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Abstract: The aim of this paper is to describe the importance of stereochemistry in
essentially all interactions between drugs and biomolecules, and how it influences
their biological effects. Examples are chosen from well-known pharmaceutical and
narcotic drugs, which extensively affect our health and social life.
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Introduction

There are two types of drugs with respect to their origin, either they are extracted from
Nature, usually plants, e.g., nicotine, morphine, digoxin, penicillin, salicylic acid etc., or
chemically synthesized in the laboratory. One might ask whether there is any fundamen-
tal difference between these two types of substances? The answer is no! Nature is out-
standing in its creativity to produce intrinsic and complicated compounds in high purity,
but man has been more and more clever at imitating nature and also at producing new
and valuable or destructive products. Whatever the origin chemical substances may be
just as toxic and/or useful. This text will treat the importance of the detailed 3-dimen-
sional structure of a molecule and for its interaction with our biological system.

1. Basic Stereochemistry

Before we continue the discussion some basic concepts of stereochemistry must be dealt
with, as this text will predominantly deal with stereochemical aspects of drugs. Molecules
are three-dimensional items. Just as all macroscopic physical objects they possess various
symmetry properties. The two hands in Fig. 1 are illustrative. They are mirror images, but
if you try to superimpose them, you will find that they cannot be brought to cover each
other completely. As a consequence each of them only fits in the "correct” glove. The

' A complementary article entitled: “Therapeutic drug, toxic drug, and narcotic drug; the fascinating story of the same
chemical molecule having three 'faces' has been published by Marie-Iounise G Wadenberg, Associate Professor in Psychophar-
macology, member of Stromstad Academy and is published as AAS-68.



same is true for the two amino acids in the figure. They are the building blocks of proteins.
Objects with this property are called dissymmetric or for molecules chiral, from Greek
chéri (hand) and the two forms are a special form of stereoisomers called enantiomers.
The term isomer is used to describe molecules which have the same number of all the
atoms but are differently bonded to each other.

Fig.1. The similar properties between hands and molecules, in this case amino acids. R
stands for 20 various groups, which describes the 20 amino acids in humans.

In the overwhelming number of cases Nature produces only one enantiomer, in the case
of amino acids it is the one to the left in the figure. But if you synthesize the compound
in the lab without taking special precautions you get 50% of each. Such a mixture is
called a racemate. The two enantiomers have identical properties, such as melting and
boiling points, solubility, density etc., but differ when they meet another dissymmetric
entity, such as another chiral molecule or light, which is chiral as well! This latter tech-
nique opens a way to study and examine chiral molecules.

The amino acid in Fig. 1 illustrates an entry to determine whether a molecule may be
chiral or not. The central carbon atom is bonded to four different groups, which are dis-
tributed towards the corners in a tetrahedron with the carbon atom in the center. Such
atoms are called stereogenic. When a molecule has one or more stereogenic atoms it is
usually, but not always, chiral. If it has several such carbon atoms there are many stere-
oisomers, and the situation becomes complicated. A molecule is visualized by a molec-
ular formula, which is drawn according to certain rules, the most important of which are
(1) carbon atoms are represented by corners or ends of the bonds (lines), and (2) hydrogen
atoms bonded to carbon are not shown, and (3) other atoms (oxygen, nitrogen, sulphur
etc.) are indicated by their chemical symbol, (Fig. 2).

The association to the hands has inspired to the nomenclature of the two possible orien-
tations of groups on a chiral atom. One is called S from Latin sinister (=left) and the other
R from rectus (=right).” The specific rules for the terminology are complicated and be-
yond the scope of this article.

There is no alternative to the use of chemical formula to illustrate features discussed here.

? In eatlier terminology D and L (from Latin dextro and leavus) were used. However, D is not equivalent to R and L is
not equivalent to S!
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Fig. 2. A simplified way to draw a molecule (left), in this case acetylsalicylic acid (Aspirin)

2. Stereochemistry in Nature

It is rather a rule than an exception that enantiomers behave differently when they inter-
act with living matter. This is the case also with the receptors in the nose. For example,
the two enantiomers of the simple molecules shown in Fig. 3, limonene and carvone,
exist in different plants and have different smell depending upon which enantiomer it is
and of course independent of whether it is isolated from a plant or prepared in the lab.
Limonene is the major component in the oil of citrus fruit peels. The R-isomer is occur-
ring more commonly in nature and is the fragrance of orange peels. The less common S-
isomer has a piny, turpentine-like odor, and is found in the edible parts of such plants
as caraway and dill.” R-carvone has a sweety mint smell and is found in spearmint, and
S-carvone has an aroma of rye and is found in caraway. Compared to e.g. dogs the human
olfactory system is weak, but still we smell the difference between the enantiomers of
small molecules only differing in the orientation pattern around one atom.

