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PREFACE: FAREWELL 

Good players know that they should leave the game while the fun still lasts. 
This is a thought that has been in our mind for some years. Aware that the 
day of our resignation as editors of Advances in Drug Research would 
inevitably come, we were all the more motivated to devote our energy to 
this task. Now the day has come indeed, and the volume you hold shall be 
the last under our editorship. 

With a total of 18 volumes bearing one or both of our signatures, we have 
been privileged during these 14 years to create and maintain cordial and 
enriching relations with innumerable colleagues in many countries. Yet 
impermanence is the only permanent thing in our world. Philosophers from 
Heracleitus of Ephesus to Henri Bergson have stressed that everything is in 
flux and constant change (Young, 1993). Our decision was therefore a natural 
one taken in the percipience of simply following the way of motion and 
alternance (Watts, 1992). 

To conclude our editorship on a harmonious and long-lasting note, 
particular attention was paid to selecting topics of interest, significance and 
appeal. As a result, the present volume comprises four chapters of quite 
broad and general character, and a more specialized one. 

In the first chapter, Testa and Kier build on a chapter they published in 
volume 26. Having presented complex systems and emergent properties, they 
now go on to propose dissolvence as the complement of emergence and show 
that this phenomenon can be recognized at all levels of complexity of interest 
in drug research. The concept is a provocative one awaiting applications, but 
it certainly allows the formation of complex systems to be seen in a flesh 
perspective. 

The second chapter is entirely oriented towards toxicology. Indeed, Rauws 
and his colleagues condense much common sense and many sobering insights 
into their text on 'sense and non-sense in toxicity assessment of medicinal 
products'. This topic is obviously a sensitive and difficult one, and it is treated 
here in a laudably constructive manner. 

The next two chapters treat broad and timely topics in drug design. 
Simonyi, a pioneer in medicinal stereochemistry, offers what is a primer on 
the significance of chiral conformers in molecular pharmacology. The 
importance of configurationally stable chiral compounds is well known to all 
drug researchers and was treated in a previous volume. However, Simonyi's 
chapter brings something quite different to the awareness of readers, namely 
the fact that very rapidly interconverting enantiomers are an invaluable tool 
to understand molecular recognition and specificity in ligand-receptor 
interactions. 



PREFACE ix 

The same can be said about the chapter on combinatorial compound 
libraries. This is at present one of the hottest fields in drug discovery, and 
we are grateful to two highly active and creative experts for sharing their 
knowledge and enthusiasm. While the pace of progress in combinatorial 
chemistry and high throughput screening is fast enough to outdate any factual 
text by the time it appears in print, Felder and Poppinger have achieved a 
unique overview that will remain valuable in years to come due to its synthetic 
and conceptual character. 

And finally, Batra and Bhaduri present the reversal of chloroquine 
resistance as a new concept in the chemotherapy of malaria. This is again 
a far-reaching text which blends findings and hypotheses in a stimulating 
manner. 

For all authors of Advances in Drug Research, preparing a chapter was 
a distinct step in their scientific life. For the undersigned, editing these 
volumes was a long-lasting commitment to serve drug research not only as 
educators and investigators, but also by helping others to find context, 
knowledge and inspiration. All we scientists march together on the road of 
discovery and creation. We enter this peregrination as students and leave it 
when the time has come. But whatever our contributions, and this is the 
editors' final conclusion, we ' . . .  should never regard [our] discoveries as 
more than steps along the infinitely long road to perfect knowledge. There 
is no ultimate certainty at any stage.' (Taylor, 1993.) 

BERNARD TESTA 
URS A. MEYER 
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'He escapes from his ego by this merger and acquires an impersonal immortality 
in the association; his identity dissolving into greater identity.' 

H. G. Wells, J. S. Huxley  and G. P. Wells (1934) (bold added),  

1 Introduction 

T o  d a t e ,  t h e  d e s c r i p t i o n  o f  c o m p l e x  s y s t e m s  is f o c u s e d  m a i n l y  o n  t h e  

e m e r g e n c e  o f  n e w  p r o p e r t i e s  a n d  b e h a v i o u r  ( G o o d w i n ,  1995; de  V r e e  1996; 

W a l d r o p ,  1992).  T h i s  a p p l i e s  to  c o m p l e x  s y s t e m s  in a n y  r e a l m  o f  sc ient i f ic  

i n q u i r y ,  i n c l u d i n g  d r u g  r e s e a r c h  ( K i e r  a n d  T e s t a ,  1995a) .  E m e r g e n t  be -  

h a v i o u r  is s p o k e n  o f  in t h e  s a m e  b r e a t h  as c o m p l e x i t y  a n d  r i gh t ly  d e s e r v e s  
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2 B. TESTA and L. B. KIER 

the designation of a hallmark. But what of the behaviour of ingredients 
caught up in the process of synergy, of the parts that form a system of a higher 
level of complexity? What is left behind in terms of properties when the form 
and function of complex components become subsumed in a higher order? 
The reality and the attributes of this 'lost chord' is a neglected but essential 
aspect of the understanding of complexity. Here, we explore in this light some 
complex systems of relevance to drug research (Kier and Testa, 1995a). 

2 The Synergetic Process in the Formation of Complex Systems 

A system, M, destined to become an ingredient in a higher order complex 
system, M + 1, has a form (or structure) and exhibits a pattern of behaviour 
called function (or properties). Form and functions fluctuate (Prigogine, 
1978; Cramer, 1993), thus generating a number of formal and functional 
states. These states are snapshots of the system at a given moment in time, 
and they are characterized by a definable form and by a definable function. 
In other words, any property exhibited by a system will have a different value 
for each state occupied by that system. 

Obviously, form and function can only fluctuate within limits, implying that 
the number of formal and functional states a system can occupy is limited. 
The ensemble of all possible states of this system will span a range of values 
which delineates a property space, which can also be viewed as the basis of 
attraction of all possible states of a given system. It is through the functional 
states, or rather through their properties (the observables) that a system is 
accessible to an observer. How many discrete and distinct states can be 
recognized for a given system depends, of course, on its intrinsic nature, and 
also on the criteria of discrimination applied by the observer. 

We now consider the synergetics of complex systems interacting and 
becoming integrated to create complex systems of higher levels. First, we 
imagine a number of systems of level M that coexist independently and 
without interaction but are synergistic in their potential to merge to form a 
system of level M + 1. When systems of level M acquire the ability from 
information processing to engage each other in weak interactions, an 
embryonic higher level system M + 1 emerges in a nascent state. This is 
schematized in Figure 1 for two systems of level M .  At this stage, system 
M + 1 is characterized by a small, partial blending of property spaces with 
concomitant loss of identity characteristic of the primordial M systems. We 
call such a loss, a process of dissolvence. This concept of dissolvence is the 
central argument of the paper. At the early stage described in Figure 1, there 
is limited emergence and limited dissolvence. The limited property space 
emerging at the level M + 1 co-mingles with the remaining property spaces 
of the conservative M level systems. 

The possibility of increasing interactions from more extensive information 
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Creation of 
Small Property LIMITED 
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1 
Small 
Contraction 
of Property 
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LIMITED 
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Weak Coupling 
between the 
Two Systems 
of Level M 

WEAK 
INTEGRATION 

FIG. 1. Schematic representation of weak coupling among sub-systems, resulting 
in limited emergence of new properties, and limited dissolvence of their property 
space. 

processing among level M systems brings a further change in the architecture 
of the evolving M + 1 level system. Moderate interactions produce progres- 
sively higher degrees of dissolvence and emergence of property space, 
resulting in a more integrated system, as portrayed in Figure 2. The process 
underway here is reversible, the temporal course being dependent upon the 
robustness of the two levels of complexity. 

At certain points in the course of the increasing synergy among M-level 
systems, the system may reverse its progress, collapsing to a lower level of 
synergy; possibly even reverting back to the field of conservative M-level 
systems. Alternatively, the balancing of internal information with synergetic 
stability may produce a metastable complex system bearing the hybrid 
character of M and M + I level systems. A third possibility is for the progress 
to continue from the generated information and to evolve towards a higher 
level of synergy with strong interactions between the components. The 
concomitant development of extensive emergence and dissolvence defines a 
higher level of stability in the highly organized and integrated M + 1 complex 
system. Such a complex system is schematized in Figure 3. 

To summarize at this point, we have presented a hierarchy of system types 
starting with isolated systems, M, which evolve to a M + 1 system of 
increasing integration of its constituents (Figures 1-3). It is assumed that this 
evolution is driven and controlled by an internal information exchange 
(Fleissner and Hofkirchner, 1996). 
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FIG. 2. Schematic representation of moderate coupling among sub-systems, 
resulting in moderate emergence of new properties, and moderate dissolvence of their 
property space. 

3 The Concept of Dissolvence 

The creation of a complex system at level M + 1 is accompanied by the 
emergence of properties (Figures 1-3). These emergent properties define the 
property space of the new system. Simultaneously however, we observe that 
the interaction, coupling and integration of the systems of level M is 
accompanied by a reduction in their property space. At this stage of the 
discussion, such a reduction is presented as a postulate to be exemplified and 
evidenced below. Here, we reflect on possible characteristics of the 
phenomenon in order to focus awareness and help recognize it in complex 
systems of relevance to drug research. 

The phenomenon we call dissolvence is viewed as a reduction in the 
number of probable states of a system as it engages in coupling and synergy 
with fellow systems to form a system with a higher level of complexity. In 
other words, a system merging into a higher system experiences a progressive 
(but partial) loss of choice, options and independence. The partially lost 
properties do not disappear, they dissolve into the higher system, to use the 
words of H. G. Wells, J. S. Huxley and G. P. Wells quoted above. To speak 
of dissolution would be trivial and too material. For reasons of parity with 
emergence, the word dissolvence is used. 
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FIG. 3. Schematic representation of strong coupling among sub-systems, resulting 
in extensive emergence of new properties, and extensive dissolvence of their property 
space. 

Dissolvence is an aspect of the formation of a complex system that has 
received little if any attention. We submit here that emergence and 
dissolvence are the two sides of the same phenomenon, namely the formation 
of a complex system. However, emergence and dissolvence do not involve 
the same properties. The properties lost during dissolvence are not the same 
as those arising in the emergence process, We now turn our attention to 
well-recognized occurrences of emergence in some complex systems and 
examine whether dissolvence can also be identified as a natural phenomenon, 
concomitant with emergence. 

4 Dissolvence at the Molecular Level 

4.1 MOLECULES 

The union of atoms to form molecules is a pervasive phenomenon in nature; 
think of water, the air we breathe, and the many inorganic molecules that 
form the lithosphere. The merging of atoms to form molecules gains 
paramount significance in the biosphere. This is affirmed by the observation 
that most of matter in the biosphere is formed by highly complex, functional 
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molecules with only a small part existing as 'unbound' elements. In the 
biosphere, the formation of molecules from atoms is just one step, albeit an 
essential one, in the open-ended ladder that leads to macromolecules, 
membranes, organelles, cells, tissues, organs, organisms, societies, and 
beyond (Kier and Testa, 1995a; Testa and Kier, 1995). The biological levels 
are examined in the next section. 

A molecule is a complex system (Primas, 1981). It can be viewed as a 
system of level M + 1 (Figures 1-3), whereas the ingredient atoms are level 
M systems. When the synergy of atoms occurs to form molecules, there is 
a well-known emergence of molecular properties that do not exist in isolated 
atoms. Such emergent properties and structural attributes include, among 
others, molecular topology, stereoisomerism, conformational freedom and 
flexibility. In other words, emergence in molecules involves their form, 
function and fluctuation. 

But what about the constituting atoms? Many of the properties characteris- 
tic of isolated atoms are lost in molecules. The simplest possible example 
is the hydrogen atom (one proton and one electron, i.e. the hydrogen radical 
H ' ) .  This species is so reactive that it has a very strong propensity to react 
with another H ~ to form H2 in a highly exothermic reaction. When H ~ is 
formed in biological systems (e.g., by high-energy radiations), it may cause 
significant biological damage. Clearly, H* loses its intrinsic reactivity when 
incorporated into H2, or for that matter into any molecule. 

The above is just a small yet significant example of dissolvence at the 
molecular level. In more general terms, the dissolvent properties of atoms 
when forming molecules are those associated with their external layers of 
electrons, the so-called valency electrons. These electrons no longer belong 
to the atom but form the molecular orbitals which account for so many 
emergent molecular properties and structural attributes (Primas, 1981). 
These properties and attributes are those outlined in previous writings (Kier 
and Testa, 1995a; Testa and Kier, 1995), to which one can add chemical 
reactivity and wavelengths of absorption of electromagnetic radiations. The 
latter property is particularly illustrative, since it determines the colour that 
a chemical compound appears to our eyes. 

The synergetic process accompanying molecular formation is thus ac- 
complished through electron sharing among the constitutive atoms, thereby 
destroying their conservative state and producing a dissolvence of their 
properties, together with a concurrent emergence of molecular properties. 

4.2 MACROMOLECULES 

The molecules that react to form macromolecules are known as monomers 
prior to the reaction and as residues once they are incorporated into 
polymers. This difference in names is in itself a revealing terminology, 
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indicating that chemists are well aware of the changes in chemical properties 
that accompany the monomer-to-residue transformation. Macromolecules 
can be natural (e.g., nucleic acids) or of synthetic origin, and they may 
contain a single or different types of residues (e.g., cellulose and proteins, 
respectively). In previous writings, we have discussed in some detail the 
emergent properties of biomacromolecules (Kier and Testa, 1995a; Testa and 
Kier, 1995). We now examine the coordinate changes in the properties of 
the monomeric units as they are incorporated into macromolecules. Chemists 
know all too well that when monomers are incorporated, they undergo 
chemical alterations, losing for example -H and -OH (in macromolecules 
formed by a reaction of dehydration, e.g. proteins and polysaccharides). 

However, the formation of macromolecules can also be discussed in a 
different perspective. Monomers as free molecules behave as any other 
chemical compound, possessing a property space defined by their form and 
function and their fluctuations. As residues, they experience numerous 
changes in their properties. For example, their conformational space is 
controlled mostly by the macromolecule, while the lipophilicity and ioniza- 
tion of their side-chains are strongly influenced by the macromolecular fields. 
In other words, residues differ from their monomeric precursors not only 
by small chemical changes, but also by major restrictions (i.e., dissolvence) 
in form, function and fluctuation. 

4.3 MOLECULAR AGGREGATES 

Another example of the coupled processes of emergence-dissolvence is the 
transformation of a disparate group of amphipathic molecules into a complex 
system such as a micelle (Testa and Kier, 1995). The amphiphiles exhibit a 
set of molecular properties (e.g. great conformational freedom) which face 
dissolvence when the molecules interact to form the new architecture of the 
higher level complex system. 

Macroscopic aggregates in the form of condensed states of matter can lead 
to similar considerations. A liquid, for example, has many emergent 
properties that are meaningless at the level of its individual molecules (e.g. 
freezing point, boiling point, viscosity and density). These molecules preserve 
their individual existence in the condensed state but due to strong inter- 
molecular coupling they experience restricted motion and conformational 
freedom, and a much reduced capacity for additional intermolecular inter- 
actions. This decrease in property space again exemplifies dissolvence. 

5 Dissolvence at the Biological Level 

Biological systems offer a vast and perhaps infinite repertoire of emer- 
gent properties. The simplest biological systems are considered to be 
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biomacromolecules, whose functionalities, adaptability, resilience and high 
propensity to enter higher-level systems make them the essential building 
blocks of living systems (Testa and Kier, 1995; Kier and Testa, 1995b). Some 
of these levels will be examined he re  for the revelation of coupled 
emergence-dissolvence. 

5.1 MOLECULAR MACHINES AND MEMBRANES 

Observations of emergence-dissolvence can be made with the aggregation 
of protein molecules to form functional aggregates (the molecular 'machines') 
such as many enzymes, ion channels, and receptor systems with their 
transduction units. The haemoglobin molecule is an example of such a 
system. Four haemoproteins combine through a variety of forces to become 
a functioning tetramer with emergent properties that optimize the transport 
and delivery of 02. Each macromolecule of haemoglobin exhibits dissolvence 
as the synergy occurs. This manifests itself as occlusion of certain side- 
chain functionalities, hydration patterns, and so forth. In general terms, 
biomacromolecules are regulated ('enslaved') in their form, function and 
fluctuation by the functional aggregates of which they are subsystems. 

Another eloquent example of simultaneous emergence-dissolvence is 
offered by biological membranes. The emergent properties of these multi- 
functional systems are compartmentalization, the control of transport 
processes, coupled or hypercyclic enzymatic activities, and transmission of 
information, to name some of the most important functions. All membrane 
constituents (phospholipids, cholesterol, various functional proteins and 
glycoproteins) experience marked limiting (i.e. dissolvence) in their property 
space. Thus, their conformational space is restricted, whereas their functions 
are subordinated to higher-level regulation. 

5.2 ORGANELLES AND CELLS 

Organelles are of particular significance in the present context, being units 
endowed with specialized, emergent functions, and separated by a membrane 
from the rest of the cell. Examples include nuclei, mitochondria, lysosomes, 
chloroplasts, and the endoplasmic reticulum with its ribosomes. Organelles 
are incapable of surviving or even functioning outside the cell, where they 
find the medium to which they adapted, or outside artificial media that very 
closely mimic these intracellular conditions. Inside the cell they receive the 
energy and material to operate and the information to regulate their 
functions, while they export their products and wastes. One telling example 
of dissolvence is that of mitochondria, the organelles whose major function 
is to supply energy to the cell in the form of ATP. The fact that mitochondria 
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retain the genetic information coding for some of their proteins has led to 
the conclusion that they are distant descendants of independent micro- 
organisms which evolved to become enslaved cellular constituents. 

Thus, organelles are open systems whose survival and functioning depend 
entirely on higher-level systems (cells) via a permanent influx and efflux of 
information, material, energy, products and wastes. Thereby, they participate 
in the synergetics forming the cell, and in so doing lose some of their form, 
function and fluctuation. 

5.3 TISSUES, ORGANS AND ORGANISMS 

At higher levels of biological complexity, the eukaryotic cells become 
participants in the synergy leading to tissues, organs, and organisms. At each 
level emergence is manifested by a variety of specific propert ies-  but what 
about dissolvence? 

Cells belonging to pluricellular organisms do not have the capacity for 
independent survival and multiplication, in contrast to prokaryotic cells (e.g. 
bacteria) which possess these essential functions but only in a few species 
associate to form pluricellular organisms. Like an organelle, a eukaroytic cell 
is an open system whose survival and functioning are entirely dependent on 
and controlled by higher-level systems via a permanent influx and efflux of 
information, material, energy, products and wastes. This total dependence 
for survival, this control and subjugation, are all expressions of dissolvence. 
The same control and regulation by higher levels is apparent in tissues and 
organs, and is also interpretable as dissolvence. 

In summary, organisms are highly complex systems whose form, function 
and fluctuation emerge from a hierarchy of subsystems that have surrendered 
some of their properties. 

6 Dissolvence at the Pharmacological Level 

6.1 THE TARGETS 

We have traced the hierarchy of complex systems from molecules through 
macromolecules, aggregates, organelles, cells, tissues, organs and organisms. 
In a pharmacological perspective, all these complex systems are the targets 
of drugs, and at all these levels events occur which are the focus of attention 
of medicinal chemists, biochemists and pharmacologists. The main point of 
the present argument is that any of these targets, when interacting with a 
drug or another active agent, forms a system of higher order displaying 
properties present neither in the target alone nor in the drug. In other words, 
the properties of the drug-target complex are much more than the mere 
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addition of the specific properties of the two partners (Kier and Testa, 
1995b). 

