwards to their inactivation (a closed non-
conducting state) which persists until the membrane is hyperpolarized (Fig. 2).
Voltage-gated sodium channels cloned from a variety of other species and
tissues share a striking degree of homology to the original cDNA (KALLEN et
al. 1993). In humans, at least six separate genes encode homologous sodium
channel isoforms expressed in brain, heart, and skeletal muscle (RoDEN and
GEORGE 1997). Sodium channels, as well as calcium and potassium channels,
are hetero-oligomeric complexes of an « subunit that forms the ion pore and
accessory subunits ( subunits) which regulate the function of the channel. The
o subunit of Na" channels is composed of around 2000 residues. The sequence
contains four homologous domains (I to IV). Hydropathy analyses suggest
that each of these domains contains six transmembrane segments (called S1
to S6) and that the residues that link the four repeats, like the N and the C
termini, lie on the cytoplasmic side of the membrane.

2. Activation

Voltage-gated Na* channels are extremely sensitive to small changes in mem-
brane potential. HopGkiN and HuxLEy (1952) proposed that Na* channel acti-
vation must result from movement of charges within the membrane, the so
called “gating currents,” a small charge movement generated by the voltage-
driven conformational changes that open these channels (ARMSTRONG and
HiLLE 1998). Since the cloning of the first Na* channel, the amphipatic S4 «
helices in each of these four domains were immediately proposed as the
voltage-sensor of the channel. These segments contain between 5 and 8
charged residues each, spaced at three amino acid intervals. Thus, it was pro-
posed that these o helices would move in response to changes in membrane
potential, changing the conformation of the protein to open or close the ion
pore. Site-directed mutagenesis in which some of the positive charged amino
acids of S4 were replaced by neutral residues (STOHMER et al. 1989) supported
this hypothesis. More recently, mutation of selected amino acids at the S4
segment to cysteines, followed by application of cysteine-modifying agents to
the internal or the external surface of cells expressing recombinant Na* chan-
nels, have revealed that certain residues are accessible to the inside of the
membrane at rest and are accessible to the exterior of the membrane during
depolarization (YANG and HorN 1995; YANG et al. 1996). These results not only
indicate that this segment moves in response to membrane depolarization, but
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Fig. 1. Topology of the asubunits of Na*, Ca?, and K* channels deduced from hydropa-
thy, mutagenesis, and antibody studies. In the Na* channel, the amino acids involved in
TTX binding (£387) and in the inactivation (IFM) are marked in black. In the Ca**
channel, the portions of the channel which interact with the S-subunit and with the Gy,
subunits at the linker binding domains I and II are indicated. The C terminus partici-
pates in the Ca**-dependent Ca®* inactivation, while the S6 segment of the domain I is
involved in voltage-dependent inactivation. The scheme of the K* channel shows the
inactivation ball at the N-end, the “ball” receptor at the S4-S5 linker. Functional K*
channels are tetramers, that can be homo- or heterotetramers of these o subunits.
Tetramerization with other « subunits requires the tetramerization domain of the o
subunit (7). The ion pore of the channel lies on the S5-S6 loop. Heteromultimeric func-
tional K* channels only appear with members of the same subfamily (Kv1.1 with Kv1
members, but not with Kv2, Kv3 or Kv4 members)

47

also suggests that the S4 voltage sensor moves in its own relatively narrow
“channel” during gating.

3. Inactivation

Sodium channels open in response to depolarization, leading Na* ions to the
intracellular media and, thus, driving the membrane voltage positive during
the upstroke or phase 0 of action potentials. Then they inactivate sponta-
neously (stop conducting) and the repolarization of the membrane potential
begins. This process (fast inactivation) acquires most of its voltage dependence
from coupling to voltage-dependent activation, and it can be specifically pre-
vented by treatment of the intracellular surface of the Na* channel with pro-
teolytic enzymes (ARMSTRONG et al. 1974; VALENZUELA and BENNETT 1994),
which suggests the presence of an inactivation particle in the channel that pre-
vents reclosing, a foot-in-the-door mechanism. Cutting off the protein foot (the
inactivation particle) with proteolytic enzymes removed this interference,
making it easy to close the activation door at any time. These observations led
BezaniLra and ARMSTRONG (1977) to propose the ball-and-chain model, in

Na® current

Fig. 2. Original records of Na® current
from a guinea pig ventricular myocyte.
The holding potential was maintained
at —120mV and depolarizing pulses
between —-80 and +50mV were applied
every Sms 5ms
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which an inactivation particle tethered on the intracellular surface of the
channel binds to a receptor site in the intracellular mouth of the pore, and
blocks it. Studies using antibodies antipeptide as well as mutagenesis analysis
identified the short intracellular segment that connects domains III and I'V as
the inactivation gate of the Na* channel (VassiLEvV et al. 1988; STOHMER et al.
1989). In particular, mutation of hydrophobic amino acid residues in this
segment IFM to QQQ results in sodium channels that activate normally but
inactivate much slower and less completely than wild-type channels (STOHMER
et al. 1989; PatToN et al. 1992; HaRTMANN et al. 1994; BENNETT et al. 1995).

4. Ion Pore and Selectivity

A combination of site-directed mutagenesis and toxin-binding studies have
determined that the extracellular parts of the loop between the fifth and sixth
transmembrane domains dip down into the membrane and form the outer part
of the Na* channel pore. Tetrodotoxin (TTX) and local anesthetics have been
used to map the outer and the inner mouth of the Na* channel pore, respec-
tively (Fig. 3). The study of the effects of TTX on different site-directed mutant
Na” channels has revealed that the glutamic at position 387 (E387) is a mole-
cular determinant of TTX block (TErLAU et al. 1991). This residue lies within
the region of repeat I that links S5 and S6, which is called SS1-SS2. Mutation
of each of the negatively charged residues in the equivalent position in the
other three repeats also prevented TTX binding (TErLAU et al. 1991). This indi-
cated that the SS1-SS2 region of all four repeats contribute to the outer pore

‘6 TEA
Toxins

& Inhibitory peptides

SUALI

%é éé channels
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2
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Antiarrhythmic drugs
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Fig. 3. Scheme showing Na* or Kv channels and the possible structures that can inter-
act with them. Tetracthylammonium (7FEA) can interact with K* channels both from
the external and from the internal side of the membrane. Toxins and other inhibitory
peptides usually interact with the external mouth of the ion pore. Finally, local anes-
thetics and antiarrhythmic drugs act on the inner mouth of the ion pore, both at the
Na® and K* channels
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of the Na* channel and define the TTX binding site as a ring of negative
charges surrounding the external opening of the ion pore. The linkers between
S5 and S6 of the four domains of Na” and Ca®* channels have similar
sequences. Both channels have two rings of charge encircling the pore, each
ring containing four residues, one from each homologous domain. The outer
ring is entirely negative and is thought to be relatively distant from the pore
axis. The inner ring, two to three residues deeper into the pore, is composed
of DEKA (Asp Glu Lys Ala) in the Na* channel and EEEE (Glu Glu Glu
Glu) in the Ca* channel. These differences in the amino acid sequence
(an increased number of negative charges) seem to be the expected ones
for a channel conducting doubly charged Ca®. Mutations in the SS1-SS2
region (K1422E, A1712E) induce dramatic modifications in ion selectivity
(HeiNeMANN et al. 1992), converting a Na* channel into a Ca* preferring
channel. This demonstrates that K1422 ancd A1712 constitute part of the selec-
tivity filter of the Na* channel and that these two amino acids lie within the
permeation pathway of the ion pore.

II. Ca* Channels

1. Structure

Voltage-gated Ca®" channels come in a surprising number of different types.
Ca?" channels are classified as T, L, N, P, Q, and R and are distinguished by
their sensitivity to pharmacological blockers, single channel conductance,
kinetics, and voltage dependence. L-type Ca®* channels have a wide distribu-
tion, being found in skeletal, cardiac and smooth muscle, endocrine cells, and
other tissues. In contrast, P, N, and Q channels appear to be confined to the
nervous system and some types of endocrine cells. Finally, T-type Ca** chan-
nels are found in cardiac muscle and some types of nerve cells. The first calcium
channel cloned was the L-type Ca* channel of skeletal muscle (Curtis and
CatTERALL 1984; TANABE et al. 1987). Since most pharmacological studies have
been performed in 1-type Ca®* channels, and since they represent the more
widely distributed Ca** channels in different living cells, the chapter will focus
on this type of Ca* channels. The 1-type calcium channel is a heteroligomeric
complex of five subunits, &, &, 3, yand 8, arranged in a 1:1:1:1:1 stoichiom-
etry (CarteraLL 1988), with the ion channel pore formed by the ¢ subunit.
The L-type ¢ subunit family includes a5, which is expressed in skeletal muscle
(TaNaBe et al. 1987), oy, which is expressed in cardiac and smooth muscle,
neurons, and many other cell types (TsieN et al. 1995), and o;p, which is
expressed in endocrine and neuronal cells (SEiNo et al. 1992). The o cDNA
encodes a protein of 1873 amino acids with a molecular weight of 212kDa.
Ca™ channels, as well as Na* channels, activate and inactivate in response to
changes in membrane potential (Fig. 4). The magnitude of the current through
Ca™ channels is increased upon application of brief depolarizing steps through
a phenomenon called “facilitation” (ZyGMuNT and MayLie 1990). Both ways
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Fig. 4. Original records of Ca® current
from a guinea pig ventricular myocyte. The
holding potential was maintained at —40
e mV and depolarizing pulses between —40

and +40 mV were applied every 30s

100 ms

2
Ca“’ current

0.2nA

of autoregulation, inactivation and facilitation of the current, modify the
amount of Ca®" ions that enter the cell during repetitive activity. This increase
in the magnitude of the Ca®* current is Ca-dependent, since it is not observed
in the presence of Ba® as the charge carrier, and is modulated by the binding
of calmodulin to a motif of the o subunit located at the C terminus (ZULKE
et al. 1999).

2. Activation

Similarly to Na* channels, the ; subunit of the Ca® channels contains four
internal repeats (I to IV) with homologous sequences, each having six puta-
tive o-helical membrane spanning segments (S1 to S6) with the S4 segments
exhibiting positively charged residues every third or fourth amino acid
(TanaBE et al. 1987). Transmembrane S4 segments possess a number of highly
conserved positive charges and, by analogy with Na' channels, is thought to
serve as the voltage sensor for Ca® channel opening (Fig. 1). Similar to what
happens in Na* channels, the loop linking S5 and S6 dips back down into the
membrane and contributes to the pore.

3. Inactivation

Inactivation of Na* channels is caused by the cytosolic loop linking repeats 111
and IV, which acts as a hinged lid and occludes the inner mouth of the pore.
Thus, it was expected that a similar mechanism might occur in Ca* channels.
Surprisingly, this was not the case and mutations or deletions at this loop do
not modify the inactivation process of Ca’* channels (ZHANG et al. 1994).
Moreover, Ca** channels exhibit two different types of inactivation: voltage-
dependent and Ca*-dependent inactivation (DELEON et al. 1995; ASHCROFT
1999). Voltage-dependent inactivation is modified after site-directed mutage-
nesis of residues within and immediately adjacent to the sixth transmembrane
domain I (Fig. 1). An additional residue located at the loop connecting
domains I and II (within the Gg,binding site of the G, protein) has also been
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involved in voltage-dependent inactivation of Ca** channels (HERLITZE et al.
1997). It has been demonstrated that calmodulin tethers to Ca** channels and
acts as the Ca® sensor for inactivation in 1-type Ca®* channels (PETERSON
et al. 1999). The calcium-dependent inactivation is likely to occur via Ca*-
dependent interaction of tethered calmodulin with the calmodulin-binding
isoleucine-glutamine (“1Q”) motif in the carboxy terminus of the oy channel
subunit (ZULKE et al. 1998; PeTERSON et al. 1999). Moreover, it has been
demonstrated that calmodulin is a critical Ca* sensor for both inactivation and
facilitation, and that the nature of the modulatory effect depends on residues
in the “IQ” motif important for calmodulin binding (ZULKE et al. 1999).

4. Ton Pore and Selectivity

The ion pore of Ca* channels is formed by the loops linking the S5 and S6
segments of the four domains, similarly to that previously described for Na*
channels. A ring of four negatively charged glutamate residues, one in each
loop, forms a high-affinity binding site for Ca®* and provides a structural basis
for the high Ca®" selectivity of the channel (YANG et al. 1993). The importance
of these residues was first pointed out in previous works on Na* channels in
which a single point mutation equivalent to glutamate conferred Ca®* selec-
tivity to the Na*® channel (HEINEMANN et al. 1992). Thus, studies in which these
glutamates were mutated to the equivalent amino acids present in Na™ chan-
nels made the Ca?* channel permeable to monovalent ions such as Na* and Li*
(YanG et al. 1993). Moreover, in contrast to what happens in wild-type chan-
nels, the current through these mutant Ca** channels was not affected by exter-
nal Ca*, thus confirming that the glutamate residues are responsible for Ca**
selectivity, although they do not contribute equally to the Ca*-binding site,
with that in domain III having the most crucial effect.

IIl. K* Channels

The first K* channel to be identified came from the cloning of the Shaker gene
of Drosophila which causes flies to shake when exposed to ether (PAPAZIAN et
al. 1987). However, voltage-gated potassium channels are found in virtually all
cells and can be divided into two main structural families depending on
whether they possess six or only two transmembrane domains (CATTERALL
1988; RoDEN and GEORGE 1997; SNYDERs 1999). The latter include the inwardly
rectifying K* channels. Finally, another family of K* channels has been cloned
consisting of four transmembrane domains (for review see SNYDERS 1999). In
the present review, I will focus on those K* channels that exhibit six trans-
membrane spanning domains (6Tm-1P). Initially, four Drosophila subfamilies
were described (Shaker, Shab, Shal and Shaw), and the first cloned mammalian
K* channels were related to these subfamilies (DoLLy and PErCES 1996). In the
mammalian KvX.Y nomenclature Kv reflects K* channel, voltage-gated, X
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Fig. 5. Original records obtained after transient transfection of cDNA encoding Kv1.5,
Kv4.3, HERG, and KvLQT1+minK in Ltk cells (for Kv1.5 channels) and in CHO cells
(for the other three types of channels). Holding potential was maintained in all cases
at —-80 mV. Cells transfected with cDNA encoding the expression of Kvl.5 or Kv4.3
channels were pulsed every 10s from —80 and +60 mV. Cells transfected with cDNA
encoding the expression of HERG and KvLQT1+minK were pulsed every 30s from
—80 and +60 mV

represents the subfamily, and Y the number of the gene within the subfamily.
Assembly of four o subunits into a tetrameric structure is needed to create a
functional K* channel (MacKinNoN 1991; DoyLE et al. 1998). Other K* channel
subunits with similar molecular structure have been cloned in part on the basis
of their involvement in congenital arrhythmias: KvLQT1 and HERG. The acti-
vation of these channels after applying depolarizing pulses leads to the genesis
of different K* currents (Fig. 5). Unfortunately they have not been assigned
formal numbers in the KvX.Y convention, thus resulting in the present hybrid
nomenclature. All these channels are closed at the resting membrane poten-
tial of the cell and open upon depolarization. Therefore, they are involved in
the repolarization of the action potential, and thus in the electrical excitabil-
ity of nerve and muscle fibers, including cardiac muscle. Mutation of genes
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encoding members of these K* channel subfamilies lead to a number of human
diseases, such as episodic ataxia, long QT syndrome and epilepsy.

1. Structure

6Tm-1P K* channels are made up of pore-forming « subunits that may asso-
ciate with one of a number of different types of 8 subunits. To date, nine dif-
ferent subfamilies of Kv channel « subunits have been described (Kv1-9) in
addition to KvLQT1 and HERG channels (DEaL et al. 1996). The o subunit
of the Kv channels corresponds to a single domain of the Na* or Ca? chan-
nels and four such subunits form the functional K* channel pore. Each o
subunit consists of six transmembrane spanning segments (S1 to S6), which
are highly conserved, and intracellular N and C termini of variable length
(Fig. 1). The S4 segment shows a highlv homology with the voltage-gated
Na“ channel: it is amphipatic, having a positive charged amino acid at every
third position. Like in Na' channels, the S4 segment is involved in voltage-
dependent activation of K* channels and the amino terminus is involved in the
voltage-dependent inactivation. The linker between S5 and S6 segments dips
back into the membrane and participates in formation of the channel pore. It
is equivalent to the SS1-SS2 of the Na* channels, and is called H5 region or P
loop in K™ channels. A huge variety of voltage-dependent K™ channels have
been described, far more than was originally anticipated. Part of this diversity
is the consequence of the existence of different genes which encode different
Kv channels. However, other factors such as alternative splicing, the forma-
tion of heteroligomeric channels and their association with different types of
B subunits, also contribute to this high diversity.

2. Activation

Experiments similar to those performed in Na* channels have revealed that
the S4 segment represents the voltage sensor of K* channels (ParAZIAN et al.
1991). Thus, this segment represents the major component of the voltage
sensor for gating, although negative charges in S2 and S3 also contribute to
this process. Depolarization of the membrane causes a physical (outward)
movement of S4 which then induces further conformational changes that open
the channel and permit selective K* permeation. This movement has been
monitored electrically as the gating current (BEZANILLA and STEFANI 1998), or
by means of fluorescence (ManNNUZZU et al. 1996).

3. Inactivation

Upon depolarization, voltage-gated K* channels activate more or less rapidly,
rising to a maximum peak amplitude before the current declines in a slow (C-
type) or a fast process (N-type). The N-type inactivation involves the N-
terminus of the « subunit. Thus, upon opening of the channel, the N-terminal
domain moves into the internal mouth and occludes the pathway of K* ions
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through the pore (HosHhr et al. 1990). After removal of this region, inactiva-
tion can be restored by the corresponding synthetic peptide. Since functional
K" channels are composed by the assembly of four o subunits, each K* channel
has four inactivation balls, which in Shaker channels correspond to the first 20
amino acids of the N terminus. Only one of these balls binds to the receptor
in the mouth of the ion pore, but the four are needed for normal inactivation
rate of the channel (GoMEZ-LAGUNAS and ARMSTRONG 1995). This inactivation
ball binds to a receptor located at the $4-S5 linker, which involves a threonine
(Isacorr et al. 1991). In contrast, C-type inactivation is modified by mutations
in the S6 and P regions, and is usually slow and incomplete (HosHI et al. 1991).
This kind of inactivation is present in almost all K* channels and it may reflect
a constriction of the pore involving residues on the extracellular surface of the
ion pore.

4. Ton Pore and Selectivity

The ion conduction pathway consists of a sequence of approximately 20 amino
acids (P loop) between the S5 and S6 segments with contributions of the S6
and the $4-85 linker. The four subunits are oriented such that the S5-P-S6 sec-
tions face each other, creating the central pore. Within the P region, the amino
acid sequence motif (TxTTx)GYG is now considered the K*-selectivity sig-
nature motif (HEGINBOTHAM et al. 1992). Mutagenesis studies have revealed
that the selectivity filter forms an essential part of the permeation pathway.
Recently, MacKinNoN and his colleagues (DoYLE et al. 1998) obtained the first
crystal structure of a K* channel, the bacterial K* channel (KcsA) cloned from
Streptomyces lividans with a 3.2-A resolution. The X-ray analysis confirms that
the channel contains four identical subunits, each with two transmembrane o-
helices and a P domain. The subunits create an inverted cone or teepee, in
which the o-helices resemble the poles of the teepee. The selectivity filter fills
the wider base on the extracellular face. The pore has a length of 45 A; it starts
from the inside with a tunnel (I8 A long, ~6A wide) which opens into a
10-A-wide cavity followed by the narrow selectivity filter (12 A). Very recently,
it has been proposed that the structure of Kv channels differs from that of the
nonvoltage-gated bacterial potassium channel (KcsA) by the introduction of
a sharp-bend in the inner ($6) helices. This bend would occur at a Pro-X-Pro
sequence that is highly conserved in the Kv channels (DeL CamiNo et al. 2000).
Part of the P region of each subunit is a-helical, with their electronegative car-
boxyl end directed toward the central cavity, which helps to stabilize the potas-
sium ions. The selectivity filter is lined by the carbonyl oxygen atoms of the
GYG signature sequence. The tyrosine (Y) points away from the pore and
interacts with other conserved aromatic residues of the pore helices. Thus, a
fairly rigid donut of 12 interlocking aromatic amino acids is formed around
the selectivity filter that holds the GYG backbone at the optimal distance from
the center to achieve potassium selectivity: the four backbones form a pore
with the carbonyl oxygens at the proper distance to compensate the cost of
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dehydration of a K*ion (~3A). Interestingly, the inner tunnel is largely coated
with hydrophobic side chains, explaining why binding of open channel
blockers such as tetraethylammonium (TEA) derivatives, antiarrhythmic
drugs like quinidine, or local anesthetics such as bupivacaine are stabilized by
hydrophobic interactions (CHor et al. 1993; SNyDERS and YeEoLa 1995; YEOLA
et al. 1996; FRANQUEZA et al. 1997).

C. Stereoselective Interactions Between Local
Anesthetic-Like Drugs and Na* Channels

The sodium channel is the site of action of local anesthetics, certain anti-
convulsants, and antiarrhythmic drugs used to decrease sodium channel activ-
ity in syndromes of hyperexcitability such as cardiac arrhythmias and epileptic
seizures (HiLLE 1992; HoNDEGHEM and KatzunG 1977; VAUGHAN WILLIAMS
1984; RoGawskr and PorTer 1990). All these drugs induce voltage- and/or use-
dependent blockade of Na" and other ion channels. Most of these therapeutic
agents are weak bases and several lines of evidence indicate that most of their
blocking effects are due to the binding of their charged form to a receptor site
located in the internal mouth of the ion pore (HILLE 1992; StricHARTZ 1987).
In fact, permanently charged lidocaine analogs (QX-314, QX-222) do not
block Na* channels when applied extracellularly, whereas they inhibit Na*
current when applied intracellularly (HiLLE 1992; StricHARTZ 1987). The
effects of individual drugs belonging to these three pharmacological groups
have been generally interpreted under the framework of the modulated recep-
tor hypothesis proposed by HiLLE (1977) and HoNDEGHEM and KATZUNG
(1977). This hypothesis states that local anesthetic-like drugs, including anti-
arrhythmics and some anticonvulsants, birid with different affinities to the dif-
ferent conformational states of the channel. In particular, drug affinity for
depolarized conformations of the channel (open and inactivated) is much
higher than for hyperpolarized conformations (rested). High-affinity local
anesthetic binding induces additional nonconducting states stabilizing the
channel in its inactivated state (VEDANTHAM and CaNNoN 1999). Local anes-
thetics and related drugs inhibit Na* current by blocking Na* channels, whereas
toxins such as veratridine, aconitine, grayanotoxin, and batrachotoxin increase
the influx of Na* ions into the cell by causing persistent activation of sodium
channels as a consequence of their specific binding to the so-called neurotoxin
receptor site 2 (CarTteraLL 1980). Batrachotoxin (BTX) is a highly hydropho-
bic steroidal alkaloid obtained from the skin secretions of South American
frogs of the genus Phyllobates terribilis (DALY et al. 1980). Binding of BTX to
sodium channels shifts the voltage dependence of sodium channel activation
in the negative direction, eliminates almost completely fast and slow inactiva-
tion, and alters ion selectivity (WANG and WANG 1994), thereby inhibiting the
inactivation process. Binding of BTX is strongly dependent on the state of the
Na* channel with a strong preference for the open state, and it is allosterically
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inhibited by binding of tetrodotoxin (BrowN 1986) or local anesthetic-like
drugs (LINFORD et al. 1998).

The cloning and expression of the Na' channel have enabled more
detailed structure-function studies of the molecular determinants of Na*
channel blockade by local anesthetic drugs. In fact, several studies using
alanine-scanning mutagenesis have identified the amino acids F1764 and
Y1771 in segment S6 at domain IV (D4-S6) in the o subunit of the rat brain
ITA Na“ channel as important molecular determinants of binding of local anes-
thetics (RAGSDALE et al. 1994). Moreover, these amino acids are also involved
in binding of class I antiarrhythmic and anticonvulsant drugs, which strongly
suggest that they share a common receptor site (RAGSDALE et al. 1994, 1996).
Since these residues are oriented on the same face of the « helix, it was sug-
gested that they face the channel pore and interact with local anesthetics mol-
ecules through hydrophobic or cation-rz electron interactions (RAGSDALE et al.
1994). It has also been reported that BTX binds specifically to the S6 segment
at domain I of the « subunit of the Na* channel, involving an isoleucine, an
asparagine and a leucine at positions 1433, N434 and 1437, respectively, in the
skeletal muscle p1-Na* channel (WANG and WaNG 1998). Indeed, their replace-
ment by lysine renders voltage-gated Na™ channels resistant to BTX (WANG
and WANG 1998; LiNrorD et al. 1998). The potency of bupivacaine enantiomers
was modified in mutant gl1-Na* channels at the position N434, an amino acid
involved in BTX binding. In fact, different amino acid substitutions at this
position led to an increase or to a decrease in bupivacaine potency that
depended on the physicochemical characteristics of the amino acid intro-
duced. Thus, the potency of bupivacaine enantiomers was increased in N434
mutant g1-Na* channels in which the native asparagine had been substituted
by amino acids containing an aromatic group (phenylalanine, tryptophan, or
tyrosine), a polar group (cysteine) or a negative charge (aspartic), and
decreased in a mutation containing a positive charge (lysine) (WRIGHT et al.
1998; Nau et al. 1999a). All these results suggest that segments D1-S6 and
D4-S6 align adjacently along the pore of the Na* channel, forming a domain-
interface site for binding of BTX and of local anesthetics in close proximity.
Finally, it has been shown that the selectivity filter of the channel is involved
in interactions with the hydrophilic part of the drugs, and that it normally limits
extracellular access to and escape from their binding site just within the selec-
tivity filter. Indeed, mutations at the selectivity filter of Na* channel allowed
the access of quaternary lidocaine derivatives to the receptor site at the inter-
nal mouth of the ion pore when applied extracellularly (Sunawmt et al. 1997;
Qu et al. 1995).

Most antiarrhythmic drugs and local anesthetics are racemic mixtures.
Although there have been reported several cases of stereoselective interac-
tions between anticonvulsant or antiarrhythmic drugs with Na' channels
(Tricarico et al. 1991; Norris and KING 1997; SmaLiwoop et al. 1989;
KonLuarDT and FiICHTNER 1988; GODICKE et al. 1992), stereoselective blockade
of both cardiac and nerve Na* channels have been better characterized with
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Fig. 6. Differential effects of 10 uM (S)-(-)-bupivacaine and (R)-(+)-bupivacaine on
cardiac Na* currents. Note that the block induced by (R)-(+)-bupivacaine is higher than
that observed in the presence of (S)-(~)-bupivacaine. In all panels, two current traces
elicited after depolarizing the membrane potential from -120 to -20mV are shown:
one elicited after the application of a 5-ms conditioning pulse to 0mV and a second
one elicited after applying a 5-s conditioning pulse to 0mV. Under control conditions
there were not any noticeable changes in the magnitude of the current measured after
a conditioning depolarizing pulse of Sms or 5s. In the presence of either bupivacaine
enantiomer, there was a higher decrease after long (5s) than after short (5ms) condi-
tioning pulses (block of the inactivated state). and this effect was more evident in the
presence of (R)-(+)-bupivacaine

local anesthetics such as RAC109, bupivacaine or cocaine (CLarksoN 1989;
WANG and WANG 1992; VALENZUELA et al. 1995a; NAU et al. 1999a,b). The block-
ade of the rested or open states of unmodified Na* channels induced by these
therapeutic agents has been reported to be nonstereoselective, whereas a
weakly stereoselective blockade of the inactivated state of these ion channels
has been observed for the local anesthetics bupivacaine, tocainide, and
RACI109. In general, one enantiomer of these drugs was about 1.5 times more
efficient in blocking Na* channels than the other (VALENZUELA et al. 1995a;
CLARKSON 1989) (Fig. 6). In contrast to unmodified Na* channels, it has been
demonstrated that the affinity of batrachotoxin-modified Na* channels for (S5)-
(-)-bupivacaine is 30 times higher than for (R)-(+)-bupivacaine. In other
words, modified Na® channels exhibit a greater and opposite stereoselective
blockade compared to the unmodified ones (WaNG and Wang 1992;
VALENZUELA et al. 1995a; Nau et al. 1999a,b); this suggests that in BTX-mod-
ified channels, the chiral part of bupivacaine may be oriented toward the BTX
binding site or toward sites that are allosterically changed in the presence of
BTX (Nau et al. 1999a).
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There exists only one study in which the molecular determinants of stereo-
selective interactions of local anesthetics and Na' channels have been studied
(Nau et al. 1999a). The effects of bupivacaine enantiomers were analyzed on
several point mutations at N434 in the S6 at the domain I of the 1 Na* channel
(involved in BTX binding). A weakly stereoselective interaction was observed
between the inactivated state of wild type channels, with (R)-(+)-bupivacaine
being 1.5 times more potent than (S)-(—)-bupivacaine, as reported earlier for
other Na* channel isoforms (VALENZUELA et al. 1995a; Stricuartz 1987). In
ul1-Na* channels in which N434 was replaced by an arginine (N434R), the
potency of (S)-(—)-bupivacaine decreased more than that of (R)-(+)-bupiva-
caine, leading to an increase in the stereoselective blockade induced by bupi-
vacaine, from a stereoselective ratio (Kps)/Kpre) of 1.5 to 3 (Nau et al.
1999a). This increase in stereoselective blockade was also observed with the
cocaine enantiomers (from 2.4 to 4) but not with those of RAC109. In both
cocaine and bupivacaine, the chiral carbon is close to the tertiary amine,
whereas in RAC109 it is located close to the aromatic part of the molecule,
the moiety that might not interact with the residue at position N434. Addi-
tionally, the bulkier structure of RAC109 may cause steric hindrance in
binding to resting and inactivated pul1-Na* channels. These results demonstrate
that N434 in D1-S6 interacts directly with the positively charged moiety of
local anesthetics and also that this amino acid determines the degree of stereo-
selective blockade induced by local anesthetics in Na* channels (Nau et al.
1999a).