P LT

S-limonene R-limonene S-carvone R-carvone

Fig. 3. The two enantiomers of limonene and carvone

3. Amphetamine modifications improve therapy, as well as illegal drug trade

Amphetamine is a synthetic drug, which is used in medicine and as a narcotic drug. In
Sweden amphetamine and its derivatives are the second most used illegal drug. It is a
rather simple molecule, chiral but usually used as a 1:1 mixture of the enantiomers (race-
mate). However, a prodrug that produces only the R-enantiomer is used to treat children
diagnosed with ADHD.

Most of the compounds shown in Fig. 4 have been synthesized to improve or alter their
pharmacological effect and are given imaginative names when used on the illegal

? This isomer is often erroneously claimed to be the main fragrance in lemon peels.



market. This illustrates how a simple search for improved properties of an initial ”lead”
compound by adding new or moving substituents to new positions. They are compara-
tively simple to synthesize, which has led to production for the illegal market and led to
the death of many young persons. This example illustrates how a parent molecule can
be subjected to modifications in order to improve properties or escape discovery.

amphetamin MDMA, "Ecstacy"
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MDA, "Sally"
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Fig. 4. Examples of amphetamine derivatives used as drugs under the name Ecstasy or other fan-
ciful names. Only one enantiomer is shown, the drug is usually used as a racemate.

4. Tramadol, a valuable painkiller and a strongly addictive drug

Many drugs have been synthesized by man. Others are produced in biological processes
but modified in lab to optimize their properties, e.g., penicillin.

An interesting example is the synthetic analgetic and strongly addictive narcotic sub-
stance Tramadol (Fig. 4), which is used as a 1:1 mixture of the two enantiomers, which
both contribute to the analgetic property through different mechanisms. Tramadol is one
of the most popular illegal drugs used by young people in Sweden and it causes a severe
problem. The drug is often used before commitment of violent crime.

This synthetic substance was later reported to be found in the roots of the bush Nauclea
latifolia in Cameroon.' The interesting observation, that a synthetic drug has later been
found in Nature, has been questioned by other researchers, who claim that the soil where
the bushes grow was contaminated by extensive use of (synthetic) tramadol and taken up
by the plant.""Now, Fig. 5 shows two structures. These are the two enantiomers of Tra-
madol. The fact that the substance found in the African bush was a racemate renders
support, but not evidence, to the proposal that soil had been contaminated by man. Yet,
the observation that Tramadol has been found at various locations in Africa suggests that

the compound is really produced by the bush.



HO,

(2 \/

z?'

Fig. 5. The two enantiomers of Tramadol. Wedged bonds point out from the plane of the sheet,
hashed bonds point below the plane. The hydrogen on the central carbon is written out to
specify the stereochemistry.

5. Taxol, a valuable cytotoxic cancer drug

During the 1960s researchers found that extracts from the bark of the Pacific yew tree
Taxus brevifolia was killing cancer cells. The substance, Taxol (later given the generic
name Paclitaxel), was isolated and its structure was determined and is shown in Fig. 6.
This is a very complicated molecule with 11 stereogenic atoms. Without geometrical
constraints such a molecule could exist in 2048 stereoisomers, 1024 pairs of enantio-
mers! The extracted substance was one variety of these isomers in pure form! As the tests
indicated that Taxol might be a powerful drug in the treatment of certain cancer forms it
was of interest to produce the compound in much larger quantities than could be ob-
tained from the yew tree, a frustrating situation and the unfolding of the development
process took over 40 years. Two research groups in the US succeeded 1994 to synthesize
Taxol in a race that required many man-years of skilled researchers and resulted in yields
of 0.02 %. An impressive scientific achievement, but not a practicable way to produce
sufficient amount for medical use. Later it was found that the complicated polycyclic
structure of the molecule was found in another type of yew and could be extracted in
larger quantities without killing the tree and starting from that molecule it finally turned
out to be possible to synthesize adequate amounts of Taxol. Today Taxol is used in the
treatment of ovarian, breast, pancreas and lung cancer.
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Fig. 6. The structure of the drug Taxol (Paclitaxel).
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6. Penicillin; the stereochemical origin of selectivity and the problem of re-
sistance