These emergent properties can be seen at the level of macromolecular 
targets (receptors, enzymes, ion channels and other molecular machines, all 
grouped here under the label of effectors), up to the level of organisms 
(animals and humans). Here, chemical manipulation by drugs leads, 
hopefully, to desired phenomena such as symptom palliation, pain relief, 
circulatory normalcy, and a host of other clinical objectives. All of these 
are emergent attributes arising from the interactions and transactions of 
ingredients of a lower level of complexity. 

Our perceptions of these emergent pharmacological attributes are recorded 
as measured responses exhibited by other complex biological systems, or even 
as sensations within ourselves. The latter comprise the emergent states that 
we call health, fitness or well-being - in other words, the mission of medicine 
and drug research (Testa, 1996). At this organismic level of emergence we 
do not have a continual sense of the cellular or subcellular phenomena 
antecedent to the measurements and awareness of the health state. These 
antecedents, these ingredients of emergence experience dissolvence as they 
become part of the manifold of changes in tissues and organs that collectively 
constitute our state of health. 

6.2 MOLECULAR AGGREGATIONS 

If we now look more closely at these systems, antecedent to perceived health 
parameters, we find numerous examples of the emergence-dissolvence 
couple within the hierarchical range of interest in pharmacology. At the level 
of molecular aggregation we identify the complex combination of ligand- 
water-effector as the molecular trigger initiating a cascade of events leading 
to a measurable pharmacological effect. The generation of an action from 
an efficacious union of these ingredients is the emergent property. Accom- 
panying the union of these ingredients is a significant degree of dissolvence 
for the partners. For the ligand molecule, this is identified with a loss of 
mobility and a restriction of conformational and electronic spaces. For water 
in the immediate vicinity of the complex, dissolvence is identified with a 
reduction in randomness. And for the macromolecular target, complex 
formation results, among others, in focused conformational and electronic 
changes (Figure 4). 

These processes of dissolvence are prerequisite to the emergence of action, 
i.e. the functioning of the complex. By limiting the choices of states of the 
ingredients within the complex there is created a number of possible states 
of the complex. Options of action and reaction are channelled. These 
limitations force certain reactions with higher probabilities. The inevitability 
of certain responses, including a fitness-evolved response of this system, is 
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FIG. 4. Schematic representation of the formation of ligand-effector-water com- 
plex system, resulting in the emergence of new, functional properties. This is 
accompanied by a decrease (dissolvence) in the space of probable states of the ligand, 
effector and water. 

thus established. This limiting and channelling of possibilities is an outcome 
of the dissolvence or elimination of many other reactions possible in the 
pre-union states of the ingredients. Kier and Testa (1995a, 1995b) have 
referred to this as a probabilistic advantage. Allegorically, we may say that 
the phoenix of emergence arises from the ashes of dissolvence. In drug 
research this concept might generate new questions and suggest fresh 
experimental approaches. 

6.3 DRUG-ORGANISM TRANSACTIONS 

In a broader sense we may view the interaction of a ligand with an organism 
where the ensemble exhibits a series of mutual changes in the partners. This 
is a type of interaction called transaction (Capra, 1983). The consequences 
of transaction are the emergence of unique properties not linearly related 
to the properties of the ingredients. Two facets of transaction emerge from 
these pairings, the pharmacodynamic and the pharmacokinetic effects. The 
pharmacodynamic effects have been shown to be a classification embracing 
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all of the effects of a drug on a biological system, whereas the pharmaco- 
kinetic effects are those which can be ascribed to the influence of a biological 
system on the drug. 

Pharmacodynamic effects invariably result in profound channelling of 
function and states in the effector, as in the cases of receptor activation or 
inhibition, receptor sensitivity change, and enzyme inhibition or induction. 
Each of these phenomena arises from the consequence of dissolvence of 
pre-transaction states and function profiles, as discussed above. 

The pharmacokinetic effect is a consequence of the context of the drug; it is 
a function of the biological environment acting upon the molecule. This 
results in a manifold of states adopted by the drug molecule to conform to 
conditions imposed by membrane barriers, seductive plasma proteins beckon- 
ing the passing drug to abide awhile, enzymes waiting to metabolize, and 
excretion routes bidding farewell to the intruder. Each event produces a series 
of restricting conditions on the drug molecule so that conformity is enforced 
and many options of state are no longer accessible. In other words, there is 
much dissolvence as the drug experiences its pharmacokinetic fate. 

6.4 DRUG-DRUG INTERACTIONS 

Each drug exhibits a profile of phenomena including distribution pattern, 
metabolic fate, clinical activity and side-effects. These collectively constitute 
the rubric of a drug, influencing its selection for the treatment of a patient. 
This rubric lists the attributes of a drug which manifests itself in the patient 
as a set of conditions referred to as the status of health and well-being. This 
set of conditions are emergent properties from the myriad of molecular 
encounters and cellular transformations, all experiencing dissolvence at each 
level. 

At first glance, we may anticipate that a second and even a third drug would 
add to the benefits experienced with the first choice of medication. Improved 
treatment, reinforced attack on a malfunctioning organ, enhanced receptor 
response, might be possible under this additive expectation. However, this 
synergy is not always verified, and sometimes interactions occur such that 
one drug may influence unfavourably the response of another drug. The 
activity of one drug may be reduced, masked or obliterated as a result of 
the interaction. Well-known examples of drug-drug interactions include 
heteroinduction or inhibition of metabolizing enzymes. Where each drug by 
itself may be a substrate to the enzyme capable individually of producing a 
favourable clinical outcome, together they are a pair of competitive inhibitors 
to each other. This is also an emergent phenomenon accompanied by a loss 
of properties of the individual partners. Stated differently, the specific 
pharmacodynamic effects of the drug-drug-organism trio is accompanied by 
the dissolvence of the individual effects of the interacting drugs. 
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When the health status outcomes of the co-mingling of two drugs are 
favourable, we refer to such a regimen as combination therapy. Here, we 
have evaluated the loss of individual drug properties, the dissolvence, and 
have accepted as desirable the emergent properties of the combination. The 
combined drugs are chosen for their ability to partially mask or to accentuate 
each other in the emergence-dissolvence paradigm. Recognition of the 
dissolvence is the key to the successful crafting of such combinations or to 
the avoidance of them in adverse situations. 

7 Conclusion 

In this text, the creation of some complex systems of relevance to drug 
research, and the emergence of their specific properties, have been viewed 
from an unexplored perspective. Specifically, we have examined the property 
space of the components as they come together and enter coupling and 
synergy to create a complex system. What has been found is that the number 
of formal and functional states of the components decreases during this 
creation. This phenomenon we call dissolvence, and it can in fact be 
recognized in the formation of complex systems at all levels of size and 
complexity. Table 1 again summarizes the main aspects of this paradigm. 

TABLE 1 
Relations between coupling of components, dissolvence of their properties, and 

emergence of properties at the higher level 

Level M Level M + 1 

Weak 
coupling 

Strong 
coupling 

Limited loss of properties 
Small decrease in number of states 
Small contraction of property 

space 

Limited Dissolvence 
in Properties 

Large loss of properties 
Large decrease in number of states 
Large contraction of property 

space 

Extensive Dissolvence 
in Properties 

A few emergent properties 
A few emergent states 
Creation of small property 

space 

Limited Emergence 
in Properties 

Many emergent properties 
Many emergent states 
Creation of large property 

space 

Extensive Emergence 
in Properties 
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Dissolvence must  not  be viewed as a dest ruct ion or a loss, but  ra ther  as 
a creat ive process ,  genera t ing  the informat ion  that  allows the nascent  system 
to appear  and evolve to h igher  states of organizat ion and emergence .  Thus ,  
the concept  of dissolvence should be recognized as the inseparable  counter-  
par t  of emergence .  Both  the e m e r g e n c e  and the dissolvence of p roper t i es  
can help under s t and  how complex systems are fo rmed ,  behave  and evolve. 
In the field of drug research ,  the emergence -d i s so lvence  pa rad igm might  
allow researchers  to observe  under  a different  angle the t ransact ions  b e t w e e n  
ligand and target ,  the format ion  of the funct ional  complex ,  and the 
e m e r g e n c e  of new proper t ies .  This is t rue  in all systems discussed above,  be 
they chemical ,  biological or pharmacological .  If this view allows new 
p h e n o m e n a  to be recognized and new quest ions  to be asked,  it will prove 
its worth  and be taken up by others .  We offer this pre l iminary  writ ing with 
the hope  that  it may be a source of insight and inspirat ion.  
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1 I n t r o d u c t i o n  

1.1 HISTORICAL BACKGROUND 

T o x i c o l o g y  is the  sc ience  of  chemica l ly  i n d u c e d  h a r m f u l  effects  to h u m a n s ,  

to the i r  d o m e s t i c  an ima l s  or  p lan t s ,  o r  to the  w e b  of  n a t u r e  at la rge .  

T o x i c o l o g y  is a subd i sc ip l ine  of  n a t u r a l  sc ience  and  as such s h o u l d  idea l ly  

no t  b e g e t  n o n - s e n s e .  Ye t  the  t i t le  of  this essay will,  in m a n y  b i o m e d i c a l  

co l l e agues ,  e v o k e  fee l ings  of  r ecogn i t i on .  T h e  r e a s o n  is t ha t  toxici ty  

a s s e s s m e n t  is m o r e  t h a n  tox ico logy  a lone :  it is the  jud ic ious  a s s e m b l y  and  

i n t e r p r e t a t i o n  of  the  resu l t s  of  toxici ty  tests ,  to conce ive  a c o h e r e n t ,  cons i s t en t  

p i c tu re  of  the  h e a l t h  effects  of  the  s u b s t a n c e  u n d e r  inves t iga t ion .  H e r e ,  t he  

sc ient is t  can d e m o n s t r a t e  his or  he r  h u m a n  fal l ibi l i ty and  i n a d e q u a c i e s .  

In  this essay  we l imit  o u r  d i scuss ion  to act ive subs t ances  u s e d  in 

h u m a n  med ic ine .  A l t h o u g h  f u n d a m e n t a l l y  and  techn ica l ly  t h e r e  is on ly  o n e  

tox ico log ica l  sc ience ,  the  a s s e s s m e n t  p r o c e d u r e s  for  h u m a n  m e d i c i n a l  

p r o d u c t s  differ  f r o m  those  for  pes t i c ides  a n d  o t h e r  p r o d u c t s  p o t e n t i a l l y  

p r o d u c i n g  r e s idues  in food  o r  in the  e n v i r o n m e n t .  

To  u n d e r s t a n d  the  p r e s e n t ,  one  s h o u l d  s tudy  the  past .  T h e  m e a n i n g  of  t h e  

anc i en t  G r e e k  w o r d  ' f a r m a k o n '  was  or ig ina l ly  'magic '  o r  ' spe l l ' .  By  way  of  

'mag ic  p o t i o n '  its ma in  m e a n i n g  b e c a m e  ' m e d i c i n e ' .  F r o m  this  d e n o t a t i o n  

the  t e r m  ' f a r m a k o n  tox ikon '  was de r ived :  the  ' a r r o w  p o i s o n '  ( ' t o x o n '  m e a n s  

' bow and  a r r o w s ' ) ,  l a te r  g e n e r a l i z e d  to ' p o i s o n o u s  s u b s t a n c e '  (Mul l e r ,  1933). 
T o  avoid  the  use  of  the  a m b i g u o u s  w o r d  ' d rug ' ,  b ioac t ive  s u b s t a n c e s  in this 

r ev iew will be  d e n o t e d  by the  t e r m  ' p h a r m a c o n '  (p lura l :  ' p h a r m a c a ' ) .  

F r o m  p reh i s t o r i c  t imes  unt i l  t he  r ena i s s ance ,  no  d i s t inc t ion  was  m a d e  
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between the sciences of materia medica and poisons. The Chinese and the 
Indians used an extensive but confusing body of materia medica. The 
Egyptians however succeeded in codifying their materia medica and putting 
dosage on a quantitative basis (Leake, 1975). In Greek and Roman antiquity 
pharmaca played only a small role in the practice of medicine compared with 
diet and other regimens of life (Leake, 1975). However, a large body of 
empirical knowledge on poisons developed that was readily used for private 
or public purposes. Strikingly, there was little need for experimental animals, 
despots having opponents, slaves and criminals, convicted or not, available 
for trying out poisons (Ackerknecht, 1977; Gallo and Doull, 1991; Milles, 
1994). 

Biomedical use of animals as experimental models for the human, taking 
the 'unity of life' for granted, only started in the seventeenth century with, 
e.g. Harvey (sheep, blood circulation), and developed further in the 
eighteenth century with, e.g. Spallanzani (birds, digestion) and Galvani (frog, 
electrophysiology). Orfila, in his embracing study of toxic substances 
published in 1814 and 1815, sacrificed 4000 dogs to study toxicity to humans 
(Holmstedt and Liljestrand, 1963). One can detest this mass sacrifice, but 
as a model for the human in acute studies it was a good choice. Moreover, 
sticking to one species allowed comparison of substance toxicities. 

Buchheim and Claude Bernard seem to have been the first to give thought 
to use of animals to predict pharmacological or toxic effects in humans. 
Bernard, whose Introduction d l'Etude de la Mddecine Expdrimentale (1865) 
is still a treasury of fundamental biomedical wisdom connects basic considera- 
tions with practical advice regarding design as well as conduct and evaluation 
of experiments (Bernard, 1946). (Fortunately for non-francophones there is 
an excellent English translation of this fundamental textbook (Bernard, 
1957).) Moreover Bernard developed the idea of the 'milieu int6rieur', the 
constancy of which was the condition for life for higher animals. ('La fixit6 
du milieu int6rieur est la condition de la vie libre, ind6pendante', cited from 
Bell et al., 1959.) In the 20th century this was extended by Cannon to 
'homeostasis' (Cannon, 1963), an important concept, because symptoms of 
toxicity indicate potentially irreversible disturbance of homeostasis in the 
organism. 

Buchheim, in his Lehrbuch der Arzneimittellehre (1853-1856) accepts the 
use of animals despite differences between the human and animals known 
to him. He especially recommends study of a substance in several animal 
species to unravel the essentials of its mechanism of action in the human 
(Buchheim, 1856) and considers comparative pharmacology as essential for 
understanding human pharmacology. 

In several old books on toxicology (Herrmann, 1874; Lewin, 1899; Meyer 
and Gottlieb, 1911), or in books on the history of medicine or pharmacology 
(Holmstedt and Liljestrand, 1963; Hastings, 1974; Ackerknecht, 1977) no 
arguments are found for explicitly accepting animals as experimental models 
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for the human. Only much later this point was taken up again, e.g. by 
Calabrese (1984). So one has to assume that toxicology, amongst other 
biomedical sciences, has largely bluffed its way into animal experimentation, 
unmistakably with quite some success. 

One milestone in the development of toxicology still has to be mentioned. 
There has been, probably throughout the ages, a notion of a dose-response 
relationship: 'More poison is worse'. It was, however, the renaissance 
physician Paracelsus who grasped the essence of toxicity when he wrote: ' . . .  
Alle Dinge sind Gift und nichts ohn Gift. Allein die dosis macht, dass ein 
Ding kein Gift i s t . . . '  (Deichmann et al., 1986), which translated in English 
corresponds with 'All substances are poisons and nothing (is) without 
poison(ousness). Only the dose makes that a substance is not a poison . . . ' .  
This revolutionary view has been shorthanded to the Latin adagium 'Dosis 
solum facit venenum' (the dose only makes the poison). With this insight 
the quantitative basis for toxicology was laid. 

That this basic insight nevertheless still has to be hammered again and 
again into the heads of pharmacotherapists - professionals or amateurs-  is 
illustrated by the misuse of megadoses of pyridoxine (vitamin B6) , not to 
mention Pauling's use of L-ascorbic acid in this context. Applied without 
really supporting evidence in a variety of neuropsychiatric conditions (cf. 
Schaumburg et al., 1983) it has caused neurotoxicity. This is the more amazing 
because there is a body of literature on pyridoxine neurotoxicity from 1942 
until well into the 1980s at least (Antopol and Taylor, 1942; Cohen and 
Bendich, 1986). These data have been disregarded by enthusiastic empirists. 
A regrettable lack of 'Good Literature Search Practice' shown in many 
empirical therapies. 

1.2 DEVELOPMENT OF MODERN TOXICOLOGY 

Since the nineteenth century, toxicology has developed like other life sciences 
along positivist lines and with an increasing speed. Especially in the last half 
of this century, it grew in response to requirements of industrial hygiene and 
of industrial production of synthetic raw materials and pharmaca. So 
toxicology started to share responsibility for the social implications (industrial 
medicine, public health) of the expansion of chemical industry and of the 
use of its products. 

This responsibility materialized in the development of predictive sub- 
disciplines of toxicology, such as the assessment of chronic toxicity and 
carcinogenicity. Herein the concept of 'unity of life' was less simply applicable 
than in acute studies and species differences increasingly became a limitation 
to prediction. Herein toxicology necessarily became dependent on the growth 
of other sciences for its development (e.g. analytical chemistry, clinical 
chemistry, histopathology) which had to provide methods to support the 
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interpretation of slowly developing symptoms of toxicity. So toxicology has 
become a superscience based upon a multitude of basic sciences, such as 
physiology, cell biology and biochemistry, and upon auxiliary sciences, such 
as analytical chemistry, statistics and laboratory animal science. 

The social role of toxicology, although being an important stimulus for its 
growth, has not been without drawbacks. In the second half of this century, 
the development of regulatory toxicology introduced an element of for- 
malism, leading to 'cookbook toxicology'. So, expressed in an exaggerated 
way there grew a dichotomy between flexible scientific toxicology and a more 
rigid industrial/regulatory practice of toxicology. The latter was a conse- 
quence of the responsibilities looming large over both innovating industry 
and regulatory authorities. Where the weight of responsibility alone might 
induce rigidity, this property was further stimulated in reaction to incidents 
when eager young scientists, seeking for social relevance in their work, 
started crying 'Wolf!' without sufficient supporting data. In such cases, as 
has happened often with sciences with social implications, the boundaries 
of responsible science were transgressed. For political reasons, under 
pressure by the media or for opportunistic motives, results have been 
published which did not satisfy the requirements of an integrated approach 
to potential toxicity. 

Indeed, the present structure of toxicology, with its numerous sub- 
disciplines, carries the danger of shortcuts. As an example, an in vitro 
genotoxicity experiment can only identify a hazard, and is inadequate as 
evidence for a risk of toxicity if not accompanied by in vivo genotoxicity 
studies, toxicokinetic studies in the laboratory animal species used and in the 
human, and finally integrated into a benefit/risk assessment. Disquieting 
results, leaked to the general press, may have irreversible social or 
economical consequences. Later nuancing of the results mostly cannot 
reverse the course of events. It will only add to the feelings of insecurity of 
the general public not knowing whom and what to believe. 

A toxicology book for the general public has been written by Zbinden 
(1985), which, unfortunately, is only accessible for readers well versed in 
German. Such a book in English would greatly improve the public 
understanding of the trial-and-error process in toxicity assessment. 

So now we have reached the point where we can discuss not only the sense 
of toxicity assessments, but also their occasional non-sense. This discussion, 
on the basis of illustrative examples, also should show us the way to prevent 
production and spread of occasional non-sense. 