In addition to the weakly stereoselective effects observed in the blocking
properties of local anesthetics, there are racemic drugs whose enantiomers
induce opposite effects on Na" channels, the most characteristic being the
piperazinylindole derivative DPI 201-106, with cardiotonic and antiarrhythmic
properties (KoHLHARDT et al. 1986). The R-(+)- enantiomer of this drug pre-
vents depolarization-induced activation of the Na* channel, while the S-(-)-
enantiomer inhibits Na* channel inactivation (RoMEyY et al. 1987; WANG et al.
1990). These agonist and antagonist effects of the enantiomers of DPI 201-106
on Na' channels resemble the effects of the enantiomers of 1,4-dihydropy-
ridines on L-type Ca** channels (HoCKERMAN et al. 1997b). The agonist and
antagonist effects induced by S-(-)-DPI 201-106 and R-(+)-DPI 206-106,
respectively, are the consequences of a slowing of the Na* channel fast inacti-
vation and of the binding to both rest and open channels, respectively (WaNG
et al. 1990). Radio-labeled binding experiments have demonstrated that DPI
201-106 allosterically controls binding of BTX (RoMEy et al. 1987).

As pointed out at above, stereoselective interactions can have important
clinical consequences (ABERG 1972; AriENns 1993). Indeed, weakly stereo-
selective interactions like those described between local anesthetics and Na*
channels can lead to dramatic differences in cardiac and central nervous tox-
icity (ABERG 1972; LUDUENA et al. 1972). A good representative example is
bupivacaine, with (R)-(+)-bupivacaine being only 1.6 times more potent in
blocking cardiac Na* channels than (S)-(-)-bupivacaine, but with significant
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differences in cardiotoxicity, the S-(-)- enantiomer being significantly safer
than the R-(+)- one (GrisTwooD et al. 1994). Moreover, (S)-(—-)-bupivacaine is
not only less cardiotoxic than the racemic mixture, but its local anesthetic
action is longer than that of the racemate. These lines of evidence together
with other findings on other cardiac ion channels (see Sect. E.) have led
recently to the marketing of (§)-(-)-bupivacaine as a less cardiotoxic alterna-
tive to racemic bupivacaine and even to ropivacaine (the S-(-)- enantiomer of
N-propyl-pipecoloxilidide) (GristwooD et al. 1994; VALENZUELA et al. 1995b,
1997).

D. Stereoselective Interactions Between Calcium Channel
Antagonists and L-Type Ca** Channels

At least five different types of voltage gated Ca® channels exist in electrically
excitable mammalian cells. Only one type, L-type Ca** channels, contains high-
affinity binding domains within their o4-subunits for different chemical classes
of drugs (Ca®* channel antagonists, exemplified by verapamil, diltiazem, and
nifedipine). Their stereoselective, high-affinity binding induces blockade of L-
type Ca* channels in heart and smooth muscles, resulting in antihypertensive,
cardiodepressive, and antiarrhythmic effects. Amino acids involved in drug
binding have been identified recently using photoaffinity labeling, chimeric o
subunits and site-directed mutagenesis (STRIESSNIG et al. 1998). The ¢ sub-
units confer the characteristic pharmacological and functional properties of
Ca® channels, although their function is modulated by the association with
auxiliary subunits (CATTERALL 1994). All L-type Ca®* channels share a common
pharmacological profile, with a high sensitivity to several classes of drugs that
have been used as selective L-type Ca?" channel blockers. The three main
classes of L-type-selective Ca** channel blockers currently available for clini-
cal use are phenylalkylamines, benzothiazepines, and dihydropyridines.
Verapamil is the prototype phenylalkylamine and is the only drug of this
class currently available for clinical use. It is used as an antihypertensive and
antiarrhythmic drug (TrRIGGLE 1991). Phenylalkylamines have a chiral center,
their levorotatory enantiomers being more potent in blocking L-type Ca®
channels than their dextrorotatory enantiomers (HOCKERMAN et al. 1997a).
Analysis of the effects of phenylalkylamines on chimeras and site-directed
mutant L-type Ca* channels have demonstrated that three amino acids at the
S6 segment of domain IV (Y1463, A1467 and 11470) (YAI motif), and four
residues at ITIS6 (Y1152,F1164,V1165 and 11153), are molecular determinants
of phenylalkylamines binding at L-type Ca** channels (HoCKERMAN et al. 1995,
1997c). These results indicate that the receptor site for phenylalkylamines at
L-type Ca* channels is located in both domains III and IV, i.e., at the inter-
face between these domains (HOCKERMAN et al. 1997a; STRIESSNIG et al. 1998).
Although 1-type Ca*" channels are more sensitive to phenylalkylamines, other
types of Ca** channels (DiocHor et al. 1995), as well as Na* and K* channels
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are also sensitive to these drugs (GALPER and CATTERALL 1979; RAUER and
GrissMER 1999; ZHANG et al. 1999). More important, mutagenesis studies have
suggested that M395 in the P-loop and G421 at S6 in Kv1.3 channels are
involved in verapamil binding to Kv1.3 channels, and represent the residues
homologous to those involved in verapamil binding at L-type Ca**channels,
and also to those involved in the binding of local anesthetics in Na* channels
(RAUER and GRISSNER 1999).

Diltiazem is the prototype benzothiazepine and is the only clinically used
drug of this class (TRIGGLE 1991). Benzothiazepines contain two adjacent chiral
centers, and thus, exist as four stereoisomers, the (+)-cis form one being the
most potent (FLoyD et al. 1992). In contrast to phenylalkylamines, benzoth-
iazepines bind to an external domain of the L-type Ca®* channel. In fact, the
extracellular application of their quaternary derivatives induces more similar
blocking effects than the application of uncharged compounds. However, the
intracellular application of either agent (quaternary or tertiary ammonium
derivative) did not result in a significant reduction of the L-type Ca®' current
(HERING et al. 1993). The receptor site for benzothiazepines in L-type Ca®*
channels seems to overlap with that reported for phenylalkylamines. The
importance of the IVS6 amino acid residues Y1463, A1467, and 11470 for ben-
zothiazepine blockade has been demonstrated, since the transfer of these three
amino acids to a P-type or a Q-type channel (less sensitive to diltiazem than
L-type Ca** channels) rendered P- or Q-type channels with the same sensitiv-
ity to diltiazem than L-type Ca®* channels (HERING et al. 1993).

Dihydropyridines (DHP) are allosteric modulators that may act on L-type
Ca" channels as agonists or antagonists (McDoNaLD et al. 1994). Mutations
of residues that differ between L-typc and non-L-type Ca®* channels have
revealed multiple amino acids in IIISS5, 111S6, and TVS6 transmembrane seg-
ments involved in the high-affinity binding of DHP agonists and antagonists
to L-type Ca®* channels (MITTERDORFER et al. 1996; PETERSON et al. 1997). Thus,
it is proposed that DHP bind to a single site at the interface of domains III
and IV (HockerMAN et al. 1997b). Mutagenesis studies have concluded that
all amino acids responsible for the differences in DHP sensitivity between
L-type and non-L-type Ca® channels are located within domains III and
IV including ITIS5, TIIS6, and IVS6 as well as at the linker TVS5-IVS6
(HockerMAN et al. 1997a).

Binding of DHPs induces a conformational change of the Ca** channel
that stabilizes either its open or inactivated state. In fact, the DHP receptor
site can exist in at least two different affinity states, and the high-affinity state
for antagonists is stabilized by Ca*" binding (STRIESSNIG et al. 1998). A recent
study in which a total of nine amino acids from L-type ¢; subunits were sub-
stituted into the S5 and S6 transmembrane segments of domain 111 and the S6
transmembrane segment of domain IV of the P/Q-type o, subunit rendered
a chimeric ¢ subunit that exhibits a high-affinity receptor site for DHP that
responds appropriately to both DHP agonists and antagonists and is stereo-
selective like the native DHP receptor of L-type Ca®* channels (HoOCKERMAN
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et al. 1997b). Moreover, in these chimeras. DHP agonists inhibit high-affinity
binding of DHP antagonists, consistent with the notion that both agonist and
antagonist effects are mediated by the binding of the drugs to the same recep-
tor site that displays stereoselectivity (HOCKERMAN et al. 1997b). Therefore,
molecular differences in the interactions of these two classes of drugs with the
same receptor site must be responsible for the dramatic differences in their
pharmacological effects.

Phenylalkylamines, benzothiazepines, and DHP interact with receptor
sites located at the IIIS6 and TVS6 transmembrane segments and are thus well
positioned to alter protein-protein interactions at the interface between the
allosterically coupled domains IIT and IV (HoCKERMAN et al. 1997a). Unfor-
tunately, no study has examined the molecular determinants of stereoselective
blockade induced by these three classes of calcium antagonists. The study of
the structural basis for the opposite, sterecoselective effects of DHP agonists
and antagonists on L-type Ca®" channels will provide further information on
the mechanism of action of thcse drugs and on the interactions between these
Ca?* channel domains in channel gating.

E. Stereoselective Interactions Between Local Anesthetics
and K* Channels

Unlike Na' channels, whose activation induces a transient inward current with
similar biophysical properties among the different isoforms, voltage-gated K*
channels constitute the more diverse family of ion channels. In fact, in cardiac
tissues only, more than 12 K* currents have been described (DEAL et al. 1996;
SNYDERS 1999). K* currents can be classified in transient outward, delayed rec-
tifiers, and inward rectifiers (Fig. 5). This chapter will focus on transient and
delayed rectifiers, whose cloned counterparts belong to those with six trans-
membrane scgments (6Tm-1P). Voltage-gated K* channels (including Ky,
HERG, and KvLOT1) represent the molecular site of action of class III anti-
arrhythmic drugs, which act by prolonging the cardiac action potential and, as
a consequcnce, the refractory period (VAUGHAN WiLLiaMs 1984). This length-
ening of the refractoriness of cardiac tissue can, theoretically, lead to the ces-
sation of rcentrant arrhythmias (RopeN 1993). However, most class I and class
IV antiarrhythmic drugs (such as quinidine, verapamil, and nifedipine)
(SNYDERS ct al. 1992; RaMPE et al. 1993; ZHANG et al. 1997) also exhibit class
III properties, and, thus, most of them also bind to one or more K* channels
(SnypERs et al. 1992; DerpoN et al. 1995, 1996; VALENZUELA et al. 1996;
FraNQUEZA et al. 1998; CARMELIET and MuGaBwa 1998). K™ channels are widely
expressed in all living cells. Depending on their localization, they play very dif-
ferent physiological roles, from excitability to secretion functions. The involve-
ment of Kv1.3 channels in the immune response has even been described
following the activation of T-cells (CHaNDY et al. 1993). These channels may
thus became molecular targets for the development of candidate immuno-
suppressant drugs (RAUER and GriSSMER 1999).
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Like Na* channels which represent the molecular site of action of local
anesthetic-like drugs but are also sensitive to very different compounds, K*
channels are effectively blocked by a highly heterogeneous range of agents
which do not belong to a unique pharmacological family. As a direct conse-
quence of the differences between K* channels (and currents) (Fig. 5), each
type of K™ channel exhibits a higher affinity for a given drug structure. Since
there are more pharmacological studies and more structure-function data for
Kv1.5, KvLQT1, and HERG, this chapter will focus on the pharmacology of
these three types of K* channels. It is worthwhile noting that these are involved
in hereditary diseases, such as the long QT syndrome, and in acquired diseases
such as atrial fibrillation (ASHCROFT 1999).

The slowly activating delayed rectifier K* current (Ix,) is generated by
the activation of KvLQT1 channels modulated by the S-subunit minK
(SANGUINETTI et al. 1996), and is involved in the repolarization of the cardiac
action potential. Until now, only one specific blocker of this current is available,
chromanol 293B, which induces a use-dependent blockade of I, in human ven-
tricular myocytes (BoscH et al. 1998). The blocking effects induced by chro-
manol 293B on Ik, are due to its actions on KvLQT1 and not on the minK
regulatory subunit, since potency of chromanol 293B in blocking KvLQT1 and
KvLQT1+minK is similar (LoussouarN et al. 1997). Although it is suggested
that this drug binds to an internal site in the channel, the molecular determi-
nants of its binding are unknown. Only one report exists to show stereoselec-
tive interactions between a drug and KvLQT1 channels. A new benzodiazepine
derivative  [L-364,373[(3-R)-1,3-dihydro-5-(2-fluorophenyl)-3-(1H-indol-3-
ylmethyl)-1-methyl-2H-1,4-benzodiazepin-2-one] interacts with KvLQT1
channels in a stereoselective manner, such that the (R)- enantiomer activates
the current, whereas the (S)- enantiomer blocks KvLQT1 channels (SAaLATA et
al. 1998). As in the case of chromanol 293B, the effects of this new agent are
only due to itsinteractions with KvLQT1 channels, but, unfortunately, the mol-
ecular determinants of such stereoselective effects are still unknown.

The rapidly activating delayed rectifier K* current (I,) results from the
activation of HERG channels modulated by the MirP regulatory subunit
(SANGUINETTI and JURKIEWICZ 1990; CURRAN et al. 1995; ABBoTT et al. 1999).
This current is characterized by its inward rectification, its sensitivity to micro-
molar concentrations of La*, and by its specific blockade caused by methane-
sulfonanilide drugs like E4031 and dofetilide (SANGUINETTI and JURKIEWICZ
1990). These drugs bind to HERG channels near the internal mouth of the
channel pore; a serine at the S5-S6 linker (S620) as well as intact C-type inac-
tivation are crucial for binding dofetilide-like drugs at HERG channels (WANG
et al. 1997; Ficker et al. 1998). In fact, the mutation S620T, which abolishes
high-affinity dofetilide blockade of HERG channels, has been correlated with
a loss of C-type inactivation. Unfortunately, no study exists to show the effects
of enantiomers on HERG channels.

The ultrarapid delayed rectifier K* current (Ig,,) results from the activa-
tion of Kv1.5 channels that are abundantly expressed in human atria (WANG
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et al. 1993). These K" channels are sensitive to most class I antiarrhyth-
mic drugs and local anesthetics (SNYDERs et al. 1992; DELPON et al. 1996;
VALENZUELA et al. 1996; FRANQUEzA et al. 1998; CARMELIET and MUGABWA
1998). More importantly, the concentrations needed to inhibit these channels
are in the same range as those required to block Na* channels (SNYDERs et al.
1990, 1992; VALENZUELA et al. 1995a,b). All these compounds, as well as inter-
nal TEA, are open channel blockers that bind to a common internal receptor
site at Kv1.5 channels. Mutagenesis studies have revealed that quinidine binds
to a receptor site formed by amino acids located in the S6 segment, in partic-
ular by T505 and V512 (YEeoLa ct al. 1996), in such a way that binding of quini-
dine to Kv1.5 channels requires one polar interaction at position 505 (T505)
and a hydrophobic one at position 512 (V512).

Stereoselective interactions between drugs and Kv1.5 channels have been
extensively studied with bupivacaine-like enantiomers (VALENZUELA et al.
1995b, 1997; FRANQUEZA et al. 1997, 1999; L.oNGOBARDO et al. 1998; GONZALEZ
et al. 2001). Bupivacaine blockade of Kv1.5 channels is stereoselective
with (R)-(+)-bupivacaine being sevenfold more potent than its enantiomer
(VALENZUELA et al. 1995b) (Fig. 7). Bupivacaine blocked the open state of
Kv1.5 channels in a state-, time- and voltage-dependent manner similar to
quinidine. Mutagenesis studies have identified the amino acids T505,L508, and
V512 in the S6 segment as molecular determinants of stereoselective block-
ade induced by bupivacaine and Kv1.5 channels (FRANQUEZA et al. 1997). In
fact, stereoselective interactions between bupivacaine and Kv1.5 channels
require a polar interaction at position 505 and two hydrophobic interactions
at positions 508 and 512. When the threonine present in wild-type channels at
position 505 was substituted by hydrophobic amino acids (alanine, valine, or
isoleucine), stereoselective blockade was completely abolished, whereas a sub-
stitution that maintained the polar character of the native threonine (T505S),
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Fig. 7. Original Kv1.5 current records obtained in the absence and in the presence of
either (5)-(-)-bupivacaine or (R)-(+)-bupivacaine at 20 uM. Both enantiomers induced
a fast initial dechine of the current that indicates an open channel block mechanism,
the steady-state block being higher in the presence of (R)-(+)-bupivacaine
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Fig. 8. Proposed model of the interaction between bupivacaine and the Kv1.5 channel.
The amino acids in black are molecular determinants of stereoselective bupivacaine
blockade. Note the similarities with the molecular determinants of local anesthetic
binding site in Na* channels, and those of DHP in L-type Ca®* channels (see Sect. F.)

altered the potency of both enantiomers but preserved stereoselectivity
(FRANQUEZA et al. 1997), thus indicating that stereoselective blockade of wild-
type Kv1.5 channels induced by bupivacaine involves a specific interaction
between the -OH moiety of the residue at position 505 and the tertiary amino
group of the drug. Replacement of L508 or V512 by a more polar methionine
abolished stereoselectivity. In contrast, replacement of V512 by an alanine that
preserved the hydrophobic nature of the residue, maintained stereoselectivity
(FRANQUEZA et al. 1997). T505 and V512 are ~11 A apart and bupivacaine is
~11A in length with the tertiary amine positively charged and hydrophobic
moieties at either end (SINGH and CoUrTNEY 1990). A model was therefore
proposed (Fig. 8) in which the positively charged end could interact with T505,
and the aromatic ring could establish a hydrophobic interaction with V512.
Interestingly, blockade of Kv2.1 and Kv4.3 channels that carry a valine at the
T505 equivalent position and a leucine and an isoleucine (or a valine, in the
case of Kv4.3 channels) at L508 and V512 Kv1.5 equivalent positions is not
stereoselective, thus indicating that bupivacaine stereoselectivity displays sub-
family selectivity (FRANQUEZA et al. 1997, 1999).

Which are the structural determinants of local anesthetic stereoselective
blockade of Kv1.5 channels? Several studies have shown that the length of the
alkyl substituent at position 1 in the molecule determines both the potency
and the degree of stereoselective blockade of Kv1.5 channels, in such a way
that drugs with longer side-chains display a higher potency and also a higher
degree of stereoselectivity. In fact, stereoselectivity requires the presence of
more than one —CH, group in the alkyl side-chain (VALENZUELA et al. 1997;
LonGoBarno et al. 1998; GonzALEZ et al. 2001). This hydrophobic side-chain
could interact with the L508 of Kv1.5 channels, although further experiments
with site-directed mutant channels at this position are needed.
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F. Drug Receptor Sites at Na*, Ca** and K* Channels

Local anesthetics and related antiarrhythmic and anticonvulsant drugs are
state-dependent pore blockers of Na' channels. Analysis of their receptor
binding site by site-directed mutagenesis has identified three amino acid
residues in transmembrane segment IVS6 and another one in segment 1S6,
required for high affinity binding and effective frequency-dependent blockade
of the channel (RAGSDALE et al. 1994; Nau et al. 1999a). Residues at positions
11764 and Y1771 (separated by two helical turns) would correspond to G502
and L508 in Kv1.5 channels, in which T505 and V512 represent the major
molecular determinants of quinidine binding (YEoLa et al. 1996). Moreover,
stereoselective bupivacaine blockade of Kv1.5 channels requires a polar inter-
action at position 505 and at least two hydrophobic interactions at positions
508 and 512 (FranQuEza et al. 1997). Thus. the local anesthetic binding site in
Kv1.5 channels would be shifted one turn on the S6 helix, consistent with the
differences in the values of fractional electrical distance (~0.5-0.7 in Na* chan-
nels versus ~0.2 in Kv1.5 channels).

The amino acid residues identified in Na* channels as molecular determi-
nants of local anesthetic binding are in analogous positions to the YAI motif
in the IVS6 segment of L-type Ca®* channels, which is required for high affin-
ity binding of phenylalkylamines and diltiazem (HocKERMAN et al. 1995).
Therefore, all major drugs that block Na', K*, and Ca®" channels in a state-
dependent manner interact with the IVS6 segments of these channels. This is
a remarkable confluence of binding sites for drugs with a wide range of struc-
tures. Further elucidation of the detailed mechanisms of interaction of these
drugs with their receptor sites may reveal the common mechanisms through
which they affect Na*, K*, and Ca*" channel function.

G. Future Directions

During the last decade, enormous progress has been made in identifying
binding receptor sites for toxins, local anesthetics, class III antiarrhythmic
agents, and Ca” antagonists (RAGSDALE ¢t al. 1994; FRANQUEzA et al. 1997,
HockerMAN et al. 1997a; Ficker et al. 1998). These studies have led to a better
understanding of the interactions between drugs and ion channels. However,
there are only a few studies in the literature dealing with the molecular deter-
minants of stereoselective drug-channel effects. Because stereoselective inter-
actions reveal three dimensional relationships between drug and channel, a
better knowledge of the three-dimensional structure of receptor sites will con-
tribute to a more rational drug design. Also, identifying such stereospecific
interactions may have important clinical consequences. In fact, since 1992, the
US Food and Drug Administration (FDA)) and the European Committee for
Proprietary Medicinal Products have required manufacturers to research and
characterize each enantiomer in all drugs proposed to be marketed as a
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mixture. Hopefully, the knowledge of the crystal structure of ion channels,
which began with the first crystal structure of the KcsA K' channel (DovYLE et
al. 1998; Guisis et al. 1999), will help molecular modeling techniques to
improve our understanding of ion channel-drug interactions.

List of Abbreviations

TEA tetracthylammonium
BTX batrachotoxin
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CHAPTER 10
Stereoselective Bioactivation and
Bioinactivation — Toxicological Aspects

N.PE. VERMEULEN

A. Introduction

Stereoisomerism manifests itself in various forms, such as those related to
enantiomers, diastereoisomers, epimers, meso- and geometrical isomers. Gen-
erally speaking, the consequences of stereoisomerism for the biological action
of xenobiotics in living organisms are still difficult to predict because they are
complex and of multi-factorial origin. In recent years, however, significant
progress has been made in rationalization and understanding of toxicity at the
molecular level. In the development of a toxic effect, nowadays the following
stages are usually distinguished: (a) toxicokinetics (i.e., comprising absorption,
distribution, and elimination); (b) biotransformation, either resulting in bioac-
tivation or bioinactivation; (c) reversible or irreversible interactions with cel-
lular or tissue components; (d) protection or repair mechanisms; and (e) the
nature and extent of the toxic effect for the organism. By taking these stages
into consideration and by realizing the intrinsic asymmetry of receptors,
enzymes, and other types of macromolecules, which leads to the phenomenon
of “chiral recognition,” rationalization of stereoselectivity in toxicity becomes
more and more feasible.

In this chapter, first a number of examples will be presented to illustrate
the relevance of stereoselectivity in the toxicity of drugs and other xenobi-
otics. Subsequently, a few examples will be discussed more extensively to
delineate some of the underlying molecular mechanisms, usually involving
bioactivation by biotransformation enzymes. Finally, some general conclusions
will be drawn.

B. Toxins of Natural Origins: Complex Stereochemistry

The earliest written reports on natural toxins date from 1500 B.c. (Ebers
papyrus) and a first classification, into origin from plants, animals, and miner-
als, was made by Dioscorides around 50 A.p.. Currently, a vast body of natural
toxins has been identified and classified (GALLo et al. 1996). A majority
of these toxins occur naturally as stereoisomers; some of them have extremely
interesting, complex, and stereochemical structures and extremely strong
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Saxitoxin (PSP)

Brevetoxin A (NSP)

Fig. 1. Chemical structures of some shellfish-poisoning toxins illustrating the structural
and stereochemical variability and complexity

and sometimes selective toxic effects (Goerz and MEISEL 2000). In Fig. 1,
structures of some paralytic shellfish-poisoning toxins are shown.

The prominent role of stereochemical factors in the toxicity of natural
toxins is clearly shown in the bioactivation of pulegone, a fragrance and fla-
voring monoterpene constituent of pennyroyal oil. According to folklore, pen-
nyroyal was also used as a herbal medicine to control menses and to terminate
pregnancy (RIDDLE and EsTes 1992). The S-(-)-pulegone enantiomer was
found to be significantly less hepatotoxic in mice than R-(+)-pulegone. The
general scheme for the oxidative bioactivation via menthofuran, the major
proximate-metabolite, concerns oxidative metabolism of the isopropylidene
methyl group syn- to the ketone, via Cytochrome P450 into an E-allylic alcohol,
followed by an intramolecular dehydration to the furan (Fig. 2). Interesting
mechanistic studies with O, and D-labeling supported this mechanism
(NELsoN 1995). A second pathway of bioactivation was shown to involve
stereoselective hydroxylation at the C-5 position to form 5-hydroxy pulegone,
which gets transformed into piperitenone (Fig.2). Recent studies of a 5-dimethyl
analogue of R-(+)-pulegone suggest that stereoselective C5-hydroxylation also
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Fig. 2. General scheme for the stereoselective oxidative bioactivation of R-(+)-
pulegone via menthofuran to a reactive yketo enal and/or epoxide that may alkylate
proteins. Alternatively, stereoselective hydroxylation at the C-5 position ultimately
leading to piperitenone occurs as a second route of bioactivation. (Adapted from
NEeLsoN 1995 and TuuLasIrRaM et al. 2000)

may play a considerable role in R-(+)-pulegone-mediated hepatotoxicity (THu-
LASIRAM et al. 2000). Based on comparative metabolic profiling and induction
studies of S-(-)- and R-(+)-pulegone in the rat, differences in urinary metabo-
lite profiles were related to the stereoselectivity in the observed hepatotoxicity
of both pulegone enantiomers (MAaDYasTA and GAIKWAD 1998).

From the literature it becomes clear that natural compounds usually exert
a very high selectivity, often due to stereoselectivity, both in terms of unde-
sired toxic and desired biological activities.

C. Thalidomide: A Classic Example of Stereoselectivity

A classic example of toxicity-related stereoselectivity and its complexity is that
of thalidomide. Despite the fact that the stereoselectivity involved has been



232 N.PE. VERMEULEN

(+)-(R)-Thalidomide — - (-)-(S)-Thalidomide
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products products
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Fig. 3. Interplay of biological activities, metabolism, and stereoselectivity of thalido-
mide enantiomers and their ring-opened metabolites. (Adapted from REist et al. 1998)

known for more than 25 years, the underlying molecular mechanisms have not
as yet been completely elucidated. In Fig. 3, the interplay between the various
biological activities, the metabolism, and the stereoselectivity of the two
thalidomide enantiomers is given schematically (REisT et al. 1998). At the end
of the 1950s, the drug was marketed as a hypnotic agent but was withdrawn
in the early 1960s because of embryotoxic and teratogenic effects. Only in
more recent years has it become clear that in various species both thalidomide
enantiomers are transformed in vivo into 1-N-phthaloylglutamine and 1-N-
phthaloylglutamic acid. Several reports have been published on the sensitiv-
ity of different mouse and rat strains towards thalidomide embryotoxicity and
teratogenicity. For instance, in SWS mice only the glutamic acid metabolite
derived from the S(-)-enantiomer was embryotoxic and teratogenic and not
the one derived from the R(+)-isomer (OCKzENFELZS et al. 1976). In contrast,
in rabbits both thalidomide enantiomers were found to be equally teratogenic.
At the end of the 1980s, however, a rapid racemization of thalidomide enan-
tiomers of a-C-substituted analogues (BrascHKE and GRAUTE 1987) and of a
phthalimide analogue of thalidomide was suggested to occur under physio-
logical conditions. Later, chiral interinversion of R-(+) and S-(-)-thalidomide
was shown in vivo in humans (ERIkssonN et al. 1995). In vitro, chiral inversion
of thalidomide enantiomers is catalyzed by albumin, amino acids (Arg and
Lys), phosphate, and hydroxyl ions. Hydrolysis of the thalidomide enantiomers
into ring-opened products was also base-catalyzed (REIST et al. 1998).
However, the reaction mechanisms of the chiral inversion and the hydrol-
ysis were suggested to be different: base-catalyzed electrophilic substitution
vs. nucleophilic substitution. Still, enantioselectivity in the observed terato-
genicity could result from fast hydrolysis to chirally stable teratogenic metabo-
lites, rather than from intrinsic sterecoselectivity in the parent drug. The
suggestion that the use of R-thalidomide would have avoided the toxicity
problems associated with the racemic drug is still premature at this time.
Remarkably, despite the fact that thalidomide has been seen for a long time
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as a model toxin for embryotoxicity and teratogenicity, illustrating the perti-
nent role of stereoselectivity, thalidomide is currently being redeemed because
of promising activities in a variety of therapeutic areas: leprosy, regulation of
TNF-« activity, and probably also other cytokines, autoimmune diseases (e.g.,
aphthous ulcers in AIDS patients), and cancer (KLING 2000).

D. Chemotherapeutic Agents and Stereoselectivity

The prominent role of stereochemical factors in toxicity is also clearly seen
with chemotherapeutic drugs. The desired toxicity of these compounds (i.e.
cytostatic effect), as well as undesired toxicity towards nontumor tissue (i.e.
cytotoxic effect), depends directly on the steric configuration of the parent
drug. For instance, platinum drugs require a cis- and not trans-configuration
to coordinate bifunctionally to DNA, thus inhibiting DNA replication and
transcription (SINGH and Kororarnick 1998). The dosc-limiting peripheral
neurotoxicity of ormaplatin and oxaliplatin, observed in clinical trials in
humans, was shown to be reflected in vivo in rats upon repeated dosing by
enantioselective neurotoxicity, the S, S-isomers being less neurotoxic (SCRENCI
et al. 1997).The folate antimetabolite, methotrexate, a potent inhibitor of dihy-
drofolate reductase, also demonstrates high stereochemical requirements for
interaction with a biological template. In a number of other cytostatic drugs,
stereochemistry indirectly plays a crucial role, since substrate- or product-
stereoselective biotransformation is involved. For instance, gossypol, a poly-
hydroxylated 2,2"-bi-naphthalene originating from cotton seeds (Fig. 4),
was found to possess cytotoxic properties in vitro and in vivo. The effect of
(—)-gossypol was at least twofold greater than that of (+)-enantiomer (JOSEPH
et al. 1986). Multidrug-resistant MCF/ADR cells appeared more resistant
to (—)-gossypol than the parent cell line. which was tentatively attributed
to the inactivation of (-)-gossypol by GSH-transferases present in the
MCF/ADR cells. Interestingly, (—)-gossypol was a threefold more potent
inhibitor of GSH-transferase a- and m-iscenzymes than the (+) enantiomer
(BENZ et al. 1990).