In Nature there is an ongoing chemical warfare between fungi and bacteria about their
common food. They try to poison each other by releasing substances that kill the enemy.
Already the Egyptians used old bread and porridge on wounds to treat infections.

An early clue to an understanding what was going on was the observation by Paul Ehrlig,
that certain dyes selectively were accumulated in bacteria, but not in human tissue and
that led him in 1909 to develop chemicals to combat bacteria, in this case the syphilis
bacteria, Treponema pallidum, and the arsenic compound Salvarsan was found useful.
Today more efficient and less toxic products are used.

In 1928 Alexander Fleming made the stunning observation that the mold Penicillium no-
tatum generated a product, called penicillin, (Fig. 7), that killed bacteria. The first im-
portant antibiotic was found and in World War Il the life of thousands of soldiers was
saved from severe infections.

The two connected rings were found to be essential for the activity of penicillin, but the
modification of, specially, the R-group4 generated substances which usually had similar
effects, leading to several antibiotic penicillins with slightly different properties.
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Fig. 7. The general structure of the penicillin skeleton (left) and a stereo representation
(right). The group R can be modified in many ways.

Penicillin may be administered in comparatively large quantities without serious side
effects to man. In order to understand this fortunate property, we must look at the mech-
anism of the antibiotic effect of penicillin. The drug binds to an enzyme called D,D-
transpeptidase, thus inhibiting cross-linking activity of the protein and thereby preventing
cell wall formation in bacteria. But why is the process so selective? The reason is that the
amino acids involved in the reaction are composed of amino acids of the type shown to
the right in Fig. 1. with opposite stereochemistry to human amino acids (left in Fig. 1).
Thus, our peptide metabolism is not affected by penicillin! However, also the normal
bacterial environment in our stomach is affected. Stereochemistry is crucial in under-
standing the interplay between molecules in living matter!

An increasingly serious problem for mankind in the war against serious bacterial infec-
tions is the resistance to action of antibiotics which increasingly develops all-over the
world. There are three different mechanisms of antimicrobial resistance of penicillins, (1)

* The letter R is often used to represent various chemical groups, not to be confused with the stereochem-
ical descriptor R.



enzymatic degradation of the drug, (2) alteration of the bacterial proteins and (3) changes
in membrane permeability to antibiotics.™ Route (1) is the most important mechanism.

Fig. 8. An example of a penicillin with the circled bicyclic flactam entity indicated.

Fig. 8 shows the molecular fragment called "B-lactam” which is the molecular entity
which is crucial for antibiotic effect. This bicyclic ring system is also rather unstable due
to considerable ring strain, and this is also the part of the molecule that is attacked in the
enzymatic degradation by resistant bacteria. So far little success has been achieved in
modifying this part of the molecule to resist hydrolysis and at the same time maintain its
antibiotic activity.

The sad lesson we have learned is that the battle against the ability of the bacteria to
modify themselves in order to disarm the antibiotics cannot be won.

7. Losec and Nexium. Drug optimization or profit optimization? A stereochem-
ical problem

In the late 1980s Astra-Hassle launched a patent on the substance omeprazole (Fig. 9)
after 22 years of research. This turned out to be a revolutionary anti-ulcer drug, which
was marketed under the trademark Losec. Losec was a successful drug with an annual
turnover of more than 29 billion Swedish crowns. The patent expired in 2003 and with
the appearance of generica the source of large incomes vanished. Along the journey it
was realized that omeprazole is a chiral molecule and Losec was administered as the
racemate. This was not obvious in the beginning as it is the sulphur atom that is stereo-
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Fig. 9. The two enantiomers of omeprazole marketed as Losec by Astra-Héssle