2 Cases of Sense or Non-sense in Toxicity Assessment 

Below, a number of exemplary cases of pharmaca will be discussed, showing 
use of sense or, regrettably, appearance of non-sense in toxicity assessment. 
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They are arranged in a roughly chronological order. Roughly because several 
cases overlap in time and can therefore not be exactly arranged in 
sequence. 

2.1 PRONETHALOL 

2.1.1 Introduction 

Pronethalol (Alderlin | was developed in the late 1950s/early 1960s as a 
/3-blocker to treat hypertension. It received widespread use in several 
countries, but no approval in the United States, because it was reported to 
produce cancer in mice. The fate of pronethalol has to be seen in the light 
of the knowledge at that time. At present, many compounds are still on the 
market despite tumour findings in rats or mice. The decision ultimately to 
withdraw the compound was derived from suggestions from other structural 
analogues. Direct testing appeared to be difficult. Because of lack of 
knowledge the worst-case scenario was applied, leading to the decision in 
1963 to stop further development. 

OH CH3 
I / 

~ CH-CH2--NH--CH\ 

CH3 

Pronethalol hydrochloride 

2.1.2 History 

Pronethalol (up to 200 mg kg-1) caused lymphomas (most commonly thymic 
in origin) and reticulum cell sarcomas (especially of the uterus and liver) in 
mice (Paget, 1963). No details were given about the strain. The earliest 
tumours in the thymus appeared within 3 months of commencing administra- 
tion. The data in Table 1 are derived from the report of Howe (1965). 

No tumours are observed after 2 years' administration to rats and 1 year 
to dogs (Paget, 1963). It is not clear from the publications whether in the 
publications of Howe (1965) and Paget (1963) the same data are mentioned. 
According to M. J. Tucker (personal communication, 1996) it is probable 
that these authors refer to the same study. 

Further reports on carcinogenic effects of/3-blockers were not published 
in the open literature until 1980 (for a review see Jackson and Fishbein, 
1986). Apparently, other compounds from the same pharmacological class 
have been shown to be tumorigenic in laboratory animals since regulatory 
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TABLE 1 
Pronethalol. Incidence of thymic tumours in a mice study (Howe, 1965) 

% Pronethalol Thymic tumours Thymic tumours 
in diet male mice female mice 

0.2 1/25 2/25 
0.1 3/25 4/25 
0.05 0/25 3/25 
0 (control) 1/25 0/25 

authorities for pharmaceuticals have required that evaluation of carcinogenic 
potential for fl-blocking agents be carried out in life-span studies in rats and 
mice prior to extensive clinical trials (see Faccini et al., 1981). 

The study of Alcock and Bond (1964) confirmed the appearance of 
tumours early in life after the administration of pronethalol. The authors 
reported that after only 10 weeks' treatment with pronethalol tumours of the 
thymus began to appear. This early development of thymic tumours led to 
the suggestion that specific metabolites with reactivity towards DNA might 
be formed in mice. The major metabolites were however found to be similar 
in rats and mice (Hathway, 1970). So, it was unlikely that these metabolites 
were causative agents of the tumorigenicity. 

Theoretically, formation of a minor metabolite, an ethyleneimine-deriva- 
tive, a class of compounds known to be carcinogenic, is possible. Howe 
(1965) showed, in mice, the formation of an ethyleneimine from a struc- 
tural analogue of pronethalol, the /3-chloroethylamine derivative. This 
/3-chloroethylamine derivative induced in male mice a much higher incidence 
of thymic tumours (20/25 in male mice fed with 0.2%, after 2 months reduced 
to 0.15%; no tumours in the male control group). In female mice the 
incidence (4/25) was the same in the control group and the treated group. 
However, no evidence was found in mice in vivo that the ethyleneimine 
derivative was a minor or transient metabolite of pronethalol. Furthermore, 
ethyleneimine formation is also possible for labetolol and sotalol, which were 
found to be negative in carcinogenicity tests (for references see Faccini et al., 
1981). 

Pronethalol has been subjected to a number of mutagenicity tests, both 
in vitro and in vivo. Cintokai et al. (1978) reported a negative result in the 
dominant lethal test in mice up to a dose of 250 mg kg -1. On the other hand, 
the /3-chloroethylamine derivative, the ethyleneimine-forming analogue 
mentioned above, was positive in this test. No effect of either chemical (with 
and without microsomal activation) was seen on Chinese hamster bone 
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marrow cell chromosomes and pronethalol was negative in the Ames test 
using Salmonella typhimurium strains TA1535 and TA1537. Similar results 
were reported in the micronucleus test in mice (Okine et al., 1983). 

The tumorigenic effect in mice could not be reproduced in Carworth CF/1 
mice in a dose of 150 mg kg -1 day -1 (Newberne et al., 1977). While a high 
incidence of lymphoreticular tumours was observed, there was a higher 
incidence in controls than in pronethalol-treated animals. The authors 
suggest that the earlier findings of carcinogenicity of pronethalol were 
possibly fortuitutous or related in some manner to the strain of mouse used. 
Unfortunately, it remains unclear which mouse strain was used by Paget 
(1963). 

Cooper et al. (1985) cited a publication of Tucker (1968) describing that 
pronethalol induces in rats leukaemia (reticulum cell, lymphatic and myeloid) 
which show periportal (lymphatic) and generalized (myeloid) infiltrations of 
the liver. Mammary tumours would have been produced also. A weak 
promotor-like effect in the rat as the induction of ethoxyresorufin de-ethylase 
was described by Ioannides et al. (1979). However, M. J. Tucker (personal 
communication, 1996) has written that no tumour findings were present in 
rats and that the citation was wrong. 

The amount of tumours induced by pronethalol as described in the first 
study by Howe (1965) appeared to be low. Taking into consideration the 
second study with/3-chloroethylamine, the incidence in the female group was 
not enhanced at all. Also in the male mice the incidence remained in 
the lower range, at least in comparison with the incidence after /3- 
chloroethylamine (20/25). 

2.1.3 Comment  and Conclusion 

According to the state of the art in the 1960s, the withdrawal of pronethalol 
from the market may be considered as appropriate. Ashby (1996) stresses 
that in that period (before 1978) all carcinogenic effects were thought to be 
caused by DNA damage, i.e. by a genotoxic action. The development of the 
tests for genotoxicity and the recognition of non-genotoxic carcinogenesis 
only started in that period. Moreover, in 1965 the regulatory authorities 
(especially in Europe) had only a short experience in evaluation of 
carcinogenicity. Also, knowledge about species specificity in carcinogenesis 
was hardly present. The carcinogenicity data were published as a short letter 
to the Editor of the British Medical Journal. In the same issue, the results 
of three new clinical trials were published but the company decided to confine 
its use to established life-threatening conditions. 

The present knowledge on carcinogenesis would have allowed another 
choice to be made. 
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2.2 WITHDRAWAL OF THE ANTIDEPRESSANTS ZIMELDINE, NOMIFENSINE AND 

INDALPINE 

2.2.1 Introduction 

Post-marketing surveillance concerns the assessment of the cause of adverse 
events occurring with newly marketed pharmaceuticals. This is an essential 
component of the identification of safety issues after, and in addition to 
animal toxicity testing and the monitoring of adverse events in the context 
of clinical trials in selected patient populations. The last two modes of 
studying the safety profile of a new chemical entity often lack sufficient 
sensitivity to predict rare toxicities in large patient populations to be treated 
after registration. In the past, several efficacious pharmaceuticals have been 
withdrawn from the market owing to serious adverse events in patients that 
had not been detected in premarketing toxicity screening, neither in 
laboratory animals nor in humans. This obviously is the toxicologist's 
nightmare. It can be exemplified by considering some rather recent 
antidepressants. 

I N /CH3 
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Zimeldine 

C 
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Nomifensine 
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Indalpine 

2.2.2 History 

In the 1980s, three antidepressants were withdrawn from the market because 
of unexpected, probably immunologically mediated, toxicities: zimeldine, 
indalpine, and nomifensine (Henry and Martin, 1987). The benefits of using 
these pharmaceuticals no longer outweighed the risks. Zimeldine, a pyridyl- 
allylamine, was the first selective neuronal serotonin inhibitor to be used in 
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clinical practice. It was introduced in 1982, but had unfortunately to be 
withdrawn world-wide in 1983. A hypersensitivity reaction was noted in a 
small percentage of zimeldine-treated patients, which, in most cases, 
regressed with no specific treatment. These patients showed febrile reactions 
in connection with liver function disturbance (Kristofferson and Nilsson, 
1989). In rare cases, however, these reactions were complicated by the 
development of a serious neurological disorder resembling the Guillain-Barr6 
syndrome (Anonymous, 1983, 1985b; Nilsson, 1983; Henry and Martin, 
1987). The involvement of the immune system was indicated by positive 
reactions to zimeldine ex vivo seen with lymphocytes from patients who 
developed severe hypersensitivity reactions upon zimeldine treatment and 
from a few exposed factory employees who became allergic to the compound 
(Kristofferson and Nilsson, 1989). The risk of developing the invalidating and 
sometimes life-threatening Guillain-Barr6 syndrome was increased about 
25-fold among patients receiving zimeldine compared with the natural 
incidence of the disorder (Fagius et al., 1985). Some years later, statistical 
research revealed that zimeldine indeed was the cause of at least nine cases 
of Guillain-Barr6 reported in the literature, confirming the rationale of 
removing zimeldine from the market (Naranjo et al., 1990). 

Indalpine (a dopamine/noradrenaline reuptake inhibitor) and nomifensine 
(another serotonin reuptake inhibitor) were also withdrawn from medical 
practice for reasons of immunotoxicity. Indalpine appeared to be associated 
with the occurrence of agranulocytosis, particularly in elderly patients (Henry 
and Martin, 1987). Nomifensine was withdrawn because of the induction of 
immune haemolytic anaemia and intravascular haemolysis (anonymous, 
1985b; anonymous, 1986; Henry and Martin, 1987). 

2.2.3 C o m m e n t  and Conclus ion 

The withdrawals of zimeldine, indalpine and nomifensine indicate that the 
animal toxicity studies routinely performed upon request of the regulatory 
authorities in the premarketing phase are not adequate to detect the 
immunostimulatory potential of pharmaceuticals underlying systemic 
hypersensitivity and autoimmune phenomena. This being so, zimeldine, in 
particular, has become a model compound for the development of new 
reliable animal test systems, although the mechanism by which it induces 
immunotoxicity has been elucidated only in part. Zimeldine was shown to 
induce a strong and persistent response in the popliteal lymph node assay 
in mice (Thomas, 1989; Thomas et al., 1989, 1990). In this assay, local 
popliteal lymph node reactions are measured after injection of the test agent 
into the foodpad of mice. Of course, many other pharmaceuticals found to 
induce unexpected autoimmune-like diseases in man have also been 
employed in validating the assay (Bloksma et al., 1995). Today, the popliteal 
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lymph node assay in mice is considered the most promising animal test to 
detect allergenic and autoimmunogenic pharmaceuticals, although a major 
drawback is the limited opportunity for d r u g  metabolism in this assay 
(Bloksma et al., 1995). This nicely illustrates how a certain pharmaceutical 
that shows unexpected toxicity in the human may be put to good use as a 
tool in developing methods to detect this toxicity. Such new tests may 
subsequently be employed as additional safeguard. 

2.3 THE TAMOXIFEN DISCUSSION 

2.3.1 Introduction 

Tamoxifen (Nolvadex | is a nonsteroidal anti-oestrogenic agent used 
therapeutically as a first-line drug in the treatment of oestrogen 
receptor-positive advanced breast cancer since the 1970s (Anonymous, 
1985a). It is a triphenylethylene drug, which is structurally related to 
diethylstilbestrol (DES). Tamoxifen exerts both anti-oestrogenic and 
oestrogenic effects, depending on the species and target tissue. It is a 
well-tolerated compound with a low level of short-term adverse effects, 
particularly when compared with cytotoxic anticancer agents (Catherino and 
Jordan, 1993). This opinion on the safety of tamoxifen has existed for a long 
time, although detailed toxicological studies (particularly chronic ones) were 
not available until the beginning of the present decade. 

~ ~  -CH3 

Tamoxifen 

For several years now, a discussion has continued about the prophylactic 
use of tamoxifen in otherwise healthy pre- and post-menopausal women being 
at increased risk for developing breast cancer (Jordan, 1995; Smith and 
White, 1995). A major concern with this long-term preventive use of 
tamoxifen of course is the question whether it will cause more health 
problems than it will prevent (King, 1995; Williams et al., 1993). This 
prompted a reconsideration of the toxicology of tamoxifen, particularly in 
view of its analogy to DES (King, 1995). 
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2.3.2 History 

A series of independent rodent carcinogenicity studies were initiated in the 
late 1980s, which were all published in 1993 (Greaves et al., 1993; Hirsim~iki 
et al., 1993; Williams et al., 1993). These experiments showed that tamoxifen 
induces hepatocellular adenomas and carcinomas in rat liver of both sexes. 
However, regulatory authorities were ahead of the scientific community in 
already being aware some years earlier of still unpublished carcinogenicity 
studies documenting that tamoxifen is a hepato-carcinogen in female rats. 
They also possessed confidential reports by the company documenting the 
lack of carcinogenic potential in mice. 

Early tests indicated the absence of genotoxic activity of tamoxifen in vitro. 
These tests were an Ames bacterial gene mutation assay, a mammalian cell 
gene mutation assay, a human lymphocyte chromosome aberration assay and 
an unscheduled DNA synthesis (UDS) assay in HeLa cells (all mentioned 
by Tucker et al., 1984). Initially, tamoxifen was thought to induce rat liver 
tumours due to its oestrogenic effects. As it did not induce liver tumours in 
mice (Tucker et al., 1984), it was first classified as a rat specific, non-genotoxic 
liver carcinogen. This was considered to pose no risk regarding the 
therapeutic use of tamoxifen in breast cancer patients. However, the rapidity 
of development of malignant tumours in the rat carcinogenicity assay in a 
manner suggestive of DNA-reactive compounds was pivotal in the company's 
initial decision not to proceed with the use of tamoxifen in the treatment of 
non-life-threatening conditions (Greaves, 1996). 

In the late 1980s, several case reports were published of endometrial 
abnormalities in women receiving tamoxifen therapy in breast cancer. These 
include endometrial hyperplasia, polyps and cases of endometrial carcinoma 
(Catherino and Jordan, 1993; King, 1995). Together with the proposed use 
of tamoxifen in non-life-threatening preventive indications, these potentially 
alarming findings caused a rush of toxicological publications on the presumed 
carcinogenicity of tamoxifen and its mechanism of action, which has not 
abated yet. The increased incidence of endometrial tumours in women given 
tamoxifen may be mediated by genotoxic or hormonal factors (i.e. partial 
oestrogen receptor agonism) or a combination of both. The elucidation of 
the mechanism of action is pivotal in risk assessment, because it will provide 
important information about the question whether or not a safe threshold 
level may be postulated. 

2.3.3 The Genotoxicity Debate 

The classification of tamoxifen as a non-genotoxic rat carcinogen proved to be 
questionable when the first reports of the presumed genotoxicity of tamoxifen 
were published in 1992. First, tamoxifen was shown to induce covalent DNA 
adducts in female rats. Male rats have received little attention in this respect. 
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In female Sprague Dawley rats, two liver DNA adducts were formed after a 
single intraperitoneal injection of 20 mg kg-1 body weight tamoxifen. Adduct 
levels increased five- to seven-fold and 10- to 15-fold after three and six 
injections, respectively (Han and Liehr, 1992). Second, the genotoxic 
potential of tamoxifen was studied" in several rat test systems. In female 
Fischer F344/N rats, tamoxifen caused a time-dependent increase in the level 
of adducts after 7 days of dosing. A dose-response relationship was 
demonstrated over the range of 5-45 mg kg -1 body weight per day. Adducts 
were not detected in uterus DNA (White et al., 1992). In the same publication, 
the investigators showed that exposure of rat hepatocytes to tamoxifen in vitro 
resulted in the induction of unscheduled DNA synthesis, when preparations 
from rats were used that had been pretreated with tamoxifen in vivo (White et 
al., 1992). There was no response in the standard UDS test without predosing 
of the animals. Apparently, the adducts were subject to repair. Another 
conclusion from these experiments is that tamoxifen needs to be activated 
metabolically before it can exert its presumed genotoxic action. The lowest 
dose level associated with adduct formation was 5 mgkg -1", this is about 
10-fold higher than the human therapeutic dose (0.3 mg kg -a day-l) .  How- 
ever, in rats a four- to five-fold higher dose of tamoxifen needs to be given to 
achieve serum levels similar to those observed in humans (Robinson et al., 
1991), and human therapy continues for many years particularly where 
tamoxifen is taken prophylactically. The major difficulty in interpreting these 
animal findings is that while DNA adduct formation is evident, adduct 
formation alone provides no convincing evidence that it results in DNA 
damage. 

Direct evidence of genotoxicity (i.e. DNA damage exceeding the capacity 
of DNA repair) is scarce. First, experiments have been performed in 
human lymphoblastoid cell lines transfected with various inducible human 
cytochromes P450 being able to metabolize tamoxifen. In these cells, 
tamoxifen induces an increase in micronucleus formation in a dose-dependent 
manner (White et al., 1992). Again, these results stress that metabolic 
conversion of tamoxifen is a prerequisite for inducing genotoxicity. Second, 
tamoxifen induced karyotypic instability including aneuploidy, improper 
mitotic spindle formation and chromosome aberrations in rat hepatocytes 
ex vivo (Sargent et al., 1994). This clastogenic action of tamoxifen may be 
associated with malignant conversion of tumours. Third, evidence of 
genotoxicity is manifest in the presence of a high frequency of p53 tumour 
suppressor gene mutations in hepatocellular carcinomas from rats treated 
with tamoxifen (Vancutsem et al., 1994). The p53 gene is the most commonly 
mutated gene in human neoplasms (Holstein et al., 1991). 

Apparently, tamoxifen is capable of initiating tumour induction through 
a genotoxic mechanism in rat liver. The contribution of its hormonal action 
in the pathogenesis is unclear, although the mitogenic potential of tamoxifen 
may contribute to tumour formation. While the previously mentioned 
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publications highlight the genotoxic properties of tamoxifen in rats, an 
abstract presented at a scientific meeting documented the failure of tamoxifen 
to induce increased liver DNA adduct formation in breast cancer patients 
compared with controls following 2 months to 3 years of exposure to 
tamoxifen (Martin et al., 1994). Unfortunately, this study involved only seven 
livers of humans patients being treated with tamoxifen. Another interest- 
ing study was performed by Phillips and co-workers (1996a) comparing 
the amount of DNA adducts formed in primary cultures of rat and 
human hepatocytes upon incubation with tamoxifen or o-hydroxytamoxifen, 
the principal intermediate in the metabolic activation of tamoxifen, pre- 
sumably leading to the formation of the proximate carcinogen in the rat. 
Whereas DNA adducts were readily detected in rat hepatocytes treated with 
tamoxifen, they were not found in tamoxifen-treated human hepatocytes. 
Furthermore, treatment of human hepatocytes with o-hydroxytamoxifen 
resulted in DNA adduct formation at levels about 300-fold lower than those 
in rat hepatocytes. This suggests that the metabolite is either detoxified more 
rapidly or activated less readily in human hepatocytes than it is in rat cells 
(Phillips et al., 1996a). It is unclear at present to what extent the 
same differences would be expected in vivo, particularly after prolonged 
administration. 