Metabolism of the cytostatic drug cyclophosphamide (CP), containing a
chiral phosphorous atom (CP; Fig. 4) invoives hydroxylation at the C-4 posi-
tion by Cytochrome P450. Subsequently, a number of detoxification reactions
can occur (e.g., oxidation to the 4-keto-derivative, dechloroethylation and
formation of a carboxylic acid). The phosphoramide mustard resulting from
spontaneous decomposition of 4-hydroxy-CP is thought to be the cytotoxic
chemotherapeutic species. The chiral nature of the phosphorus atom results in
a twofold greater therapeutic index (LDsy/EDy) for the S-(-)-enantiomer
(against the ADJ/PC6 plasma cell tumor in mice) without differences in
metabolism by rat liver microsomes (Cox et al. 1976). Recently, in cancer
patients differences were also found for the clearance of the CP-enantiomers
and for the formation clearance of their dechlorinated metabolites (WILLIAMS
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Fig. 4. Example of compounds that exert stereoselective toxicity. Mechanisms of tox-
icity and stereoselectivities involved are described in Sect. C and D.

et al. 1999a). Interestingly, in bone marrow patients of the dechlorinated
metabolite from §-(—)-CP was induced by phenytoin coadministration, while
having no effect on the dechlorination of the R-(+)-enantiomer. This suggests
that in vivo, in humans, different cytochrome P450 enzymes are responsible
for this metabolic reaction (WiLLiaMs et al. 1990).

For ifosfamide it was shown that dechlorination of the S-enantiomer is
primarily mediated by Cytochrome P450 2B6, and the R-enantiomer primar-
ily by Cytochrome P450 3A4/5 isoenzymes (GRANVIL et al. 1999). When com-
paring ifosfamide and cyclophosphamide (CP), both alkylating antitumor
agents, continuation of the use of racemic ifosfamide has been questioned for
two reasons: first, stereochemistry plays a relatively minor role in the efficacy
and the toxicity of CP, but it is a major factor in the neurotoxicity associated
with ifosfamide, and second, (R)-ifosfamide contains the unique antitumor
activity of this agent and the ifosfamide-associated neurotoxicity is primarily
related to (5)-ifostamide.

Modification of the ring structure of CP introduces a second chiral center.
For instance, a methyl- or phenyl-substitution at the 4-position results in four
stereoisomers (two trans-isomers, RR and SS§, and two cis-isomers, RS and
SR). 4-Methyl-CP isomers lack a difference in metabolism by rat liver micro-
somes and in chemotherapeutic efficiency against ADJ/PC6 plasma cell
tumors in mice. In contrast, it was suggested that the zrans-diastereoisomers
of 4-phenyl-CP are metabolized to phosphoramide mustards, whereas the cis-
diastereoisomers are not.
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E. Stereoselective Biotransformation and
Bioactivation by Cytochromes P450

One of the most important drug metabolizing enzyme systems in mammals
and nonmammals is the so-called mixed-function oxidase (MFO) system, con-
sisting of a large family of Cytochrome P450 isoenzymes with a broad range
of different substrates (substrate selectivity), as well as products that can be
formed from one substrate (product selectivity). For instance, the anticoagu-
lant warfarin is metabolized to dehydrowarfarin, 4’- 6-, 7-, and 10-hydroxy-
warfarin by a number of Cytochrome P450 isoenzymes. Regio- and
stereoselective hydroxylation reactions of R(+)- and S(—)-warfarin have been
suggested to be useful as a probe for the functional characterization of the
multiplicity of hepatic Cytochrome P450 isoenzymes (KaMINSKY et al. 1984;
THISSEN and Baars 1987).

Among the best documented early examples of the stereoselective action
of Cytochrome P450 isoenzymes are those provided by studies of the
stereoselective bioactivation of polycyclic aromatic hydrocarbons (PAHs) to
carcinogens by Cytochrome P450 1A1 (Fig. S5) (JERINA et al. 1985). This isoen-
zyme, among others, was found to catalyze with a high regio- and stercose-
lectivity the epoxidation of benzo[a]pyrene to its (+)-7R,8S-epoxide, which
induces over 14 times more lung tumors in newborn mice than its enantio-
meric epoxide. Among the four stereoisomeric diol-epoxides, the (+)-7R,85-
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Resistant to EH
Covalent binding to DNA
OO‘ Mutations of Hras gene
OH
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Fig. 5. Regio- and stereoselectivity of Cytochrome P450 1A1/2 and epoxide hydrolase
(EH) in the formation of the bay-region diol-epoxide diastereoisomers, which is pri-
marily responsible for the carcinogenicity of benzo[a]pyrene
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dihydrodiol-9S,70R-epoxide was several-fold more mutagenic to Chinese
hamster V79 cells than the corresponding (—)-enantiomer and, in addition, it
was the only isomer with a high carcinogenic activity on mouse skin and in
newborn mice. Thus, the (+)-7R,85-diol-9S,/0R-epoxide was established as the
ultimate carcinogen of benzo[a]pyrene. At the DNA level, stereoselectivity in
adduct-formation between the diol-epoxides and the exocyclic 2-amino group
of guanine has been shown to be responsible for the observed stereoselectiv-
ity in this type of toxicity. From comparative investigations on the tumori-
genicity of various PAHs (benzo[a]pyrene, benz[a]anthracene, chrysene), it
has been derived that a bay-region diol-epoxide functionality is of crucial
importance in the expression of tumors and, furthermore, that common stere-
ochemical factors such as relative configuration (pseudo-diequatorial hydroxyl
groups) and absolute configuration (R-configuration at benzylic carbon atom)
appear to be far more important in this regard than chemical reactivity (JERINA
et al. 1985). The enantioselectivity of GSTs is preferential for epoxides and
diolepoxides with an (R-)configuration at the benzylic oxirane carbon (SEIDEL
et al. 1998).

The carcinogenicity and mutagenicity of dibenz[c,h]acridine further
support the idea that the highest biological activity is attributable to a bay-
region diolepoxide that is superimposable on the highly active R,S,S,R-bay-
region diol-epoxides of the PAHs mentioned above (Woop et al. 1986).
Interestingly, the isomeric dibenzo[a,e]pyrene, a very weak tumor initiator, was
not metabolized to the corresponding proximate dihydrodiol (DEVANESAN
et al. 1990). In recent years, immunochemical detection with monoclonal or
polyclonal antibodies has been applied to DNA adducts of benzo[a]pyrene
diolepoxide metabolites. Investigations in relation to PAH exposure of
animals and humans have shown that the (+)-anti-diolepoxide-2 deoxy-
guanosine DNA adduct formed in vivo was more persistent in mouse epider-
mis than rat epidermis (Rosas and ALEXaNDRov 1986). Clearly, apart from
stereoselectivity at the level of biotransformation, stereoselectivity also occurs
at the level of toxicologically relevant molecular interactions between reac-
tive metabolites and biological macromolecules.

Similar to benzo|a]pyrene, aflatoxin B1 (AFB1) is also a potent car-
cinogen that undergoes stereoselective bioactivation by Cytochrome P450
isoenzymes to form the AFB1 exo-epoxide plus small amounts of the AFB1
endo-epoxide (BAERTSCHI et al. 1989; RANEY et al. 1992). The exo-epoxide
reacts readily with DNA to give high adduct yields, but the endo-epoxide is
nonreactive (IYEr et al. 1994). Cytochrome P450 3A4, present in human liver
and small intestines, was shown to play a major role in the bioactivation of
AFBI1, forming the exo-8,9-epoxide. However, Cytochrome P450 1A2, present
in human liver only, is forming both the endo- and the exo-89-epoxide of
AFB1 (GueNGericH and JoHNsoN 1999). The exo-8,9-epoxide of AFB1 is by
far the most mutagenic and likely also carcinogenic metabolite product of
AFBI (Fig. 6) (Iver et al. 1994). The fate of AFB1 epoxides and hence their
ultimate biological activities are governed by their rates of reaction (both
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Fig. 6. Regio- and stereoselective metabolic activation and inactivation pathways of
aflatoxin B1. Apart from stereoselective reactions by Cytochrome P450s, epoxide
hydrolase (EH) and GSH-transferases (GSTs) stereoselective reactions with H,O,
DNA, and proteins also play a role

spontaneous and enzymatically catalyzed) with H,O, GSH and DNA. From
kinetic studies it has been concluded that the rate of hydrolysis is not further
enhanced by epoxide hydrolase, but is competed with some GSH-transferase
isoenzymes. Studies pointed at the polymorphic GSH-transferase M1-1 as
most important isoenzyme and various GSTs were demonstrated to differ con-
siderably in stereochemical selectivity. Another striking feature of AFB1 §8,9-
epoxide was the remarkable stereoselectivity difference in reaction of the
isomers with DNA. The exo-isomer is about 10°-fold more reactive than the
endo, as judged from differences in both genotoxicity and DNA-binding (IYEr
et al. 1994; GUENGERICH et al. 1999). The reaction with DNA involves interca-
lation and acid catalysis of both hydrolysis and conjugation.

F. Stereoselectivity and Genetic Polymorphisms in
Drug Oxidations

Biotransformation enzymes constitute a major determinant of interindividual
differences in the metabolism and the rate of elimination of numerous
drugs and other xenobiotics and, consequently, in their pharmacological or
toxicological response. For a number of enzymes (Cytochromes P450, GSH-
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Fig. 7. Substrates of Cytochrome P450 2D6 undergoing stereoselective oxidative meta-
bolic reactions

transferases, epoxide hydrolases, and N-acetyltransferases) the genetically
determined absence of enzyme activity in a fraction of the population was
reported. In addition to a lack of expression of protein, gene mutations have
also been shown to lead to proteins with no activity, altered activity, or even
multicopies of protein, thus leading to distinct phenotypes (for Cytochrome
P450 2D6, for example, to poor, intermediate, extensive, and ultrarapid metab-
olizers) (for a review, see WoRMHOUDT et al. 1999).

Among the many drugs whose oxidation has been reported to be impaired
in so-called poor metabolizer phenotypes is the B-adrenoceptor antagonist
bufuralol (Fig. 7). It is a chiral drug for which 1”-hydroxylation is under genetic
control and selective for the (+)-isomer. Hydroxylation of bufuralol at the
4- and 6-positions is under the same genetic control and favors the (—)-isomer.
The stereoselectivity for the aliphatic 1- and aromatic 2,4-oxidations is virtu-
ally abolished in poor metabolizers phenotypes. Various early investigations
(e.g., MEYER et al. 1986) have provided evidence for the hypothesis that
1’-hydroxylation of bufuralol is mediated by the polymorphic Cytochrome
P450 2D6 isoenzyme, which also stereoselectively catalyzes the hydroxylation
at the prochiral benzylic Cy-position of debrisoquine (Fig. 7) (MEESE et al.
1988), C-oxidation in sparteine (Fig. 7) (EBNER et al. 1995), O-demethylation
of dextrometorphan, FE10-hydroxylation of nortriptyline, trans-4’-
hydroxylation of perhexiline, a-hydroxylation of (+)-metoprolol, and several
other reactions in various substrates (e.g., BooBis et al. 1985; DISTLERATH et al.
1985).
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Fig. 8. In silico-generated model of the active site of Cytochrome P450 2D6, in this
case with ajmalicine docked in it. Apart from ajmalicine, the I-helix, the heme porfyrine
and some other details are also visible. (Adapted from Dg Groor et al. 1996)

Kovmans et al. (1992) used 16 substrates, accounting for 23 regio- and
stereochemically controlled metabolic reactions, and molecular modeling
techniques to derive a predictive substrate model for Cytochrome P450 2D6.
The predictive value of the model was evaluated by investigating the P450
2D6-mediated metabolism of 4 compounds (alfentanil, astemizole, resperi-
done, and nebivolol), comprising 14 oxidative metabolic routes, 13 of which
proved to be correctly predicted as far as the involvement of P450 2D6
was concerned. More recently, several refined substrate models (De Groot
et al. 1997) and, by homology modeling techniques, protein models of this
Cytochrome P450 (DE Groor et al. 1996, 1999) have been reported (Fig. 8).

With these and similar other in silico models it has been possible to ratio-
nalize the regio- and stereoselectivity of substrates of CYT P450 2D6 [e.g., of
debrisoquine (LiGHTFOOT et al. 2000)], as well as the stereoselectivity of this
isoenzyme [e.g., of betaxalol and fluoxetine (DE Groor et al. 1999)], and of
MDMA, metoprolol, methoxyphenamine and mexilitine (De Groor et al.
1996, 1997). In fact, similar in silico models have been reported for most of the
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other important Cytochrome P450 isoenzymes as well (for a review, see TER
Laax and VERMEULEN 2001). Similar findings on stereoselectivity have been
made with other Cytochrome P450 isoenzymes and other classes of drugs,
for example, 5-substituted-5-phenyl-hydantoins (Fig. 7) (MEYER et al. 1986).
For instance, the 4’-hydroxylation of S(+)-mephenytoin (N-methyl-5-ethyl-5-
phenyl-hydantoin) is subject to genetic polymorphism. In poor metabolizers,
S(+)-mephenytoin is not significantly para-hydroxylated and, like the R-enan-
tiomer, is available for N-demethylation. In extensive metabolizers, extensive
4’-hydroxylation of S(+)-mephenytoin occurs (at greater rates than N-
demethylation). In contrast, R(—)-mephenytoin is metabolized by N-demethy-
lation [affording pharmacologically active R(-)-5-ethyl-5-phenyl-hydantoin,
also known as nirvanol, (Fig. 7)]. Nirvanol hydroxylation also favors the
S-enantiomer and cosegregates with S(+)-mephenytoin hydroxylation in
humans. Phenytoin (5,5-diphenyl-hydantoin), a prochiral drug, also undergoes
polymorphic 4’-hydroxylation (Fig. 7). In humans, Cytochrome P450-mediated
metabolism of phenytoin to 5-(4’-hydroxyphenyl)-5-phenylhydantoin results
almost exclusively in the S(—)-enantiomer (95%). The product enantioselec-
tivity in this reaction appears to be controlled by the relative affinities of the
prochiral diphenylhydantoin to two different Cytochrome P450 isoenzymes,
belonging to the P450 2C isoenzyme subfamily (RELLING et al. 1990). More
recently, evidence was presented that P450 2C9 and 2C19 are responsible for
the stereoselective metabolism of phenytoin into its major metabolite (Bapal
et al. 1996).

Another important Cytochrome P450 isoenzyme family showing stereose-
lective metabolism is the P450-3A isoenzyme subfamily. P450 3A4 appears to
play a majorrole in the oxidation of many drugs, including nifedipine oxidation,
R(+)-warfarin 9,10-dehydrogenation, S(-)-warfarin 10-hydroxylation, quini-
dine N-hydroxylation, cortisol 6-hydroxylation, testosteron 6 f-hydroxylation,
but also in the bioactivation of aflatoxin B1 and G1, 6-aminochrysene,
benzo[a]pyrene, and pyrrolizidine alkaloids (GUENGERICH 1991 and 1999).

In fact, for all relevant Cytochrome P450 isoenzymes stercoselective meta-
bolic reactions, some of which have significant toxicological consequences,
have been reported (VERMEULEN and Te KopPELE 1993; Mason and Hurr 1997;
BaiLLie and ScHuLrz 1997; and CALDWELL 1999). Obviously, information on
stereoselectivity and structure-biotransformation relationships may be worth-
while to rationalise or predict this type of toxicity-related biotransformation.

Stereoselective neurotoxicity was reported for methylenedioxymethylam-
phetamine (MDMA) (Fig. 7). It causes degeneration of serotonergic and,
to a lesser extent, catecholaminergic neurons. MDMA is a widely abused
amphetamine derivative (Ecstasy), of which the S(+)-enantiomer has the
highest pharmacological as well as toxicological potency. Following
Cytochrome P450-mediated demethylation, 3,4-methylenedioxyamphetamine
(MDA) is formed; it also has been shown to be a serotonergic neurotoxin.
S(+)-MDMA undergoes this demethylation reaction to a far greater extent
than the R(-)-enantiomer (LIN et al. 1997). The profile of neurotoxicological
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reactions is identical to that of para-chloroamphetamine (pCA). Altogether,
stereoselective formation of as yet unknown metabolites of MDMA (and of
MDA and pCA) may also be involved in the stereoselective toxicity of
MDMA.

G. Glucuronyl Transferases and Stereoselective
Bioactivation

UDP-p-glucuronic acid is an important optically active cofactor for micro-
somal UDP-glucuronyl-transferases (GTs), which catalyze the conjugation
of substrates containing O-, N- or C-functional groups to this “glucuronic
acid.” In a number of cases, glucuronidation plays a significant role in the gen-
eration of toxic effects (MULDER et al. 1990). Apart from increasing the insta-
bility and/or reactivity of procarcinogens (e.g., O-glucuronide of N-hydroxy-
2-acetaminofluorene), the glucuronides may serve as transport forms of
procarcinogens to various tissues (e.g., the N-glucuronide of N-hydroxy-2-
naphtylamine).

Apart from substrate-stereoselective glucuronidation of hydroxylated
hexobarbital, considerable enantioselective differences have been shown in
vitro for propranolol, fenoterol, carvedilol, dihydrodiols of polycyclic aromatic
hydrocarbons, and oxazopam. Moreover, (-)-morphine has been shown to be
glucuronidated exclusively at the 3-hydroxy position, whereas (+)-morphine
is preferentially glucuronidated at the 6-hydroxy position. In vivo, enantiose-
lectivity is often less pronounced than in vitro. 3-Methylcholanthrene, §-
naphtoflavone, inducers of the so-called GTl-isoenzyme, and ethanol have
been shown to increase enantioselectivity in the formation of diastereomeric
glucuronides from racemic oxazepam in hepatic microsomes of rabbits, and to
produce a large increase in enantioselectivity, whereas inducers of the GT2-
isoenzyme, such as phenobarbital, only increased oxazepam glucuronidation
without affecting the enantioselectivity. Inducers of forms other than GT1 and
GT2, such as trans-stilbene-oxide and clofibric acid, generally cause increases
in activities, coupled with increases in R/S- ratios.

As yet, little is known about the active sites of these enzymes. The enzyme
mechanism is probably consistent with a single displacement, SN2-type nucle-
ophilic attack of the aglycone on UDP-glucuronic acid in a ternary complex.
Further studies seem necessary for a better understanding of the stereo-
chemical behavior and active-site geometry of UDP-glucuronyl transferases
(ARMSTRONG et al. 1988; MULDER et al. 1990).

Formation of acylglucuronides, catalyzed by glucuronyl transferases, plays
a significant role in many chiral carboxylic acid-containing drugs, such as keto-
profen, naproxen, carprofen, fenoprofen, and ximoprofen (Akira et al. 1998;
HaveaLL 1995). In several of these drugs, irreversible covalent binding via
reactive acylglucuronides has been reported. Two mechanisms have been pro-
posed: transacylation and a rearrangement glycation mechanism. From these
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Fig. 9. Formation, hydrolysis, and urinary excretion of epimeric acyl glucuronides of
NSAIDs which undergo chiral inversion. Not shown is the internal acyl migration of
the O-acyl glucuronides, which may also be stereoselective. (Adapted from HAYBALL
1995)

NSAIDs and several other examples it becomes clear that the stereoselective
formation of acylglucuronides and the stereoselective reactivity of these con-
jugates is crucial, since this may contribute to the overall enantioselectivity of
carboxylic acid-containing drugs (HayBarL 1995). In Fig. 9, the formation,
hydrolysis, and renal clearance of epimeric acyl/glucuronides of NSAIDs
undergoing chiral inversion are shown. Not shown is the internal acyl migra-
tion of the O-acyl glucuronides, which may also be stereoselective.

H. Sulfotransferases and Stereoselective Bioactivation

Sulfotransferases (STs) catalyze the transfer of a sulfate group from 3’-
phosphoadenosine 5’-phosphosulfate (PAPS) to nucleophiles, such as alcohols,
phenols, and amines. Several isoenzymes, grouped into several classes based
on substrate selectivity towards phenols and alcohols, have been purified
(MULDER et al. 1990).

Generally speaking, solid conclusions regarding stereoselective sulfation
in vivo are difficult because of competition between (stereoselective) glu-
curonidation and sulfation for the same substrates. Stereoselective sulfation of
4’-hydroxypropranol enantiomers was demonstrated in vitro in hepatic tissue
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Fig. 10. Stercoselective mutagenicity of 1-hydroxyethylpyrene enantiomers through
stereoselective bioactivation by human estrogen sulfotransferase (hEST). (Adapted
from HAGEN et al. 1998)

of various species. Enantiomeric (—/+)-4’-hydroxypropranolol suifate ratios
varied from 1.07 in rat and 0.73 in dog to 0.62 in hamster. Terbutaline and
prenalterol, a structural analogue of terbutaline, both showed preferential sul-
fation for the respective (+)-enantiomers in human liver cytosol (WALLE and
WALLE 1990). At least three ST-isoenzymes have been isolated from rat liver.
Few examples are yet known demonstrating a causal relationship between sul-
fation and stereoselective toxicity. Metabolic activation, however, has been
shown to occur in the case of 7-hydroxymethyl-12-methylbenz[a]anthracene,
the sulfation of which is followed by alkylation of DNA via the sulfate ester.
Recently, various human sulfotransferases (hP-PST, hM-PST, hH-PST, and
TA1538-hEST) and rat sulfotransferases were expressed in Ames Salmonella
strains. The two 1-hydroxyethylpyrene enantiomers were sulfated to a muta-
genic sulfate-conjugate by both hEST and hHST-isoenzymes, but they differed
substantially in their enantioselectivity for this compound (Fig. 10) (HAGEN
et al. 1998). A complicating factor, however, may occur in cases where sulfate
conjugates are reactive to water. In this case sulfotransferases may act as a
kind of invertase for hydroxyl groups at chiral carbon atoms. This has been
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shown for 1-hydroxyethylpyrene enantiomers which undergo chiral inversion
by enantioselective sulfotransferases (LANDSIEDEL et al. 1998).

I. Stereoselective Bioactivation by Cysteine
Conjugate -Lyase

Many electrophilic compounds become toxic through concomitant me-
tabolism via GST-mediated conjugation to GSH and subsequent cat-
abolism, among others, through peptidases and f-lyase, yielding toxic thiol
intermediates.

Several cysteine conjugates, are metabolized by S-lyase to produce thiols,
ammonia, and pyruvate. Cytosolic B-lyases have been isolated from the kidney,
liver, and intestinal microflora. Since it has become clear that B-lyase can play
a decisive role in the bioactivation of cysteine conjugates (such as those
from hexachloro-1,3-butadiene or other halogenated alkenes) to nephrotoxic
agents, the scientific interest in this enzyme has increased considerably
(CoMMANDEUR et al. 1990, 1995).

As for stereoselectivity, relatively little is known as yet, except that the
natural R configuration in the cysteine residue is a prerequisite for a cysteine
conjugate to be a substrate of B-lyase. This fact has been used as a tool to ascer-
tain the role of f-lyase in the development of nephrotoxicity by cysteine
conjugates. No data are presently available with regard to the substrate-
stereoselective effects of the noncysteine part of the thioether substrates of -
lyase (CoMMANDEUR and VERMEULEN 1990). Such stereoselective effects may
be anticipated however since, for example, the regioisomeric 1,2- and 2,2-
dichlorovinyl-L-cysteine conjugates have also been shown to cause strongly
different f-lyase-mediated mutagenic and nephrotoxic effects (COMMANDEUR
et al. 1991).

J. General Conclusions

This chapter has demonstrated that it is generally recognized at present
that stereochemical factors play a significant role in the pharmacological or
toxicological action of drugs and other xenobiotics. As for the toxicity of xeno-
biotics, stereoselectivity in biotransformation (i.e., bioactivation or bioinacti-
vation) is of major importance. As a consequence, the biological actions of
xenobiotics, in general, are difficult to predict because of the complex regula-
tion of the processes involved.

In recent years, considerable progress has been made in the elucidation
of stereochemical mechanisms of several important biotransformation
enzymes. However, the multiplicity in terms of isoenzymes, the widely varying
substrate selectivity of each isoenzyme, as well as secondary metabolism
(which in itself can be stereoselective), considerably complicates predictions
in metabolism as well as in toxic effects. In principle, the same factors do com-
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plicate the correlation of data on stereoselective effects obtained 1n vitro with
those obtained in vivo, even when it concerns the same species. The predic-
tion of stereoselective effects from one species to another or from one chem-
ical to another is even more difficult.

As this chapter has also demonstrated, new insights into stereochemical
mechanisms at a molecular level [i.e., at the level of binding of substrate mol-
ecules to active (or binding) sites of isolated and purified (iso)-enzymes (or
other proteins)] in some cases provided more or less simplified models or
working hypotheses that might be helpful in predicting stereoselective bio-
transformations and toxic effects. Progress in research along these lines will
be most promising, from not only an academic but also a more practical point
of view, namely, that concerned with predictability.

From a toxicological point of view, it is important to stress that knowledge
of stereoselective effects at the different levels of the development of biolog-
ically active drugs or other chemicals should be obtained as early as possible.
Without this knowledge, it is almost impossible to interpret the toxicodynam-
ics and toxicokinetics of chiral compounds.
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CHAPTER 11
Intestinal Drug Transport:
Stereochemical Aspects

H. SPAHN-LANGGUTH, C. DRESSLER, and C. LEISEN

Dedicated to our dear colleague and collaborator in the transporter field
Professor Dr. Axel Blige, who unexpectedly died September 17, 2001.

A. General Aspects Regarding Intestinal Transport of
Drugs: Mechanisms, Transporters, Techniques

I. The Gut Wall, its Physiological Functions, and Factors Affecting
Drug Absorption from the Gastrointestinal Tract

The gut wall is a complex physiological system which, in addition to its func-
tion in homeostasis (electrolyte and water balance), allows absorption of
essential nutrients, contributes to metabolism of dietary molecules, and pos-
sesses defence mechanisms against toxins.

Most important for absorptive processes is the inner layer of the gut tissue,
the mucosa, which consists of the epithelial cell layer, the lamina propria, and
a thin muscular layer. The blood vessels reached by most compounds that enter
the systemic circulation are located in the submucosal area. The intestinal
epithelium is composed of a number of different cell types, of which the
absorptive cells (enterocytes) are most important. Such cells are highly polar-
ized upon differentiation, and apical and basolateral membranes are separated
by tight junctions. The apical membrane forms microvilli, and various trans-
porters and enzymes are located in this membrane (brush-border membrane).

A drug passing through the intestinal lumen at variable transit-related
velocities may be subject to various processes: pH influences, food- and mucus-
interactions, intraluminal degradation, biotransformation via endogenous and
bacterial enzymes, uptake into the enterocytes and subsequent entrance into
the blood vessels by different inside-directed processes (e.g., passive diffusion,
carrier-mediated uptake) and/or exsorption (intestinal secretion) back into the
luminal space.

For compounds absorbed via passive absorption and those exhibiting
carrier-mediated uptake or secretion, these processes may be highly variable
so that permeability and transporter expression can vary from site to site, i.e.,
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between gut segments, and even depend on diet or previous or concomitant
drug therapy (HaNaFy et al. 2001; WAGNER et al. 2001).

Since expression of transporters for absorption or secretion may vary
between segments, significant intestinal secretion from the enterocyte to the
lumen might be the predominant process in one intestinal segment, while later
the secreted drug reenters the gut wall. As a consequence, discontinuous input
profiles might result, as those detected in studies with the f-adrenoceptor
antagonists talinolol and celiprolol (WETTERICH et al. 1996; HARTMANN et al.
1989), particularly with lower doses. For carrier-mediated transport, processes
which are saturable, the drug concentration at the absorption site codeter-
mines the relevance of the respective process. Preferentially, for most drugs,
uptake into the enterocyte and the blood appears to occur via passive diffu-
sion, the most prominent process in drug absorption.

Effective permeability represents the one parameter that serves to char-
acterize the permeation of compounds through cell layers. This permeability
may be different in the various gut segments (e.g., Sinko et al. 1991). It sum-
marizes all passive and active transport and all metabolic processes in the
intestine leading to a decreased luminal concentration.

II. Transporters

Transport proteins include inside- as well as outside-directed carrier systems
(Fig. 1), most of which are located in the apical membrane of the enterocytes
(Tsus and Tamai 1996). In general, carriers may be involved in 3 types of trans-
port processes: facilitated diffusion, cotransport (symport) and countertrans-
port (antiport). “Secondary active transport” is feasible for co- as well as
countertransporters using the energy from the downhill transport of one trans-
ported compound to drive the uphill transport of another substrate. As
opposed to carriers, pumps perform primary active transport by linkage of
transport to an external source of energy (hydrolysis of a phosphate bond)
(WAGNER et al. 2001).

Carrier-mediated absorptive or exsorptive processes are saturable and
inhibitable (Fig. 1). Each transporter may be characterized with respect to K,
and V.. l.e., the substrate concentration, at which half-maximal transport
velocity is observed, and the maximum transport capacity.

Well-known examples for absorptive transport are amino acid and peptide
transporters (T'sust and Tamar 1996). Small peptides are absorbed from the
small intestine by a carrier-mediated uptake process. The uptake of small pep-
tides is stimulated by an inwardly directed H*-gradient, which is generated by
the combined action of a Na*/H*-exchanger in the brush-border membrane
and a Na"/K™-ATPase in the basolateral membrane. This transport system
for oligopeptides is shared by orally active a-amino-f-lactam antibiotics
(GanNaratHY and LEBACH 1986; MURER et al. 1976).

Similar to metabolic processes in the intestine, intestinal exsorptive trans-
port also became evident as soon as the new generation of highly specific,
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potent and low-dosed drugs were developed. Limited peroral bioavailability
or lack of bioavailability of various newly developed compounds were indica-
tive of bioavailability-limiting processes.