When the mechanism of the therapeutic action of the drug was investigated (Fig, 10), it
was revealed that both enantiomers metabolize to a common metabolite which is non-
chiral and it is this metabolite that binds to a receptor and inhibits production of hydro-
chloric acid. However, the rate of the metabolization was slightly different between the
enantiomers, the S-enantiomer was faster, leading to higher plasma concentration of the
metabolite. Astra then filed a patent of the pure S-enantiomer, Esomeprazole, claiming
that it was a considerably better drug. Thus, they could start a new period of protected
marketing of the drug and succeeding to convince the medical establishment that this
much more expensive drug was superior to Losec and could also be administered in
higher doses. It has been claimed that the small difference between the racemate and the
pure S-enantiomer did not motivate the higher price and Astra has defended their
claim.""" It has even been argued that “Nexium (Esomeprazole) should never have been
approved and that they did it only for money”." The story was an economic success for
Astra, but it should not be forgotten that Losec/Nexium has cured many people, later on
in combination with antibiotics to the eradication of the bacteria Helicobacter pylori,
which was shown to be responsible for gastric ulcer in many cases.
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Fig. 10. The central part of the metabo/lzat/on of omeprazole, here represented by the S-enanti-
omer to the non-chiral metabolite (in the middle, respons:b/e for the proton pump inhibition)
and its binding to the enzyme H+,K+ATPase, “proton pump”

S—S—enzyme

8. Thalidomide and the Neurosedyn catastrophe

In the late 1950s a drug with the generic name thalidomide (trade name in Sweden,
Neurosedyn) was launched for the treatment of anxiety, sleeping difficulties and morning
sickness. As these indications were common in connection with pregnancy the drug be-
came popular among pregnant women resulting in one of the biggest man-made medical
disasters ever. More than 10 000 children were born with severe limb deformities and
an unknown number of miscarriages occurred.

Thalidomide is a chiral compound and was marketed as a racemate (Fig. 11). Investiga-
tions after the disaster indicated that one of the enantiomers was responsible for the ther-
apeutical effect and the other was causing the malformations.""™ Could the former en-
antiomer be used for further medical treatment also for pregnant women? The answer
was NO. First, the reputation of the substance was compromised, but another chemical
argument is also valid: the enantiomers are interconverted to each other in vivo.
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Fig.11. The two enantiomers of thalidomide

Still today, however, racemic thalidomide is used to treat a number of cancers, e.g. my-
eloma and various skin conditions including complications of leprosy, of course with
pregnancy prevention.

The Neurosedyn disaster prompted many countries to introduce tougher rules for testing
and licensing of drugs with respect to stereochemistry.

9. Origin of the different, sometimes opposite, effects of enantiomers.

What is the reason to the difference in activity between enantiomers when they are so
similar? The origin of this effect is found in the binding of the drug to a protein and/or a
sugar residue, either an enzyme or a receptor. These proteins and sugar derivatives are
macromolecules with complicated three-dimensional structures and always chiral. The
active site, i.e., the position in the protein where the drug binds is usually a narrow
pocket, the role of which is to bind a specific substrate molecule very selectively for
further reaction or transfer of information. If one enantiomer of the drug specifically binds
to this site it is not surprising that if you redistribute the positions of the groups in the drug
it will no longer fit in to the pocket, just as the hand does not fit in the wrong glove. In
certain cases, the discrimination is total but not always, in other cases the two enantio-
mers bind to different parts of the protein. Fig. 12 illustrates this.
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Fiﬁ. 12. If the two enantiomers are oriented as to maintain the positions of the B and D groups,
the A and C groups will be permuted and don’t fit to the binding pocket or cannot fulfill their
destined action.

Modern scientific techniques, such as X-ray diffraction, nuclear magnetic resonance
(NMR) spectroscopy in combination with in silicio modelling (computer processing),
make it possible to study the binding of drugs to proteins in detail despite their compli-
cated structure. This in turn enables the possibility to design molecules that hopefully
should bind to the biomolecule with optimized affinity and high selectivity.