These seemingly reassuring in vitro findings do not preclude that tamoxifen 
administration results in DNA adduct formation in human tissues other than 
the liver, such as the uterine endometrium. It is well known from studies 
with other carcinogens that different organs are susceptible in different 
species. Recent data, however, strongly suggest that tamoxifen lacks 
genotoxic properties in human endometrium as no DNA adducts were 
detectable in this tissue in 18 patients undergoing long-term treatment with 
tamoxifen (Carmichael et al., 1996). Additional in vitro experiments with 
human endometria exposed in organ culture revealed DNA adducts upon 
incubation with o-hydroxytamoxifen, whereas no adducts were detectable 
from treatment with high concentrations of tamoxifen itself. Although the 
genotoxic metabolite o-hydroxytamoxifen is generated in human endometrial 
tissue, the levels attained in women are apparently too low to give rise to 
detectable DNA adducts (Carmichael et al., 1996). Furthermore, therapeutic 
doses of tamoxifen do not form detectable DNA adducts in vivo in white 
blood cells of breast cancer patients or in healthy volunteers. Unfortunately, 
the latter findings were obtained in a fairly limited number of subjects (i.e. 
seven patients and three female controls) (Phillips et al., 1996b). Individual 
susceptibility to tamoxifen treatment with respect to carcinogenicity is 
probably influenced by the efficiency of DNA repair and the extent of cell 
proliferation. Therefore, it still cannot be excluded that, due to genetic 
polymorphism, in a small number of women given tamoxifen over long 
periods of time, sufficient DNA damage will be produced resulting in cancer 
in the liver or in any other tissue (Smith and White, 1995). 
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2.3.4 The Toremifene Alternative 

The concerns about the long-term use of tamoxifen, especially for non-cancer 
indications, have led to an interest in developing equally effective com- 
pounds with a better safety profile. Interestingly, the structurally related 
triphenylethylene anti-oestrogen toremifene, having similar oestrogenic 
effects on the rat liver as tamoxifen (Kendall and Rose, 1992), does not 
induce liver tumours in female rats after 52 weeks of treatment in contrast 
to toremifene at equimolar dose levels (Hirsimfiki et al., 1993). Toremifene 
treatment yields a lower level and a more limited spectrum of DNA adducts 
in female rat liver than tamoxifen. This would suggest that the hormonal 
action of tamoxifen is not sufficient for the induction of hepatocellular 
carcinomas in rat liver. However, toremifene does possess genotoxic activity 
(although less than tamoxifen) in a human lymphoblastoid cell line expressing 
selected human P450s (Styles et al., 1994). Furthermore, toremifene induces 
hepatic aneuploidy in vivo to a similar extent as tamoxifen in female rats 
(Sargent et al., 1996). No further data on the genotoxic potential of 
toremifene have been published. 

2.3.5 Risk  Assessment  

In a recent review of the current literature, it is confirmed that tamoxifen 
treatment is associated with an increased incidence of proliferative and 
neoplastic changes in the human endometrium. There is a 1.3-7.5 relative 
risk of developing endometrial carcinoma in tamoxifen-treated patients. The 
authors correctly conclude, however, that despite the increased risk of 
developing endometrial cancer in breast cancer patients receiving tamoxifen, 
the net benefit of the treatment greatly outweighs the risk. Further studies 
are required to assess the long-term benefit and adverse effects of possible 
prophylactic tamoxifenprogrammes (Daniel et al., 1996). 

The International Agency for Research on Cancer (IARC) is about to 
publish a review on the evidence on the potential carcinogenicity of 
tamoxifen. Three major conclusions resulted from the evaluation process. 
First, there is conclusive evidence that tamoxifen reduces the risk of 
contralateral breast cancer in women with a previous diagnosis of unilateral 
breast cancer. Second, there is sufficient evidence in humans for the 
carcinogenicity of tamoxifen in increasing the risk of endometrial cancer. In 
addition, it was concluded that there is inadequate evidence in humans that 
tamoxifen affects the risk of other cancers. Third, there is sufficient evidence 
in experimental animals for the carcinogenicity of tamoxifen. The IARC does 
not take a formal position on the underlying mechanism of endometrial 
tumour formation, whether it is genotoxic or not. 

It is clear that the presence of a growing body of evidence for a genotoxic 
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action of tamoxifen, together with its carcinogenic potential in rats and 
presumed carcinogenic action in humans make tamoxifen a poor choice 
for the chronic preventive therapy of breast cancer. If a non-genotoxic 
mechanism were to be proven in humans, it still is debatable whether there 
would exist a satisfactory margin of safety. 

2.3.6 Comment  and Conclusion 

The tamoxifen story is a good example of sense in toxicology: the preclinical 
research was initiated and progressed simultaneously with the development 
of new clinical applications. At least in part, this had to do with the great 
interest of academia and cancer research institutions in tamoxifen. This 
created a rapid outburst of scientific publications on the so-called 'tamoxifen 
controversy" tamoxifen being a clinically promising preventive agent as well 
as a rat carcinogen (Pitot, 1995). 

2.4 THE NOSCAPINE GENOTOXICITY SCARE 

2.4.1 Introduction 

Noscapine or narcotine was discovered in 1817 as an accompanying alkaloid 
in opium. For decades it was considered to be devoid of any observable 
biological activity; only in the course of this century was its antitussive action 
detected. It is now the active substance in many 'over the counter' antitussive 
products. In the USA, noscapine in 1987 was classified as a non-monograph 
substance, which implies that for new products containing noscapine a 
complete 'new drug application' has to be submitted (Gatehouse et al., 1991). 
In 1988, Ishidate, a Japanese investigator, reported a high level of polyploidy 
in in vitro tests with noscapine. The results of Ishidate were considered 
disputable by Gatehouse et al. (1991), because he had used a cell line with 
an abnormally large number of chromosomes in the diploid state in the 

Noscapine H3CO 0 
HaCO 
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control groups; Gatehouse et al. repeated these studies with another cell 
line. 

2.4.2 History 

In September 1989, the European medicines authorities were informed by 
a pharmaceutical manufacturer that studies on noscapine, carried out by 
other manufacturers, had shown genotoxicity. In fact, effects were limited 
to a clear-cut increase in polyploidy: in the Chinese hamster cell line V79 
after incubation in vitro with noscapine concentrations of 15-60 mg 1-a during 
24 and 48 h and in human lymphocytes after incubation in vitro to 120 mg 1-1 
during 24 h. All in all, in 1989, it concerned isolated observations, reported 
summarily as posters (Carlton et al., 1990; Gatehouse et al., 1990) and not 
yet supported by in vivo animals tests nor by toxicokinetic and human 
pharmacokinetic data. So, that time, it was impossible to put the results into 
perspective. The pharmaceutical industry and trade were duly informed by 
some national authorities. Sloppy use of terminology - confusing genotoxicity 
with mutagenicity- added to feelings of insecurity within industry, trade and 
other authorities. 

Between the authorities in Europe there were large differences in 
perception of the risk to the patient ensuing from the above observations. 
This impeded the development of a concerted policy. So several authorities 
did not dare to take the slightest risk, whereas other o n e s -  taking into 
account the record of this old pharmacon-  refused to take action on this 
meagre basis without additional supporting evidence. New results from an 
in vitro chromosome aberration test with human lymphocytes and an in vivo 
bone marrow metaphase test in rats did not suggest genotoxic or mutagenic 
effects. 

2.4.3 Noscapine Pharmacokinetics 

Data on the human pharmacokinetics of noscapine had already been 
published in the open literature (Dahlstr6m et al., 1982) and confirmed the 
expected rather low plasma concentrations. Noscapine is almost completely 
absorbed and is distributed well in tissue (Varea: 4.7 +0.91kg-1).  The 
binding to proteins is extensive: about 95% to plasma albumin (large 
capacity) and to al acid glycoprotein (large affinity). In vitro there is an 
equilibrium between noscapine and noscapine acid, i.e. the product of 
lactone ring opening (Karlsson and Dahlstr6m, 1990). Noscapine exhibits 
presystemic elimination (Clp: 1.30 + 0.161 kg -1 h -1) resulting in a systemic 
availability of 0.30 + 0.07 (Karlsson et al., 1990). A dose dependence of 
clearance has been found after administration of supra-therapeutic doses, 
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presumably by saturation of presystemic elimination. Decrease of clearance 
after repeated doses suggests a product inhibition mechanism. Excretion 
occurs largely as biotransformation products via the urine. Noscapine is 
excreted in breast milk only in very small amounts (Olsson et al., 1986). 
Unfortunately, in 1989 mostly old data on the fate of noscapine in animals 
were available (Nayak et al., 1965; Id~inp~i~in-Heikkila, 1967, 1968), moreover 
largely focused on biotransformation and macro-autoradiography. More 
recent biotransformation studies by Tsunoda and Yoshimura (1979, 1981) 
do not give clues for metabolic activation of noscapine. 

2.4.4 In Vitro Genotoxici ty  Studies 

In the course of 1991 the studies referred to above were published in full 
(Gatehouse et al., 1991; Mitchell et al., 1991). In their studies, Gatehouse 
and collaborators (1991) showed the occurrence of polyploidy in Chinese 
hamster V79 cells from 30 and 15 mg 1-1 onwards (incubation for 24 and 48 h, 
respectively) and in human peripheral lymphocytes from 60 mg 1-1 onwards 
(incubation 24 and 48 h, respectively). Spindle damage, considered to lead 
to polyploidy, was caused by similar concentrations in V79 cells and human 
fibroblasts in vitro. The results from an aneuploidy assay in hybrid 
human/mouse R3-5 cells were positive in the same concentration range. In 
their discussion, Gatehouse et al. (1991) link these effects via literature 
citations with possible tumour production, malignancy, spontaneous abortion 
and birth defects. It was already known at that time that an in vivo 
micronucleus test was negative (Furukawa et al., 1989). Human pharmaco- 
kinetic data indicated low systemic noscapine concentrations (about 
100/zg 1-1) during therapy (Dahlstr6m et al., 1982). Gatehouse et al. (1991) 
acknowledged that a systemic hazard might not therefore exist, but pointed 
to the possible contact of buccal and gastro-intestinal mucosa with high 
concentrations of noscapine. In doing this, they neglected the short duration 
of these contacts compared with the long incubation time (24 and 48 h) of 
the substance needed to induce polyploidy in vitro (cf. Mitchell et al., 1991). 
Mitchell et al. (1991), in parallel with Gatehouse et al., studied 
noscapine-induced polyploidy in vitro, using human lymphocytes. They also 
reported careful methodical studies and showed that incubation for 4 h was 
not sufficient to induce polyploidy. In addition, they showed that incubation 
of noscapine with a microsomal preparation from livers of Aroclor-treated 
rats abolished the capacity to induce polyploidy. Their sober conclusion is 
that the capacity of noscapine to induce polyploidy in vitro is unlikely to 
produce a hazard in the therapeutic use of noscapine. 

Porter et al. (1992) observed morphological transformation and changes 
in chromosome number in cultures of 'immortal' Syrian hamster skin 
fibroblasts, incubated in media containing noscapine in concentrations of 
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30-120 mg 1-1 for 24 and 48 h. From these limited in vitro results and without 
any reference to toxicokinetic considerations the authors jumped to the 
conclusion that noscapine 'may be considered a potential carcinogen'. 

In 1992 toxicokinetic data on noscapine in mice became internally available 
to the regulatory authorities. Later, they were published in full in the open 
literature (Tiveron et al., 1993). These data resulted from satellite groups of 
a study of aneugenic activity on mouse oocytes. Comparing the human 
therapeutic AUC 1 values (0.2 mg h 1-1) and the AUC values in the negative 
mice genotoxicity test (233 mg h 1-1 at 400 mg kg -1) there is a difference of 
a factor of about 1000. It is also possible to calculate an AUC value as a 
measure for exposure in the in vitro tests: concentration times duration of 
exposure. F o r  the Chinese hamster V79 cell line at 15 and 90 mg 1-1 this 
results in 360 and 2160 mg h 1-1 respectively, during 24 h of incubation. In 
other in vitro experiments the calculated exposure is in the same range. Thus, 
in vitro also there is a large difference in the human exposure. 

2.4.5 In Vivo Mouse Oocyte Study 

The main part of the mouse oocyte study of Tiveron et al. (published in full 
in 1993) showed that noscapine has no aneugenic activity in mouse oocytes. 
The authors carried out their study of mouse metaphase lI oocytes after 
exposure of the animals to 20, 120 and 400 mg kg -1 (maximum tolerated 
dose). No genotoxic effects were found. At the highest dose there was only 
a decrease of the mean number of oocytes harvested per female. The authors 
conclude that in vivo in the mouse, showing pharmacokinetics similar to that 
in the human, at doses producing about 1000 times larger exposure than 
during therapeutic use, no effects on chromosome physiology are found. 

At the end of 1992, based upon the sum of published results (Dahlstr6m 
et al., 1982; Furakawa et al., 1989; Gatehouse et al., 1991; Mitchell et al., 
1991, Porter et al., 1992; Tiveron et al., 1993) it was officially concluded that 
there was no danger of genotoxicity in the therapeutic use of noscapine as 
an antitussive if taken in accordance with the instructions for use. 

2.4.6 Comment  and Conclusion 

From a scientific point of view this episode was a storm in a teacup, but 
actually it almost killed a familiar 'over the counter' antitussive, produced 
uncertainty for consumers and industry and cost considerable money, 

1AUC is the area under the plasma concentration/time curve. It is an important phar- 
macokinetic characteristic. 
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time and effort in correcting premature conclusions and suggestions. 
Moreover, abandoning the use of noscapine meant, ironically, increased use 
of dextromethorphan, a substance pharmacologically not strictly com- 
parable with noscapine (Karlsson et al., 1988). Dextromethorphan has been 
associated with CNS side-effects and psychological dependence (Hinsbergen 
et al., 1992; Wolfe and Caravati, 1995), although it is generally considered 
to be safe (Bem and Peck, 1992). Unfortunately, a dependable comparison 
of the safety of both substances is not available. 

At the time it was disconcerting to witness how many experts rushed into 
the 'safety' of restrictive measures (which often appear to be irrevocable) on 
the basis of only a few isolated results which were uninterpretable without 
supporting in vivo animal, toxicokinetic and human pharmacokinetic data. 
Scarce resources had to be reallocated to produce the additional data needed 
to allow a more balanced picture of the toxicity of noscapine. 

2.5 CYPROTERONE ACETATE: IS IT REALLY A LIVER CARCINOGEN? 

2.5.1 Introduction 

The synthetic steroid cyproterone acetate (CPA) was first synthesized in 
1961. The compound has both anti-androgenic and progestational activity. 
CPA was introduced in the clinic in 1973 and has since been widely used 
as an active component in anti-androgenic and contraceptive drugs. 

2.5.2 History 

Since 1967, CPA was known to the regulatory authorities to increase the 
incidence of hepatomas in a rat carcinogenicity assay at the intermediate and 
high doses (i.e. 50 and 250 mg kg -1 day -1, respectively) in a dose-dependent 
manner, particularly in female animals (unpublished data). The term 
'hepatoma' as used by the investigators comprised various stages of neoplastic 
transition from hyperplasia to adenoma, but seemed not to include malig- 
nancy. At the 10 mg kg -1 day -1 dose level, no proliferative lesions were seen 
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in the liver. The 50 and 250 mg kg -1 day -1 dose levels employed caused a 
dramatic loss of body weight, were severely hepatotoxic and considerably 
exceeded the therapeutic dose levels in humans, which range from approxi- 
mately 0.02 to 5 mg kg -1 day -1. If allometric scaling based on interspecies 
differences in basal metabolic rate is applied, the apparent margin in rat 
versus human dose levels will be reduced four- to five-fold (Davidson et al., 
1986). A second rat carcinogenicity study employing lower dose levels (i.e. 
0.04--2 mg kg -1 day -1) was negative. A summary of this study was published 
by Schuppler and Giinzel in 1979. An unpublished carcinogenicity study in 
mice was negative at the same dose levels as the second rat study. Only 
recently, a carcinogenicity study in CPA-treated mice has been published. 
In this study, hepatocellular tumours developed in 44% of males and 22% 
of females dosed with CPA, compared with none in the controls. No 
conclusion could be drawn, however, on any sex preference, because of 
premature deaths in the females. In addition, 85% of both sexes dosed with 
CPA developed adenomatous polyps of the pyloric antrum and pancreatic 
islet cell hyperplasia (Tucker et al., 1996). 

Early reports indicated that CPA is negative in the Ames test with or 
without metabolic activation (Lang and Redmann, 1979). At that time 
unpublished reports were available to regulators demonstrating that CPA is 
negative in the hypoxanthine-guanine phosphoribosyl transferase (HGPRT) 
test with V79 cells and the in vitro chromosomal aberration assay in human 
lymphocytes irrespective of the presence of metabolic activation (Lang and 
Reimann, 1993). Further studies in the 1980s revealed that CPA is a potent 
mitogen and enzyme inducer in rat liver (Schulte-Hermann et al., 1980, 1988; 
Schulte-Hermann and Parzefall, 1980), which are properties thought to be 
associated with tumour promotion. A liver loci assay for tumour-initiating 
activity in male rats, however, showed negative results (Schuppler et al., 
1983). 

The body of evidence available in the 1980s was interpreted as that the 
CPA-associated increase in tumour formation was caused by a tumour- 
promoting activity being related to some non-genotoxic mechanism of no 
relevance to humans. The carcinogenic response in rats only occurred at high 
dose levels compared with the human therapeutic dose, leaving a satisfactory 
margin of safety. The animal data therefore were not considered to be 
prohibitive for the administration of CPA to humans. Moreover, the broad 
therapeutic use since 1973 gave no grounds to expect an increase of 
proliferative liver lesions in humans after administration of CPA. 

2.5.3 Genotoxicity Revisited 

In the early 1990s, the human safety of long-term CPA treatment was 
suddenly questioned as new findings were reported on the involvement of 
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DNA damage in the pathogenesis of CPA-mediated liver tumour formation 
casting doubt on the 'safe threshold' concept. Neumann and coworkers (1992) 
showed that CPA stimulates DNA repair synthesis in vitro in rat hepatocytes, 
suggesting that CPA is a DNA-damaging compound with possible tumour- 
initiating potential. The increase in DNA repair synthesis indeed may be 
possibly, but not necessarily, related to tumour-initiating potential. Being 
anxious about the potential impact of their experimental findings, the 
investigators stressed that the findings in rat liver were of unknown relevance 
to human liver (Neumann et al., 1992). Nevertheless, this literature report 
caused a burst of subsequent publications further documenting the presumed 
genotoxic properties of CPA. 

The compound was shown to generate DNA adducts in rat hepatocytes 
both in vitro and in vivo after single oral dosing, yielding approximately 
100-fold higher DNA adduct levels in females (CPA 0.1-30 mg kg -1) com- 
pared with males (CPA 3-100 mg kg -1) (Topinka et al., 1993). No adducts 
were detectable by 32p-postlabelling in extrahepatic rat tissues (Topinka et 
al., 1993). From these reports, it could not be excluded that the elevation 
in rat DNA adduct levels is not specific as it was unknown whether they were 
directly caused by CPA. A prerequisite for proper hazard assessment would 
therefore be a further characterization of the chemical composition of the 
CPA-associated DNA adducts (in order to see whether CPA itself is the 
substrate of DNA adduct formation). Furthermore, these investigations do 
not elucidate whether the adducts observed after CPA treatment are an 
essential prerequisite for the tumour formation anyway. 