Secretory transporters have been extensively studied in cancer
chemotherapy during the past years. Extrusion of drugs from the tumor cell
may occur via multidrug transporters, is less structure-specific than inside-
directed transport, and relates to a variety of different drugs, many of which
are not associated with cancer chemotherapy. By actively extruding cytostatic
agents out of the tumor cell, different transmembrane proteins confer the
multidrug resistance (MDR) phenotype to various malignancies. Well-known
members of these ATP-dependent transporters are 170-P-glycoprotein (P-gp,
Fig. 2) and the multidrug resistance-related protein (MRP). By pharmacolog-
ical inhibition of such proteins using so-called reversal agents (e.g., the
cyclosporine A analogue PSCS833), different in vitro and partially in vivo
studies have shown promising results to overcome MDR. Since P-gp and
MDR are also physiologically expressed in different blood-organ or organ-
environment barriers (liver, kidney, blood-brain barrier, intestine), the general
pharmacokinetic behavior of P-gp/MRP substrates may be affected when
coadministered with reversal agents. Genetically modified cell lines as well as
mdr/mrp-deficient mice may serve as experimental test models for mechanis-
tic studies and as a basis for clinical investigations.

The biochemistry, pharmacology, and structure-activity relationships of
P-gp and its substrates have been described in a number of publications
(e.g., WAGNER et al. 2001). Besides P-gp, secretory transport of several organic
anions is mediated by the multidrug resistance-associated protein family
(MRP), which contains six members (Borst et al. 1999) and has previously
been shown to contribute to the primary active (ATP-dependent) transport of
various glutathione, sulfate, and glucuronide conjugates and various anions. In
liver, kidney, and gut mainly MRP2 (apical membrane of polarized cells like
P-gp), MRP3 (basolateral membrane), and MRP6 appear (Borsr et al. 1999).
Unlike P-gp and MRP, which are ATP-dependent extrusion pumps, the organic
cation transporter (OCT) family includes various OCT subtypes, which rep-
resent an electrogenic import system for organic cations. Furthermore, other
efflux transporters may mediate intestinal secretion of anions in addition to
P-gp and MRPs (e.g., WAGNER et al. 2001).

Carrier-mediated transport processes for drugs may be further com-
plicated by the fact that substrates exist, which show affinities to multiple
carrier systems, e.g., the HMG-CoA reductase inhibitor atorvastatin, which is
secreted from the enterocytes by P-gp and taken up by the H'-monocarboxylic
acid cotransporter (MCT) (Wu et al. 2000). An alternative example from the
group of “bisubstrates” (ULLRICH et al. 1993) is fexofenadine (CveTkoviC et al.
1999).

Another aspect is the overlapping substrate specificity detected for several
compounds and/or their metabolites (WACHER et al. 1995) with respect to their
interaction with cytochrome-P-450 isozymes and P-glycoprotein.
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III. Bioavailability-Reducing Metabolic Processes in Addition to
Countertransport and Liver First-Pass: Luminal Metabolism,
Metabolism at/in Enterocytes

It is known today that — in addition to the presence of enzymes in the gut
lumen, such as lipases — a wide variety of different enzymes are present in the
enterocytes catalyzing various phase-I- and phase-II metabolic reactions. It
may be difficult to differentiate between gut and liver (first-pass) metabolism
when only blood data are available (DoHErTY and PanG 1997). It may further
be difficult to differentiate between intestinal exsorption and metabolism,
since both may reduce the amount entering the portal blood in a dose-
dependent manner leading to low bioavailability at low doses and higher
bioavailabilities at higher doses (Fig. 3). Differentiation using in vivo studies
- on the clinical level — appears to be only possible by selective inhibition using
process-specific inhibitors (Wu et al. 1995; SpaHN-LANGGUTH et al. 1997).

.

Fig. 1a,b. The amount of drug absorbed from the gut lumen per unit of time depends
on two different processes, passive membrane passage and active transport. Passive dif-
fusion is determined by the physicochemical properties of the drug, such as lipophilic-
ity and pK,, but also by the molecular weight. Active transport depends upon the
respective transporter affinity as well as transport velocity and capacity, and it is sat-
urable. a Two inside-directed transport processes: Simplified graph depicting the gut
with its enterocyte layer and active plus passive processes responsible for the absorp-
tion of drugs (compounds included as examples: p-enantiomer of methotrexate
(absorption via passive diffusion) and L-methotrexate (passive diffusion plus active
process via the folic acid carrier) and folic acid, the physiological substrate of the folic
acid transporter). Active processes are saturable and inhibitable, while passive
processes are not. The insert depicts the relationship between (drug) concentration and
flux, when active and passive processes are separated and combined, respectively, and
when the active process has low (upper graph) or intermediate impact (lower graph)
on the total absorptive flux. (Note: There may also be the situation where passive fluxes
are negligible and the active process is almost solely responsible for absorption, and,
hence, total absorption is saturable.) In terms of effective intestinal permeabilities (not
shown), a straight line with a slope of zero in the flux graph means that in this con-
centration range the permeability would no longer be dependent upon the luminal con-
centration, while permeabilities would be decreasing with increasing concentration in
the first segment of the curve. b One (passive) inside- and one outside-directed process:
Graph similarly simplified as that in a, yet depicting the simultaneous occurrence of
absorption via (inside-directed) passive diffusion and of intestinal secretion (exsorp-
tion) from the enterocyte (or blood) into the lumen (example: talinolol). Like inside-
directed active transport, outside-directed active transport is also saturable and may
be affected by competitive and noncompetitive inhibitors. Here, the insert depicts the
concentration-dependence of total absorptive flux when the extent of exsorption is low
(upper graph) or significant (lower graph). When considerable exsorption occurs,
systemic availability may be low for a particular dose or concentration range. Upon
saturation of the transport process, the effective intestinal permeabilities (not shown)
would remain constant even though luminal concentrations are higher, while perme-
abilities would be increasing with increasing concentration in the first segment of the
curve, i.e., when the transporter is not yet operating at maximum velocity
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IV. Stereoisomers, Mutually Competing for Binding Sites at
Receptors, Enzymes, and Transporters

The two enantiomers of a racemic drug/compound may or may not differ
in their pharmacodynamic and/or pharmacokinetic properties. On the basis
of their receptor affinity or pharmacological effect, it is possible to differenti-
ate between the more active eutomer and the less active distomer. Both
enantiomers are characterized by similar physicochemical properties, such
as pK,, molecular weight, and lipophilicity. Passive membrane passage is,
hence, anticipated to be similar for both compounds, although the potential
for differences has been discussed (Fassini 1993). Furthermore, solely on the
basis. of lipophilicity, which was found to be an important parameter for most
kinetic processes upon investigation of structure-affinity relationships,
the interaction with enzymes and transporters should not differ between enan-
tiomers. There should only be a discrimination when the chiral center is con-
tributing to the binding to enzyme or transporter.

Similar to stereo-/enantioselective drug action, transport enantioselectiv-
ity is only to be expected when a tight interaction between the chiral ligand
and the transporter takes place. Similar to chromatography and to ligand-
receptor interactions, a 3-point attachment at the binding area may be hypoth-
esized for the enantiomer exhibiting higher affinity. Regarding drug action, the
higher the affinity of the more affine enantiomer, the greater the enantiomeric
difference in affinity (the so-called Pfeiffer’s rule) (PFEIFFER 1956; LiEN et al.
1982). This is evident on the basis of the three-point attachment, since the loss
of one binding point means considerable loss of binding forces. Therefore, it
is hypothesized that lumen-to-blood directed transporters, which appear to
exhibit a high substrate selectivity, have a higher potential for stereoselectiv-
ity than the enterocyte-to-lumen directed multidrug transporters responsible
for intestinal secretion (blood-to-lumen transport).

Most absorption-related processes (e.g., gastrointestinal (GI) transit, pH
variations, diffusion through membranes) do not appear to be relevant with
respect to potential stereoselectivity. However, even when transport is not sig-
nificantly stereoselective, other interesting aspects need to be considered: for
carrier-mediated transport processes, an interaction between the two enan-
tiomers is feasible, i.e., the eutomer might affect the transport of the distomer
and vice versa, when both enantiomers have affinity to the relevant binding
site of the respective transporter (see Sect. I11).

V. Mucus Binding Prior to Interactions with the
Brush-Border Membrane

Prior to the actual uptake into the enterocyte, the drug to be absorbed needs
to pass the mucus layer present on the mucosal surface (LESUFFLEUR et al.
1990; Mapara and Trier 1994; LaANGGUTH et al. 1997). For various compounds,
binding to the chiral sialic acid residues of gastrointestinal mucus has been
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Fig. 2. A schematic representation of the ABC-transporter 170-P-glycoprotein
(MDR1). [Besides the two ATP-binding sites, different drug binding sites were differ-
entiated (vinca alkaloid-binding site, steroid-binding site) (ConsEeiL et al. 1998)]. P-gp
is composed of 12 transmembrane domains (TM) with the two nucleotide binding sites
(NB) arranged in two symmetrical halves. This structural unit (6 TM, 1 NB) defines the
ABC family of transporters. Glycosylation sites are located on the cell surface, i.e., on
the outer loops, while ATP-binding sites are inside the cell. The two binding sites for
the monoclonal P-gp antibody MRK-16 are located on the extracellular loops, those
for C219 on the intracellular loops in proximity to the N- and the C-terminus. In
mammals the ABC-transporter family includes transporters for peptides, chloride ions,
acylated fatty acids, bile acids, and other substrates. Of particular interest is the multi-
drug resistant protein family, composed of at least six members in humans, with MRP1
and MRP2 capable of active drug transport when overexpressed in transfected cells.
While P-gp can act on unmodified drug molecules, MRP1 and MRP2 can transport
a variety of organic cations including glutathione and/or glucuronide adducts (JULIEN
et al. 2000). JuLIEN et al. purified P-gp following biotinylation under conservation of
ATPase activity and tested a series of chiral 1,4-disubstituted piperazine derivatives,
which were found to stimulate P-gp ATPase activity in a dose-dependent fashion, some
iwhich in an enantiospecific fashion

<«

detected. E.g., in vitro binding studies (equilibrium dialysis experiments) with
isolated rat mucus revealed a 3:1 enrichment of the racemic model compound
talinolol in the rat mucus-containing chambers when compared with controls.
After the total dialysis time of 2 h, the S/R ratio for talinolol was 1.07, although
kinetic differences between the enantiomers had been observed indicating
differences in the rate of association with rat mucus. Whether this is just a
transient phenomenon or tight binding occurs, whether mucus binding leads
to a decreased initial rate of absorption or a reduction of the amount of drug
absorbed, i.e., whether it has any relevance in vivo, is unclear. However, Caco-
2 transport studies with mucus-producing cocultures indicate that P values
remain virtually unaffected for most compounds when mucus is present
(HILGENDORF et al. 2000).

VI. Dose-Dependent Stereoselectivity in Bioavailability Based on
Active Transport and Countertransport

Active transport through membranes is known to play a role in bioavailabil-
ity for a multitude of drugs. While high stereoselectivity is observed with
respect to their carrier-mediated intestinal transport for nutritional con-
stituents as well as for endogenous compounds that undergo enterohepatic
cycling, the overall relevance of stereochemical aspects appears to be limited
regarding drug absorption from the intestine. Although various drugs that
are derived from endogenous compounds or nutrients utilize the respective
stereoselective inside-directed transporters which is usually stereospecific,
the other drug enantiomer appears to be quite frequently — less rapidly but



260 H. SPAHN-LLANGGUTH et al.

Fig. 3. Dose/concentration dependence of p.o. bioavailability (F) and probability
for stereoselectivity when both passive and active processes contribute to absorption
and when an active inside- or outside-directed transporter discriminates between two
enantiomers and favors one of them. The probability for transport stereoselectivity
depends on a number of factors. It decreases with decreasing impact of the active vs.
a passive process, i.e., when the overall influence of this process is small and when the
respective active process becomes saturated or when it is inhibited.

In different ways, net absorptive fluxes and bioavailabilities are dependent on
luminal concentration or dose when active intestinal absorption or exsorption occurs
[other bioavailability-limiting processes (e.g., metabolism) and alternative transport
Toutes are not considered]:

1. For the lumen-to-blood directed active process, bioavailability decreases with dose,
is determined by the maximum capacity of the transporter, and represents the
sum of the saturable active process and — potentially — a simultaneous passive, dose-
independent fraction. Maximum bioavailability may approximate 100% (F = 1)
when the transporter operates with high efficiency and is not saturated. The small-
est feasible value for F depends on the dose-dependent transport capacity and the
fraction of the dose entering the blood via passive diffusion. The other extreme value
equals O for transport inhibition with no passive fraction. (It approaches zero with
increasing dose when active transport is saturated at no passive fraction, since the
absolute amount actively transported reaches the value determined by its maximum
capacity, and the relative contribution of this process decreases with increasing
dose.)

2. For the blood/enterocyte-to-lumen directed active process (exsorption) bioavail-
ability increases with dose (as observed for, e.g,, talinolol; WETTERICH et al. 1996).
Maximum bioavailability is reached by a complete blockade (inhibition) of exsorp-
tion. With saturation of exsorption the absolute amount transported per unit of time
becomes independent of dose, i.e., the relative impact of exsorption decreases with
increasing dose (asymptotically approaching zero). Upon inhibition or saturation
of exsorption, bioavailability is mainly (or only) determined by the simultaneously
occurring passive process
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also often as completely — absorbed from the intestine by passive membrane
passage [e.g., S-baclofen via the fB-alanine-inhibitable amino acid transporter
(MoLL-NavaRrro et al. 1996)].

An important aspect for understanding the occurrence of transport
stereoselectivities is the relationship between passive membrane permea-
tion processes and active processes as indicated in Fig. 1 (inserts). The
higher the (dose- or concentration-independent) passive permeability, the
smaller the probability of inhibitable and saturable transport playing a roie
in overall absorption and the smaller the probability of net stereoselectivity
in case of a stereoselective active absorptive transport or exsorption and of
nonlinear bioavailability (Fig. 3).

VII. Transport and Affinity Assays and Related Problems

Today, numerous data about the relevance of particular transporters for com-
pounds are available in the literature with most emphasis on the multidrug
transporter P-glycoprotein. However, since neither a standard procedure nor
a reference compound have been established, such data are not always com-
parable, as they are obtained with a variety of methods. For the establishment
of structure-affinity- or structure-transport-relationships the generation of
data with one or two defined and validated method(s) is desired (ScaLa et al.
1997).

1. Permeation Through Cell Monolayers

The numerous data and publications available for transport studies with colon
carcinoma (Caco-2) cell monolayers (e.g., ARTURSSON ct al. 1996) represent an
appropriate basis for the prediction of P-gp-mediated secretion and aiso of
permeability (Sinko et al. 1991; HILGENDORF et al. 2000). In this cell line, dif-
ferent inside- and outside-directed transporters are expressed in addition to
various enzymes. Other cell lines have also been proposed and used to some
extent, such as HT29, HT29-MTX, and IEC-18, as well as genetically modified
systems (HILGENDORF et al. 2000; HILGENDORF 1999).

Unless the fluxes originating from nonsaturable processes are predomi-
nant and active processes negligible, the presence of energy-consuming uptake
or secretion mechanisms leads to one preferred transport direction through
the membrane. In vitro, e.g., in transport studies through isolated tissues
or cell monolayers, this leads to a side-dependence (and transport against
a concentration gradient), resuiting in a difference between apical-to-
basolateral (a~b) and basolateral-to-apical (b—a) transport and b—a/a-b ratios
(= efflux ratios) of >1 for compounds that are secreted through the apical
microvilli membrane and <1 for compounds actively transported to the blood
side. This side-dependence is a major characteristic of significant active
transport processes through the enterocyte layer and is supplemented by
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two of the other characteristics for capacity-limited transport: saturability
and (competitive or noncompetitive) inhibition. Saturation of inside-directed
processes leads to decreasing permeabilities upon increasing donor concen-
trations (apical side), since the uptake mechanism present in addition to,
e.g., passive diffusion works at maximum capacity and higher donor levels
can no longer increase uptake. On the other hand, when active secretory
processes (outside-directed) occur to a relevant extent, their saturation leads
to higher a-b (and smaller b-a) permeabilities with reduced efflux ratios
for higher donor concentrations. Inhibition of the respective active absorp-
tive or active secretory process leads to decreased uptake when an inside-
directed process occurs or an increased uptake when exsorption occurs (see
also Fig. 3).

When isomers are to be assayed in one of the respective model systems
or in vivo, particular demands need to be obeyed regarding assay specificity
and validation. Chromatographic systems with separation of enantiomers on
chiral stationary phases or as diastereomeric derivatives should be used when
racemates are tested and the two isomers are assayed. Assay validation usually
refers to both of the enantiomers separately. Systematic deviations of one
of the calibration curves in particular concentrations ranges, however, may —
artificially — create enantiomer differences.

2. Uptake Studies, Efflux Studies

As opposed to the transport through monolayers, a number of assays have
been developed which are based on the uptake and/or extrusion of radio-
actively labeled or chromophoric marker compounds. Similar to the *H-
vinblastine drug accumulation assay and the “C-adriamycine assay (e.g., Foio
et al. 1985; CriTcHFIELD et al. 1994), the rhodamine 123 efflux assay represents
a well-known and frequently applied P-gp assay (e.g., LEE et al. 1994). It is
based on the fluorescent rhodamine 123, which is a substrate for P-gp and
other transporters, and is extruded from the P-gp expressing cell, i.e., the
higher the P-gp content, the smaller the fluorescence of the cell. The calcein
AM extrusion assay represents a more sophisticated P-gp assay, the principle
of which is the affinity of calcein AM to P-gp and its extrusion from P-gp-
containing cells, unless P-gp is inhibited. Calcein AM is an ester, which is
hydrolyzed inside the cell by cytosolic hydrolases yielding the fluorescent
calcein, which is less lipophilic and not a P-gp substrate and hence remains
inside the cell (ENEROTH et al. 2001), where it is quantified.

The “C-tetracthylammonium (TEA) uptake assay using LLC-PK, cells
represents a standard method to study the interaction with the organic cation
transporter (OCT) (FautH et al. 1988; Sarto et al. 1992). A similar assay may
be used to study the intestinal OCTs. The competitive inhibition of “C-TEA
uptake by OCT substrates serves as measure of their affinity to the organic
cation transporter. In addition, cytotoxicity assays have also been used
(SKEHAN et al. 1990; ScaLra et al. 1997).
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3. Photoaffinity Labeling

Azidopine labeling was performed by BRUGGEMANN et al. (1989). These
authors used plasma membranes of P-gp-expressing cells and photolabeled
with *H-azidopine (under UV light) in the presence and absence of the test
compound.

4. Radioligand Binding Assay

A competitive P-gp-radioligand binding assay (P-gp-RBA) was designed as a
supplementary or alternative screening system to transport studies through
monolayers of the human colon carcinoma cell line Caco-2. It is based on a
Caco-2 cell preparation (that is overexpressing P-glycoprotein and is treated
with lysolecithin to obtain porated cells) and *H-verapamil, -vinblastine or
-talinolol as radioligands, and focuses on affinities to the respective binding
site as opposed to the steroid-binding region (DOPPENSCHMITT et al. 1999a;
NEUHOFF et al. 2000). The data obtained for the -adrenoceptor antagonist
talinolol and other compounds revealed either no, negligible, or little stereo-
selectivity with respect to binding at the vinca alkaloid-binding site of intesti-
nal P-gp (WAGNER et al. 2001). All radioligands, including bi-tritiated talinolol,
are commercially available (e.g., www.isotopes.de).

5. ATPase Assay

Rao (1995) and others described quantification of ATPase activity (e.g., of
isolated Sf9 cell membranes), where verapamil-induced activity may be
included as reference (SARKADI et al. 1992). A test kit based on this principle
is commercially available (ABEL et al. 2001).

6. Potential of Assays to Detect Enantiomer Differences

All assays mentioned above show some degree of variability, as generally
occurs with biological systems. It may be difficult to detect small enantiomeric
differences using such assays; hence the two enantiomers need to be studied
separately, especially if no enantiomer-specific assay is used. The assays may
well be suitable for detection of marked differences, for rankings, and for struc-
ture-affinity studies.

Only in transport studies combined with drug-specific assay are the two
enantiomers of the respective compound tested simultaneously.

B. Chiral Drug Examples for Active Inside- and
Outside-Directed Transport

I. Active Inside-Directed (Lumen-to-Blood) Transport

Differences in the rates and extents of absorption may be observed for com-
pounds with affinities to amino acid or peptide carriers or other inside-directed
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transport systems located in the gut wall. With respect to amino acid- or
peptide-type drugs, which are often used in"a stereochemically pure form,
stereoselective transport is assumed in many cases, yet not directly tested
(TayLor and AMIDON 1995).

1. Methotrexate

The publication of HENDEL and BRODTHAGEN (1984) on the intestinal handling
of methotrexate focuses on the differences between the p- and L-isomer. As
opposed to L-methotrexate, which is actively and completely absorbed from
the intestine (and reabsorbed after secretion into the bile) after oral doses of
up to 30mg/m? body surface, b-methotrexate is very poorly absorbed (<3%).
In addition to saturability of p-methotrexate transport, competitive transport
inhibition by folic acid was described (e.g., ZIMMERMAN 1992).

Because of methotrexate’s widespread use in cancer chemotherapy, its
transport through cell membranes was extensively studied and different influx
and efflux carriers were detected in various cell systems, particularly since
altered transport of methotrexate across the membrane of leukemic cells
has resulted in resistance towards the drug. Because it inhibits the uptake
of folic acid and 5-methyl tetrahydrofolate in preparations of rat intestinal
tissues (Saip and REpHA 1987) via an electroneutral, Na*-dependent, and
DIDS-sensitive (DIDS = anion exchange inhibitor 4,4’-di-isothiocyanatostil-
bene-2,2’-disulfonic acid) transporter presumably located at the basolateral
membrane, methotrexate was expected to share a common carrier in the
intestinal luminal membrane with all folates. In the studies by ZIMMERMAN
(1992), which used different pH levels and did not include stereochemical
aspects, a 37% inhibition of methotrexate flux by folic acid was detected, indi-
cating a proton-dependent active transport system in the human proximal
small intestine.

Previous in vivo data on the stereoselectivity associated with methotrexate
absorption via the folic acid transporter were recently confirmed by studies,
in which rabbit intestinal brush-border membrane vesicles were used and
studies performed in the presence of an H' gradient (ITon et al. 2001).
Methotrexate (L-isomer) and the antipode (p-amethopterin) were used as
model substrates of the transporter. Initial uptake of folic acid and methotrex-
ate, which acted as mutual competitive inhibitors apparently sharing the same
transporter (Fig. 1A}, was concentration-dependent with K, values of 1.5 and
1.6 uM, respectively, and similar K; values. Also, the p-isomer showed affinity
to the folic acid transporter; however, the K; value was 60-fold greater than
that of the L-isomer.

2. Amino Acid-Related Structures

Early drug examples with active inside-directed transport include L-3.4-
dihydroxyphenylalanine (L-DOPA). In 1973, two independent groups, WADE
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et al. and SHINDoO et al., showed a competitive inhibition of the absorption of
L-DOPA by other amino acids (r-alanine, L-phenylalanine, but not p-alanine,
D-phenylalanine), accumulation of L-DOPA against a concentration gradient,
and a higher uptake rate for - than for p-DOPA. Furthermore, absorption
followed saturation kinetics with decreasing absorption rates upon increasing
doses, a phenomenon which is more significant for the r-isomer. These obser-
vations indicate that only L.-DOPA is actively transported by a neutral amino
acid transport system. In the in situ perfused rat intestine, disappearance from
the lumen amounted to 55% (L) vs. 22% () after 10min and 94% (1) vs. 55%
(D) at 30min (SHiNDO et al. 1973). The respective fractions entering the blood
compartment (corrected for metabolism) amounted to 41% (L) vs. 9% (D) at
10min and 83% (1) vs. 29% (D) at 30min post-dose.

Comparable behavior is assumed for the structurally related o-
methyldopa. Its intestinal permeability in humans showed the expected pH-
and concentration dependence (MERFELD et al. 1986).

Baclofen (R/S-4-amino-3-(4-chlorophenyl)butyric acid) is a centrally
acting antispastic agent. The direct mimetic effect on GABAg-receptors is
enantioselective with the R-enantiomer being about 100 times more potent
than the S-enantiomer (OLPE et al. 1978), yet pharmacodynamic antagonism
between the two enantiomers was also found (SawyNok et al. 1985). However,
unpublished transport studies with the everted-sac model (rat small intestine),
the in situ perfused rat intestine, and Caco-2 cell monolayers indicated
that both enantiomers are well absorbed with some preference for the R-
enantiomer. In the studies using intestinal sacs and everted-sacs, a rapid
equilibration was observed and the R/S ratio increased at the serosal (1.2) and
decreased at the mucosal side (0.8) with time (90 min), which indicates active
transport for R-baclofen in the absorptive direction (Krauss 1988; SpauN et
al. 1988; Spaun 1989). Using the in situ perfused rat jejunum as experimental
system, MoLL-Navarro et al. (1996) studied baclofen absorption with and
without addition of inhibitors. For baclofen, thesc authors confirmed pre-
viously obtained in situ parameters: V,,,, 27.73 £ 9.99 mmol/h; K,,, 8.06
2.82mmol; k, (passive diffusion component), 0.40 £ 0.281/h. Transport was
inhibited by the amino acid $-alanine (and the sulfonic f-amino acid taurine),
and the data indicated that baclofen and the two amino acids share the same
carrier. The most potent inhibitor was the o-amino acid leucine. The authors
detected a residual absorption for baclofen, which was not inhibited. However,
stereochemical aspects were not included in this publication, although
presumably baclofen was studied as racemate and the chiral amino acids as
pure L-form.

Transport studies through Caco-2-cell monolayers performed in the
apical-to-basolateral direction using [*H}-baclofen and ['*C]-rac-baclofen
indicate a slightly higher absorptive flux {or the R-enantiomer than for the
racemate, which increased with time in culture [as an indication of higher
(amino acid) transporter expression with increasing number of days in culture
(DrEssLER et al. 2001)].
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In studies in man with dosage of 20mg p.o. and 10 mg i.v. as reference, the
absolute bioavailability was 80% for racemate with no significant difference
in absolute bioavailability between enantiomers, although that of the R-enan-
tiomer - in spite of the higher C,,,, values — appeared slightly lower than that
of its optical antipode. After p.o. administration C,, was always statistically
significantly higher for R-baclofen (Fig. 4). Renal excretion rates showed an
R/S ratio significantly different from unity for the first 2-h sampling interval
only. The overall amount excreted into urine was slightly higher for S- than
for R-baclofen (CLy identical); however, during the first 2-4h after adminis-
tration of racemate, the amount excreted into urine was significantly higher
for R- than for S-baclofen (Krauss 1988).

3. Peptide-Related Structures

In one of the early investigations that included stereochemical aspects of
cephalosporine absorption (Tamal et al. 1988), it was found that L-cephalexin
does not reach the systemic circulation because of rapid degradation (hydro-
lysis), while p-cephalexin was well absorbed (yet its uptake was saturable) in
rat intestine. Interestingly, L-cephalexin competitively inhibited the uptake of
p-cephalexin, which suggested that both stereoisomers may be absorbed
through the intestinal brush-border membrane via the same mechanism,
presumably a dipeptide transport system, to which L-cephalexin appeared to
have a higher affinity than its optical antipode. In a subsequent investigation

Fig. 4. Baclofen enantiomers in plasma. Average plasma concentration-time curves
of baclofen enantiomers obtained in a clinical study with p.o. doses of 20mg and
i.v. doses of 10mg administered to six healthy volunteers. (SpAHN 1989)
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(KraMER et al. 1992), these data were confirmed in radioaffinity studies, where
the 1-isomer reduced the extent of radiolabeling with [?H]}-benzylpenicillin to
a higher extent than the p-isomer. However, simultaneously obtained results
from a liposome-based reconstituted oligopeptide transport system from
rabbit small intestine indicated that under the respective conditions only D-
cephalexin and not L-cephalexin is actively transported.

WENZEL and coworkers (1995) included cephalexin enantiomers and
loracarbef as well as dipeptides in their studies, which focused on affinities
and transport rates of the enantiomers. They found higher affinities of the
respective L-enantiomers to the oligopeptide/H*-symporter in Caco-2 cells
using the B-lactam [*H]-cefadroxil as radiolabeled model substrate, as well as
the cloned peptide transporter PepT1 from rabbit small intestine, that was
expressed in Xenopus laevis oocytes. They demonstrated that the L-isomers
are transported.

Studies on structure-activity relationships with respect to carba-
cephalosporins and cephalosporins included their antibacterial activity and
their transport via the proton-dependent carrier in Caco-2 cells. Investigating
a series of derivatives of cephalexin and loracarbef, particular structural fea-
tures responsible for antimicrobial activity, transporter affinity, and deactiva-
tion via hydrolysis were illustrated (SNYDER et al. 1997).

Carrier-mediated processes have been implicated in determining the
absorption characteristics of angiotensin-converting enzyme (ACE) inhibitors
in experimental models (e.g., in situ luminal perfusion in rats with captopril:
Hu and AMipon 1988) and after oral dosing in vivo (e.g., NICKLIN et al. 1996).
Absorption of ACE inhibitors was inhibited by B-lactam antibiotics and
dipeptides (cephradine, L-tyrosylglycine). Examples of drugs/prodrugs actively
transported, besides the lead compound captopril, were enalapril (FRIEDMAN
and AMIDON 1989a) and ceronapril (FRIEDMAN and AMIDON 1989b; NIckLIN et
al. 1996), while one heavily substituted ACE inhibitor (fosinopril) was found
to be absorbed from the intestinal lumen via a nonsaturable — presumably
passive — route (FRIEDMAN and AMIDON 1989a).

Analogues of the natural renin substrate angiotensinogen, which repre-
sent peptide derivatives where the Leu-Val bond was replaced, were found to
be potent renin inhibitors and also to be transported via the peptidc trans-
porter, since they reduced cephalexin uptake in a concentration-dependent
manner (KRAMER et al. 1990).

4. Monocarboxylic Acid Transport

Although the absorption of weak organic acids is usually and mainly explained
by the pH-partition theory, there is evidence that a carrier-mediated mecha-
nism may contribute to the process to a varying extent.