10. An example from my own laboratory that may illuminate the mechanism
of binding.*

A well-known B-blocker, propranolol, and its binding to active site of an enzyme, cellu-
lase, was used as a model system. Cellulase is an enzyme which cleaves the cellulose
string into smaller fragments and is found in fungi and bacteria. Thus, it is not the binding
to the receptor responsible for the anti-hypertonic effect of propranolol, but a very suita-
ble system to study the properties of binding of both enantiomers of a drug to a binding
site of a protein. Propranolol has one stereogenic atom, but is used as the racemate in
medicines, although the S-enantiomer is about 100 times more efficient at blocking the
adrenergic B-receptors.

Fig. 13 shows propranolol and several new molecules that we have designed and syn-
thesized in order to (1) optimize the binding to the protein, and (2) to study the detailed
difference between the binding of the two enantiomers. It turns out that, in this case, both
enantiomers bind to the same site, which also is the active site of the enzyme, i.e., the
position in the protein that is responsible for the cleavage of the cellulose molecule into
smaller fragments.
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Fig. 13. Propranolol and some of the designed and synthesized analogs.

By using several techniques, including capillary electrophoresis, x-ray diffraction, calo-
rimetry, and theoretical modeling, it was possible to design molecules which could bind
stronger to the protein with a more potent inhibiting effect of the enzyme. Fig. 14 shows
the two enantiomers of most potent compound, 9, when they bind to the protein in two
different experiments and subsequently each complex crystallized and examined by x-
ray crystallography, yielding a three-dimensional picture of the complex.

10



Fig. 14. Comparison of the binding of 5-9 (violet) and R-9 (green) at the active site of the cellu-
lase enzyme (Cel7A), in divergent stereo. This enables to see the structure in three dimensions,
either with 3-D glasses or by focusing on a point beyond the picture and slightly crossing your

eyes. Selected sidechains, the main chain, water molecules and ligand-protein interactions are
shown in associated colours.
In this case the two enantiomers bind to the same site, which also is the site of the protein
where the reaction that cleaves the cellulose molecule takes place, but with slightly dif-
ferent positions. The protein maintains its general structure, but the R enantiomer induces
conformational changes of the protein. The designed compound 9 binds 136 times
stronger than propranolol, and the S enantiomer binds 16 times stronger to the protein

than the R enantiomer.

} Asp214
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Fig 15. Left. The enantiomers of R-9 (green) and 5-9 (red) bound to the enzyme cellulase (Cel
7A) were individually crystallized and structure determined by x-ra Crysta//oiraphy, and then
superimposed with computer processing. Only a cut-out volume element is shown. Both ste-
reoforms bind to the active center of the protein, but that they assume slightly different posi-
tions. Right. With the help of the so-called docking program, which can calculate how much
energy is needed to remove one water molecule at a time and study the effect on the structure
and energy. We were able to show that eight water molecules (W1 — W8) were of crucial im-
portance for both structure and bond strength in the R enantiomer complex.

Despite the small structural variances, the binding was associated with very different
energy characteristics. It turned out that the binding preference was “entropy driven”.
This could be understood from the combination of the x-ray structures and computational

11



studies. It was found that eight water molecules (W1 — W8 in Fig. 15) were necessary for
both bond strength and structure of the R enantiomer complex. In the presence of these
water molecules the binding is strong, but the restricted mobility of the water molecules
leads to an entropy penalty that reverses the total binding strength.

This example illustrates the complexity of the binding of a drug to a binding-site of a
biomolecule. The use of an arsenal of techniques was necessary for an understanding of
the process and opens for the design of improved remedies.

10. Concluding remarks

The examples described in this article show that a simple permutation of two groups in
a molecule changes everything in the interaction between the molecule and all dissym-
metrical objects, including living matter. It also shows that most physiologically active
substances that are isolated from nature are chiral and exist in only one of the two mirror
imaging forms (enantiomers).

Are there no biomolecules which are not chiral? Yes, there are, but they are rather few!
Some examples are alcohol (ethanol) and caffeine, theine and theobromine, the most
important stimulating constituents of coffee, tea and chocolate, respectively. Even if we
are more or less addicted to these stimulants, life is unimaginable without the chiral
world.

However, a continuously growing number of natural products, even complex ones, have
been isolated as true racemates, a fact that has surprised scientists.” If this surprises also
the reader, the aim of this article has been accomplished!

lllustrations: Most illustrations are from own production. Fig. 1 and the colored structure
to the right in Fig. 7 are from Wikipedia.
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