Deml et al. (1993) re-examined whether CPA had any tumour-initiating 
activity by employing an initiation-promotion model with female rats, which 
is based on a different protocol from the initiation-promotion model in male 
rats by Schuppler and coworkers (1983) mentioned before. A female model 
was thought to be more relevant than a male one in view of the gender 
difference in carcinogenic response in rats. In female rats, a positive response 
was seen only at high dose levels that were hepatotoxic in the long-term rat 
carcinogenicity assay (Deml et al., 1993). 

In 1994, a poster was presented at a national congress of Italian 
pharmacologists claiming genotoxic effects of CPA (expressed as an increase 
in DNA repair activity) in cultured human hepatocytes from surgical liver 
biopsies of three female donors; cells from one male donor showed no 
response at all (Martelli et al., 1994). This poster, and also the published rat 
data, prompted the German regulatory authorities to classify CPA as a 
possible genotoxic hepatic carcinogen of trans-species relevance. They 
published their concern over suspected genotoxic carcinogenicity in a 'rapid 
alert' in August 1994 and initiated a procedure to reconsider the current 
marketing approvals for CPA-containing products in Germany (Press release 
of the Commission of the European Communities, 1994). At the European 
level, the German authorities requested an opinion of the Committee for 
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Proprietary Medicinal Products (CPMP). This of course urged the other 
authorities in the European Union to assess rapidly the apparently alarming 
news also. After ample contemplation, the CPMP concluded that no 
regulatory action was necessary regarding presumed genotoxic and carcino- 
genic potential of CPA. The companies concerned were requested by the 
CPMP to incorporate a short summary of the animal findings in the Summary 
of Product Characteristics (SmPC) concluding that their clinical relevance 
is uncertain and that there is no clinical experience supporting an increased 
incidence of liver tumours in CPA-treated humans (Press release of the 
Commission of the European Communities, 1994). 

Since then, several further studies have been published. In 1995, the 
preliminary human data by Martelli and coworkers mentioned before were 
somewhat extended to seven donors and published in a scientific journal. 
CPA was shown to induce DNA repair synthesis in hepatocyte preparations 
derived from two males and four out of five females. Only a very slight 
enhancement in DNA fragmentation was found at fivefold higher concentra- 
tions. In view of the discussion described above, the authors' conclusion 
(Martelli et al., 1995), that CPA is genotoxic in human hepatocytes and that 
the striking sex difference in the genotoxicity of CPA in rat hepatocytes is 
not observed in human ones, is rather speculative. 

Further genotoxicity studies were performed by scientists employed by the 
German regulatory agency to investigate whether CPA-induced DNA 
adducts have the potential of being transformed into mutations (Kasper 
et al., 1995). In their hands, CPA did not induce gene mutations or 
chromosomal aberrations in Chinese hamster ovary cells co-cultivated with 
female rat hepatocytes as the metabolizing system. Some indications 
were found of a micronucleus-inducing potential of CPA in an in vitro 
micronucleus assay with proliferating female rat hepatocytes. It could not be 
determined whether the slight increase in micronucleus formation after CPA 
exposure indicates a clastogenic potential or whether it was just a conse- 
quence of the mitogenic potential of CPA. The authors conclude that their 
findings do not establish a clear genotoxic potential (Kasper et al., 1995). 

To ascertain whether the CPA-induced adducts, as detectable by the 
[32p]DNA postlabelling technique in female rat liver, represent CPA-specific 
DNA adducts, Topinka and colleagues (1996) explored the adduct structure. 
They confirmed that the CPA-induced DNA adducts do contain CPA or CPA 
metabolites. 

2.5.4 Alternatives to Cyproterone Acetate 

To acquire further information on the activities of CPA, some authors have 
published comparative studies with structurally related sex steroids. Long- 
term toxicity studies in dogs and monkeys (6 and 10 years, respectively) 
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showed no proliferative lesions in these species after chronic administration 
of steroids, some of which (e.g. the structural CPA analogues chlormadinone 
acetate and megestrol acetate) also induce DNA adduct formation in rat liver, 
albeit to a lesser extent than CPA (Topinka et al., 1995). Martelli and 
co-workers (1996a) compared the clastogenic and tumour-initiating activities 
of chlormadinone acetate and megestrol acetate in female rats. In a 
micronucleus test in rat hepatocytes, the clastogenic properties of these 
compounds were about 1/3 to 2/3 of that of CPA. The tumour-initiating 
activity of chlormadinone actetate and megestrol acetate in the rat liver loci 
assay was seven- to ten-fold lower than that of CPA. These studies 
demonstrate that CPA, chlormadinone acetate and megestrol acetate are 
characterized by different profiles of genotoxic activity in female rat liver. 
The difficulties, however, in extrapolating these findings to humans is stressed 
by a study of Martelli and co-workers (1996b). They found that the rate of 
DNA repair in primary human hepatocytes exposed to CPA, chlormadinone 
actetate and megestrol acetate in vitro is similar, irrespective of donor gender. 
Under the same experimental conditions, substantial differences were 
observed in the amounts of DNA repair elicited by the three steroids in 
primary hepatocytes from female rats, CPA having the greatest potency. The 
three compounds failed to induce DNA repair in hepatocytes from male rats 
(Martelli et al., 1996). 

2.5.5 Epidemiology 

To date, the published literature only documents a very low number of cases 
of liver tumours among CPA users (Ohri et al., 1991; Watanabe et al., 1994; 
Riidiger et al., 1995). A recent literature review by German clinicians on the 
genotoxicity, hepatotoxicity and carcinogenicity of CPA concludes that in the 
last two decades since the introduction of CPA into therapy, no observations 
have been made which could point to a particular hazard from CPA with 
regard to proliferative liver change (Rabe et al., 1996). As in the case of CPA, 
the epidemiological data on the incidence of liver tumours in women who 
had taken drugs that contain chlormadinone acetate or megestrol acetate are 
very limited. Consequently, it is impossible to establish to what extent these 
pharmaceuticals play a role in human liver carcinogenesis (Martelli et al., 
1996a). 

2.5.6 Comment  and Conclusion 

The firm German regulatory action in 1994 may be considered to have been 
too hasty in retrospect. The alarm at that time obviously was based on a 
'worst case scenario' assuming a serious human health issue, which was based 
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on scanty experimental evidence. It is, however, taken for granted that it is 
very difficult to decide, as a health authority, on the potential human health 
consequences of some unproven hazard flagged by incomplete experimental 
data. One might argue that authorities should be on the safe side of the 
spectrum of possible restrictive actions to be taken. On the other hand, 
science should not be violated. In that respect, the CPMP's decision to put 
a warning into the Summary of Product Characteristics of CPA-containing 
products is a wise compromise. The uncertainty present in 1994 still exists 
as no final conclusion can yet be drawn as to whether the presumed genotoxic 
properties of CPA (if any) have any relevance in terms of long-term safety 
in humans. 

2.6 ACITRETIN AND THE PREGNANCY POSTPONEMENT PROBLEM 

2.6.1 Introduction 

Acitretin and its ethyl ester etretinate are aromatic retinoids developed in 
the 1970s for the treatment of psoriasis and other hyperkeratotic skin 
conditions. Etretinate seemed a better candidate for registration, because as 
an ester it was expected to show a higher and less variable bioavailability 
than the much less lipophilic acitretin. Of an intravenous dose, about equal 
parts are excreted by the urinary and biliary routes (Wiegand and Jensen, 
1991). Paravicini (1981, cited by Gr0nh0j Larsen et al., 1987) found that 
about 60% of a dose of etretinate was recovered unchanged in the faeces. 
As may be expected, etretinate is better absorbed in the fed than fasting state. 
According to Wiegand and Jensen (1991), in the fed state and assuming linear 
pharmacokinetics, on average 60% of an oral acitretin dose is absorbed 

14 (range 36-95%). For [ C]acitretin, Rubio et al. (1994) reported a cumulative 
urinary excretion of about 20% of the radioactivity after 240 h in psoriatic 
patients. These results document incomplete absorption of both substances, 
acitretin generally being absorbed less than etretinate. 

2.6.2 History 

Owing to their retinoid nature, both substances were expected to be highly 
teratogenic. This hazard indeed was identified and characterized in animal 
experiments. Etretinate was studied by Hummler and Schtipbach (1981) and 
found to be teratogenic in mouse, rat and rabbit after dosing for about 12 
days in pregnancy. Lowest teratogenic doses were mouse 4 mg kg -1 day -1, 

1 1 1 rat 2 mg kg-1 day- and rabbit 2 mg kg-  day- . Malformations were found 
in the skeleton and in soft tissues (CNS, cleft palate, kidney malformations), 
similar to those caused by retinoic acid. Acitretin was also shown to be 
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teratogenic (Kistler and Hummler, 1985) in the mouse, rat and rab- 
bit after dosing during days 7-19 post coitum. Here, the rabbit was 
most sensitive (lowest teratogenic dose 0.6mgkg -1day-I ) ,  the rat least 
(15 mg kg -1 day-~). These findings were confirmed and extended by studies 
in vitro (Kistler, 1987; Kochhar et al.,  1989; L6fberg et al.,  1990). Etretinate 
as such appeared to be not teratogenic, but had to be hydrolysed to acitretin 
to display its effect. 

Correspondingly, recommendations were strictly given to prevent preg- 
nancy during therapy with these substances and to postpone a desired 
pregnancy for a period long enough to assure well-nigh complete (i.e. 
>99%)  elimination of etretinate and its biotransformation products. The 
teratogenicity of acitretin and etretinate nevertheless was regrettably con- 
firmed by the outcomes of several pregnancies having inadvertently been 
started during therapy (Happle et al.,  1984). A recent and useful commenting 
overview of outcomes of pregnancies begun under or shortly after retinoid 
treatment is given by Geiger et al. (1994). 

During long-term administration of etretinate, it became apparent that the 
strong lipophilicity of the substance enabled it to fill a large deep compart- 
ment, in fat depots and other lipid-rich tissues (Masarella et al. ,  1985; 
Gr~nhoj Larsen et al.,  1988). This caused the terminal elimination half-life 
to be very long (about 100 days), which means that, taking a waiting period 
of 7 half-lives (> 99% eliminated), a future mother would have to wait for 
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2 years before beginning a 'safe' pregnancy (Geiger et al., 1994). Under such 
conditions etretinate was registered in the European Community in the 1980s. 
It is understandable that a pregnancy postponement period as long as 2 years 
was unfavourable for the application of etretinate in therapy. 

Acitretin, the corresponding free acid was much less lipophilic and was 
reasonably expected to be much more rapidly eliminated than etretinate; so 
the drawback of comparably low and variable bioavailability of acitretin was 
offset by the benefit of its larger rate of elimination in steady state. For 
acitretin, with a half-life of about 50 h, a waiting period of 2 months was 
agreed upon. This seemed sufficient to assure well-nigh elimination of 
acitretin from the body of the prospective mother (Berbis et al., 1988). 
Acitretin was submitted for registratibn with this advantage in comparison 
with etretinate and was duly accepted in 1989 in the member-states of the 
European Union. 

2.6.3 Etretinate Formation f r o m  Acitretin 

Some years later, during studies with acitretin in women, an unknown 
substance was detected in their plasma (Wiegand and Jensen, 1991; Lambert 
et al., 1992). The substance was subsequently identified as etretinate. This 
esterification in vivo was unexpected. Nevertheless, not long before the 
introduction of acitretin, a similar esterification reaction with retinoic acid 
was described (Miller and DeLuca, 1985). The esterification of actitretin was 
studied in vitro with rat and human microsomes and in vivo in the rat (Chou 
et al., 1991), as well as with liver preparations from several other species 
(Laugier et al., 1994) with and without addition of ethanol. Moreover, it 
could be shown to occur also without the addition, respectively administra- 
tion, of ethanol (Chou et al., 1991). In the rat, esterification was strongly 
increased above basal values by simultaneous administration of ethanol 
(Chou et al., 1992). In human pharmacokinetic studies, the formation of 
etretinate from acitretin was shown to be positively related (Jensen et al., 
1992) and even correlated with administration of ethanol (GrOnhoj Larsen 
et al., 1993), as can be calculated from their data, producing a correlation 
coefficient of 0.96. It is clear that use of alcoholic beverages during acitretin 
use may result in an increasing etretinate load in the patient's fat depots. 

These findings were an extremely unpleasant surprise because etretinate 
with its long elimination half-life can act as a very efficient depot for the 
strongly teratogenic acitretin, prolonging its apparent elimination half-life 
(GrOnhoj Larsen et al., 1993). For this reason, the waiting period before 
starting a pregnancy after stopping acitretin was extended to two years in 
the official 'labelling' in Europe. Moreover, it was recommended to refrain 
from ethanol-containing beverages during acitretin therapy and also until 2 
months after stopping acitretin intake. 
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Worse was yet to be found: in 1994, pharmacoepidemiologists reported 
that the persistence of measurable concentrations of acitretin, 13-cis-acitretin 
and etretinate in plasma of women having been treated with acitretin might 
be longer than 2 years (Sturkenboom et al., 1994). Moreover, if these 
concentrations would at last decrease below the limit of detection, appreci- 
able quantities of these substances still might be present in the subcutaneous 
fat tissue and other fat depots. In women who had never been treated with 
etretinate, etretinate fat:plasma concentration ratios of several hundreds 
were found during acitretin therapy (Sturkenboom et al., 1994). The authors 
concluded that pregnancy after acitretin treatment could only be safe when 
no etretinate could be detected in subcutaneous fat tissue. A plasma 
concentration of these retinoids below the limit of quantif icat ion- in their 
perception - was not enough to assure safety for the conceptus. 

2.6.4 Reflection and Discussion 

It is here that integration of toxicodynamic, toxicokinetic and human 
pharmacokinetic knowledge becomes crucial. Without sound toxicological 
reasoning it is the lower limit of detection - in plasma or in fat - which 
becomes the irrelevant determinant in safety assessment. However, sound 
reasoning may perhaps not provide the quick answer policy makers or 
breakers may look for but may well show the way to be followed to find the 
answers needed. 

Acitretin, not etretinate, is the proximate teratogenic substance (Kistler, 
1987; Reiners et al., 1988; Kochhar et al., 1989). Etretinate is dangerous as 
a depot for supplying acitretin and maintaining a c o n t i n u o u s -  possibly 
t e r a togen ic -  concentration of acitretin at the site of action. Likewise 
13-cis-acitretin is only considered teratogenic as supplier of acitretin by 
isomerization (Geiger and Brindley, 1988). At the moment, unfortunately, 
we do not know the relationships between etretinate in any subcutaneous 
fat depot, plasma etretinate and 13-cis-acitretin concentrations and plasma 
acitretin concentrations on one hand, or acitretin concentrations at the active 
site, within the growing and differentiating embryo on the other. 

Let us try and take a pharmacokinetic view of the situation as it exists, 
at the end of a series of acitretin doses in an organism with a newly developing 
embryo (Figure 1A). Metabolic elimination, more rapid than in the case of 
etretinate, is an important acitretin sink. Residual acitretin, in the central 
compartment, is in exchange with two important compartments: slowly with 
the lipid compartment and, more rapidly, with the embryo. Furthermore, 
there is a quasi-equilibrium, far to the acitretin side, with etretinate in the 
central and embryo compartments. 

Etretinate, if formed at all, is slowly carried to and dissolved in the lipid 
compartment, a practically bottomless pit for lipophilic substances. Etretinate 
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FIG. 1. Compartment models of acitretin and etretinate pharmacokinetics after 
acitretin (A) and etretinate (B) administration respectively. The numbers refer to the 
pharmaca and derived substances: 1, acitretin; 2, etretinate; 3, biotransformation 
products (chain shortening, conjugation); 4, etretinate sequestered in lipid depots 
(immobilized, unless fat mobilization occurs). 
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concentrations in the plasma and embryo will be kept low by hydrolysis to 
acitretin. Acitretin itself will be eliminated relatively rapidly. Provided that 
no lipids are mobilized to satisfy metabolic needs, most of the etretinate 
formed will remain sequestrated in the lipid compartment. Mobilization of 
etretinate and subsequent hydrolysis to acitretin, has meanwhile been shown 
in the fasting rat (Sturkenboom, 1995). The expectation that sequestration 
as etretinate would markedly reduce circulating acitretin is not directly 
supported by experiments with lean and obese Zucker rats (McNamara and 
Blouin, 1990). Unfortunately, these experiments were carried out only with 
bolus doses, not during steady state. The formation of etretinate from 
acitretin can be limited by ethanol abstinence of the organism, or person, 
in question during the treatment period and, where necessary, thereafter. 
In comparison, Figure 1B shows the analogous situation with etretinate 
administration: the main difference will be in the long-lasting release of 
etretinate from its large depot in the fat compartment. 

Unfortunately, at the moment, we cannot quantify this largely qualitative 
picture as we do not know the global human nor the exact animal 
pharmacokinetics of acitretine in this situation (although the latter is 
accessible to an experimental approach). Relevant animal data would give 
at least an idea of an order of magnitude of a plasma threshold concentration 
for teratogenesis. In their comment, Geiger et al. (1994) suggest that synthetic 
teratogenic retinoids show a teratogenic potential similar to that of the natural 
ones. Physiological retinoid concentrations lie between 2 and 4 ng m1-1, so 
lower concentrations of retinoids would be considered safe (Geiger et al., 
1994). We consider this as wishful thinking, unless it is proven experimentally 
that natural and synthetic teratogenic retinoids show similar threshold 
concentrations for teratogenicity. This should preferably be proven in several 
animal species and be supported by in vitro studies in limb bud cell cultures. 
An important step in this direction has been made by Nau and coworkers 
using etretinate (L6fberg et al., 1990), but appears not be have been followed 
up in later years with acitretin, or other retinoids. 

2.6.5 Epidemiology 

Now we will have to help ourselves with human data on acitretin pharmaco- 
kinetics during steady state and after discontinuation of administration, and 
with the favourable or unfavourable results of inadvertent administration of 
acitretin during pregnancy. Wiegand and Jensen (1991) have reported on a 
group of 22 current acitretin users, four of whom exhibited plasma 
concentrations of etretinate in the range 5-62 ng m1-1, seven showed traces 
of it, while 11 did not show detectable etretinate in plasma (lower limit of 
quantification: 5 ngml-1).  Sturkenboom et al. (1994) mention 10 prior or 
current acitretin users not having ever used etretinate, seven of which did 
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not show detectable etretinate plasma concentrations (lower limit of quan- 
tification: 0.1 ng m1-1) and three showed levels of 0.4-1.2 ng m1-1. According 
to the authors, etretinate concentrations in subcutaneous fat varied from 
undetectable to 1029 ng g-a (!) in this group. 

Until 1994 no typical malformations, which might have been caused by 
acitretin, had been brought to the attention of the pharmaceutical company 
(Geiger et al., 1994). In 1995, one possible case was reported in the 
Netherlands (Die-Smulders et al., 1995). The craniofacial, ear and heart 
malformations were suggestive of retinoid embryopathy, whereas, strikingly, 
the severe limb deformations were not. 

2.6.6 Comment  and Conclusion 

The lesson in the acitretin case and for future cases is that during 
development more attention should be given to the connection between 
systemic and organ concentrations, and effects in animal toxicology. This is 
especially important if toxicity, as in this case teratogenicity, is suspected and 
the target sites are already known. Subsequently, the results should be linked 
to systemic, and possibly biopsy, concentrations in the human. The 
acquisition of such data appears to be more a matter of organizational effort 
and resource management than of much extra studies. 