Absorption of salicylic acid and benzoic acid, and a number of other car-
boxylic acids including chiral compounds was found to be absorbed through
Caco-2 cell monolayers via a carrier-mediated intestinal transport mechanism
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(Tsuir and Tamar 1996). In addition, the inhibitory effect of lactic acid enan-
tiomers, which was evident from investigations on intestinal membrane trans-
port of nicotinic and acetic acid in different experimental models, e.g., the
transport of p- and r-lactic acid, mandelic acid and ibuprofen enantiomers
were examined (OGIHARA et al. 1996). A saturable as well as a nonsaturable
process were revealed for both lactic acid isomers. No difference between the
enantiomers was detected for the passive process; however, for the saturable
process, a higher affinity and lower capacity was found for L- as opposed to
D-lactic acid. In other words, at a low concentration, L-lactic acid is more
efficiently transported, while at a high concentration, a preference for the bp-
enantiomer is evident. No transport stereoselectivity should be observed at
an intermediate concentration of 1 mM. Under the experimental conditions
used, differences between enantiomers were also observed for S- and R-
mandelic acid with an approximately 30% higher permeability coefficient for
the S-enantiomer, but not for ibuprofen enantiomers, for which the perme-
ability coefficients were similar between stereoisomers (Tables 1,2). Inhibition
studies revealed a higher inhibitory effect of S-mandelic acid and S-ibuprofen
on L-lactic acid transport than for R-mandelic acid and R-ibuprofen.
The results of OGiHARA’s studies clearly demonstrated that the detection of

Table 1. Permeability coefficients for [*C]-lactic acid, mandelic and ibuprofen enan-
tiomers (ul/min/mg protein) through Caco-2 cell monolayers at an apical pH of 6.0 and
a basolateral pH of 7.3

Substrate Concentration Permeability
L-Lactic acid 1uM 1.250 = 0.004
p-Lactic acid 1uM 0.626 + 0.078
S-Mandelic acid 0.5mM 0.144 = 0.006
R-Mandelic acid 0.5mM 0.106 = 0.003
S-Tbuprofen 0.5mM 0.106 + 0.003
R-Ibuprofen 0.5mM 9.57 £ 0.81

Table 2. Inhibitory effect on 1/b-["*C]-lactic acid transport (% of control) (data from
OciHaRa et al. 1996)

Inhibitor Concentration (mM) Relative transport rate
L-[“C]-lactic acid p-["*C]-lactic acid

L-Lactic acid 10 37.3+£3.11 42.6 £ 0.86
p-Lactic acid 10 76.7 £1.27 73.8+2.93
S-Mandelic acid 10 357 £1.07 45.1 £0.55
R-Mandelic acid 10 78.7 £0.62 80.5+1.23
S-Ibuprofen 1 70.6 £ 1.94

R-Ibuprofen 1 73.3+4.14

S-Tbuprofen 5 24.0£1.95

R-Tbuprofen 5 352286
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stereoselectivity might depend on the selected substrate concentration and
provided evidence that also for ibuprofen —and potentially related compounds
— some transport stereoselectivity may be detected at appropriate experi-
mental conditions.

Another compound of relevance due to its chiral character is L-ascorbic
acid, for which the facilitative sugar transporters of the GLUT type can trans-
port the oxidized form, dehydroascorbic acid, while 2 L-ascorbic acid trans-
porters, SVCT1 and SVCT2, may mediate a concentrative, high-affinity
L-ascorbic acid transport that is stereospecific and is driven by the Na*-
electrochemical gradient. Despite their close sequence homology and similar
functions, the two isoforms are discretely distributed with SVCT1 located in
the epithelial systems of the intestine as well as kidney and liver, while SVCT2
occurs in the metabolically active cells and membranes of specialized tissues,
e.g., the brain and eye (Tsukacucwi et al. 1999).

Stereoselective uptake of carboxylic acids may also occur in other tissues
and the relevance for the intestine has not yet been tested. MBCA (5-
monomethyl-sulfamoyl-6,7-dichloro-2,3-dihydrobenzofuran-2-carboxylic
acid) was studied with respect to its renal handling (Higaxi et al. 1998). The
uptake rate constant across the basolateral membrane and other processes
were significantly larger for R-(+)-MBCA. The authors concluded that the
uptake across the basolateral membrane and intracellular distribution were
stereoselective processes.

II. Drug Examples for Active Outside-Directed
(Blood-To-Lumen) Transport

1. Fluoroquinolones — Ofloxacin

Although previous studies (PriETo et al. 1988) had provided evidence for a
saturable absorption when increasing luminal concentrations were used in
perfusion studies in rats, carrier-mediated intestinal elimination of ofloxacin
was detected in rats (RaBBAA et al. 1996, 1997), and appeared to favor the
preferentially metabolized R-(+)-form (luminal perfusions with drug). Here,
the initial portal blood concentrations and the portal AUCs of the S-(-)-
enantiomer exceeded those of its optical antipode (Ciy; at Smin: 0.17 [S] and
0.12 ug/ml [R]), whereas the intestinal clearances were determined as 0.23 (S)
and 0.30ml/min (R) following an i.v. dose of 20mg/kg in rats. Intestinal elim-
ination was maximal in the segments isolated from the upper gut (duodenum
- proximal jejunum). Serum AUCs of both enantiomers increased linearly
over the tested dose range (20-100mg/kg as i.v. bolus). Transport inhibition
studies in the in situ perfusion model with P-gp inhibitors, amino acids and
peptides, and other fluoroquinolones indicated that more than one transporter
is involved in the absorption of fluoroquinolones (GRIFFITHS et al. 1994). At
present, the literature data are not yet sufficient to attribute the observed
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stereoselectivity to an interaction with a particular transporter, such as P-gp
or OCT (PieTIG et al. 2000).

2. Verapamil

Stereochemical aspects regarding verapamil and its interaction with P-
glycoprotein have already been addressed by different authors. For example,
SanDsTROM and coworkers (1998) performed jejunal absorption studies in man
using the Loc-I-Gut model with different verapamil perfusate concentrations.
They found evidence for saturability of exsorption, since the effective intesti-
nal permeability increased with increasing perfusate concentration (4 mg/1 (a),
40mg/l (b)). The effective permeabilities were generally high, yielding values
of 2.71 (a) and 4.74 x 10*cm/s (b) for R-(+)-verapamil and values of 2.25 (a)
and 4.69 x 10~*cm/s (b) for S-(-)-verapamil. These authors did not detect any
difference in the jejunal P.; between the two enantiomers and concluded that
this indicates that P-glycoprotein in the human jejunal enterocyte does not dis-
criminate between verapamil enantiomers. This conclusion is in agreement
with data reported from in vitro studies using tumor cell lines (HHAUSSERMANN
et al. 1991) and data obtained in P-gp binding studies, such as those described
by NEUHOFE et al. (2000).

3. B-Adrenoceptor Blockers

The different enantiomeric pairs of a group of S-adrenoceptor antagonists that
were investigated in radioligand binding studies with *H-verapamil and/or *H-
talinolol as radioligand (e.g., DGPPENSCHMITT et al. 1999b; NEUHOFF et al. 2000;
Leisen et al. 2002) did not reveal any evidence for relevant binding stereo-
selectivity. Even for the compound exhibiting by far the highest efflux ratio,
talinolol, the two ICs, values were similar.

Previous publications demonstrated for talinolol that its intestinal secre-
tion affects concentration-time profiles and bioavailability, which was higher
with higher doses (DE MEy et al. 1995; WETTERICH et al. 1996).

Similar results, including the occurrence of double peaks, were obtained
with the structurally related celiprolol. For both compounds, secretion into the
intestinal lumen was detected in the rat in situ intestinal perfusion model
following intravenous administration of the respective compound and/or in
intestinal perfusions in man (e.g., SPAHN-LANGGUTH et al. 1998; GRAMATTE et
al. 1996).

In the studies of WETTERICH et al. (1996), some stereoselectivity was
detected, mainly after p.o. dosage. Although the difference between the two
enantiomers with higher levels of R- than S-talinolol was of small magnitude,
it was statistically significant. Additional permeation studies with Caco-2 cell
monolayers supported the hypothesis that transport through intestinal ente-
rocytes may be one source of stercoselectivity, at least at low apical concen-
trations (WETTERICH et al. 1996). S/R ratios were slightly below unity,
amounting to 0.85 at the lowest apical concentration of 0.2mM rac-talinolol.
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Table 3. Talinolol enantiomer exsorption in Caco-2 cells (grown without addition
of antibiotics) is inhibited/reduced by the P-gp monoclonal antibody MRK-16
(HILGENDORF 1999)*

Conditions P values S/R P ratio Efflux ratio

Sa—h Stya Ra—h Rb—a S/Ra—h S/Rb—a S R
Talinolol control 027 849 035 825 078 1.03 31.4 23.6
Talinolol + MRK-16 337 4.00 374 396 0.90 1.01 1.19 1.06

aData represent average P values of 2 x 3 representative studies; P.g in 10 cm/s.

All data available supported the hypothesis that talinolol undergoes intestinal
secretion (exsorption).

More extended studies with Caco-2 cell monolayers, where the P-gp
specific monoclonal antibody MRK-16 was added, revealed that apical-to-
basolateral vs. basolateral-to-apical transport differences were marked and
stereoselective in a certain apical concentration range, but only when no
inhibitor was added (Table 3).

Further studies were performed to support the hypothesis that outside-
directed talinolol transport depends upon the extent of P-gp expression, e.g.,
by studying efflux ratios in different P-gp expressing- and nonexpressing-cell
lines (IEC-18; HT29-MTX) and under different culture and transport condi-
tions (DREsSsLER et al. 2001) as well as in induced and genetically modified
Caco-2 cells (MDRI1-transfected vs. anti-MDRI1-transfected cells; HILGENDORF
et al. 1999, 2000; DOPPENSCHMITT et al. 1999a).

Stereochemical aspects were also included in the clinical work of
WesTPHAL et al. (2000b), who did not detect any difference between enan-
tiomers in their population of healthy volunteers when talinolol was dosed
alone as single or repetitive dose. They did detect a slight stereoselectivity fol-
lowing rifampicin pretreatment with higher levels of R-talinolol as observed
in the previous studies in healthy volunteers, which had not been pretreated
(WETTERICH et al. 1996).

II1. The Distomer as Shoehorn or as Secretion Inhibitor for the Eutomer?

It is usually anticipated that the less active or inactive distomer is not relevant
for the overall action of the racemate because of the lack of pharmacological
activity when compared with the eutomer. The one restriction made is a poten-
tial competition at metabolizing enzymes or plasma proteins when both
isomers have significant affinity. However, this assumption needs to be chal-
lenged from a different point of view when transporters are involved in drug
absorption (and disposition).

Very recent studies with talinolol demonstrate that there may be a mutual
influence between distomer and eutomer regarding distribution (HANAFY et
al. 2002), transporter-mediated excretion, and also absorption, which was
demonstrated in rodent studies (HANAFY 2001).
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Table 4. The influence of the distomer R-talinolol on the intestinal absorption of S-
talinolol®

AP B° c
Net secretory flux Effective permeability  Plasma AUC
Tleum Jejunum
S (1+0) 100 100 100 100
S+ 0.5 R (1+0.5) 81.6 1 - - -
S + R (141, rac) 5514 283 1T 2557 117
S+ 6 R (1+6) 2631 506 T 446 T 2057
S+ Ve (1+V) 1024 1217 114 T 156 T

Intestinal transport studies with competitive inhibition of S-talinolol (S) exsorption
by the distomer R-talinolol (R) as well as verapamil racemate (V) as positive control
and p.o. bioavailability enhancement in vivo in rats (experimental conditions: S-
talinolol donor concentration in Caco-2 cell monolayer transport studies: 250 uM;
donor concentration in in situ intestinal perfusion studies: 5uM; p.o. dose: 10mg
S-talinolol).

"Relative change of net secretory flux of S-talinolol (control value = 100%,
1.98 umolh™) during presence of the competitive inhibitor R-talinolol or verapamil
[0.5mM (HILGENDORF 1999)].

‘Relative change of effective permeability in in situ intestinal perfusion studies in
rats [control value = 100%, 0.81 x 10*cm/s (ileum) and 0.94 X 10*cm/s (jejunum)]
under presence of 30 uM R-talinolol or 500 uM verapamil (HaNAFY 2001).

4Relative change of plasma AUC (0-8 h) of S-talinolol in rat following a 10mg p.o. dose
of S-talinolol without or with R-talinolol or verapamil [control AUC = 100%,
1.02 pg-mi™ h; concomitant verapamil p.o. dose, 20mg racemate (HANAFY 2001)].

°In all experimental studies, R-verapamil had a qualitatively similar influence on
absorption as racemic verapamil.

With respect to absorption from the gastrointestinal tract, data obtained
with enantiomers of talinolol in vitro, in situ, and in vivo indicate that the pres-
ence of the distomer R-(+)-talinolol (eudismic ratio approximately 40) at the
absorption site reduces intestinal secretion of the active S-(—)-talinolol into
the lumen and enhances the effective permeabilities for the pharmacologically
active S-enantiomer. Hence, although basically inactive, the distomer does
contribute to the overall effect of the eutomer, since it enhances its absorp-
tion from the intestine. These data were supported by in vitro and in situ data.
Results were comparable for the Caco-2 model and the in situ intestinal per-
fusion model in rats (Table 4) (HANAFY 2001).

However, most inside-directed transporters show more stercoselectivity
than the multidrug transporters responsible for exsorption. Under the condi-
tion of high stereoselectivity and preference for the eutomer, the distomer
would be virtually irrelevant in this respect.

IV. Model Compounds for P-gp-Related Processes
1. Talinolol

Because of various advantageous kinetic properties, talinolol was proposed as
a suitable model compound for P-gp-mediated transport in binding assays, in



Intestinal Drug Transport: Stereochemical Aspects 273

in vitro and in situ transport studies, as well as in vivo with respect to exsorp-
tive transport-based drug-drug and drug—food interactions (Fig. 5) (SPAHN-
LANGGUTH et al. 1998; SPAHN-LANGGUTH and LANGGUTH 2001; HanAFy 2001).
This appears reasonable because of its broad therapeutic range (which
represents a characteristic of drugs of this pharmacological group), a mainly
unchanged renal and biliary clearance, the low protein binding (approximately
25%) and the sensitivity of its kinetics for changes in P-glycoprotein expres-
sion (e.g., HANAFY et al. 2001), but also to transporter function (inhibition
by P-gp modulators). Evidence exists for an additional interaction with the
organic cation transporter (OCT), and furthermore, from in vivo studies with
MRP?2 deficient rats, for a contribution of MRP2 to talinolol kinetics. Similar
to the other compounds (see Sect. VIIL.4.) talinolol has recently become avail-
able as tritium-labeled compound (www.isotopes.de).

Comprehensive work with talinolol as model compound has incorporated
drug interaction studies (in vivo in rats and in the intestinal perfusion model)
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Fig. 5. Model compounds: Digoxin, fexofenadine, talinolol. Both in unlabeled and
labeled form, these compounds may be used as reference or for investigational studies
on P-glycoprotein-related processes, since they exhibit suitable physicochemical and
kinetic properties to serve as P-gp model substrate. The graph depicts the structures
and includes the molecular weights of the compounds (for example, talinolol: pK,, 9.4,
log P, 0.74; negligible binding to plasma protein and very low metabolic clearance
(TrauscH et al. 1995; intermediate affinity to P-glycoprotein as shown in radioligand
binding studies; high efflux ratio in Caco-2 cell studies, broad therapeutic range)
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as performed by Hanary (2001) and HaNAFy et al. (2001), and cell culture
work by HILGENDORF et al. (1999, 2000, 2001). Its recent acceptance in the clin-
ical field is documented by the follow-up work of WEsTPHAL et al. (2000a,b),
ALTMANNSBERGER et al. (2000), Lupwic et al. (2000), and SIEGMUND (2001);
however, usually these authors did not include stereochemical aspects.

2. Digoxin

Owing to a favorable passive/active transport ratio, availability as radioac-
tively labeled compound, and its widespread clinical use, but in spite of a fairly
narrow therapeutic range, digoxin has been used as P-gp model substrate to
investigate the influence of concomitantly administered drugs (Fig. 5) (Caver
et al. 1996; DResScHER et al. 2000; MANNINEN et al. 1973; GREINER et al. 1999;
Fromwm et al. 1999).

3. Fexofenadine

Fexofenadine, a nonsedating antihistamine and metabolite of terfenadine,
does - like talinolol — not undergo significant metabolic biotransformation
(Fig. 5). Employing different cell lines, evidence was found that uptake and
efflux transporters are involved in fexofenadine absorption and disposition
(CvErkovIC et al. 1999; RusseLL et al. 1998). Among various transport systems
investigated, the human organic anion transporting polypeptide (OATP) and
rat organic anion transporting polypeptides 1 and 2 (Oatpl and Oatp2) were
identified as mediating ["*C|-fexofenadine cellular uptake, while P-gp was
identified as a fexofenadine efflux transporter, using the LLC-PK; cell, the
polarized epithelial cell line lacking P-gp, and the P-gp overexpressing deriv-
ative cell line .-MDRI1. Studies in P-gp knock-out mice confirmed the rele-
vance of this transporter for fexofenadine disposition.

In general, selection of the appropriate model compound is based on the
severity of expected side-etfects, availability of the respective compound, and
ethical and legal considerations.

C. Drug-Drug and Drug-Food Interactions Based
on Transporters

I. General and Stereochemical Aspects

Pharmacokinetic drug—drug interactions based on drug transport are feasible
via an influence on the transporter function (e.g., competitive inhibition) or
via an alteration of transporter expression.

Most relevant in this respect appears to be transport inhibition and induc-
tion of transporter expression. Transport inhibition in the intestine leads to
a decreased bioavailability, when an inside-directed transport is reduced or
inhibited, but to an increased bioavailability, when an outside-directed trans-



Intestinal Drug Transport: Stereochemical Aspects 275

port (exsorption) is reduced or inhibited. Stereoselectivity of a discriminative
active transport should vanish upon its inhibition and increase upon induction
(Figs. 6, 7).

Induction of secretory intestinal transporters has been shown to occur
for P-glycoprotein in the intestine and to affect the absorption of talinolol
(HanaFy et al. 2000, 2001; WesTpHAL et al. 2000a,b); transepithelial apical-
to-basolateral fluxes decrease as soon as the expression of P-gp is increased.
For induction of transporters responsible for an absorptive active process,
increased apical-to-basolateral fluxes are to be expected.

Fig. 6. Transport inhibition: Concentration- and competitor-dose-dependence of the
stereoselectivity of transepithelial fluxes. Competitive inhibition or noncompetitive
inhibition of potentially stereoselective (intestinal) transport leads to an increasing role
of the passive process and a reduction of stereoselectivity (if present). With increas-
ing competitor concentration, the probability for process stereoselectivity decreases in
case of both, stereoselective active absorptive and stereoselective active exsorptive
processes (if competitive inhibition is not stereoselective or -specific). Passive fluxes
are linearly correlated with the donor concentration, passive diffusion does not exhibit
significant stereoselectivity and is not affected by competitors. In the case of an active
absorption process without passive diffusion, complete process inhibition at higher
competitor concentration leads to a complete lack of absorption. For the combination
of passive and active processes, the extent of nonlinearity in the flux-vs.-concentra-
tion/dose relationship (as well as the probability for stereoselectivity, if relevant)
depends on the competitor dose. (Graphs modified from MarroUM et al., submitted)
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Fig. 7. Induction: Influence of extent of induction and substrate concentration on the
stereoselectivity of exsorptive fluxes. Ilustration of the dependence of the exsorptive
transepithelial flux from the luminal substrate concentration when the respective
pump- or carrier-mediated process is affected by induction of expression of the respec-
tive transport protein. In the case of chiral discrimination, the probability for stereos-
electivity increases with increasing relevance of the process. Expression may depend
on the dose of the respective inducer, hence, the probability for stereoselectivity
appears greater, the higher the extent of induction is, i.e., with more potent inducers
or higher inducer doses. In the upper part of the diagram, a schematic representation
of the intestinal processes is given when passive diffusion and exsorption into the gut
lumen occur in normal and induced state. (Graphs modified from Marroum et al.,
submitted)

II. Competition (and Noncompetitive Effects at the Transporter)

Inhibition of absorptive active processes should lead to a decrease of trans-
epithelial fluxes. Complete inhibition of the active component reduces the
process to the fraction based on passive diffusion. In case of high stereoselec-
tivity of the absorptive active process, stereoselectivity originating from this
active transport process vanishes upon inhibition.

Radioligand binding data based on genetically modified cell lines permit
screening for transporter affinities, but do not differentiate between com-
pounds that are binding and transported and compounds that are binding and
not transported (see Sect. A.VIL.). Regarding permeation through membranes,
the kinetic behavior of lipophilic drugs with P-gp affinity and with high passive
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fluxes may not be significantly affected by the presence of a second P-gp-ligand
(DopPENSCHMITT et al. 1999b), since passive diffusion processes may readily
compensate.

Studies performed to demonstrate the in vivo- and clinical relevance of
drug—drug or drug—food interactions, which were hypothesized on the basis of
in vitro binding or transport data, used different experimental setups.

Hanary (2001) performed various drug-drug interaction studies with
talinolol as model compound. In these studies, the in situ intestinal perfu-
sion model was used and the relevance of the data tested in in vivo studies in
rats. Cyclosporine A, rac- and R-verapamil, PSCS833, vinblastine, and
rifampicin were included. The ICs; values in perfusion studies were highest
for cyclosporine A and PSC833, yet maximum inhibition was not obtained with
PSC833 because of its poor solubility in perfusion buffer. With respect to
talinolol AUC enhancement in vivo, following concomitant application of
single p.o. doses, the most significant influence was detected for PSC833
followed by cyclosporine A, yet all modulators of P-gp-mediated secretion
increased talinolol AUC to some extent. No significant enantiomeric dif-
ference was detected for talinolol in rats. Furthermore, the enantiomer ratio
was not affected by the oral dosing of the modulators.

Drug bioavailability-enhancing ability has been attributed to a number
of grapefruit juice flavonoids (GFJ; e.g., Funr 1998). Yet, the underlying
mechanism appeared to be largely related to inhibition of biotransformation
(inhibition of CYP3A4) as opposed to inhibition of drug countertransport.
However, evidence exists that transport modulation also plays a role. With
respect to potential flavonoid effects, their cellular mechanism of action has
best been elucidated in cancer cells. For example, CRITCHFIELD et al. (1994)
identified flavonoids with increased '*C-adriamycine (*C-ADR) accumulation
in P-glycoprotein-expressing HCT-15 colon cells, while a number of flavonoids
reduced ADR accumulation and, hence, apparently upregulated and stimu-
lated P-gp-mediated efflux. The most pronounced stimulation was found for
galangin, kaempferol, and quercetin, which was blocked by MDR reversing
agents (such as verapamil, vinblastine, and quinidine). The authors proposed
allosteric effects, presumably at the “1,4-dihydropyridine-selective drug accep-
tor site” that was described by Ferry et al. (1992) to be allosterically coupled
to the vinca alkaloid-selective site, as one feasible mechanistic explanation for
the stimulation found.

In a GFJ-interaction study with the largely unmetabolized talinolol in
the Caco-2 cell model, apical-to-basolateral talinolol transport in the Caco-2
model at 1 mM racemate concentration was increased almost threefold when
GFJ was present (S-talinolol P 0.16 x 107 vs. 0.61 x 10 cm/s without vs. with
GFJ; R-talinolol P 0.19 x 107 vs. 0.71 x 10°cm/s without vs. with GFJ). In
vivo in rats, increased maximum plasma concentrations (Cp.x of S-talinolol:
control, 77.5 ng/ml vs. GFJ, 163.6 ng/ml; C,,,,, of R-talinolol: control, 79.5 ng/ml
vs. GFJ, 163.0ng/ml), enhanced AUC values, and decreased apparent oral
clearances were found for both talinolol enantiomers when GFJ was admin-
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istered together with a racemic 10mg/kg p.o. dose. Furthermore, GFJ tended
to accelerate the rate of talinolol input, but did not significantly affect termi-
nal talinolol half-lives. It was therefore concluded that inhibition of intestinal
secretion may contribute to bioavailability enhancement upon GFJ intake
(SpanN-LANGGUTH and LanGGutrH 2001). Stereochemical aspects were of
minor relevance.

IIl. Induction

Most work performed with respect to induction (= the only feasible possibil-
ity for increased stereoselectivity of the respective active transport process)
focuses on the expression of P-gp (MDRI1). Its expression in tumors after
chemotherapy is usually attributed to selection of preexisting multidrug resis-
tant cells by P-glycoprotein-transported cytotoxic drugs. Expression of multi-
drug resistance gene-encoded P-glycoprotein and related carriers (e.g., Borst
et al. 1997; SEELIG 1998; SEELIG et al. 2000) is known to be influenced by various
factors under in vitro conditions. For example, P-gp expression in tissue culture
can be increased by several types of stress-inducing treatments, including
agents that activate protein kinase C. Some human tumor cell lines turn on
the human multidrug resistance gene in response to heat and after exposure
to toxic chemicals (e.g., CHAUDHARY and RoNINSoN 1993; VOLLRATH et al. 1994;
PiritY et al. 1996). In vivo, ScHRENK and coworkers (1993) detected the induc-
tion of multidrug resistance gene expression during cholestasis in rats and non-
human primates and hypothesized that unidentified physiological inducers
might mediate increased transcription of the mdr gene observed during
cholestasis.

Various groups of chemicals have been described to influence the regula-
tion of MDR1 expression including anthracyclines (Hu et al. 1995), reserpine
and yohimbine analogs (BHAT et al. 1995), and phenytoin, estramustine, pacli-
taxel (KAwaMURA et al. 1996; SPEICHER et al. 1994; Su et al. 1998), as well as
vinblastine (ANDERLE et al. 1998). Scuirz et al. (1996) and ScHUuEeTZ and STROM
(2001) described a coordinated upregulation of both P-glycoprotein and
cytochrome P450-3A, e.g., in human colon carcinoma cells when cultured in
the presence of modulators and substrates of P-glycoprotein.

As for competition studies, different experimental approaches were made
by various authors to detect the in vivo relevance of P-gp induction.

1. In Situ Intestinal Perfusions in Rodents

Animals were pretreated with inducers and the effective permeability deter-
mined in studies in rats: a study on induction of intestinal secretion upon
chronic pretreatment with different P-gp ligands (HANAFY et al. 2000, 2001)
focused on talinolol as the model compound. In this study, intraindividual com-
parisons were performed by application of a two-step in situ intestinal perfu-
sion, where the baseline effective permeability (consisting of passive diffusion
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plus exsorption) as well as the permeability upon inhibition of secretion
(passive diffusion only) were determined. While repetitive verapamil and
talinolol dosing had no statistically significant exsorption-inducing effect, vin-
blastine and rifampicin pretreatments resulted in decreased intestinal talinolol
permeabilities in the three tested gut segments, duodenum, jejunum, and colon
[e.g., S-talinolol in jejunum: control 2.50 x 10™*cm/s; vinblastine induction,
1.48 x 10*cm/s (p < 0.05); rifampicin induction, 1.51 x 10®*cm/s (p < 0.05)]. The
inhibited permeability fractions were higher for vinblastine than for any other
pretreatment and the difference from control pretreatment statistically
significant for all intestinal segments (duodenum, 61.8%, colon, 63.1%; colon,
43.7%; S-talinolol). Statistically significant differences were also detected for
rifampicin pretreatment in the perfused duodenum and jejunum (33.1% and
27.5% increase in inhibitable fraction for S-talinolol). These differences were
explained by a significant induction of outside-directed transport in the intesti-
nal enterocytes by vinblastine and rifampicin. The negligible stereoselectivity
observed with respect to P,y values in the rat was not enhanced upon induc-
tion of exsorption. SANDSTROM and LENNERNAS (1998) investigated the influ-
ence of oral rifampicin pretreatment on the jejunal permeability of R- and
S-verapamil in the rat without observing an increase in stereoselectivity. In
addition, the P values decreased as a result of transporter induction, and for-
mation and luminal occurrence of R- and S-norverapamil were enhanced upon
rifampicin pretreatment, an observation which is in accordance with induction
of CYP3A metabolism.

2. Clinical Studies

Under clinical conditions, in healthy volunteers, a study was performed where
talinolol was administered both with and without rifampicin and steady-state
talinolol kinetic parameters were measured (WESTPHAL et al. 2000b). In
addition, these authors quantified the expression of P-gp in the duodenum
in biopsy samples obtained from the volunteers via reverse transcription-
polymerase chain reaction (RT-PCR), immunohistochemistry, and Western-
blot analysis before and after coadministration of rifampicin. Treatment
with rifampicin resulted in lower talinolol AUC values following p.o. as
well as i.v. talinolol and increased expression of P-gp in gut tissue. In these
volunteers, differences between the kinetics of the talinolol enantiomers
were detected upon rifampicin cotreatment only (WESTPHAL et al. 1999,
2000b).

Rifampicin pretreatment was also studied under clinical conditions with
the model compound fexofenadine (HamMan et al. 2001). The study showed
that rifampicin effectively increased fexofenadine oral clearance and that this
effect was independent of age and sex. Urinary recovery of fexofenadine
within 24 h amounted to 3.9%-5.8% of the dose in the various groups without
pretreatment and to 1.9%-2.7% with pretreatment. The amount of azacy-
clonol, a CYP3A-mediated metabolite of fexofenadine eliminated renally,
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increased on average twofold after rifampicin treatment; however, this
pathway accounted for less than 0.5% of the dose (24-h excretion into urine:
0.1%-0.2% for the control treatment; 0.2%—-0.3% for chronic rifampicin
pretreatment).

D. Alternative Processes and Carriers, Alternative
Species, and Variable Carrier Expression — Factors
That May Complicate Data Interpretation

I. Studies of Intestinal Transport and p.o. Bioavailability in the
Intact Organism

When studying drug absorption from the intestine, one may be focused on
local processes and may not readily realize that the “attached organism” con-
tributes to apparently local kinetics as well. For in situ perfusion studies,
negative Py values with addition of an inhibitor of the respective transporter
may indicate that the inhibitor is absorbed as well and affects drug disposition
considerably. For most modulators, the increased tissue levels were explained
by enhanced bioavailability, since the tissue-to-blood ratios were basically
unaffected or just slightly altered. Racemic verapamil and R-verapamil
coadministration, however, reduced the concentrations in most tissues in a
similar way as R-talinolol (HanaFy 2001).