In this case, a conclusion in the form of a risk assessment at the moment 
is impossible because of lack of (published) data linking animal teratogenicity 
and human exposure. 

2.7 IS OXAZEPAM CARCINOGENIC? 

2.7.1 Introduction 

The International Agency for Research on Cancer (IARC) initiated in 1969 
a programme to evaluate carcinogenic risks to humans and to produce 
monographs on chemicals in the widest sense of the word. The evaluation 
of the IARC represent a hazard identification step, for which evidence of 
carcinogenicity in humans and in experimental animals, as well as other 
relevant data in experimental systems and in humans are taken into 
account. 

In the final evaluation an agent is judged to be causally associated with 
cancer in humans only when there is sufficient evidence from relevant, valid 
epidemiological studies. If this is the case data on carcinogenicity studies in 
experimental animals are given less weight. However, in the absence of 
adequate human data the IARC recommends regarding agents for which 
there is sufficient evidence of carcinogenicity in experimental animals as if 
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they represent a carcinogenic risk to humans (IARC, 1990). The compounds 
are assigned in this way to five groups: group 1, carcinogenic to humans; 
group 2A, probably carcinogenic to humans; group 2B, possibly carcinogenic 
to humans; group 3, not classifiable as to carcinogenicity to humans; group 
4, probably not carcinogenic to humans. 

In a review published some years ago 20 out of 200 compounds evaluated 
were conclusively considered carcinogenic to humans, and 52 probably or 

Oxazepam HN.~ 0 

CI ~ ~ ~ N  

possibly carcinogenic (Marselos and Vainio, 1991). Very recently the IARC 
has published the evaluation of 14 compounds, some of which had been 
evaluated before (IARC, final draft 1996). 

For the present discussion on 'Sense and non-sense in toxicity assessment' 
the most interesting discussion is on oxazepam. Oxazepam was labelled by the 
IARC after evaluation in 1977 as well as in 1987 as 'not-classifiable' (IARC, 
1977, 1987). Now after reevaluation oxazepam is labelled as possibly 
carcinogenic to humans (group 2B) (IARC, 1996). This labelling is the 
consequence of the process of the IARC evaluation, which, however, can be 
criticized in view of the scientific state of the art, as will be shown below. 

2.7.2 History 

The first report on carcinogenic effects of oxazepam appeared in 1974. Three 
groups of 14 male and 14 female Swiss-Webster mice received oxazepam in 
the diet from 3 to 12 months of age at concentrations of 0.05 or 0.15%, or 
were given a control diet. At 12 months of age all mice received the control 
diet for a further 2 months; all surviving animals were then killed. Liver 
tumours described as liver-cell adenomas were found in 3/12 (25%) males 
receiving the lower dose and in 8/13 (61%) males and 5/8 females receiving 
0.15% oxazepam. No liver tumours were seen in 13 male and 10 female 
surviving controls (Fox and Lahcen, 1974). 

Other benzodiazepines were also related to an increased risk of cancer, 
as diazepam was described to enhance the growth of mammary tumours in 
rats (Karmali et al., 1979). However, in life-time feeding studies (2 years) 
diazepam and also prazepam have been reported not to cause elevated 
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tumour incidence in either Wistar rats or CF1 mice, even though in that study 
the incidence of malignant liver tumours was significantly increased in male 
mice fed diazepam (De La Iglesia et al., 1981). 

The NTP has repeated the carcinogenicity studies (NTP, 1993). Long-term 
carcinogenicity studies were carried out in two mouse strains: in the 
Swiss-Webster strain during 57 weeks and in the B6C3F1 strain for 2 years. 
Studies with oxazepam in rats were not started initially because ade- 
quate studies were carried out by the manufacturer of oxazepam, Wyeth 
Laboratories, in Sprague-Dawley rats. Because of the marked neoplastic 
findings in mice in the NTP report under discussion, the NTP decided to start 
2-year studies of oxazepam with Fisher 344/N rats. Furthermore, adequate 
rat studies for diazepam and temazepam (both leading to exposure to 
oxazepam by metabolism of the parent compound) were published (De La 
Iglesia et al., 1981; Robinson et al., 1984). 

The outcome of the NTP study in the B6C3F1 mice is given in Table 2. 

TABLE 2 
Oxazepam. Incidences of neoplasms in livers and thyroid glands of B6C3F1 mice 

in the 2-year study (overall rate) (NTP, 1993) 

dose (p.p.m.) 

0 125 2500 5000 

Male 
Dose (mg kg -I day -a) 0 20 390 890 
Hepatoblastoma 0/49 2/50 21/50 13/50 
Hepatocellular 17/49 18/50 34/50 32/50 

adenoma 
Hepatocellular 9/49 5/50 45/50 50/50 

carcinoma 
All liver tumours 23/49 19/50 50/50 50/50 
Thyroid follicular 0/49 1/50 1/50 1/50 

cell adenoma 

Female 
Dose (mg kg -I day -I) 0 26 450 920 
Hepatoblastoma 0/50 1/50 8/50 8/50 
Hepatocellular 25/50 35/50 35/50 36/50 

adenoma 
Hepatocellular 9/50 5/50 49/50 44/50 

carcinoma 
All liver tumours 28/50 36/50 50/50 47/50 
Thyroid follicular 0/50 4/50 5/50 6/50 

cell adenoma 
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The increase in the individual types of liver tumours is both for males and 
for females statistically significantly dependent on the dose (P<0.001). For 
the different dosage groups the effects in the 125 p.p.m, group were not 
significant, but with the other dosages the effects were highly significantly 
increased (P<0.001). The increase in thyroid follicular cell adenoma was only 
significant for the females in the two highest dose groups (P<0.02). 

For the study with the Swiss-Webster mice, three groups (60 animals of 
either sex) were used, i.e. 0, 2500 or 5000 p.p.m. The animals were fed during 
57 weeks. Only hepatocellular adenomas and carcinomas (no thyroid 
tumours) were observed with a combined overall rate in the highest dose 
group of 87% for males and 80% for females. 

The conclusion of the NTP is that, under the conditions of these feed 
studies, there was clear evidence of carcinogenic activity of oxazepam in male 
and female Swiss-Webster mice based on hepatocellular adenoma and 
carcinoma. There was also clear evidence of carcinogenic activity of 
oxazepam in male and female B6C3F1 mice based on increased incidences 
of hepatoblastoma and hepatocellular adenoma and carcinoma. Increased 
incidences of hyperplasia of thyroid gland follicular cells in male and female 
B6C3F1 mice and of follicular cell adenomas in female B6C3F1 mice were 
also related to oxazepam exposure. The proportion of neoplasms with an 
activated H-ras gene decreased under the influence of oxazepam, indicating 
that the effect is related to a promoting action of oxazepam. The report 
compares oxazepam with phenobarbital. 

2.7.3 Reflection and Discussion 

The labelling of oxazepam as 'possibly carcinogenic to humans' by the IARC 
is 'non-sense' because of the reasons discussed in the paragraphs below. 

2.7.3.1 Tumourfindings. The increased thyroid follicular cell adenomas 
in female mice is probably related to the induction of hepatic microsomal 
enzymes and altered thyroid function leading to hyperplasia. A hypothesis 
has been developed for rats to account for these findings (McClain, 1989), 
which is likely to be applicable for mice also. This involves induction of the 
glucuronidation activity in the liver for thyroxine, causing enhanced biliary 
excretion. This leads to a persistent increase in thyroid-stimulating hormone 
levels, which fosters increased thyroid follicular cell hyperplasia (only this 
stage was seen in male mice) and neoplasia. It was shown that glucuronida- 
tion is a major metabolic pathway for oxazepam, and induction of this activity 
occurs with repeated dosing. 

The increase in hepatocellular adenomas and carcinomas induced by 
chemicals in rodents, especially in mice, has been addressed by many authors 
(Goodman et al., 1991). The susceptibility of mice to hepatocarcinogenicity 
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varies markedly with age, gender and strain. The genetic basis for the 
inter-strain susceptilibity in mice is now being clarified, and is largely 
accounted for by a genetic locus Hcs (hepatocarcinogen sensitive) locus 
(Drinkwater and Ginsler, 1986). Sensitive strains have a high incidence of 
spontaneously mutated H-ras oncogenes and are defective in their control of 
DNA methylation (Counts and Goodman, 1994). H-ras oncogenes appear to 
have a negligible role in human cancer where, instead, mutations in the p53 
tumour suppressor gene are critical (Ozturk, 1991). The NTP has included a 
screening for the ras oncogene. Liver neoplasms are commonly seen in 
B6C3FI mice in 2-year studies, occurring with a typical incidence of 30-40% 
in control males and 10-20% in females. Chemically induced liver tumours in 
mice have a high frequency of proto-oncogene activation, particularly by point 
mutations of ras-type oncogenes (Barbacid, 1987). In the NTP study relevant 
mutations in the H-ras gene were detected in 13/37 (35%) of the hepato- 
cellular tumours from the 125 p.p.m, group compared with 58% of the 
neoplasms in control mice, only one neoplasm (2.5%) in the 2500p.p.m. 
group, and none in the 5000 p.p.m, group of mice. The mutation spectrum of 
the 13 cases with the activated ras gene was similar to that detected in liver 
tumours in the control mice bearing an activated H-ras gene. Oxazepam 
treatment thus stimulated the formation of tumours not bearing activated 
H-ras genes. Also, in a study with phenobarbital-induced liver neoplasms 
detection of H-ras gene mutations was significantly lower than that detected in 
neoplasms in control animals (Fox et al., 1990). 

Another similarity between oxazepam and phenobarbital is the induction 
of hepatoblastoma. Hepatoblastoma are malignant liver tumours which occur 
in children under 3-4 years of age and have a morphological structure 
completely different from that of the hepatocellular carcinoma which will 
occur at an older age (Frith et al., 1994). The increase of hepatoblastoma 
in the oxazepam-fed groups was alarming because of its uncommon character. 
Even in the 125 p.p.m, group two males and one female had a hepatoblast- 
oma, whereas none was found in the controls of this study, and historically, 
none was found in 1366 control male mice and only one was found in 1363 
female control mice. However, the similarity between human and mouse 
hepatoblastoma is only histopathological, and apparently not related to the 
aetiology of the carcinogenic response. Whereas in humans hepatoblastoma 
is observed as an early and single tumour response, hepatoblastomas in mice 
are described mainly in conjunction with the hepatocellular adenomas. The 
histogenesis of hepatoblastomas is clearer from the studies of Diwan et al. 
(1994) as large numbers of these tumours accumulated in their studies with 
phenobarbital, DDT and Arochlor-1254. The preponderance of evidence is 
that they generally evolve from preneoplastic or neoplastic hepatocytes in 
loci of hepatocellular tumours. The susceptibility of mice to induction of 
hepatoblastomas is further related to strain differences, as has been clearly 
shown by Diwan et al, (1989) using reciprocal F 1 hybrid males (B6D2Fa 
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versus D2B6F1 mice). In summary, it can be concluded that the induction 
of hepatoblastoma in the B6C3F1 mice by oxazepam does not contribute 
really to the carcinogenic risk in humans. 

2.7.3.2 Mechanisms.  Oxazepam, and other benzodiazepines, are known 
to be negative in a variety of in vitro bacterial and mammalian genotoxicity 
tests (Balbi et al., 1980; Swierenga et al., 1983; NTP, 1993). In a study of 
14 weeks' duration parallel with the carcinogenicity study in B6C3F1 mice 
a search was done for micronuclei in peripheral blood cells with a negative 
result (NTP, 1993) confirming an earlier study using lower dosages applied 
five times weekly i.p. (Degraeve et al., 1985). Other references, however, 
indicate that oxazepam has been shown to cause micronuclei and aneuploidy 
in vitro and to inhibit gap-junctional intercellular communication in human 
hepatoma cells in vitro (IARC, 1996). The discussion on the relevance 
of the latter findings is ongoing. Diazepam also induced bone marrow 
micronuclei which may be due, however, to low concurrent control values. 
Aneuploidy has been described also after administration of diazepam (Adler, 
1993). Common phenomenon of compounds with aneugenic properties is 
alteration of the progression of cell division in both mitotic and meiotic cells. 
Differences in response between somatic and germinal cells were obvious 
for diazepam and several other compounds (Adler, 1993). In another study 
where high dosages of 32 benzodiazepines were applied in rats no evidence 
was found of gene mutation or other forms of genetic damage (Carlo et al., 
1989). It can be concluded that there is no evidence that oxazepam interacts 
directly with DNA. 

The induction of hepatocarcinomas by oxazepam can be seen as a result 
of a promoter-like activity of this compound. The characterization of 
benzodiazepines as promoters was studied in various models, because of 
reports that diazepam increased the growth of intrarenally implanted 
neoplasm cells (Horrobin et al., 1979); publication of an epidemiological 
study suggesting an association between benzodiazepine use and breast 
cancer preceded the latter study (Stoll, 1976). Mazue et al. (1982) could not 
detect a promotor effect of oxazepam in rats during a 12 weeks' administra- 
tion period (N-2-fluorenylacetamide was used as initiator). The dosage of 
200mgkg -1 used orally, however, was quite low in view of the fast 
metabolism of benzodiazepines in rats (van der Laan et al., 1993). Other 
authors showed that oxazepam acts as a promotor of tumour growth in both 
rats and mice after initiation by diethylnitrosamine (Preat et al., 1987; Diwan 
et al., 1986). In mice receiving 0.15% oxazepam orally in the diet the 
incidence of neoplasms was increased. Diwan et al. (1986) have as- 
sociated the promotion of hepatocellular carcinogenesis with induction of 
N-demethylase activity, which appears to be quite species- and strain-specific. 
As with the induction of hepatoblastoma in this respect again there is a 
great similarity between oxazepam and phenobarbital. Oxazepam (125 or 
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2500 p.p.m.) administered 3-21 days induced a variety of biochemical events 
such as increase of cell proliferation in liver and cytochrome P450 induction, 
increase in free radical formation, induction of glutathione (GSH) depletion 
and increased levels of circulating thyroid-stimulating hormone (TSH) 
(Griffin et al., 1996). Phenobarbital is found to induce similar biochemical 
events (Ahobupa et al., 1993; Griffin et al., 1995). Phenobarbital and 
oxazepam can be seen as 'non-cytotoxic, non-genotoxic' carcinogens and the 
hypothesis has been proposed that those compounds stimulate clonal 
expansion of spontaneous preneoplastic cells. However, evidence is gathering 
showing that DNA hypomethylation may be the critical mechanism of 
carcinogenicity by phenobarbital and oxazepam (Ray et al., 1994). 

2.7.3.3 Similarity in biotransformation between animals and the hu- 
man. The manner in which oxazepam is metabolized by the mice in the 
NTP studies is important for two reasons: first, the pattern of biotransforma- 
tion in the mouse should be at least qualitatively similar to that of humans, 
to serve as a model for the human; second, the early appearance of liver 
tumours in the Swiss-Webster strain may suggest the existence of an 
activation pathway in this particular strain. 

Taking the last point first" alongside the NTP carcinogenicity studies, data 
are gathered on the biotransformation of oxazepam in mice (Griffin and 
Burka, 1993). In male B6C3F1 mice oxazepam is excreted unchanged 
for about 40% and as glucuronide for about 15% (increasing with the 
dose) (Griffin et al. 1995). After repeated administration the proportion 
glucuronidated is increasing. A metabolite called CPQ (diazepine ring 
narrowing and carbon dioxide release) counts for 5-15%. In addition 3'- and 
4'-hydroxylated derivatives are found, indicating the potential formation of 
intermediate epoxide compounds. The differences between Swiss-Webster 
and B6C3F1 mice are only minor, the latter excreting more unchanged 
oxazepam than glucuronide and slightly less hydroxylated than other metabo- 
lites. The slight difference in hydroxylation especially argues against a role of 
reactive intermediates in the induction of early liver tumours in Swiss- 
Webster mice. 

With respect to the first point, oxazepam is biotransformed in the human 
mainly by glucuronidation (> 95%), and excreted in this form by the kidney. 
Small amounts of other metabolites are formed by diazepine ring opening. 
These products, identified in urine by Sisenwine et al. (1972), are similar to 
the metabolites found in mice. Although the hydroxylated metabolites thus 
apparently play a minor role in the human, the qUalitative similarity in the 
metabolite pattern is sufficient to declare the mouse studies to be of value 
and apply them to the human. 

2.7.3.4 Epidemiology.  As mentioned above, an epidemiological study 
suggested an association between benzodiazepine use and breast cancer 
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(Stoll, 1976). A case-control study in which 1075 cases and 1146 controls were 
interviewed did not support the contention that diazepam promotes or 
accelerates breast cancer growth. Very recently another case-controlled study 
has been published with respect to the relation of benzodiazepine use with the 
risk of 11 selected cancers: breast (6056 patients), large bowel (2203), 
malignant melanoma (1457), lung (1365), endometrium (812), ovary (767), 
non-Hodgkin's  lymphoma (382), testis (314), Hogdkin's disease (299), 
thyroid (111) and liver (37). For sustained benzodiazepine use relative to no 
use, relative risk estimates for all 11 cancers were compatible with 1.0 at the 
0.05 level of significance. Relative risk estimates both for sustained use that 
continued into the 2-year period before admission and for sustained use that 
ended up to more than 10 years previously were compatible with 1.0, 
suggesting a lack of tumour promotion and no increase in the risk after a 
latent interval. Results were also null for diazepam, chlordiazepoxide and 
other benzodiazepines considered separately. The data suggest that benzo- 
diazepines do not influence the risk of cancer as a whole (Rosenberg et al., 
1995). 

The similarity between oxazepam and phenobarbital  is also important with 
respect to the human epidemiology figures in the use of both compounds. 
Phenobarbital  use is still high in various countries, e.g. in the US in 1989 39% 
of the sedatives market (Woods et al., 1992). Oxazepam is widely used as a 
sedative/hypnotic with a market share in western societies of 7--40% in 1989 
(France 7%; UK 8%; The Netherlands 37%; Germany 40%), although some 
countries ranked lower (Italy 2%; US 2%) and another ranked higher 
(Sweden 58%). The carcinogenicity of anticonvulsant drugs, including 
phenobarbital,  in man was studied in a retrospective set-up conducted on 9136 
epileptic patients in a hospital in Denmark.  In those treated for up to 10 years, 
the incidence of cancer at all sites except the liver was the same as or lower 
than that expected when compared with the incidence in the general 
population. In the same group three cases of liver cancer were observed in 
males whereas 1.1 were expected, and one liver cancer was observed in a 
female where 0.7 was expected. However, three out of four liver cancers in 
male patients were associated with treatment with thorotrast,  which is known 
to induce liver tumours in man (Clemmesen et al., 1974; Clemmesen and 
Hjalgrim-Hansen, 1978). Also, data from Olsen et al. (1989) provided no 
evidence of a link between liver neoplasms in humans with phenobarbital  
exposure. These findings were confirmed recently by Olsen et al. (1995) in a 
case-control study specifically related to the occurrence of hepatobiliary 
cancer. In a cohort of 8004 epileptic patients in Denmark,  no association was 
seen between treatment with phenobarbital and cancer of the liver. 

2.7. 4 C o m m e n t  and Conclus ion  

The decision of the IARC to label oxazepam as a 'possible human carcinogen' 
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can be explained taking into consideration the formal rules of the IARC. 
However, when all data are taken together, such as the similarity between 
phenobarbital and oxazepam, the epidemiological data on both phenobarbital 
and the benzodiazepines, as well as the mechanistic data with respect to the 
promotor action of oxazepam, it is unlikely that the carcinogenicity observed 
in mice has any relevance to man. 

The IARC has received advice from a working group to modify the criteria 
for placing agents in the different categories of the IARC (Vainio et al., 1992). 
It has been recommended to place substances, carcinogenic in experimental 
animals, with strong evidence that the mechanism in animals does not operate 
in humans, into category 3 (no or inadequate evidence ~in humans and less than 
sufficient evidence in animals). This will be a step in the right direction. The 
stringent use of the present rules tends to lead to non-sense decisions. 

3 Reflection and Discussion 

3.1 INTRODUCTION 

The cases discussed above show how toxicological problems are solved, 
sometimes by a 'sense' approach, sometimes, regrettably, by a 'non-sense' 
approach. The latter, like traffic offences, fortunately do not necessarily cause 
accidents. So, many a 'non-sense' approach is tacitly and mercifully buried in 
the archives and only incidentally exhumed and exposed. However they are 
often the basis of a policy decision, which then may be far off the mark. So, 
such 'non-sense' results may do some other harm instead of preventing the 
harm expected. 

After the discussion at the end of the case studies in the previous paragraph, 
and their summary in Table 3, we now have to look how 'non-sense' 
approaches can be prevented. We should have the 'right' data at our 
disposition a n d -  very impor tan t -  we should show the 'right' attitude towards 
them. 

What does mean 'right' in this context? It means data which are accurate 
and complete, within our present frame of knowledge and technical capacity. 
It means also that results of different tests are put into relation with each 
other. Our most important tool is the coherent and integrated use of our 
present knowledge. 

Science in general and toxicology especially are not infallible, whatever 
the general public may expect. We cannot anticipate on future insights (cf. 
pronethanol). We can however try and avoid committing sins. One of the 
cardinal sins for instance is the use of isolated results for important decisions 
(cf. noscapine). Another sin is neglecting knowledge we already have at our 
disposal (oxazepam). This may be demonstrated in the 'chain of tacit 
assumptions'. This chain often limits the correct application of science to the 
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TABLE 3 
Summary of evaluations from cases 

1. Pronethanol 1963--65: withdrawal of pronethalol; 
sensible decision based upon the, then 
limited, knowledge of the carcinogenesis 
process. 

2. Zimeldine, nomifensine, indalpine 1982-87: withdrawal of zimeldine, 
nomifensine and indalpine; sensible 
conclusion based upon limited 
post-marketing experience, reliable tests 
for immunostimulation lacking at that 
time. 

3. Tamoxifen 1985-96: benefit/risk balance of 
tamoxifen favourable for treatment, but 
not for prevention of breast cancer; 
sensible conclusion based upon 
complementary animal and 
post-marketing data 

4. Noscapine 1989-90: noscapine genotoxic to human; 
conclusion based on in vitro genotoxicity 
studies only; after new in vivo studies 
conclusion corrected (1992). 

5. Cyproterone acetate 1990-94: premature conclusion that CPA 
carcinogenic, later corrected by warning, 
awaiting new experimental data (end 
1994). 

6. Acitretin 1991-94: possibly too cautious conclusion 
on pregnancy postponement, owing to 
lack of data on: 
1. Synthetic/natural retinoid 

teratogenicity comparison; 
2. integration teratogenicity/toxicokinetic 

data (including human data) 
3. relationship etretinate concentration 

in lipid depot and in plasma in 
human (sequestration efficiency). 

7. Oxazepam 1996: decision that oxazepam 'possible 
human carcinogen' not sensible, based 
on too rigid interpretation of formal 
IARC rules. 
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practical problems of society. For toxicology this chain consists of many links, 
e.g., the assumptions that: 

�9 excretion of high doses is a linear process; 
�9 detoxification pathways cannot be overloaded; 
�9 dose-response relationship is linear; 
�9 dose extrapolation can be solely based upon body weight; 
�9 a change in physiological/biochemical characteristics is a toxicological 

end-point, etc. 

Such assumptions seem convenient in use, although we should know better. 
They are simplifications which often are unnecessary and harmful. They lead 
to an accumulation of pessimistic or conservative estimations, resulting in 
an, often unrealistic, worst-case scenario (Goodman, 1994). It leads us 
towards a 'safe and sorry' scenario: 'safe' because of pessimistic evaluation, 
'sorry' because of the rejection of potentially useful active substances. 

3.2 'UNITY OF LIFE' PARADIGM 

Comparative physiology and comparative biochemistry lie at the basis of the 
'unity of life' paradigm in pharmacology and toxicology. The main routes 
of metabolism, such as the tricarboxylic acid cycle and/3-oxidation of fatty 
acids, are similar in almost all organisms, animal as well as vegetable. The 
central physiological funct ions-  circulation, respiration, autonomic regula- 
tion and digestion- are common in mammals. This, to begin with, urges us 
to use higher animals, especially mammals, if we need a model for the human. 
It is, however, in the details of enzyme apparatus and regulation of biological 
processes that there are subtle but essential differences. So, hydrocyanic acid 
is universally toxic for all animal organisms depending on the cytochrome-a 
group and on cytochrome oxidase for their respiratory chain function, but 
only a few species of protozoa and helminths are insensitive to otherwise toxic 
doses of hydrocyanic acid since they do not use this enzyme group (Albert, 
1973). 

This example shows that to use fruitfully the 'unity of life' paradigm, its 
limitations have to be tested, understood and account has to be taken of the 
subtle differences alluded to above. Conversely, one can use such differences 
to one's advantage, e.g. to study the kinetics of biliary excretion in the rat, 
which lacks the gall bladder other species have, or the effects of pathologi- 
cally low glucuronidation capacity by using the Gunn rat, which lacks 
glucuronic acid transferase. 

The colourful picture of species similarity and difference has been the 
subject of many, sometimes speculative, reviews from, amongst others, 
Brodie (1964), Caldwell (1981) and on to Lin (1995). Much insight has been 
gained by studies on cytochrome P450 isoenzymes. Species differences in the 
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expression of the iso-enzyme pattern account largely for species (Nebert et 
al., 1991) and sex (Kato and Yamazoe, 1992) differences in biotransforma- 
tion. Body size differences can be accounted for by the largely empirical 
allometric approach (Mordenti, 1986). In toxicity comparisons this should 
be used systematically (Peters-Volleberg et al., 1994), but in most cases it 
is not. Strangely enough, it seems that more attention has been given to 
species differences in the pharmacokinetics and biotransformation of sub- 
stances than to those in their pharmaco- and toxico-dynamics. 

How to manage these partly still unknown similarities and differences? 
Many authors recommend the study of pharmacon toxicity in animals in 
which the fate and the effect pattern of the pharmacon is similar to that in 
the human. However, it is improbable that fate as well as effect pattern will 
be simultaneously similar to those in the human. Moreover, what does one 
do if it occurs in, of all species, the cat: buy 300 inbred cats? 

There seems to be only one practical approach. Carry out the orienting 
effect and also fate studies in several species and strains. This is already usual, 
but this practice might need to be extended. Then carry out the large studies 
(long-term toxicity and pharmacokinetics, carcinogenicity) in two, or maybe 
even only one, inbred species. In the design of those studies the similarities 
and differences found in the preceding orienting studies should be taken into 
account. 

As for the issue rodents versus non-rodents, there is no uniformity in 
toxicological responsiveness among rodents as a group, nor among non- 
rodents as a distinctly different group. Thus, while there might be good 
reasons to conduct toxicological studies in more than one animal species, the 
artificial division into rodents and non-rodents cannot be supported by 
rational arguments (Zbinden, 1993). 

The species specificity problem is further complicated by the use of inbred 
strains as a model for the highly random-bred human population. There are 
two opposite aims: to have a useful model for the random-bred human 
population, and to find secure, reproducible results. These aims are 
incompatible. Priority is given to reproducibility by using inbred strains 
(Kacew and Festing, 1996). One should be resigned to the fact that there 
is no exact model for the human. By using more species and strains in the 
orienting studies the basis should be laid for the interpretation and 
extrapolation of the study results to the human, as alluded above. Specific 
factorial designs, using several strains, may prevent obtaining misleading 
results by the use of a single strain, yet avoid the use of extremely large 
numbers of animals (Festing, 1995). 

3.3 PROTOCOL TOXICOLOGY 

Scientists working in free toxicological research sometimes look down upon 
protocol toxicology, the toxicological studies according to a rigid general 
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design. It is clear that such studies have a limited scope, but such are the 
requirements of practice since toxicology was awarded a social role. 
(Nevertheless any exper iment-  according to protocol or n o t -  can reward 
a keen observer with a new and unexplained fact.) The enormous workload 
for toxicology in the second half of this century required the emergence of 
protocol toxicology to assure efficiency, comparability, consistency and equal 
justice in relation to manufacturer and consumer. 

Protocol toxicology alone, in many cases, cannot give ultimate answers, 
and slight variations or supportive studies may be necessary to allow a 
well-founded conclusion. However, good protocol toxicology is better than 
cook-book toxicology. At present the large array of toxicological problems 
to be solved requires selection of approaches, choosing certain kinds of 
studies and deleting others. So one may tend more to the decision-tree 
approach. Under the influence of the ICH process (the process of global 
harmonization on toxicity study requirements by the International Con- 
ference on Harmonization) there is a tendency to less rigid 'grand designs' 
of toxicity investigations but with more standardization of the separate 
studies. This allows a more scientific approach with a flexible choice of 
relevant studies. 

3.4 IN VITRO VERSUS IN VIVO TOXICOLOGY 

In vitro methods in toxicology have been largely derived from those used 
in microbiology and biochemistry. They comprise a broad spectrum of 
methods, from subcellular (e.g., biotransformation by liver microsomes) over 
cellular (e.g., genotoxicity tests in lymphocyte cultures) and multicellular 
(e.g., embryo cultures) to organ levels (e.g., isolated perfused kidney). They 
have been extolled by the animal protection lobbies as being the ultimate 
recipe for eliminating the need for experiments with intact animals. 
Unfortunately, life is not that simple. However, for other reasons the in vitro 
methods are important. They allow the extension of the 'unity of life' 
paradigm by isolating the cells or tissues studied from the species-specific 
influences of the intact organism, thereby providing excellent tools to study 
mechanisms at a fundamental level. We are familiar with the fact that 
organisms in many cases use the same transmitters, enzymes or receptors to 
execute different physiological functions in divergent organs and tissues, so 
more accessible systems may provide information in vitro on responses in 
homologous systems which are difficult to study in situ. This shows how 
far-sighted Florkin was, when as early as 1944 he wrote: 'L'6volution a 
souvent utilis6 pour une nouvelle fonction une substance d6jh existante en 
suscitant l'apparition d'un nouveau syst~me biochimique r6cepteur de son 
action' (Florkin, 1944). (The evolution has often used an already existing 
substance for a new function by engendering a new biochemical receptor 
system for its action.) 
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In vitro methods are therefore complementary to in vivo methods and are 
an example of the strongly advocated integration in toxicology. This 
complementarity is nicely illustrated in a recent paper by Kluwe (1996) on 
genotoxicity assessment, a subject which provokes considerable confusion 
among regulatory and industrial toxicologists. Kluwe tightly indicates that 
in vitro tests avoid the confounding by pharmacokinetics and competing 
adaptive processes, therefore, they are able to detect interference with 
genetic fidelity. In vivo tests are better suited to detect the probability of 
genetic alterations in the intact organism at realistic doses and systemic 
concentrations. Because current in vivo genotoxicity tests can be performed 
only in a limited number of cell types (bone marrow, liver, oocytes), it is 
important to have a measure of local exposure of target cells in vivo in 
addition to the tests in vitro (cf. noscapine; Ashby, 1994). Therefore, both 
approaches are needed to allow valid conclusions. The relationship between 
in vivo and in vitro tests for toxicology in general is illustrated by the 
'toxico-hairpin' (Figure 2) (A. G. Rauws, unpublished, 1971). 

3.5 INTEGRATIVE TOXICOLOGY 

What is meant by integrative toxicology? It is not intended to be another 
slogan. From the 1950s onwards toxicity investigations mostly have at first 
consisted of a linear series of subsequent toxicity substudies (acute, subacute, 
semichronic, chronic, carcinogenicity studies). Later, the additional studies 
(teratogenicity, genotoxicity, etc.) caused this linear structure to grow into 
a branched one. The results of the different studies mostly were evaluated 
separately and the final evaluation often was nothing more than a bare 
catalogue of all results. 

Integrative toxicology is the stepwise building up of a design, in which every 
new result is tested for its relevance for earlier results and vice versa, so a 
more dimensional network of studies grows instead of a linear structure. The 
old chain from acute to chronic studies will mostly be maintained, but may 
be enriched by insertion of toxicokinetic and mechanistic studies. So, for 
every substance its own, specific design will grow, in an ideal case able to 
answer all relevant questions on its toxicity. 

As an example one may consider an integrated study of cholinesterase- 
inhibitor toxicity. Chronic toxicity occurs if the synthesis of acetyl-cholin- 
esterases and cholinesterases and their possible reactivation lags behind the 
inhibition by chronic exposure to an inhibitor (Rauws and van Logten, 1973). 
So enzyme inhibition per se should not be considered to be a valid end-point 
of toxicity, although often (and inevitably) used as such. The inhibition of 
the different (acetyl)-cholinesterases can be studied in vivo in animals and 
in vitro in both animals and the human. Enzyme turn-over can be measured 
in animal and human by low-dose labelling with specific, analytically 
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HUMAN toxicity? 

INTACT orienting 
ANIMAL experiments 

TARGET target organ 
ORGAN experiments 

CELLULAR target cell 
SYSTEM experiments 

SUBCELLULAR target organelle 
SYSTEM experiments 

MOLECULAR target molecule 
SYSTEM experiments 

concluding low-dose 
~ ~ experiments in human 

mechanism test in 
intact animal 

mechanism test in 
target organ 

mechanism test in 
cells 

mechanism test in 
organelle 

mechanism test in 
molecular system 

hypothesis on 
effect mechanism 

FIG. 2. The toxico-hairpin. Schematic representation of the tracing of an effect 
mechanism by descending into lower levels in the biological system (analytical phase) 
and of its validation by ascending to higher levels of biological organization. 

accessible, irreversible inhibitors. Reactivation can be measured in vitro. The 
results of these studies and others measuring total (acetyl)-cholinesterase 
activity in organs and in the total organism would allow drawing up a balance 
sheet of the (acetyl)-cholinesterases in experimental animals and in the 
human. With this knowledge titration of animals until toxic levels and of 
humans to non-toxic inhibition levels would allow a well-founded extrapola- 
tion and determination of acceptable intakes. In the 1970s a proposal to that 
extent was considered too theoretical: today, it might have had a better 
chance. 

As another example, which has been realized, the study of bromide (in 
its quality of an unintentional food additive) in our Institute (International 
Symposium on Residues and Toxicity of Bromide, 1983) may be mentioned. 
Residue studies served to state the problem. The chain from acute to chronic 
rat studies was combined with toxicokinetic studies with single and repeated 
administration, and with an interference study with chloride. All toxicity 
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studies were toxicokinetically monitored. After rat reproduction studies, 
human endocrinological and neurological studies were conducted. The doses, 
based upon animal data, were chosen to study the lower range of effects and 
plasma concentrations in the human. This all resulted in a well-founded 
recommendation for an acceptable daily intake. A general scheme of the 
integration of at least plain toxicity and toxicokinetic studies is shown in 
Figure 3 (Rauws and Groen, 1994). 

'Ars longa, vita brevis' (Art takes time, life is but short): does this ideal 
not take too much time of the short active life of a new pharmacon? This 
problem is not peculiar to the integrative approach. Every ideal study takes 
too long and it is also the art of the manufacturer and his staff to find the 
responsible and practicable middle course in 'keeping up with the Joneses', 
with his competitors, in his time-table. Presenting a well-designed, well- 
conducted and well-reported all-over toxicity dossier will certainly be 
appreciated by up-to-date authorities (which will hopefully represent the 
more important markets). As already hinted at above, integrative toxicity 
studies do not so much require more studies, but rather optimally designed 
studies at the right moment in the development and, above all, high-quality 
integration of scientific input and output before, during and after the study. 
The time schedule problems in development do exist anyhow, whether one 
does routine studies or integrated ones. 

3.6 CONCLUSION 

Looking back to the cases discussed and the more general considerations 
above we can discern weakness and strength of toxicology and its social 
function: the assessment of potential toxicity of pharmaca and other 
biologically active substances. 

3.6.1 Weakness 

�9 Cook-book  toxicology: The thoughtless use of fixed protocols, without 
checking them for relevance. For example, concluding safety in chronic 
toxicity studies, without checking absorption of the substance from the 
form in which it is administered to the animals, by a toxicokinetic study 

- a failure still seen in recent d o s s i e r s -  or extrapolation without 
taking the non-linear relationship between body size and clearance into 
account. 

�9 Short-cuts: Rushing to conclusions on the basis of isolated results. For 
instance, using in vitro results without comparing effect concentrations 
with realistic concentrations in vivo. This is demonstrated and discussed 
in the paragraph on noscapine. 
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TOXICITY TOXKIN. 
TESTS SUPPORT 

FIRST ORIENTATION ANAL. CHEM. METH. 

/ 
SHORT TERM TESTS l 

1 
REPEATED DOSE 
(OVLD / NO OVLD) 

/ 1 
" ~  TOXDYN. / TOXKIN. 

MECHANISM STUDIES 

INTERPRETATION 
& 

EXTRAPOLATION 

Fio. 3. The toxico-staircase. Recommended interplay of toxicity tests and 
toxicokinetic support in the development of a toxicity investigation from orienting 
studies until final assessment. OVLD/NO OVLD: overloading, and no overloading, 
respectively, with the substance studied. (Courtesy of Nederlands Tijdschrift voor 
Geneeskunde 1989; 133: 1260--1264, and Drug Information Journal 1994; 28: 
295-300). 

�9 Ef fect  misuse: Using any effect as a toxicity end-point. For example, 
taking, now, cholinesterase inhibition as an end-point for toxicity, without 
taking the enzyme synthesis, catabolism and reactivation rates into 
account. 

3.6.2 Strength 

�9 Fundamen ta l  science: What helps toxicology is not counting dead bodies, 
but looking for mechanisms. Receptor theory (Ari6ns et al., 1956; Ari6ns 
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and Beld, 1977; Levine, 1983) and interspecies toxicokinetics (Boxen- 
baum, 1984; Mordenti,  1986) have produced more insight in dose versus 
concentration versus effect relationships. Study of the P450 iso-enzymes 
has provided insight in the evolution of species differences (Nebert  and 
Gonzalez, 1987). Fundamental  study of DNA metabolism and replication 
and of oncogenes has allowed a more subtle evaluation of carcinogenicity 
studies (Murray, 1993). 
I n t e g r a t i n g  results:  Combining and integrating results of s tud ies -  protocol- 
based, toxicokinetic and mechanis t ic -  produces more dependable conclu- 
sions and guides further relevant research, and helps to avoid irrelevant 
studies (Monro, 1994). 
H u m a n  s tud ies :  The proof of the pudding is in the eating, by the human, 
not by the rat. As shown in the bromide example (International 
Symposium, 1983), studies with volunteers using well-founded low doses 
around the 'no-effect' level provide the keystone and the touchstone of 
the toxicity assessment. 