II. Are Data Obtained with Other P-gp-Expressing Cell Systems
Representative of the Intestine of Animals and Man?

The relevance of carrier-mediated transport systems for tissue selectivity and
the alteration of tissue selectivity plays an important role in drug targeting
(Tsun 1999). Recent investigations on stereoselective transport in rats have,
for example, been performed with the noncompetitive NMDA-antagonist
gacyclidine, which consists of (—)-15, 2R- and (+)-1S, 2R-gacyclidine (Hoizey
et al. 2001). The concentrations of both enantiomers in the spinal cord extra-
cellular fluid (ECF) were virtually identical in spite of higher total and
unbound plasma concentrations of (+)-gacyclidine, indicating that an active
transport system is responsible for drug uptake into the spinal cord.

Mefloquine was subject to studies which included a comparison of rat
brain capillary endothelial cells (GPNT) and Caco-2 cells focusing on P-gp
affinity. In GPNT cells, the (+)-stereoisomer was up to eightfold more effec-
tive than its antipode in increasing cellular accumulation of [*H]J-vinblastine,
while in Caco-2 cells, both enantiomers were equally effective (presumably
competitive) inhibitors. Stereoselective P-gp inhibition by mefloquine enan-
tiomers was observed in rat brain cells, but not in human intestinal cells (PHAM
et al. 2000).
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III. P-gp and Other Transporters

Various P-gp substrates were found to exhibit affinity to other transporters
as mentioned before (Sects. A1, A.IV.). Hence, stereoselectivity may occur at
various sites, or stereoselectivity at one site may be inverse to that at the other
site resulting in no “apparent” stereoselectivity. Examples for important alter-
native transporters in this respect are MRP and OCT. MRP2 [canalicular
multispecific organic anion transporter (c(MOAT)] is, for example, responsible
for intestinal secretion of glutathione conjugates (GoTtoH et al. 2000).

Early work on the stercosclectivity of the renal OCT was performed by
the group of GiacoMini (e.g., OTT and Giacomint 1993; Hsyu and GiacomiINt
1985), who detected higher tetracthylammonium uptake inhibition for
quinine, S-(-)-pindolol, S$-(-)-verapamil, and R-(-)-disopyramide than for
their optical antipodes. The relevance of these findings for the gastrointestinal
tract is yet unknown and may be studied in experimental models on OCT-
mediated transport in the intestine as summarized by ZHANG et al. (1998).

IV. Variable Carrier Expression

In addition to observed species differences in sterecoselectivity, variable carrier
expression could lead to altered stereoselectivities in case of a stereoselective
carrier-mediated transport. For P-gp, it was found that interindividual vari-
ability may be genetically defined (KM et al. 2001). Hormonal influences were
also detected (OCT?2: Urakawmi et al. 2000; P-gp: ALTMANNSBERGER et al. 2000).
It is further assumed that — as for metabolizing enzymes ~ developmental and
environmental factors, diet, etc. should play a role and contribute to increased
variability in kinetics (LowN et al. 1997), and affect stereoselectivity in overall
drug absorption.
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CHAPTER 12
Enantioselective Plasma and Tissue Binding

PJ. HayBaLL and D. MAULEON

A. Introduction

Many drugs, chiral or otherwise, interact with plasma (Fig. 1) or tissue (Fig. 2)
proteins or with other macromolecules to form a drug-macromolecular
complex. The formation of such a complex with protein is generally referred
to as “drug-protein binding.” Drug—protein binding may be either reversible
or irreversible. A frequently cited example of irreversible binding is the cova-
lent chemical attachment of a drug to plasma or other protein via its acyl-
glucuronide metabolite (see reviews: SpaHN-LANGGUTH and BENET 1992;
HaypaLL 1995). In this chapter discussion will be largely restricted to
reversible chiral drug—protein associations.

Reversible drug—protein binding implies that the drug (ligand) binds with
the aid of intermolecular bond forces such as those involved in salt-bridge,
hydrogen, and van der Waals bonds. Hydroxyl, carboxyl, amino, and phenyl
groups of specific amino acid constituents of binding proteins are available
to interact with analogous functional groups of drugs. The N-H and C=0
groups of the protein backbone are able to establish relatively strong hydro-
gen bonds on regions not involved with a-helices or -sheets. At physiologi-
cal pH, carboxyl and amino functional groups will predominately exist in their
respective ionized states and the highly polar guanidine group in arginine
residues are collectively capable of forming salt-bridge links with oppositely
charged ligand groups. In addition to lipophilic phenyl groups, indole groups
in tryptophan are important m-donors. Moreover, lipophilic pockets or surfaces
in proteins are frequently constituted by a combination of aliphatic side-chains
(for example, leucine and isoleucine), aryl groups and disulphide bridges
where the principle binding force is hydrophobic through water exclusion.
Clearly, since these groups will be aligned in specific three-dimensional shapes
for both proteins and chiral drugs, the potential exists for drug—protein binding
to differ depending on the enantiomeric form of the chiral ligand, giving rise
Lo so-called enantioselective protein-binding. It is the inherent chirality of the
o-amino acid subunits of proteins which ultimately leads to enantioselective
binding of chiral drugs. However, it is the three-dimensional shape of
the protein which is recally responsible for the experimentally observed
enantioselectivity.
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Fig. 2. Chemical structures of enantiomers of representative chiral drugs which are
reported to bind to tissue components enantioselectively

Protein binding of drugs in the vascular compartment, rather than in the
tissue compartment, is the primary objective for review here since there have
been relatively few controlled studies that have examined the latter. Virtually
all such reversible binding of drugs occurs with plasma proteins; however,
there have becn a very limited number of studies which have examined, for
example, the uptake of isomers of chiral drugs into red blood cells. Also limited
are the number of studies which have examined the blood-brain barrier
passage of chiral drugs and the selective partitioning of enantiomers into other
tissues.
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B. Enantioselective Plasma Protein Binding

The plasma protein binding of chiral drugs is potentially enantioselective since
the binding sites in plasma are themselves chiral. While the degrees of enan-
tioselectivity in protein binding are typically smaller in magnitude than those
observed for the affinity of enantiomers at specific pharmacological receptors,
differences in enantiomer binding may have significant implications which
will be discussed in Sect. E. It is not the purpose of this chapter to collate all
that has been published on enantioselective binding, nor to discuss every
chiral drug class known to bind (non)stereoselectively to plasma and tissue
sites. Important principles governing the binding of enantiomers to plasma
protein and tissues will be discussed using representative pharmacological
moieties. The pharmacological impact of binding differences will be addressed
with particular emphasis on enantioselective pharmacokinetics and drug
disposition.

I. Binding to Albumin

Albumin, synthesized by the liver with a molecular weight of 65000-69 000 Da,
is by far the major component of plasma protein responsible for plasma
binding. Albumin is also found outside the vascular compartment in the inter-
stitial fluid of skin, muscle, and other organ tissues where its concentration 1s
approximately 60% of that in plasma. The elimination half-life of albumin is
about 17 days in humans. The concentration of albumin in plasma is held at a
relatively constant level between 3.5%-5.5% (w/v) although this can vary
with various disease states. Albumin has a major transport role in plasma for
endogenous compounds (for example, free fatty acids, hormones, and biliru-
bin) in addition to a wide range of drugs, particularly those with acidic prop-
ertics, which may be bound very avidly. It is now apparent that albumin
associates reversibly with drugs at specific sites and accordingly, may be
regarded as a silent receptor. The number of specific binding sites on the
albumin molecule is yet to be fully characterized with upwards of six sites
having been proposed (AscoLi et al. 1998; Yosuikawa et al. 1999). The
two main binding regions are the warfarin-azapropazone region (region I)
and the indole-benzodiazepine region (region II). It is now generally accepted
that both of these regions are able to discriminate between enantiomers and
that enantioselectivity may arise from differing affinities of enantiomers
towards a common binding region. In addition, preferences of individual enan-
tiomers to different binding regions may result in enantioselective binding to
this protein.

II. Specific Albumin Binding Regions

Binding region I (FEHSKE et al. 1981) has been the most extensively studied,
since it is occupied by a diverse range of therapeutically useful drugs. It would
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appear that two specific binding sites exist in region I, the azapropazone and
the warfarin binding sites (FEHSKE et al. 1981); however, recently three distinct
regions were identified capable of specifically binding dansyl-1-asparagine, n-
butyl-p-aminobenzoate, and acenocoumarol (Yamasakli et al. 1996). Recent
studies of the prototypical binding of warfarin enantiomers to region [ of HSA
have indicated that the S-enantiomer is a direct competitor for R-warfarin,
while R-warfarin was an indirect competitor for its antipode (BErtuCCI et al.
1999) (see Sect. B.VL.); however, differences in the unbound fraction are not
great with values of 1.2% and 0.9% reported for the R- and S-enantiomers,
respectively (Yacosi and Levy 1977).

Binding region II is capable of substantial chiral discriminatory capacity.
The most widely studied ligands have been the chiral 1,4-benzodiazepines
(BDZs). In fact, this specific, high-affinity BDZ site on HSA shows stere-
ospecificity of binding putatively similar in terms of which enantiomer binds
preferentially (at least for some congeners) to BDZ receptors in the central
nervous system (CNS), and has been proposed as a model to elucidate struc-
ture-activity relationships in the CNS (SaLvapori et al. 1997). The binding to
this HSA region by the hemisuccinate esters of the chiral benzodiazepine
oxazepam has been reported to occur with a degree of enantioselectivity of
approximately two orders of magnitude (MULLER and WoOLLERT 1975a), as has
the binding of lorazepam acetate enantiomers (Fitos et al. 1999). Similarly, the
binding of the essential amino acid (L)-tryptophan to region II occurs in a
highly stereoselective fashion being circa two orders of magnitude more avidly
bound than the unnatural (D)-enantiomer (MULLER and WoOLLERT 1975b).

In summary, the precise origin of the chiral discrimination process is often
difficult to gauge since conformational alterations caused by the chiral ligands
are likely. Far more useful is the study of the individual binding behavior of
the enantiomers. To date enantioselective binding to albumin binding sites,
other than regions I and II, have yet to be demonstrated, possibly since spe-
cific chiral markers for these alternative sites remain to be identified.

I11. Binding to o;-Acid Glycoprotein

oy-Acid glycoprotein (AGP), or orosomucoid, is a plasma globulin with a mol-
ecular weight of approximately 44000 Da. AGP, present at a much lower con-
centration (0.4%-1.0% w/v) than albumin, is an acidic protein shown to be
important in the binding of basic drugs. Unlike albumin, it is thought to possess
a single binding site (MULLER and STiLLBAUER 1983), and enantioselective
binding by AGP will presumptively occur solely due to differences in affini-
ties between enantiomers. Interestingly, there are at least two genetic variants
of AAG and this binding protein exists as a mixture of these variants: the A
variant and the F1 and/or S variant or variants (HERVE et al. 1998) which indi-
vidually (and hence collectively) are capable of discriminating between enan-
tiomers (Eap et al. 1990). Enantioselective binding to AGP has been reported
for a range of chiefly basic drugs such as rac-verapamil (EICHELBAUM et al.
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1984), rac-methadone (RomacH et al. 1981), rac-disopyramide (Lima et al.
1984; VALDIVIESCO et al. 1988), rac-gallopamil (Gross et al. 1993), and rac-
zopiclone (FERNANDEZ et al. 1999). In general, while AGP is a qualitatively
important plasma protein in the binding of basic drugs, it typically exhibits
low enantioselectivity, substantially less than has been observed for HSA-
drug binding.

IV. Binding to Other Plasma Proteins

Other plasma proteins, including lipoproteins, potentially exhibit enantiose-
lective binding because of their inherent chirality. And while the concentra-
tions of these proteins may be minor compared to albumin and AGP, in
situations where their production is increased (for example, hyperlipopro-
teinemia) or when plasma ligand concentrations have lead to saturation of the
aforementioned binding sites, chiral recognition by other plasma proteins may
become important. To date, there have been no such reported studies.

V. Species Differences in Plasma Protein Binding

Differences in the stereoselectivity of plasma protein binding can depend
on the animal species selected. It has been observed (Lmma 1988) that §-
disopyramide was more highly bound to plasma proteins than its antipode in
humans, gorilla, and pig serum, whereas the reverse was observed in serum
harvested from the blood of cow and sheep. Similarly, species (human and rat)
differences have been noted for the protein binding of propranolol enan-
tiomers (ALBANI et al. 1984; TaBkaHsHI et al. 1990) and verapamil enantiomers
(Gross et al. 1988). However, these differences are typically small and a con-
sequence of very similar binding affinities of various animal binding proteins
for each enantiomer. The pharmacological significance of this phenomenon
would be expected to be minor.

VI. Enantiomer Interactions at Plasma Protein Binding Sites

Consequences of enantiomer-enantiomer interactions at plasma protein
binding sites are discussed below (Sects. E.I. and E.IL.). A number of specific
mechanisms for such interactions have been proposed (Oravcova et al.
1996).

Competition between enantiomers (competitive inhibition) has been
observed for enantiomers of 2-phenylpropionic acid (JoNEs et al. 1986) and
flurbiprofen (KNADLER et al. 1989), where in each case inhibition and mutual
displacement occurred at one site on the albumin molecule. It has been sug-
gested that competitive binding of ligands to albumin might occur at different
parts on the macromolecule, a so-called induced-fit model, where conforma-
tional change accompanies the binding of one enantiomer which subsequently
modifies the binding of its antipode (HoNoRE 1990).
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An alternative mechanism involves allosteric displacement and has been
proposed to operate when S-warfarin displaces benzodiazepines from human
serum albumin (Frros and Simonyi 1992). Allosteric displacement is thought
to be sensitive to the concentration of displacing ligand following studies of a
model fatty acid displacer, octanoic acid (Nocror et al. 1992). Suprofen and
ketoprofen enantiomers, which bind predominately to region II of HSA (see
Sect. B.IL.), were affected by the presence of octanoic acid using an affinity
chromatographic technique (see Sect. C.II1.).

Enantioselective site-to-site displacement of protein bound drug has also
been examined (RaHMAN et al. 1993). Upon calculation of binding affinity
parameters for enantiomers of carprofen and ibuprofen to specific HSA
binding regions, the investigators concluded that in the presence of R- and
S-ibuprofen, carprofen enantiomers were displaced from their high affinity
site (region II) to their low affinity site (region I). When the latter region
was blocked by racemic warfarin, substantial displacement of carprofen enan-
tiomers ensued and a fourfold increase in their unbound fraction was
observed.

C. Methods for Determining Plasma Protein Binding
of Enantiomers

I. Classical Methods: Isolation of Unbound Drug

Typically, the amount of drug bound reversibly to protein is not measured
directly, rather it is calculated as the difference between unbound drug and
total (bound plus unbound) drug. Classical techniques such as equilibrium
dialysis, ultrafiltration and gel filtration involve the separation of a protein-
free solution containing unbound drug from the protein-drug solution.
With equilibrium dialysis, unbound drug diffuses from the plasma (or other
protein solution) into protein-free buffer outside a semi-impermeable mem-
brane. Using this method, the composition of the buffer, particularly its
ionic strength, may greatly influence the movement of unbound drug into
the protein-free solution, although this influence would be expected to be
nonenantioselective. Another limitation of the method is with highly lipophilic
drugs which can form micellar dispersions in the protein-free buffer thereby
leading to an overestimate of the unbound fraction; again, this is unlikely to
be enantioselective.

Filtration methods involve the centrifugal generation of a protein-free fil-
trate containing unbound drug. Subsequently, the protein-free solution is
assayed to determine drug concentration. For a chiral drug, when both enan-
tiomers are present or when interconversion is likely, enantioselective analyt-
ical methods need to be used. This may create significant methodological
problems since not only are unbound concentrations often much lower than
total (bound plus unbound) concentrations, but the additional problem of ana-
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lyzing one enantiomer when its antipode is also present in the sample needs
to be overcome.

Circular dichroism (CD) is a physicochemical technique which has been
used to identify binding sites of drug enantiomers on proteins. When a chiral
ligand binds to a protein, the asymmetric complex formed can be detected
using CD (CuIGNELL 1973). Asymmetrical complex formation can be analyzed
quantitatively as a measure of the ellipticity induced, and accordingly, provides
information on binding site(s) affinities. CD investigations have been per-
formed on numerous chiral drugs, including the binding of R- and S-warfarin
to HSA (BEerruccr et al. 1999) and carprofen enantiomers (and their modu-
lation by ibuprofen) to HSA (RaHmAN et al. 1993).

II. Quantification Using Radiolabeled Ligands

For chiral drugs, which are extensively bound to protein, the use of radiola-
beled enantiomers may facilitate determination of binding. These may be
sourced from pharmaceutical companies or radiochemical suppliers or alter-
natively, synthesized in-house. However, the use of radiolabeled ligand in
assessing protein binding requires an extremely pure radiochemical. Rela-
tively minor amounts of poorly bound radiochemical impurities can lead to
spuriously elevated estimates of the unbound fraction (Bjornsson et al. 1981),
and typically, a clean-up (often chromatographic) of radioligand is required
immediately prior to its use. Much less of a problem is the presence of optical
impurity in the radioligand source since, at the low ligand to protein ratios at
which radiolabeled drug is typically added, competitive displacement reactions
between enantiomers are likely to be minimal. As long as one is capable of
resolving the unbound radiolabeled isomers prior to their quantification, an
accurate description of enantioselective binding behavior is possible. For
example, when the plasma protein binding of ketoprofen enantiomers was
assessed (HavBaLL et al. 1991) [1-'*C]-labeled racemic drug was synthesized
and successfully used as unresolved radioligand to elucidate the binding of
the separate enantiomers. Similarly, labeled racemate was used to determine
the plasma unbound fractions of ibuprofen enantiomers, including their con-
centration-dependence and mutually competitive nature (Evans et al. 1989).

The potential problem of resolving the typically small amounts of radio-
labeled drugs available to investigators may be circumvented by semiprepar-
ative HPLC using a suitable chiral stationary phase. A novel approach when
investigating the enantiomer-protein binding of the (putatively) extensively
bound nonopiate analgesic ketorolac involved facile tritium exchange be-
tween racemate and *H,O followed by direct chiral HPLC resolution to give
separate labeled isomers (HAYBALL et al. 1994a).

III. Binding Studies Using Immobilized Plasma Protein

The binding of drug enantiomers to immobilized protein HPLC columns
has been used to assess enantioselective binding. Information on the affinity
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of individual enantiomers and interactions between ligands (including
enantiomer-enantiomer interactions) may be obtained. The binding properties
of enantiomers are directly related to the chromatographic parameters,
column capacity (retention) being a measure of the affinity to the protein, and
the enantioselectivity factor (ratio of enantiomer capacity factors) indicating
the degree of enantioselective protein binding. This occurs because in some
cases the immobilized protein retains the binding specificity (DoMeNIcI et al.
1990; Ascori et al. 1998) and the conformational mobility (CHossoN et al.
1993) of the native protein. By adding competing ligands to the mobile phase,
the chromatographic displacement of an enantiomer can be readily studied
(Berrucct et al. 1999).

HSA- and al-acid glycoprotein (AGP)-based protein columns, given the
predominance of these proteins in plasma, are the most widely used. There
have been numerous attempts to correlate HPLC column enantioselectivity
with native protein binding enantioselectivity to both albumin (LouN and
Hage 1996; BeErTucct et al. 1999) and AGP (Firos et al. 1995). Immobilized
albumin, in particular, has been a useful tool for rapidly probing enantiose-
lective drug binding, as discussed below for chiral NSAIDs, in addition to pro-
viding detailed information about the nature of binding to specific binding
sites on the albumin molecule. In particular, this method has been used to dis-
tinguish between competitive, cooperative, noncooperative, and independent
binding, following established definitions (HoNoRE 1990).

Correlation of chromatographic resolution by AGP-based protein
columns and binding enantioselectivity has been achieved with some but not
all representatives of chiral 1,4-benzodiazepines thus studied (Fitos et al.
1995). Oravcova and coworkers (Oravcova et al. 1996), in an extensive review
of binding methodologies, concluded that unlike albumin-based columns, AGP
columns are not suitable as a screening tool to assess the binding of ligands to
native AGP even though the system has been widely used to separate enan-
tiomers. It needs to be recognized that the nonphysiological conditions often
used chromatographically (pH differences and/or presence of organic modi-
fiers) may dramatically alter protein conformation and binding behavior
from that of the native protein. And clearly, if a number of the binding regions
of native protein have become associated with the linkages to the silica
chromatographic support, then differences in binding behavior would be
expected.

D. Enantioselective Tissue Binding and Partitioning

Compared to the number of studies that have examined the binding of enan-
tiomers to plasma protein, tissue binding studies are very limited. Tissue
sequestration of drugs is determined by the physicochemical properties of the
drug and of the site at which binding takes place in the tissue. Theoretically, a
specific tissue constituent to which a drug binds preferentially, may represent
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an important pharmacokinetic determinant. However, relatively few specific
tissue binding sites have been identified which make such an impact on the
dispositional properties of a drug, particularly those capable of discriminating
between enantiomers. Tissue phosphatidylserine has been proposed (Yara et
al. 1990) to play a role in the tissue distribution of weakly basic drugs. This
acidic phosphatide possesses a chiral amino acid substituent and accordingly,
may bind drugs enantioselectively particularly in tissues, such as the lung (pre-
sumptively including pulmonary surfactant), where significant amounts of this
binding component reside. It has been hypothesized to account, at least par-
tially, for the enantioselective tissue distribution of disopyramide and vera-
pamil (HANADA et al. 1998). Binding of chiral drugs to specific tissues (brain,
red blood cells, adipose tissue, and synovial fluid and tissue) are explored
below (Sect. D.I-IV.).

I. Blood-Brain Barrier Passage of Drugs: Impact of Chirality

Drug transfer across cellular membranes such as the blood-brain barrier is
dominated by the lipophilicity of the drug and by its degree of ionization at
physiological pH, which in turn is related to its acid-base properties. These
factors are not affected by chirality and accordingly, transport across the
blood-brain barrier should be nonenantioselective even though cell mem-
branes do form a chiral environment by virtue of their chiral constituents.
Chiral drugs may, rather than being passively transported, traverse with
the aid of active membrane-bound transporters and, since these processes
involve more specific molccular intcractions, potentially experience chiral
discrimination.

Indeed, in the few cases which have examined transport mechanisms for
chiral drugs, mostly their passage is not modulated by their stereoconfigura-
tion. RocHAT and coworkers (RocHar et al. 1999) evaluated the in vitro
transport of enantiomers of the selective serotonin reuptake inhibitor (SSRI)
citalopram, using rat brain microvessel cells; while transport was saturable and
temperature-dependent (suggesting the involvement of a carrier mechanism)
passage was nonstereoselective and bidirectional without influences of active
efflux mechanisms or monoamine oxidases. Most notably, lack of stereoselec-
tivity was noted before carrier-protein saturation was reached; clearly, once
saturation has occurred for a membrane-bound transporter, passive diffusion
(predictably nonenantioselective) would predominate as the transport mech-
anism. Similarly, the uptake and distribution of the new racemic SSRI (rac-
NS2381) into living porcine brain, using positron emission tomographic study
of the ""C-labeled analogue, showed drug accumulation occurred in regions
rich in serotonin uptake sites and this was largely nonenantioselective (SMITH
et al. 1999). Ethopropazine enantiomers have been shown not to exhibit dif-
ferences in either their plasma protein binding nor in their uptake by various
rat brain tissues (MABOUDIAN-ESFAHANI and Brocks 1999).
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An in vivo microdialysis study of the blood-brain equilibration of thiopen-
tal enantiomers in the rat was recently conducted (MATHER et al. 2000). Con-
centrations of R- and S-thiopental were measured in plasma, tissue, and brain
microdialysate of rats after intravenous infusion of racemate and tissue:plasma
distribution coefficients of R-thiopental were observed to be greater than
those of S-thiopental, when calculated from either total (bound plus unbound)
or unbound plasma concentrations. However, the investigators could find no
pharmacokinetic evidence to support enantioselectivity in the rates of equili-
bration across the blood-brain barrier.

The concentration and distribution of apomorphine enantiomers in
plasma, brain tissue, and striatal extracellular fluid was assessed with micro-
dialysis following subcutaneous infusion of the individual enantiomers to
steady state (Sam et al. 1997). Unbound apomorphine in the extracellular
fluid collected in the striatum was much higher than corresponding unbound
plasma concentrations. However, since this extracellular tissue compartment
is in equilibrium with the intracellular compartment which was rich in apo-
morphine, the authors were unable to conclude whether this was solely due to
an active transport across the blood-brain barrier or a redistribution from the
cellular compartment. Since the concentration of R-apomorphine was double
that of its optical antipode in brain microdialysate, a possible stereoselective
uptake could not be ruled out. This apparent trapping of apomorphine in the
striatum cells may be artifactual due to overloading by the drug administra-
tion method. Since unbound apomorphine is not in fast equilibration between
brain fluid and plasma, this means that exit of this compound from the CNS
should be slower than plasma clearance by other routes; in that case, the ratio
of compound inside the CNS versus compound in plasma should change with
time. Alternatively, the distribution of enantiomers in the brain could be con-
founded by the reported higher affinity of R-apomorphine for dopamine
receptors located on the cell membranes in the striatum (SEEMAN and VaN ToL
1993). Taken together, the situation for apomorphine above is complicated by
the simultaneous operation of numerous dynamic equilibria. The use of spe-
cific transport cell cultures would be nceded to narrow down the different
interacting mechanisms operating in vivo.

The classical nonselective B-adrenoreceptor antagonist rac-pindolol is
used clinically as the racemate for the treatment of hypertension and more
recently, given its reported 5-HT; 4,15 antagonist activity (NEWMAN-TANCREDI
et al. 1998), as a potential augmentor of numerous antidepressants including
selective serotonin reuptake inhibitors (SSRIs) (PEREZ et al. 1997; ZANARDI et
al. 1998). Yan and LeEwanDer (YAN and LEwanDErR 1999) investigated the
enantiomer concentration ratio in various tissues of the rat at 90 min follow-
ing subcutaneous bolus dosing with the racemate and found total brain levels
of pindolol were fourfold higher than in plasma and moreover, the S:R ratio
(for bound plus unbound compound) was 1.5 in the brain, a value significantly
higher than that observed in plasma and other tissues. Since the enantiomers
have identical lipophilicity, this enantioselectivity might conceivably be due to
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a higher free concentration of S-pindolol since differences in the binding of
enantiomers (f,s > fur) has been shown for rat oy-acid glycoprotein (MURAI-
KusHiya et al. 1993). The investigators have suggested that these data support
a role for the stereoselective passage of pindolol across brain endothelial cells
as has been shown for this drug when its transport by renal tubular cells was
assessed (Hsyu and Gracomini 1985). However, the time course of the con-
centration ratio for pindolol enantiomers may be relevant. Brain and plasma
levels are related through the equilibrium established by enantiomers cross-
ing the blood-brain barrier. If the plasmatic clearance is relatively fast, it may
be possible to find opposite isomer ratios at different sampling times. At short
postadministration times (absorption phase), plasma concentrations may be
higher than corresponding brain tissue concentrations, since the compound is
still entering the central compartment and the entry into the CNS is only start-
ing. During the distribution phase, CNS concentrations may be rising, while
the drug in plasma is decaying due to metabolic and other elimination
processes and possibly trapping in other peripheral compartments. Conse-
quently, CNS levels might be higher than those in plasma during this time.
Later, one could observe a progressive lowering of CNS drug levels, but when
the plasmatic clearance is very efficient this can act as a concentration sink
and the brain/plasma ratio is maintained above unity. Clearly, this underscores
the limitations of experiments performed when drug concentrations are deter-
mined at limited sampling times and accordingly, the pitfalls in the interpre-
tation of comparative concentration ratios of enantiomers between blood and
tissue determined over a single-dose time profile. This can lead to an appar-
ent enantioselectivity which is not due to intrinsic stereoselectivity at the
blood-brain barrier; rather, it is more likely due to enantioselective metabo-
lism as has been noted for many of the chiral f-adrenoreceptor antagonists
(WALLE et al. 1988).

The involvement of enantioselective efflux processes (such as p-
glycoprotein) have been proposed to also operate with the enantiomers of
E-10-hydroxynortriptyline; evidence has implicated a stereoselective, active
transport of drug out of cerebrospinal fluid (BERTILSSON et al. 1991) after drug
concentrations have putatively reached steady-state. Similarly, the time course
may have a strong influence on the interpretation of these data.

Conflicting data are reported for the quinoline-methanol antimalarial rac-
mefloquine. Administration of the racemate and individual enantiomers to rats
yielded plasma concentrations (bound plus unbound) for the (+)-isomer 2-3
times higher than those for its antipode, whereas the opposite was reported in
all tissues of the brain examined (BAUDRYy et al. 1997). In contrast, human brain
levels of (+)-mefloquine were substantially higher than (-)-mefloquine in two
postmortem cerebral biopsies performed on patients with fatal cerebral
malaria treated with racemate (PaaM et al. 1999). In one of those cases the
plasma ratio of (-)/(+) for bound plus unbound drug was 3.5. Given the
absence of plasma protein binding data for mefloquine enantiomers and
evidence for differential enantiomer binding of the structural analogues
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[rac-chloroquine (Oror1-ADJEI et al. 1986) and rac-hydroxychloroquine
(McLAcHLAN et al. 1993)], it remains to be determined whether the apparent
enantioselectivity in blood-brain transport is simply related to the relative
availability of unbound drug isomers in plasma. Also underscored by these
studies of mefloquine enantiomers is the question of whether the pathophys-
iological status of the blood-brain barrier plays a role in enantioselective drug
transport. Furthermore, the comparison of these two sets of data is compli-
cated by the differences in doses used in the rat study compared with those in
humans. It is possible that the postmortem drug analyses in humans were con-
ducted after a high-dose steady-state had been achieved with the antimalarial
in an attempt to load the brain as much as possible to cure the disease. This
means that linearity cannot be presumed here and protein binding might be
saturated.

II. Partitioning of Chiral Drugs into Red Blood Cells

The distribution of drugs through the red cell membrane has been well docu-
mented (SCHANKER 1964) and is usually governed by an equilibrium with
unbound drug concentrations in serum. Accordingly, one would predict that
partitioning of chiral drugs into these cells should be nonenantioselective
assuming equal availability of unbound enantiomers. Mostly, this has been
examined where unbound enantiomer concentrations in plasma are very
similar; red cell partitioning, after equilibrium has been attained, has shown
no differences for enantiomers of mexiletine (Kwoxk et al. 1995), ketoprofen
(HayBaLL et al. 1992), and propranol (Bar et al. 1983; OLANOFF et al. 1984).
However, the antirheumatic and antimalarial drug rac-hydroxychloroquine
has been shown (DUCHARME et al. 1994) to accumulate stereoselectively in red
blood cells (R > S), which could be explained by the higher plasma protein
binding of S-hydroxychloroquine (McLACHLAN et al. 1993).

III. Uptake into Adipose Tissue

Adipose tissue uptake of drugs is largely a result of lipophilicity, a chemical
property independent of enantiomer stereoconfiguration. However, members
of the chiral 2-arylpropionic acid nonsteroidal antiinflammatory drug
(NSAID) class, commonly referred to as profens, are subject to enantiospe-
cific conjugation with coezyme A (CoA) leading to the formation of an inter-
mediate CoA thioester, which in turn may lead to its incorporation into hybrid
triglycerides. This is a different process from the reversible equilibrium result-
ing simply from drug lipophilicity, since triglyceride formation is due to cova-
lent (irreversible) attachment of an NSAID. The 2-arylpropionates undergo
metabolic activation to reactive coenzyme A thioesters, which in turn have
been involved in the formation of hybrid triglycerides of these xenobiotics
(CaraBaza et al. 1996). This process is specific for enantiomers of the (R)-
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configuration and is thought to occur via a similar mechanism to the metabolic
chiral inversion process (HUTT and CALbwELL 1983). Some have suggested
that adipose tissue deposition of such compounds may have toxicological con-
sequences (CALDWELL and MArsH 1983) and while this is still speculative, it
highlights the potential for drug toxicity resulting from enantioselective drug
distribution. The molecular aspects of 2-arylpropionate thioester generation
have been recently reviewed (KNiGHTS 1998).

IV. Sequestration into Synovial Fluid and Articular Tissue

Since rheumatic diseases involve local articular pathology, it is generally
assumed that NSAIDs, the commonly used prototypical chiral drug class, need
to partition into the joint cavity to be efficacious. Trans-synovial passage of
NSAIDs appears to be a diffusion-mediated process, regulated principally by
the physico-chemical properties of the drug and the pathophysiological status
of the synovial membrane (NETTER et al. 1989). Accordingly, the individual
enantiomers of a chiral NSAID should exhibit comparable transport kinetics
across the synovial membrane with respect to the unbound species, although
enantioselective protein binding within the plasma and/or synovial fluid com-
partments might confound the interpretation of data generated for total
species.

Relatively few studies have monitored chiral NSAID enantiomer con-
centrations in synovial fluid. Day and coworkers (DAy et al. 1988) monitored
the time-course of total R- and S-ibuprofen in patients with rheumatoid arthri-
tis who were prescribed racemic drug. Synovial fluid levels of S-ibuprofen
exceeded those of its antipode across the dose interval, yet in plasma its
relative enrichment was significantly less, although this isomer still predomi-
nated at most time points. Compartmental analysis showed a faster rate of
entry of the S-enantiomer into synovial fluid, most likely as a result of enan-
tioselective plasma protein binding. It should be noted that since synovial
fluid contains albumin, albeit at a substantially lower concentration than in
plasma, at steady state the enantiomeric ratio of total species in synovial fluid
will also be modulated by enantioselective binding to synovial albumin and
other proteins.

More recently, the distribution of tiaprofenic acid isomers in synovium and
cartilage was assessed in osteoarthritic patients dosed with racemate for 2 days
prior to surgical arthroplasty (LAPICQUE et al. 1996). Rather than synovial fluid,
these tissues are the true local targets for NSAID therapy. Plasma and syn-
ovium concentrations of the pharmacologically active R-enantiomer were
higher than those of its antipode, while negligible amounts of drug were found
in cartilage. Various studies (MULLER et al. 1992; MigNoT et al. 1996) have
established that enantioselective binding of this NSAID to HSA occurred in
vitro; at a physiological protein concentration the S-enantiomer was bound to
a greater extent.
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E. Pharmacological Ramifications of Enantioselective
Plasma and Tissue Binding

Reversible drug—protein binding is a primary determinant of the pharmaco-
kinetic and pharmacodynamic properties of the drug. Taking the case of the
latter first, it is only unbound drug which is capable of eliciting a receptor-
mediated pharmacological effect; protein-bound drug is generally assumed to
be pharmacologically inactive. Clearly, this has ramifications when exploring
enantioselective in vitro activities of chiral drugs which may be probed in the
absence of protein-binding compared to the situation in vivo.

I. Enantioselective Plasma Protein Binding: Implications for
Interpretation of Pharmacokinetics of Chiral Drugs

In terms of the pharmacokinetic properties of drug enantiomers, the situation
is more complex. For some drugs that are highly extracted by the liver,
the degree of plasma protein binding does not significantly alter the rate of
metabolism, since the drug is efficiently removed from its plasma binding sites
during circulation through the liver. These drugs, such as rac-propranolol
and rac-verapamil, are classified kinetically as nonrestrictively cleared drugs
(WILkINSON and SHaND 1975). An analogous situation is seen with the
renal tubular secretion of drugs; secretion into the tubular lumen occurs in
spite of extensive protein binding. However, the majority of drugs are restric-
tively cleared, for example, the enantiomers of warfarin, and in this case the
hepatic clearance of total drug is directly proportional to the fraction unbound
in plasma (f,). Consequently, for restrictively cleared drug enantiomers which
are highly protein bound, a small difference between enantiomers in the
fraction bound to plasma protein will not only result in a relatively large dif-
ference in f,, but also in a proportional difference in plasma clearance.
This will have potentially important consequences in the interpretation of the
relationship between pharmacokinetic parameters of enantiomers of chiral
drugs and their observed pharmacological response. Cognizance of enantios-
elective plasma protein binding will also be important when interpreting
mechanisms for changes to total clearance or total drug concentrations, for
example, as a result of disease states. In theoretical treatments, Evans and
coworkers (Evans et al. 1988) and Tucker and LENNARD (TUcCker and
LENNARD 1990) have illustrated, among other variables, the impact of enan-
tioselective plasma protein binding on the apparent, but incorrect, pharmaco-
kinetics of the racemic drug.

Changes in the plasma protein binding of drugs arising from multiple-drug
therapy is well-documented; it is still used as an explanation for drug-drug
interactions. However, plasma is an open compartment and any drug which is
displaced from plasma proteins will rapidly distribute into tissue compart-
ments spreading out to increase its volume of distribution. Accordingly, the
transient increase in the unbound level of a drug, due to the presence of a dis-



304 P.J. HAayBaLL and D. MAULEON

placing drug, is usually of little therapeutic importance (SaANsoM and Evans
1995).

The pharmacokinetics of the chiral antiarrhythmic drug rac-pirmenol was
recently examined in dogs following intravenous administration of the race-
mate (JANICZEK et al. 1997). The (-)-enantiomer had 47% lower clearance and
33% lower steady-state volume of distribution than (+)-pirmenol and these
differences were mostly attributed to stereoselective plasma protein binding
reflected in a 58% higher unbound fraction for the dextrorotatory isomer.
Similar trends were observed when separate enantiomers were administered,
which suggested a lack of interaction between enantiomers.

II. Pharmacokinetic Implications of Enantioselective Plasma Protein
Binding: Case Studies of Chiral NSAIDs

Chiral NSAIDs, most notably of the 2-arylpropionate chemical class, have
been extensively studied in terms of their plasma protein binding properties.
Of all papers cited in ISI Current Contents (1993 to 2000) which have exam-
ined protein binding of drug enantiomers, either as a subject in itself or as part
of a pharmacokinetic/dispositional study, more than a third of these have
examined chiral NSAID binding behavior. Without exception, they are all
highly bound to plasma protein (principally to albumin) with f, values typi-
cally less than 1%. Given the extent to which these drug enantiomers are
bound to albumin, only a small difference in the degree of binding is neces-
sary to lead to significant enantioselectivity in f,. Further, since these drugs are
kinetically characterized as restrictively cleared, low hepatic extraction ratio
drugs, their total plasma clearance will be dependcnt on f, and substantial dif-
ferences may arise between the total plasma concentration profiles of the
enantiomers. In studies examining the disposition and protein binding in
humans of the chiral arylalkanoic acid NSAID rac-ketorolac (HAYBALL et al.
1994a,b), the investigators were able to conclude that the twofold higher total
plasma clearance of S-ketorolac was solely attributed to the concordant higher
unbound fraction of this isomer in plasma (and in buffer solutions containing
physiological concentrations of human serum albumin). By relying solely on
total plasma concentrations of enantiomers, incorrect assignment of mecha-
nisms (for example: metabolic, enzymic factors) could be postulated to explain
enantioselective drug clearance.

For compounds which are extensively bound to plasma proteins, such as
enantiomers of chiral NSAIDs, the apparent volume of distribution (V) of
each enantiomer can be represented by the following equation (LIN et al.
1987):

V= Vp(1+Rgn)+ V(£ /fur)

where f,r represents the unbound fraction of the enantiomer extravascularly,
Rg, is the ratio of the amount of binding protein (in the case of NSAIDs this
will be albumin) in the extracellular fluid outside the plasma to that in plasma,
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Vp is plasma volume, and V7 is the aqueous volume outside the extracellular
fluid into which the drug distributes. If one assigns physiological values to Ry,
Vp,and V1 of 1.4,31, and 301, respectively (O1E and Tozgr 1979) then this equa-
tion simplifies to:

V =7.2+30(,/fur)

It follows that the enantiomers of a chiral NSAID will have different
volumes of distribution if they differ in the relative extent to which they bind
to plasma and tissue components. Given that distribution volumes of NSAID
enantiomers are typically very similar and of the order 7-141 in humans, this
means that their tissue binding is appreciably less than their plasma protein
binding (the fraction f,/f,r is small in magnitude). Accordingly, plasma protein
binding, rather than tissue protein binding, will usurp the greater role when
attempting to understand mechanisms of enantioselective drug distribution for
drugs of this and related classes.

Since chiral NSAIDs are extensively bound to plasma albumin and they
have relatively low molecular weights, saturation of binding sites may occur
when enantiomer concentrations in plasma exceed available binding sites; this
situation may be exacerbated when both enantiomers are present in plasma.
Insight into the nonlinear human pharmacokinetics of ibuprofen isomers was
achieved when it was recognized that concentration-dependent binding was
occurring when escalating doses of racemate were administered (Evans et al.
1989, 1990). Evidence of displacement of each enantiomer by its antipode has
been noted by other workers including more recent studies in rats (IToH et al.
1997) and humans (PaLIWAL et al. 1993; SMITH et al. 1994).

IT1. Enantioselective Tissue Binding: Implications for Interpretation
of Pharmacokinetics of Chiral Drugs

With regard to the extent of tissue distribution of enantiomers, a tissue-to-
plasma drug concentration ratio (K,), more precisely probes enantioselective
tissue distribution than the plasma volume of distribution term as discussed in
Sect. E.11. At steady state, K, can be expressed by the following equation, pro-
vided a specific membrane transport system is not in operation:

Ky =C3 [C¥(Or +1 - Cl)/O)

where Ct and Cp are the steady-state tissue and plasma drug concentrations,
respectively; and Ot and Cl,, are the tissue plasma flow and intrinsic clear-
ance of drug by the tissue. In a tissue of a noneliminating organ Cl,,, is zero
and the above equation collapses (CHEN and Gross 1979) to:

— (S8 SS
K,=C*/CS
It is generally assumed that in the distribution equilibrium state, the con-

centration of unbound drug in plasma and tissue are very similar (assuming
no active transport) and thus:
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SS _ SS
f, xC* =1 xCT

and therefore, Ky, the tissue-to-plasma unbound drug concentration ratio, is
an inverse function solely of the unbound fraction in tissue:

Kpf = Kp/fu = 1/fuT

In the case of a chiral drug, it is independent of enantioselective plasma
protein binding unlike volumes of distribution terms.

Clearly, plasma protein binding assumes a far greater importance than
tissue binding when attempting to assess pharmacokinetic properties of drugs,
chiral or achiral.

F. Conclusions

In conclusion, the major plasma proteins, by virtue of their inherent chirality,
are capable of discriminating between enantiomers of chiral drugs. For enan-
tiomers which are extensively bound, relatively minor differences in affinities
for plasma protein can result in significant enantioselectivity when calculating
unbound fractions. This can have significant pharmacokinetic implications
when mechanistically assessing plasma concentration-time profiles expressed
for total (bound plus unbound) enantiomers, most notably, when the drug in
question is restrictively cleared by the liver. In many instances, the clinical con-
sequences of enantioselectivity in the plasma protein binding of drugs will be
relatively minor; however, in some cases there will be a significant impact such
as outlined for congeners of some chiral NSAIDs. Enantioselective tissue
binding is poorly recognized by comparison, and significant pitfalls may arise
when documenting blood and tissue concentrations of individual enantiomers
when steady-state has not been achieved (see Sect. D.1.). Essentially, enan-
tioselective sequestration of drugs into tissue, when correctly assessed under
steady-state conditions, can be explained by differences in the availability of
unbound drug in the vascular compartment, that is, by differences in plasma
protein binding.
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CHAPTER 13
Stereoselective Drug Metabolism and
Drug Interactions

A.S. Gross, A. Somoayl, and M. EICHELBAUM

A. Introduction

The pharmacokinetics of many chiral drugs are stereoselective. In the major-
ity of cases it is stereoselective metabolism that makes a major contribution
to the difference in disposition of the individual stereoisomers. Stereochem-
istry influences not only the disposition and activity of the parent drug but also
the nature and potential pharmacological activity of the metabolites formed.
Many recent developments are furthering our understanding of drug metab-
olism and the implications of stereochemistry. The enzymes catalyzing drug
metabolism are being identified and characterized in increasing detail with the
genes encoding these proteins being cloned and sequenced, and variants
identified and studied in different populations. The factors that regulate the
expression, levels, and activity of the enzymes are being determined and
the structural requirements for substrate binding are being understood as the
profile of substrates and their binding affinities become known. Furthermore,
the potential for clinically significant interactions between coadministered
drugs in vivo which associate with or are metabolized by the same enzyme can
be assessed and predicted from in vitro data.

The in vitro techniques utilizing human liver microsomes, heterologously
expressed enzymes, primary hepatocytes, and tissue slices are now being used
to characterize the metabolic fate of new drugs during development. Knowl-
edge of the enzymes catalyzing biotransformation in vivo and their kinetics
enables the prediction of the factors that will contribute to inter- and intra-
individual variation in metabolism and hence pharmacokinetics as well as
drug—drug interactions. Developments in stereospecific analytical techniques
which now enable individual stereoisomers to be measured in biological fluids
at very low concentrations have not only facilitated our understanding of the
metabolic fate of chiral drugs, but continue to provide valuable mechanistic
insights into the three-dimensional interaction between substrates and
enzymes. Induction and inhibition of drug-metabolizing enzymes have been
identified as two of the important mechanisms responsible for clinically
significant drug—drug interactions. A consideration of stereoselectivity can
provide additional understanding of the clinical significance of the interaction
of drugs used as mixtures of stereoisomers.
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The majority of drugs derived from natural sources are chiral, as they are
the products of the stereospecificity of biological synthesis. Chiral drugs
synthesized in the laboratory will be produced as racemic mixtures unless
stereospecific synthetic techniques are deliberately used. Recent develop-
ments in synthetic chemistry have facilitated the large-scale production of
single stereoisomers and therefore many newly introduced chiral drugs are
being used clinically as single stereoisomers. Nevertheless, established drugs
in widespread use today are used as mixtures of stereoisomers and it remains
important to have a clear understanding of the implications of stereoselectiv-
ity for drug metabolism and interactions. This chapter will describe relevant
and contemporary concepts with limited examples but will not provide a com-
prehensive catalogue of the extensive literature relating to stereoselective
drug metabolism. General concepts relating to stereoselective drug metabo-
lism are discussed in a number of reviews (TEsTA 1988; TRAGER and JoNEs 1987,
Mason and Hutr 1997).

B. Stereoselective Metabolism

When administered to man, drugs interact with the chiral environment which
is characteristic of all life. Production of pharmacological and toxicological
effects as well as distribution in the body and elimination via excretion or
metabolism are usually a consequence of an interaction with chiral macro-
molecules such as proteins. Metabolism, the conversion of the parent drug to
another chemical species, which is often more polar and thus readily excreted
from the body via the kidneys, bile, and gut, makes a major contribution to the
elimination of most drugs. As metabolism is a consequence of the interaction
of a drug substrate with a chiral drug-metabolizing enzyme, it is not surpris-
ing that there can be stereochemical consequences.

I. Substrate and Product Stereoselectivity

The concepts of substrate and product stereoselectivity must be distinguished
when discussing stereoselective metabolism (JENNER and Testa 1973). Differ-
ential metabolism of the stereoisomers of a chiral molecule is known as sub-
strate stereoselectivity. Although individual pathways of metabolism may
display a high degree of substrate stereoselectivity, the net metabolic clear-
ance of two enantiomers often differs only two- to fivefold as a number of
enzymes, each with varying substrate stereoselectivities, contribute to the
overall metabolism of each stereoisomer.

Product stereoselectivity refers to the formation of metabolites with a
center of asymmetry from a prochiral substrate. These reactions, catalyzed by
a single enzyme, often display a high degree of stereoselectivity or even stere-
ospecificity, and only one of two possible enantiomeric metabolites is usually
formed. For example, the formation of 4-hydroxydebrisoquine from debriso-
quine in vivo, a reaction catalyzed by CYP2D6, overwhelmingly favors the
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production of the (5)-(+)- enantiomer (EicCHELBAUM et al. 1988). In extensive
metabolizers (EMs) who express CYP2D6, the enantiomeric excess (a value
of 0 indicates no stereoselectivity and 100 stereospecificity) of this reaction is
greater than 96. In poor metabolizers (PMs) who lack active CYP2D6, the
enantiomeric excess ranges from 28% to 90% (mean 70%). An additional
example is the stereospecific reduction of naltrexone to the corresponding 653-
and not 6a-alcohol (MALPEIs et al. 1975).

Many enzymes have now been identified as contributing to the biotrans-
formation of drugs used clinically. Stereoselective metabolism has been
reported both for enzymes that introduce or unmask functional groups (phase
1 metabolism such as oxidation, reduction, or hydrolysis) as well as those
which conjugate the molecule with an endogenous moiety (phase 2 metabo-
lism such as glucuronidation or sulfation). Some examples of stereoselective
metabolism catalyzed by well-characterized drug-metabolizing enzymes are
given in Table 1.

The liver is the major organ responsible for drug metabolism; however,
each enzyme has a characteristic distribution throughout the body between
the liver and other tissues. Hence substantial extrahepatic metabolism may
occur for some drugs. In some cases extrahepatic metabolism can have impor-
tant clinical consequences. For example, CYP3A enzymes are localized on
enterocytes on the intestinal lumen (WATKINS et al. 1987; Lown et al. 1994),

Table 1. Examples of stereoselective pathways of metabolism catalyzed by identified
enzymes

Enzyme Metabolic pathway Stereoselectivity  Reference
FMO3 Chlorpheniramine (R) > (S) CASHMAN
N-oxidation et al. 1992
CYP2A6 Losigamone phenolic  (+) > (-) TorcHIN
oxidation et al. 1996
CYP2B6 Ifosfamide (S)>(R) Roy et al.
4-hydroxylation 1999
CYP2D6 Fluoxetine (R)>(S) MARGOLIS
N-demethylation et al. 2000
CYP2C9 Phenytoin (S)>(R) YASUMORI
4’hydroxylation _etal 1999
CYP2C19 Omeprazole (R) > (S) ABELD et al.
hydroxylation 2000
Mephobarbital (R) > (8) KosayasH1
4-hydroxylation et al. 2001
CYP3A4 Omeprazole (8)>(R) ABELO et al.
sulfoxidation 2000
Phenolsulfotransferase  Salbutamol sulfation  (R) > (S) EaTON et al.
1996
Reduction Warfarin (R) > (S) CALDWELL
keto-reduction et al. 1988
UDP-glucuronosyl- Zileuton (8) > (R) SWEENY and

transferases

glucuronidation

NELLANS 1995
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and when drugs which are substrates of CYP3A are administered orally sub-
stantial metabolism can occur during absorption, ¢.g., nifedipine (HOLTBECKER
et al. 1996) and cyclosporine (LowN et al. 1997).

1. Different Rates and Routes of Metabolism

Substrate stereoselectivity can be a consequence of metabolism by the same
enzyme at different rates for each stereoisomer due to differences in the three
dimensional interaction between the drug and the active site of the enzyme.
Metabolism at different rates via different enzymes may also occur. For
example, in human liver microsomes the intrinsic clearance of omeprazole to
the sulfone metabolite, a reaction catalyzed by CYP3A4 for both enantiomers,
is fourfold greater for the (5)-(3.87 + 1.66 ul/min/mg) (mean *+ SD) than the
(R)-(0.84 £ 0.17 yl/min/mg) enantiomer. By contrast, the intrinsic clearance
of omeprazole to the hydroxy-metabolite is tenfold greater for the (R)-
enantiomer (39.9 + 22.5 ul/min/mg), a reaction catalyzed predominantly by
CYP2C19, than the (§)-enantiomer (4.00 £ 1.59 ul/min/mg), a reaction cat-
alyzed by both CYP3A4 and CYP2C19 (ABELS et al. 2000).

The enantioselectivity of the metabolism of the calcium antagonist vera-
pamil, used clinically as a racemic mixture, has also been studied in man in
vivo and in vitro using human liver microsomes (KROEMER et al. 1992). The
enantioselectivity of the metabolism to norverapamil, D-617, D-703, and D-
702 differs (Table 2). This is a consequence of different enzymes catalyzing the
various pathways of verapamil metabolism. For example, CYP3A4 catalyzes
the formation of norverapamil, and both CYP3A4 and CYP1A2 contribute to

Table 2. Parameters (mean + SD) describing the kinetics of the metabolism of (S)- and (R)-
verapamil [Michaelis-Menten kinetics (K, Vi and intrinsic clearance, Cli, ) in vitro in human
liver microsomes (n = 10) and clearance to the metabolite (Clye) in vivo in healthy volunteers]
(KRrOEMER et al. 1992)

Parameter Norverapamil D-702 D-703 D-617

S R S R N R S R
K., (uM) 52.8+413" 63.8+504 159+142 3294382 594 £29.3° 409+256 447+185 924+953
Vinax (pmol/ - 809 £ 611 817+701 112+64 146 + 54 309+ 182" 174+107 1068 £978 1158 £ 871
mg/min)
Cline 184+161* 147+124 1022075 084+0.66 7.0+43° 54+36 27+24 20+ 14
(ml/min/g
protein)
Clyer 851"+ 215* 213°+45 nd. n.d. 531 + 141° 9.6+35 1857°%£534" 568 +185
(ml/min)

*Significant difference between (R)- and (§)-cnantiomers (P < 0.05).

®Sum of metabolites norverapamil + D-715 + D-620.

°Sum of metabolites D-617 + D-717.

n.d., not determined.
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the formation of D617 (KroEMER et al. 1993). A further interesting example is
the stereoselective glucuronidation of zileuton as shown in Fig. 1. The rate of
glucuronidation of (§)-zileuton is 3.6- to 4.3-fold greater than (R)-zileuton at
all concentrations measured, with both enantiomers having a similar apparent
K,, for the metabolizing enzyme but 3.4-fold greater V,,,, for the (S)- than for
the (R)- enantiomer (SWEENY and NELLANS 1995).

Alternatively, stereoselective metabolism can occur when the different
spatial orientation of the stereoisomers results in only one stereoisomer inter-
acting with a particular active site of a drug-metabolizing enzyme. The bio-
transformation of the stereoisomers is consequently catalyzed by different
drug-metabolizing enzymes, or the same enzyme may catalyze biotransforma-
tion at different sites on the molecule. Different pathways of metabolism for
the two enantiomers can therefore occur. A classic example is that of the
racemic anticonvulsant mephenytoin. The (§)-enantiomer is principally oxi-
dized to 4’-hydroxymephenytoin by CYP2C19, whereas the (R)-enantiomer is
principally N-dealkylated by CYP2C9 and CYP2B6 to form phenylethylhy-
dantoin (DE Mograls et al. 1994; GoLDSTEIN et al. 1994; Ko et al. 1998). Stere-
oselective mephenytoin pharmacokinetics result in vivo as the 4-hydroxylation
of (§)-mephenytoin is more rapid than the N-demethylation of (R)-mepheny-
toin (WEDLUND et al. 1985). An interesting recent in vitro study reports that
the same enzyme, CYP2C19, preferentially metabolizes each enantiomer of
omeprazole via a different pathway: 5-hydroxylation of the pyridine group
of (R)-omeprazole and 5-O-demethylation of (S)-omeprazole (ABELO et al.
2000).

In general, the closer the center of asymmetry to the site of metabolism,
the greater the potential for stereoselective metabolism. For example, modifi-
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Fig. 1. Stereoselective glucuronidation of zileuton. Influence of isomer concentration
on the rate of microsomal glucuronidation and Eadie-Hofstee plots of (R)-isomer and
(S)-isomer glucuronidation. Results represent mean + SE of hepatic microsomes from
four human livers. (SWEENY and NELLANS 1995)
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cation of the amino acid at the active site of metabolism can influence the
regioselectivity of metoprolol oxidation but does not influence the enantiose-
lectivity of oxidation at sites distant from the active enzyme site (ELLIS et al.
1996). However, this is not observed for all the metabolic pathways of chiral
drugs, e.g., methadone N-demethylation (FOSTER et al. 1999).

Stereoselective metabolism must therefore consider the chirality of both
the parent drug and metabolite and five scenarios can be considered.

2. Achiral-Chiral

A center of chirality is introduced into an achiral molecule during metabolism
and a chiral metabolite is produced. For example, tacrine metabolism to the
1-hydroxy metabolite is highly stereoselective, preferentially producing the
(+)-isomer in both rat and man (HoorkRr et al. 1994).

3. Chiral-Chiral

Metabolism of a chiral molecule occurs at a site separate from the center of
asymmetry. Consequently, the chiral center is retained in the metabolite. For
example, the antidepressant citalopram is metabolized by N-demethylation to
demethyl- and didemethylcitalopram, retaining the center of chirality and the
absolute configuration of the parent enantiomer in each metabolite (SipHU
et al. 1997). Similarly the chiral alkylating agent cyclophosphamide is metab-
olized to the noncytotoxic N-dechloroethyl metabolite with retention of the
center of chirality and absolute configuration (WiLLIAMS et al. 1999a). If the
racemate is administered the rates of formation of the metabolite from each
enantiomer can differ and therefore the ratio of the metabolites in vivo may
not be unity, as observed for citalopram (SipHU et al. 1997).

4. Chiral-Diastereoisomer

Metabolism introduces a second center of asymmetry into a chiral molecule.
The metabolic product will therefore be a diastereoisomer and two possible
configurations result from each chiral substrate. Both phase 1 and phase 2
reactions can produce diastereoisomers. For example, the o-hydroxylation
of metoprolol introduces a second center of chirality and produces a
diastereoisomer (MURTHY et al. 1990) as does metabolism of a chiral substrate
with a chiral conjugating agent such as the glucuronidation of oxazepam
(PaTEL et al. 1995).

5. Chiral-Achiral

Metabolism occurs at the site of chirality and results in the loss of that chiral
center. For example, aromatization of the dihydropyridine ring of chiral
calcium channel blockers such as nitrendipine produces the achiral pyridine
analogue (Masr et al. 1992).
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II. Chiral Inversion

Metabolism of one enantiomer to its optical antipode has been termed chiral
inversion (CALDWELL et al. 1988) and has been described for a number of
antiinflammatory chiral 2-arylpropionic acid derivatives. The inversion of
(R)- to (S)-enantiomers of compounds such as ibuprofen is considered to be
attributable to the initial formation of an acyl coenzyme-A-thioester of the
(R)-enantiomers, which is partially racemized by a CoA racemase to an inter-
mediate, which is then hydrolyzed to free the (S)-enantiomer (HaLL and
Xi1aotao 1994). Chiral inversion is discussed in Chap. 14, this volume.

Nonenzymatic chiral inversion can occur for some enantiomer pairs in
aqueous solution, or with albumin as a catalyst as reported for thalidomide
(ErikssoN et al. 1995, 1998), resulting in exposure to both enantiomers even
when an enantiomerically pure formulation of a single enantiomer is admin-
istered. In this case there will be no advantage to the administration of a single
enantiomer rather than the racemic mixture.

III. Species Differences

Animals are widely used in pharmacological research and play a pivotal role
in toxicology testing during drug development. It is well established that there
are species differences in the suite of drug-metabolizing enzymes and conse-
quently the rates and pathways of metabolism observed in the rat, rabbit,
mouse, monkey, or dog can differ from those observed in man. For example,
the opioid antagonist naltrexone is metabolized in man to an active metabo-
lite 6-B-naltrexol and this metabolite is not formed in the rat (MALPEIS et al.
1975). 1t is therefore not surprising that stereoselectivity of chiral drug metab-
olism can also demonstrate species differences. For example, in man in vivo
(R)-warfarin is preferentially reduced to (R,S)-warfarin alcohol. In the rat, in
vivo, this reaction is also stereoselective but favors (S)-warfarin, producing
(§,5)-warfarin alcohol (Lewis et al. 1974; PonL et al. 1976; HErMaNs and
TausseN 1989). This can have important implications for the interpretation of
the exposure of animal species to metabolites of pharmacological and toxico-
logical significance during chronic administration of racemic drugs.

C. Stereoisomerism and Metabolic Drug Interactions

Pharmacokinetic interactions between drugs can have a number of mecha-
nisms targeted at plasma binding sites, carrier-mediated transporters and
metabolic enzymes, each of which have the potential to display stereoselec-
tivity. Most clinically significant drug interactions are due to drug metabolism.
When a racemic drug interacts with another, coadministered compound
three different molecules are involved and often only measurement of the
concentrations of the individual stereoisomers can be used to fully explain the
clinical scenarios observed. This is especially important when the enantiomers
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of a racemic drug differ in potency for clinically important pharmacological
effects and the interaction is stereoselective. Metabolic drug-drug inter-
actions may involve inhibition or induction of the enzymes catalyzing
biotransformation.

I. Inhibition

When two drugs compete for interaction with the active site of a drug-
metabolizing enzyme which has a finite capacity, the drug with a higher affin-
ity will displace that with a lower affinity. If the displaced compound is a sub-
strate for the enzyme, its metabolism will be diminished, or inhibited. The
inhibition of each enantiomer of a racemic drug by an interacting drug will
depend on the affinities of the enzyme for the putative inhibitor relative to
those of the enantiomers of the racemic drug. Hence, even if the enantiomers
are metabolized by the same enzyme, each enantiomer may be differentially
affected. In the extreme case the two enantiomers may be metabolized by dif-
ferent enzymes and hence the interaction may affect only one optical antipode.
Stereoselective interactions of clinical significance for the racemic anticoagu-
lant warfarin have been extensively studied (for review see EICHELBAUM and
Gross 1996) and can be illustrated using the well-characterized example of
the interaction of warfarin with sulfinpyrazone (TooN et al. 1986).

(S)-Warfarin is a more potent anticoagulant than (R)-warfarin and the
rates and routes of metabolism of the two enantiomers differ (Park 1988).
(S)-Warfarin is metabolized to (S)-7- and some (S)-6-hydroxywarfarin
while (R)-warfarin is metabolized by both oxidation to (R)-6- and (R)-7-
hydroxywarfarin and reduction to (R,S)-warfarin alcohol (Fig. 2). Coadminis-
tration of warfarin with sulfinpyrazone results in prolongation of the pro-
thrombin time, while total plasma warfarin concentrations (R+S) fall or
remain unchanged. Stereospecific analysis reveals that sulfinpyrazone inhibits
the clearance by metabolism of (S)-warfarin, with the resultant higher (S)-war-
farin plasma concentrations responsible for the increased pharmacological
response (TooN et al. 1986). Sulfinpyrazone increases the clearance of (R)-
warfarin via displacement from plasma protein binding sites, and total (R)-
warfarin plasma concentrations fall. The sum of (R)- and (S)-warfarin plasma
concentrations therefore remains almost unchanged. By contrast, the inhibitor
of leukotriene biosynthesis, zileuton, decreases the mean clearance of (R)-
warfarin, but does not affect (S)-warfarin plasma clearance and no major
changes in prothrombin time occur (AwNI et al. 1995). These examples high-
light the need to measure the unbound concentrations of individual enan-
tiomers when the interactions of highly plasma bound racemic drugs are being
investigated.

An interesting recent example of the in vivo and in vitro investigation
of stereoselective drug interactions has been reported by HEMERYCK et al.
(2000; 2001). In vivo, paroxetine inhibits the clearance of both (R)- and (S)-
metoprolol and abolishes the stereoselectivity of metoprolol pharmacokinet-
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Fig. 2. Metabolic pathways of warfarin. The formation clearances (ml/min) from (R)-
and (S)-warfarin for each metabolite in healthy volunteers are given (Nioras et al.
1991). The formation of 7-hydroxywarfarin is the major pathway of metabolism of (5)-
warfarin, whereas reduction to the diastereoisomeric alcohol is the major pathway of
metabolism of (R)-warfarin. Clearance to 6-hydroxywarfarin is the same for both enan-
tiomers. (EicHELBAUM and Gross 1996)

ics. In vitro studies confirmed that this was a consequence of preferential inhi-
bition of metoprolol O-demethylation, which favors the (R)-enantiomer, by
paroxetine. This route of metabolism Is catalyzed by polymorphic CYP2D6.
At high concentrations of paroxetine, the stereoselectivity of metoprolol
metabolism in vitro is lost, indicating that metabolism via other pathways cat-
alyzed by other enzymes does not display net stereoselectivity (see Table 3).
Further examples of stereoselective inhibitory drug interactions include the
inhibition of propranolol by quinidine (Znou et al. 1990), verapamil by cime-
tidine (Mikus et al. 1990), nitrendipine by cimetidine but not grapefruit juice
(Soons et al. 1991), acenocoumarol by piroxicam (BoNNABRy et al. 1996), fle-
cainide by quinidine (BIRGERSDOTTER et al. 1992), oral nicardipine by grape-
fruit juice (Uno et al. 2000), and metoprolol by cimetidine (TooN et al. 1988).

Inhibitory drug interactions can also result when two drugs interact with
different binding sites on the same enzyme, with changes in the conformation
of the enzyme leading to noncompetitive inhibition of metabolism. Stereose-
lectivity in noncompetitive inhibition must also be considered if racemic drugs
are involved.
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Table 3. Effect of paroxetine on metoprolol metabolism in vitro® (HEMERYCK et al.
2001)

Paroxetine uM Clipy gl/min/mg (R)/(S)-ratio
Total Unbound (R)-metoprolol (S)-metoprolol

0 0 3.94 £ 0.56 2.54£0.23 1.55£0.16
0.5 0.04 224 £0.32 1.89 £ 0.52 1.25+043

1 0.08 1.57 £ 0.31 1.48 £0.12 1.07 £0.27

2 0.16 1.15£0.20 1.22+£0.20 0.98 £ 0.31

®Mean (£SD) intrinsic clearance (Cly,) of (R)- and (S)-metoprolol in pooled human
liver microsomes in the absence and in the presence of 0.5, 1, and 2uM paroxetine
(total added concentrations; substrate depletion experiments taking into account non-
specific microsomal binding).

Inhibitory drug interactions are routinely studied during drug develop-
ment using in vitro systems such as human liver microsomes and heterolo-
gously expressed enzymes. For chiral molecules, the in vitro results must be
extrapolated to the in vivo situation with caution if stereoselective pharma-
cokinetics results in a different ratio of concentrations of stereoisomers in vivo
than that evaluated in vitro.

II. Induction

Drug-metabolizing enzymes are differentially affected by inducing agents. If
the enantiomers of a racemic drug are metabolized by different enzymes,
exposure to inducing agents can preferentially influence the activity of the
enzymes metabolizing only one optical antipode and a change in the net stere-
oselectivity of metabolism can result. For example, there is stereoselective
induction of the metabolism of the prodrug cyclophosphamide, used in cancer
chemotherapy, by the anticonvulsant phenytoin (WILLIAMS et al. 1999b).
Phenytoin significantly increases the formation of the N-dechloroethylated
metabolite of (S)- and not (R)-cyclophosphamide, while also inducing the
formation of the active 4-hydroxymetabolite of both (R)- and (§)-
cyclophosphamide. Rifampin induces the metabolism of (R)-verapamil to a
greater degree than (§)-verapamil after both oral and intravenous adminis-
tration (FrommM et al. 1996). A far greater induction of verapamil metabolism
is observed after oral rather than intravenous administration, consistent with
a greater effect of rifampin on the drug-metabolizing enzymes of the intestine
than of the liver, and intestinal enzymes make a major contribution to vera-
pamil’s first-pass metabolism after oral administration (VoN RICHTER et al.
2001). A further interesting example of stereoselective induction is that of
ibuprofen by clofibrate (SCHEUERER et al. 1998). Not only is the clearance of
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both R- and S-ibuprofen increased by clofibrate, there is also an increase in
the fractional inversion of the R- to the S-enantiomer mediated via increased
formation of R-ibuprofenoyl-coenzyme A rather than the oxidative metabo-
lism of ibuprofen.

III. Enantiomer—-Enantiomer Interaction

As two compounds are coadministered when a racemic mixture is given, it is
not surprising that interactions between the enantiomers of chiral drugs have
been observed. If the enantiomers of a racemic drug interact with the same
active site of a drug-metabolizing enzyme, three scenarios for enantiomer—
enantiomer interactions are possible.

1. Mutually competitive inhibition of the metabolism of both enantiomers is
observed as they are metabolized by the same enzyme and compete for
catalysis.

2. Although both enantiomers are metabolized by the same enzyme, one
enantiomer has a higher affinity for the enzyme and acts as a competi-
tive inhibitor of its optical antipode. In this case the metabolism of
one enantiomer remains unchanged and that of the optical antipode is
inhibited.

3. Only one enantiomer is a substrate for the enzyme; however, the optical
antipode can inhibit the enzyme and hence the metabolism of the other
enantiomer.

Enantiomer—enantiomer interactions have been reported for an increas-
ing number of chiral drugs used as racemates including flurbiprofen, nitrendip-
ine, disopyramide, methadone, and propafenone. The interaction between the
enantiomers of the antiarrhythmic propatenone, used clinically as the race-
mate, has been investigated in detail. In vitro (R)-propafenone is a potent
competitive inhibitor of the 5-hydroxylation of (§)-propafenone, catalyzed
by CYP2D6 (KroeEMER et al. 1991), with (S)-propafenone being a weaker
inhibitor of (R)-propafenone metabolism. In vivo the clearance of (R)-
propafenone is similar when administered as the single enantiomer or the
racemate, whereas the clearance of (§)-propafenone is significantly lower after
administration of the racemate (920 + 300 ml/min) compared with the (S)-
enantiomer alone (2521 = 1450 ml/min). As (S)- but not (R)-propafenone has
B-blocking properties, the higher plasma concentrations of the (S)-enantiomer
following administration of the racemate can lead to B-blockade in patients
(KROEMER et al. 1989).

A recent example of a competitive enantiomer—enantiomer interaction
characterized in vitro is shown in Fig. 3. The apparent K, for (R)-zileuton glu-
curonidation is increased 1.8- to 3.4-fold by the (S§)-isomer and the apparent
K., for (S)-isomer glucuronidation is increased 1.3- to 1.8-fold by the (R)-
enantiomer. For both enantiomers there is minimal effect on the maximal
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Fig. 3. Enantiomer—enantiomer interaction for zileuton. Relationship between enan-
tiomer inhibitor concentration and K,, of R-isomer (O) and (S)-isomer (@) glu-
curonidation. The apparent K,, for R-zileuton glucuronidation is increased 1.8- to 3.4
fold by the S-isomer and the apparent K,, for S-isomer glucuronidation is increased
1.3- to 1.8-fold by the R-enantiomer. For both enantiomers there is minimal effect on
the maximal velocity of glucuronidation. (SWEENY and NELLANS 1995)

velocity of glucuronidation (SWEENY and NELLANS 1995). Interestingly the
ratio of the apparent K,, values ((R)/(S) = 1.2) is smaller than the ratio of the
K; values (2.4). These results may be consistent with the involvement of mul-
tiple UDP-glucuronosyltransferase isoforms in the enantioselective glu-
curonidation of zileuton.

If enantiomer—enantiomer interactions occur, a racemic mixture does not
behave as the simple sum of the individual enantiomers. The disposition of
each enantiomer observed when administered individually may not reflect the
pharmacokinetics of the enantiomers when given as the racemic mixture. If
chiral drugs are used as racemic mixtures, appropriate investigations using
stereospecific analytical techniques will be necessary to establish whether
there are clinical implications of enantiomer—enantiomer interactions
observed in vitro.
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D. Additional Consequences of Stereoselective Metabolism
I. In Vivo and In Vitro Pharmacological Potency

The relative potency of the stereoisomers of a drug for pharmacological effects
related to efficacy or safety is usually assessed in vitro at defined concentra-
tions. If the pharmacological effects display stereoselectivity, the more potent
enantiomer is termed the eutomer, and the less potent enantiomer the dis-
tomer (ARIENS 1986). If stereoselective metabolism resulting in stereoselec-
tive pharmacokinetics occurs in vivo, the plasma concentrations of the two
enantiomers will differ when equal doses are administered. If the pharmaco-
logical effects are stereoselective, the relative potency of the enantiomers in
vivo may differ from that observed in vitro as the relative concentrations of
the eutomer and distomer are not the same in vitro and in vivo. Depending
on whether the eutomer or distomer is preferentially metabolized, the in
vitro/in vivo potency may be attenuated or amplified. For example, in vitro
(S)-acenocoumarol is three to five times more potent an oral anticoagulant
than (R)-acenocoumarol (MEINERTZ et al. 1978). At the same unbound plasma
concentration in vivo the (S)-enantiomer will be three to five times more
potent than the (R)-enantiomer. However, in vivo the metabolic clearance of
(R)-acenocoumarol is 14 times lower than that of the (S)-enantiomer. There-
fore, when given at equal molar doses the plasma concentrations of (R)-
acenocoumarol are far higher than those of the (S)-enantiomer. The higher
plasma concentrations of (R)-acenocoumarol produce a greater pharmaco-
logical response than the lower concentrations of (S§)-acenocoumarol. If only
the same doses and not the different plasma concentrations are considered,
the (R)-enantiomer could appear to be more potent than the (S)-enantiomer
in vivo (THUSSEN et al. 1986; HERMANS and THDISSEN 1993). This potential dis-
crepancy highlights the importance of relating pharmacological effects in vivo
to plasma concentrations of the pharmacologically active agent rather than
the dose administered.

II. Active Chiral Metabolites

Metabolism does not always modify a drug molecule in a way that leads to
abolition of pharmacological activity (bioinactivation). Therc are many exam-
ples where drug metabolites produce pharmacological effects — either those
desired effects associated with efficacy and/or the undesired effects associated
with adverse reactions and toxicity. Substrate stereoselectivity therefore may
result in one enantiomer of a racemic drug preferentially forming an active
metabolite associated with efficacy or toxicity. For example, the alkylating
agent ifosfamide is used clinically as a racemic mixture for the treatment of
cancer (WiLLiaMs and WAINER 1999). Both enantiomers are metabolized via
a number of different pathways with 4-hydroxylation favoring the (R)-
enantiomer. In studies using the single enantiomers in animals, (R)-ifosfamide
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produces greater cytotoxicity, the desired pharmacological effect, which has
been attributed to higher concentrations of the 4-hydroxy metabolite. Patients
with ifosfamide-related neurotoxicity have been observed to have high con-
centrations of the metabolite (R)-3-N-dechloroethylifosfamide, which is
formed from (S)-rather than (R)-ifosfamide. Administration of the single
enantiomer, (R)-ifosfamide, has therefore been advocated to minimize the
dose-limiting neurotoxicity that can compromise the cytotoxic efficacy of
racemic ifosfamide (WiLLIAMS and WAINER 1999).

Some drugs have been developed as prodrugs, where metabolism in vivo
transforms the inactive molecule administered (the prodrug) to a metabolite
responsible for the pharmacological effects desired, a process called bio-
activation. For example, enalapril, given orally as an antihypertensive, re-
quires deesterification to enalaprilat before exhibiting angiotensin-converting
enzyme inhibition. Stereoselective metabolism of a prodrug in vivo can theo-
retically have important consequences if the active metabolite is chiral and
displays enantioselectivity for the pharmacological effects produced.

II1. First-Pass Metabolism

1. Intestinal and Hepatic Metabolism

Following oral administration, a drug traverses the intestinal mucosa and is
transported to the liver via the portal circulation before it enters the systemic
circulation. High concentrations of drug-metabolizing enzymes in the liver and
the intestinal enterocytes are consequently able to metabolize the drug prior
to systemic distribution throughout the body. The sum of the presystemic
intestinal and hepatic metabolism is termed first pass metabolism. If the
intestinal and hepatic enzymes display substrate stereoselectivity for a racemic
drug, the first pass metabolism and hence bioavailability of the chiral drug will
be stereoselective (SPAHN-LANGGUTH et al. 1997). The ratio of the enantiomers
in plasma in vivo following oral administration will also differ from that
observed following intravenous administration and consequently the total
concentration of the two enantiomers required to elicit a pharmacological
effect may be route dependent. The stereoselective first-pass metabolism of
verapamil is a clear example of this scenario (EICHELBAUM and Gross 1996).
The systemic metabolism of verapamil is stereoselective, resulting in a higher
clearance rate of the (S)- than the (R)-enantiomer and an (R)/(S) plasma con-
centration ratio following intravenous administration of 2. The first-pass
metabolism of verapamil is also stereoselective, favoring the S-enantiomer,
with the bioavailability of (S)- and (R)-verapamil being 20% and 50%, respec-
tively (VOGELGESANG et al. 1984). Consequently, after oral administration
plasma concentrations of the (R)-enantiomer are far greater than those of the
(8)-enantiomer (ratio (R)/(S) = 5); that is, total concentrations after intra-
venous therapy are enriched with the S-enantiomer relative to oral adminis-
tration. As the effect of verapamil on AV-node conduction is stereoselective,
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favoring the (S)-enantiomer (EcHIZEN et al. 1985, 1988), equieffective (S)-
verapamil concentrations are attained at higher total concentrations after oral
rather than intravenous therapy. Therapeutic efficacy is attained at oral doses
of 80-160mg and intravenous doses of 5-10mg racemic verapamil. Further
examples of stereoselective first pass metabolism include propranolol
(LinDNER et al. 1989), nitrendipine (MAsT et al. 1992), and salbutamol (WARD
et al. 2000). Figure 4 shows the plasma concentration-time profiles of the enan-
tiomers of salbutamol following oral and intravenous administration, clearly
demonstrating net stereoselective first-pass metabolism.

2. Bioequivalence

The implications of stereoselectivity for the assessment of the bioequivalence
of chiral drugs deserves mention (MEHVAR and JAMAL1 1997; NERURKAR et al.
1992). If stereospecific analytical techniques are not used, plasma concentra-
tions of the sum of the individual enantiomers will be measured and used
as a basis for assessment. If the racemic drug is subject to significant enan-
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Fig. 4. Plasma concentration-time profiles of (R)-(C) and (S)-(@®) salbutamol after
administration of (a) 500ug intravenously (b) 2mg orally (¢) 1200ug by inhalation
with oral charcoal and (d) 1200 ug by inhalation. Mean * SE in 15 healthy subjects. Net
stereoselective first-pass metabolism after oral administration clearly favors the
R-enantiomer. (WARD et al. 2000)
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tioselective first-pass metabolism and clearance, the pharmacokinetics of the
sum of the enantiomers will not represent the profile of the individual enan-
tiomers. This may be especially significant if one enantiomer makes a greater
contribution to drug pharmacological effects.

For two formulations of a racemic drug, the first pass metabolism of both
enantiomers should be identical if the rates of dissolution and rates of absorp-
tion are similar. However, if the formulation has a chiral matrix there is the
potential for differential release of the enantiomers from two different for-
mulations. The enantiomer which is more slowly released can be more
extensively metabolized during absorption and the bioavailabilities of the
enantiomers in the two formulations can differ. It is possible, therefore, for the
results of the assessment of bioequivalence to differ for the sum of the enan-
tiomers and each of the individual enantiomers, especially when immediate
and sustained release formulations are compared. Bioequivalence of the total
drug may therefore not reflect bioequivalence of the individual enantiomers.
For example, the bioequivalence of two formulations of the racemic anti-
histamine chlorpheniramine has recently been studied. Bioequivalence was
demonstrated for total ((R)- plus (S)-)chlorpheniramine as well as for the (S)-
enantiomer. However, although the difference between the formulations was
not large, based on (R)-enantiomer concentrations, bioequivalence was not
observed, and this result was attributed to the limit of sensitivity of the stere-
ospecific analytical technique used (Hiep et al. 2000). A similar scenario related
to the optical purity of the analyte measured has been reported when the bioe-
quivalence of nadolol formulations was studied (SriNivas et al. 1996).

IV. Impact of Disease

Changes in the activity of drug-metabolizing enzymes with disease can occur
which can alter the stereoselective metabolism of chiral drug substrates. A
greater response than expected from total drug concentrations may therefore
occur. If only the total drug concentration rather than the individual enan-
tiomers are considered, a shift in the concentration-effect relationship may be
observed. The greatest change in stereoselective metabolism may be expected
to occur for high clearance drugs with low oral bioavailability administered
to patients with hepatic disease. For example, cirrhosis leads to a decline in
hepatic mass with loss of functioning hepatic tissue, a decrease in liver blood
flow as well as a shunting of the portal blood supply, bypassing the hepatic
drug-metabolizing enzymes and therefore the first-pass metabolism. Net
metabolism of high clearance drugs is diminished and if there is stereoselec-
tive metabolism of chiral substrates, the relative plasma concentration of the
enantiomers may be altered relative to healthy subjects. Systemic concentra-
tions will not only be higher in patients with cirrhosis, they will be enriched in
the enantiomer which is usually preferentially metabolized during first pass.
For example, the bioavailability of (R)-nimodipine is increased 3- to 4-fold to
60%-65% in patients with cirrhosis, while that of (§)-nimodipine is increased
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17-fold to 40%—45% (SPorRKMANN 1992). As the cardiovascular effects of the
S-enantiomer are at least 10-fold greater than those of the R-enantiomer,
enrichment of the eutomer as well as the higher plasma concentrations
achieved, which are substantially greater than the increase in total (R)- and
(S)- concentrations, must both be considered during dosage adjustment in cir-
rhotic patients.

V. Genetics

1. Genetic Polymorphisms in Drug Metabolism

Genetic polymorphisms in drug-metabolizing enzymes have been widely
studied in recent years. Within populations there are subgroups of individuals
carrying mutations in the genes coding for the synthesis of drug-metabolizing
enzymes. These different alleles can result in loss of enzymatic activity, reduced
or increased catalytic activity or increased activity, the latter due to much
higher enzyme expression. At the level of phenotype these mutations give rise
to distinct subgroups in the population such as poor metabolizers (PM), inter-
mediate metabolizers (IM), extensive metabolizers (EM), and ultrarapid
metabolizers (UM), as reported for CYP2D6.

The major allelic variants of many clinically significant drug-metabolizing
enzymes have been identified. The frequencies of these alleles have been
determined in different ethnic groups and the consequences of the changes in
the genetic code for substrate specificity as well as enzyme activity in vitro and
in vivo have been investigated. Genotype has been shown to contribute to
variability in the activity of many enzymes catalyzing drug biotransforma-
tion, including the well-characterized examples of genetic polymorphisms in
CYP2D6, CYP2C19, and N-acetyltransferase 1 and 2, but also CYP1Al,
CYP2E]1, CYP2A6, CYP2C9, glutathione-S-transferases (WorMHOUDT et al.
1999), flavin containing monooxygenase 3 (FMO3) (SacHsE et al. 1999), and
UDP-glucuronosyltransferase (BHASKER et al. 2000) among others. If a poly-
morphic enzyme predominantly metabolizes chiral substrates stereosclec-
tively, the stereoselective pathways will be absent in individuals who lack the
active enzyme. For example, CYP2D6 contributes to the oxidative metabolism
of many chiral basic drugs including fluoxetine (MarGoLis et al. 2000),
dexfenfluramine (Haritos et al. 1998), metoprolol (LENNARD et al. 1983),
propafenone (KROEMER et al. 1989), flecainide (Gross et al. 1989), and mex-
iletine (ABoLFATHI et al. 1993; VaNnDAMME et al. 1993), and CYP2C19 con-
tributes to the stereoselective metabolism of omeprazole (ABELS et al. 2000),
mephobarbital (KoBavassi et al. 2001), pantoprazole (TaNaka et al. 1997), and
mephenytoin (KUPFER et al. 1981). Stereoselective metabolism of these drugs
is observed in extensive metabolizers (EM) who express the active form of
CYP2D6 or CYP2C19. For these two enzymes, 7% and 3% of the Caucasian
population respectively inherit two nonfunctional alleles, do not form the
active enzyme, and these individuals are termed poor metabolizers (PM). Not
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only is the net clearance via metabolism decreased in PMs relative to EMs,
but the stereoselectivity of metabolism is altered. For example, omeprazole,
used for the treatment of acid-related gastrointestinal disorders, is stereose-
lectively metabolized by CYP2C19. In PMs the plasma concentrations of
(R)-omeprazole are 7.5-fold higher than in EMs (Fig. 5), and plasma concen-
trations of (R)-hydroxyomeprazole formed from (R)-omeprazole are 3.8-fold
lower. (S)-omeprazole concentrations are raised in PMs relative to EMs, but
only by 3.1-fold, and no difference in (§)-hydroxyomeprazole plasma concen-
trations are observed. CYP2C19-catalyzed metabolism of omeprazole there-
fore favors the (R)-enantiomer, and when absent in PMs a greater change
in the metabolism and hence pharmacokinetics of (R)-omeprazole than of
(8)-omeprazole is observed (TYBRING et al. 1997). An additional interesting
example of stereoselective metabolism in relation to genotype is with the
chiral antidepressant fluoxetine. In CYP2D6 EMs, the apparent oral clear-
ances of (R)- and (S)-fluoxetine are similar (40 and 361/h, respectively). In
CYP2D6 PMs the apparent oral clearance of (R)-fluoxetine (171/h) is sixfold
higher than that of S-fluoxetine (3V/h). The plasma concentrations of
both enantiomers are greater in CYP2D6 PMs than in EMs; however, (§)-
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Fig. 5. Mean plasma concentration versus time curve for the enantiomers of omepra-
zole and 5-hydroxyomeprazole in five EM and five PM of CYP2C19 after a single oral
dose of 20mg racemic omeprazole. Plasma concentrations of (R)- omeprazole are
7.5-fold higher in CYP2C19 EMs than PMs and plasma concentrations of {R)-hydrox-
yomeprazole formed from (R)-omeprazole are 3.8-fold lower. (S)-omeprazole con-
centrations are raised in PMs compared to EMs, but only by 3.1-fold, and no diffcrence
in (§)-hydroxyomeprazole levels is observed. (TYBRING et al. 1997)
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fluoxetine plasma concentrations are increased 11.5-fold whereas (R)-fluoxe-
tine concentrations are only increased 2.5-fold. When CYP2D6 is absent in
PMs, the stercoselectivity of non-CYP2Dé6-catalyzed biotransformation is
clearly revealed. Stereoselectivity is not observed in EMs because metabolic
pathways of opposite stereoselectivity balance the stereoselective CYP2D6-
catalyzed metabolism (FJORDSIDE et al. 1999).

Investigations of polymorphic enzyme substrate specificity have used the
stereoselectivity of chiral substrate metabolism as a tool to provide mecha-
nistic insights into the substrate-enzyme interaction. For example, changing
the amino acid residue at position 374 from the N-terminus of CYP2D6 from
valine to methionine in in vitro expression systems alters the regioselectivity
of metoprolol metabolism, placing this residue at the active site of the enzyme.
This residue, however, is sufficiently distant from the chiral center of meto-
prolol for amino acid changes at position 374 not to influence the enantiose-
lectivity of metoprolol oxidation (ELLIs et al. 1996). In yeast cells, this same
amino acid change from valine to methionine at position 374 alters the enan-
tioselectivity of the 4-hydroxylation of bunitrolol from (+) > (-), which is con-
sistent with human liver microsomes, to (=) > (+) (NARIMATSU et al. 1999).
Modeling based on similar experiments supports the observation that the
valine at 374 in CYP2D6 is oriented towards the active site for substrate oxi-
dation. Interestingly, additional experiments suggest that the amino acid
at position 304, serine, is a determinant of CYP2D6 catalyzed metoprolol
enantioselectivity.

2. Inter-Ethnic Differences

The frequencies of alleles encoding for polymorphic drug-metabolizing
enzymes can vary between ethnic groups (Xie et al. 2001). Consequently,
ethnic differences in the proportion of individuals in a population with
altered enzyme activities occur. For cxample, the inactive CYP2C19 alleles
CYP2C19*2 and CYP2CI9*3 are more frequent in Asian than Caucasian
populations and therefore CYP2C19 PMs comprise 15%-20% of Asian
populations but only 3% of Caucasian populations (BerriLssoN 1995).
Stereoselective metabolism per se will be similar in individuals from different
ethnic groups of the same CYP2C19 genotype. However, different average
metabolic capacities — and average stercoselectivities of the metabolism of
chiral drug substrates, can result. For example, the stereoselective pharmaco-
kinetics of hexobarbital has been studied in Chinese and Caucasian EMs
and PMs of CYP2C19 (ApepoyiN et al. 1994). The stereoselectivity of
hexobarbital apparent oral clearance, principally attributable to metabolism,
in EMs ((R)/(S) = 6) differs from that in PMs ((R)/(S) = 0.5), irrespective
of ethnic group. Because a greater proportion of the Chinese than the
Caucasian population are CYP2C19 PMs, a greater proportion of the Chinese
than the Caucasian population will have altered stereoselectivity of hexo-
barbital metabolism. The population average stereoselective hexobarbital



332 A.S. Gross et al.

apparent oral clearance will therefore differ between Chinese and Caucasians
populations.

VI. Influence of Age

In utero and during growth to adulthood, individual drug-metabolizing
enzymes develop at different rates. If the enantiomers of a racemic drug are
metabolized by different enzymes, it is possible that the stercoselectivity of
metabolism will change as the activities of the individual enzymes develops.
For example, developmental changes in the pharmacokinetics of the enan-
tiomers of warfarin attributable to metabolism have been studied in prepu-
bertal, pubertal, and adult patients on long-term warfarin therapy (TAKAHASHI
et al. 2000). The unbound oral clearances of (S)- and (R)-warfarin with age are
shown in Fig. 6, and are mediated principally via CYP2C9 for (S)-warfarin and
via a number of enzymes for (R)-warfarin. The differential effect of age on the
oral clearance of the two enantiomers is related to estimated liver weight
changes for (S)-warfarin, but not for (R)-warfarin. This enantiomeric differ-
ence is postulated to be attributable to the multiple enzymes catalyzing (R)-
warfarin biotransformation maturing and developing at different rates during
childhood.

Although the activity of some drug-metabolizing enzymes declines with
old age, it is unlikely that stereoselectivity of metabolism would change. For
example, a decrease in the metabolism of both (R)- and (S)-verapamil is
observed in elderly subjects (ABERNETHY et al. 1993; Sasaki et al. 1993;
Scuwarrz et al. 1994). However, if the enantiomers of a racemic drug are
me