With existing knowledge and with more thoughtful organization of studies 
the level of predictability and the reliability of toxicity studies can be raised 
appreciably. Hopefully, this way will be chosen more systematically in the 
future. 

Authors' note 

The views expressed in this text represent the personal opinions of the 
authors and do not necessarily correspond to those held by the National 
Institute of Public Health and the Environment  or the Medicines Evaluation 
Board in The Netherlands. 
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1 Introduct ion  

T h e  m o s t  p red ic t ive  p o w e r  of  c h e m i s t r y  p rac t i s ed  by t h o u s a n d s  day by day  

is the  abi l i ty  to des ign  on  p a p e r  a c o m p o u n d  tha t  has  n e v e r  ex is ted  in n a t u r e .  

It  resu l t s  f r o m  the  inev i t ab ly  e x p e r i e n c e - b a s e d  ru les  of  d r a w i n g  chemica l  

f o r m u l a e  fa i thful ly  re f lec t ing  poss ib le  connec t iv i t i e s  of  a t o m s  to f o r m  a 

m o l e c u l e  of  g iven conf igu ra t ion .  C h e m i c a l  f o r m a l i s m  is a r e l i ab le  gu ide  e v e n  

in s t e r e o c h e m i s t r y ,  c o n s i d e r i n g  the  spat ia l  f ea tu re s  of  m o l e c u l e s  a n d  t he i r  

chemica l  c o n s e q u e n c e s .  C o m p a r e d  wi th  this h igh  level  of  scientif ic ach ieve-  

m e n t ,  o u r  abi l i ty  to  env i sage  c o n f o r m a t i o n a l  p r o p e r t i e s ,  i . e . ,  t he  ac tua l  s h a p e  

of  m o l e c u l e s ,  is r a t h e r  l imi ted .  This  has pa r t i cu l a r ly  e m b a r r a s s i n g  conse-  

q u e n c e s  w h e n  we  t ry  to u n d e r s t a n d  m o l e c u l a r  r e c o g n i t i o n ,  the  bas ic  s tep  in 

any  type  of  b io log ica l  effect ;  a p o o r  fit cou ld  resu l t  f r o m  b o t h  w r o n g  
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(a) (b) 

FIG. 1. Backbones of two enantiomeric conformers of butane: (a) z = +60~ 
(b) ~" = - 6 0  ~ 

conf igura t ion  and unsui tab le  confo rmat ion ,  in the same way that  a right glove 
will not  fit on  e i ther  the left hand  or the right fist. 

Chiral i ty  of  an ob jec t  implies a definite shape  not  identical  with its mi r ror  
image.  The  simplest  organic  molecule  that  can a c c o m m o d a t e  chiral con- 
fo rmers  is bu tane .  A n y  posi t ion of  a te rminal  ca rbon  (e.g. C 4) ou t  of  the 
p lane  def ined  by the o the r  th ree  ad jacen t  ones (C1-C2-C 3) makes  the 
molecu le  chiral. Descr ip t ion  of  the actual  geome t ry  can be convenien t ly  given 
by the d ihedra l  ( torsion)  angle I 'r(C1-C2-C3-C4)" values different  f rom 0 ~ and 
180 ~ r ep resen t  n o n p l a n a r  confo rmat ions  and identical  angles of  oppos i te  signs 
(e.g. ~" = +60  ~ and r = - 6 0  ~ in Figure  1) refer  to confo rmat ions  in a mi r ro r  
image  relat ion to each other .  

The  first p r o b l e m  e n c o u n t e r e d  in defining chiral con fo rmers  is w h e t h e r  
they are stable e n o u g h  to justify discussion of  their  geomet r ica l  p roper t ies .  2 
The  above  gauche  confo rmat ions  of bu tane  in the gas phase  co r r e spond  to 
local min ima  of abou t  2 and 4 k c a l m o 1 - 1  deep  be low the ne ighbour ing  
ro ta t iona l  barr iers  of  r = + 120 ~ and ~- = 0 ~ eclipsed conformers ,  respect ively 
(Wiberg  and Murcko ,  1988; Al l inger  et al., 1990). Note ,  however ,  the  very 
low stability at r o o m  t e m p e r a t u r e  of  these  s taggered  conformers .  The  general 
chemical experience (based  on  reactivity in h o m o g e n e o u s  phases)  also 
dis t inguishes confo rmers  f rom s te reo isomers .  The  fo rmer  are t aken  as 
e l emen t s  of  a dis t r ibut ion in which the average  thermal  energy  at ambien t  

l In order to establish the sign of the torsion angle, view the molecule from the side of C 3 

when C 3 and C 2 are eclipsed, and the C1--C 2 bond coincides with the x axis. Appearance of 
the C3--C 4 bond in the positive X-Y hemiplane corresponds to positive sign (anticlockwise 
rotation of the front bond around C2-C 3, starting from r = 0~ while rotation to the negative 
hemiplane (clockwise rotation of the front bond!) defines a negative dihedral angle, in complete 
agreement with the description given by Klyne and Prelog (1960). In general, we may remember 
that clockwise rotation of the front bond increases the negative and decreases the positive torsion 
angle. 

2In the general usage, only conformations of minimal potential energy are regarded as 
'conformers', 'or conformational isomers' (Eliel et al., 1994). 
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temperature is more than enough to enable different conformers to surmount 
the rotational energy barriers that separate them from each other. Conse- 
quently, the species in Figure 1 are short-lived conformers in the usual sense 
so is it justified to talk about them at all? 

In the general sense, conformers form a continuum from transients (that 
do not correspond to energy minima) to stereoisomers (stabilized by steep 
barriers of restricted rotation). Since several structural features can con- 
tribute to hindered rotation, it is not quite straightforward to recognize that 
from the chemical formula. The height of the energy barrier should be 
compared with the thermal energy, since rotamers become atropisomers at 
low temperatures (Oki, 1983), so the borderline between these categories 
is neither absolute, nor sharp. Furthermore, the general chemical experience 
fails as soon as flexible molecules adsorb to a surface. The adsorptive forces, 
in cooperation with the steric resistance of the surface could then overcome 
the effect of both rotational barriers and thermal energy and stabilize the 
molecule in a given conformation provided that it is adsorbed. Hence we 
extend the term conformer to any conformation stabilized by adsorption to 
a surface. 

In molecular pharmacology protein molecules provide the surface and the 
process of adsorption is called binding. The binding of a molecule to a 
receptor, enzyme, or transport protein is the first of a sequence of molecular 
events leading to an effect of biological significance. Binding to a protein 
surface implies chiral discrimination; it either prefers one of the two 
enantiomers of chiral molecules, or selects one conformation out of the many 
possible ones a flexible molecule could have. Elucidation of the 'active 
conformation', i.e. the shape of the conformer bound, leads to a better 
understanding and prompts the synthesis of biologically active cyclic com- 
pounds in which the given conformation is preformed. Conversely, conforma- 
tionally restricted analogues often help to reveal the active conformation. 

The concept of chiral conformers is applied to molecules that possess a 
helical element of chirality, regardless of whether or not they are chiral in 
other conformations. Hence, molecules of central chirality may, in addition, 
assume conformations that are helically chiral, such as DNA. 

One aim of this chapter is to demonstrate the importance of chirality in 
molecules that are generally considered nonchiral. Furthermore, it also 
attempts to show that the conformat ion-  representing a conceptual level 
higher than the configuration in the description of molecular structure (Testa 
and Kier, 1991) - is a decisive attribute of the molecule as far as biological 
effects are concerned. In this regard, it seems relevant to quote here Oki 
(1984) who claimed even for purely chemical systems: 'Organic compounds 
are thought to be pure even though they may be a mixture of conformational 
isomers. This is because the isomers convert rapidly with each other at room 
temperature and their individual reactivities are little known'. This notion 
is especially true for the biological properties of organic compounds. 
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FIG. 2. Nifedipine. 

2 Ring Conformers 

2.1 1,4-DIHYDROPYRIDINES 

The successful cardiovascular drug and calcium channel antagonist nifedipine 
(Figure 2) is not a chiral compound, since the DHP ring is symmetrically 
substituted and the 4-aromatic group can assume orthogonal arrangement. 
If other positions of the aromatic ring were frozen by binding to the 
Ca-channel, the conformation of the two rings would give rise to chirality. 
Goldmann and Stoltefuss (1991) reviewed conformational aspects of biologi- 
cal activity. 

(1) 

(2) 

(3) 

The 4-aryl substituted DHP ring assumes the form of a flat boat 
(Fossheim et al., 1982) and the aryl group should be in a pseudoaxial 
position (Goldmann et al., 1990), otherwise the compound is inactive. 
This gave rise to a 'sailing ship nomenclature' (Beard and McKie, 1981) 
adopted in order to distinguish the two edges of the DHP ring (Triggle 
et al., 1989); its advantage is that ortho-substituents in the aromatic group 
will not change the assignment of the two enantiotopic faces, as would 
happen for the re/si nomenclature owing to alterations in the priority rule. 
Hence, the NH group is the stern, the C(4) atom is the bow of the boat, 
the aryl substituent is regarded as the bowsprit, the left edge is the port 
side, the right edge is the starboard side. 
The orthogonal arrangement of the two rings is essential for biological 
activity (Goldmann and Stoltefuss, 1991), as proved by rigid analogues 
(Figures 3 and 4). Hence, the position of the o-nitrophenyl group does 
not lead to chiral conformation during the action of nifedipine. 
For ortho- and meta-substituted derivatives, the aryl ring has two 
orthogonal conformations (Figure 5); the substituent can be positioned 
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FIo. 3. Non-orthogonal aromatic ring: inactive. 

FIG. 4. Orthogonal aromatic ring: active. 

(4) 

(5) 

either away from the C(4)-H bond (antiperiplanar, ap), or towards it 
(synperiplanar, sp). Rigid compounds show that only the latter is active 
(Baldwin et al., 1987). 
The last two analogues were tetrahydropyridines, which also proved that 
the ester groups should occupy equatorial positions (Baldwin et al., 
1987); the sp compound is 50 times less active if the ester group is axial 
(Figure 6). 
The role of the ester groups was discerned by showing that the function 
of the ester at the port side was to ensure embedding into a lipophilic 
domain of the Ca-channel, while a hydrogen bond is formed with the 
binding site at the starboard side (Goldmann and Stoltefuss, 1991). This 
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ap: inactive sp: active 
FIG. 5. Relative positions of the aromatic ring. 

FIG. 6. Axial ester: decreased activity. 

difference pinpoints how the symmetrical boat becomes harboured 
chirally by the biological environment. 

(6) The position of the port-side ester carbonyl with respect to the double 
bond in the DHP ring has been found decisive for the efficacy of certain 
derivatives of 1,4-dihydropyridines; Ca-antagonists should align cis 
orientation with their ester carbonyl, while Ca-agonists are required to 
assume trans conformation (Goldmann and Stoltefuss, 1991). Hence, we 
may depict the biologically active conformation of nifedipine, as shown 
in Figure 7. It may be emphasized that chirality is not an intrinsic 
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FIG. 7. The active conformation of nifedipine. 

property of the molecule indicated by X-ray or NMR studies; it arises 
rather from the interaction leading to pharmacological activity. 

It should be kept in mind, however, that the efficacy and even stereo- 
selectivity of channel-active drugs may depend on the state (membrane 
potential) of the ion channel (Triggle, 1994). 

2.2 SUGAR RINGS IN DNA 

In cyclopentane, torsional forces (arising from the unstable conformation of 
10 eclipsed hydrogens) work against the trend to maintain tetrahedral valence 
angles. As a consequence, the molecule is not fiat but becomes puckered 
by moving the carbon atoms perpendicular to the quasi-plane of the ring. 
Since this torsion, unlike in cyclohexane, is not confined to certain atoms; 
the puckering rotates around the ring. This motion is called pseudorotation, 
because actual motion does not fall into the direction of rotation (Kilpatrick 
et al., 1947). For substituted cyclopentanes, however, the conformation 
becomes more definite. 

The principle became applied for furanose rings of nucleosides and 
nucleotides (Altona and Sundaralingam, 1972). Two parameters, the phase 
angle (P) and the puckering amplitude (0) characterizing the furanose 
conformation were introduced. For the phase angle (varying from 0 ~ to 360~ 
the P = 0 ~ standard value was chosen at the maximum of the r(1'-2'-3'-4') 
torsion angle (which is equivalent to P = 180 ~ at the most negative r). 



80 M. SIMONYI 

HO , , ~  N HO , N 

NO I 
OH OH 

North sugar, N South sugar, S 

P = 0~ r(1 ' - 2 ' - 3 ' - 4 ' )  = + 36 ~ P = 180~ ~-(1 ' - 2 ' - 3 ' - 4 ' )  ~ -36 ~ 

FIG. 8. Pseudorotational equilibrium of the ribofuranose ring. 

Following from this definition, the range of P = 0 _+ 90 ~ is associated with 
z~> 0 (north sugar, N), while P = 180 + 90 ~ refers to z~< 0 (south sugar, S). 
The structure of fl-purine and fl-pyrimidine nucleosides and nucleotides were 
found to represent only two pseudorotational intervals (with widths in P 
values of about 40 ~ ) that are separated from each other by two surmountable 
potential energy barriers, allowing an equilibrium to be achieved (Altona and 
Sundaralingam, 1973), as shown in Figure 8. 

More recently, efforts have been devoted to the elucidation of structural 
reasons affecting the equilibrium. While the gauche effect of the fragment 
04 ' -4 ' -3 ' -03 '  pushes the equilibrium to the South, another gauche effect of 
the O4'-1'-2'-O2' fragment (absent in the 2'-desoxy series) drives it towards 
North. The same influence is observed by the anomeric effect of the 
heterocyclic base, with cytosine exerting stronger effect than either adenine 
or guanine. The relatively weaker anomeric effect (Thibaudeau et al., 1994) 
is further reduced by the presence of the 2'-OH group (Plavec et al., 1993). 
This accommodates the finding that B-DNA prefers type S, while equilibrium 
is shifted towards the N class by different RNA models (Altona and 
Sundaralingam, 1972). The Chattopadhyaya group showed that conforma- 
tional changes of the sugar moiety due to nucleobase interactions do not 
influence torsions of the phosphate backbone (Plavec et al., 1994), which is 
primarily dictated by the pentose sugar conformation (Plavec et al., 
1995). 

The visionary suggestion of the double helical structure of DNA (Crick 
and Watson, 1954) still keeps chemists busy understanding the structural 
reasons for this conformation. A monumental undertaking by the Eschen- 
moser group has aimed at understanding why Nature has chosen pentoses 
instead of hexoses for the composition of nucleic acids (Eschenmoser 
and Dobler, 1992). The group succeeded in synthesizing 'homo-DNA' 
in which they replaced the usual 2'-desoxyribofuranose rings by 2',3'- 
didesoxyglucopyranose moieties (B6hringer et al., 1992), and proved that the 
artificial homo-DNA also displayed base-pairing properties (Hunziker et al., 
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FIG. 9. The characteristic endocyclic torsion angle in homo-DNA. 

81 

0%~ I 
-o / ~ / ,  

3 ' ~  03' 
o / 

p~,~l 0 ' /  

O- r (5'--4'-a'-03') ~ +140 ~ 

FIG. 10. The characteristic endocyclic torsion angle in B-DNA. 

1993). Contrary to DNA, however, homo-DNA double strands showed 
increased stability owing to their linear arrangement as opposed to the 
right-handed double helix of native B-DNA. The enhanced stability of 
homo-DNA duplexes were partly attributed to the entropy benefit of the 
higher disorder due to increased base-pair distances (4.3/k in homo-DNA 
versus 3.4/k in DNA; Otting et al., 1993). Notably, the difference in overall 
conformation could mainly be traced back to different endocyclic torsion 
angles, 7(6 ' -5 ' -4 ' -04 ' )=  +60 ~ (Figure 9) in homo-DNA, and 1"(5'-4'-3'- 
03 ' )  = ~140 ~ (Figure 10) in DNA (Eschenmoser and Loewenthal, 1992). 

While homo-DNA served as an analogue for DNA, evolutionary potential 
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hexose alternatives of RNA, the allo-, altro- and glucopyranosyl nucleic acids 
were found to be very weak pairing systems (Eschenmoser, 1996). It was also 
shown experimentally that the different stabilities of double strands are the 
direct consequence of the switch from the flexible five- to the more rigid 
six-membered rings; instead of natural ribofuranoses, the ribopyranose units 
in synthetic pyranosyl-RNA led again to stronger pairing of the double strand 
(Pitsch et al.,  1993). 

As far as Nature's choice is concerned, hexoses and pyranoses instead of 
pentoses and furanoses would have resulted in double helices paired either 
too weakly, or too strongly to function as genetic material performing the 
information transfer required by living organisms. 

As if life breathed from a five-membered ring. 

2.3 BUTTERFLY-LIKE CONFORMATIONS 

This, perhaps slightly unusual idea surfaced in a recent review on non- 
nucleoside reverse transcriptase (RT) inhibitors (De Clercq, 1996), as a 
common denominator for dozens of heterocyclic compounds belonging to 
widely diverging classes. It was characterized by a hydrophilic centre ('body') 
and two hydrophobic moieties ('wings'). It could be shown that the various 
structures roughly overlay each other in the HIV-1 RT-binding site (resolved 
to 2.2/~ by Ren et al. ,  1995) and maintain their butterfly shape (De Clercq, 
1996). A substituted thiazolobenzimidazole, NSC 625487, is shown as an 
example in Figure 11. 

The above argument is complemented by the natural atropisomeric pair 
of alkaloids, michellamine A and B isolated from the tropical liana 
Anc i s t roc ladus  abbreviatus .  Both of the stereoisomers have anti-HIV 
cytopathic activity (Manfredi et al. ,  1991), with michellamine B being slightly 
more potent (Figure 12). 

The butterfly shape per  se is not enough, neither is it confined to anti-HIV 
activity. The muscarinic activity of pirenzepine (Hammer et al.,  1980) called 

~N 

FIG. 11. The structure of NSC 625487. 
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FIG. 12. Atropisomeric pair of alkaloids with anti-HIV cytopathic activity. 
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FIG. 13. Structures of pirenzepine (a), and telenzepine (b). 

attention to the enzepine family (Figure 13) in which the inversion of the 
seven-membered ring leads to the existence of two possible conformations. 
The activation enthalpy of inversion is 18-20 kcalmo1-1 for pirenzepine 
(Trummlitz et al., 1984) but 35.5 kcal mo1-1 for telenzepine (Eltze et al., 
1985). 

The higher energy barrier leads to stable enantiomers of telenzepine of 
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FIG. 14. The methyl group (C) in telenzepine gives rise to an increase in the 
inversion barrier. 

which the (+)-isomer is 100 times more potent (Eveleigh et al., 1989). The 
enantiomers were found to exhibit opposite kinetic patterns in muscarinic 
receptor binding (Eltze, 1990). The difference between the flexibility of 
pirenzepine and telenzepine is mainly the consequence of the methyl group 
that hinders the flipping of either the carbonyl oxygen, or the methylene 
group, as shown in Figure 14. 

2.4 1,4-BENZODIAZEPINES 

The substitution pattern of the seven-membered ring allows the existence of 
six different classes of benzodiazepines. Of these, the 1,4-class gained such 
a dominance owing to the success of its representatives as anxiolytics in the 
1970s that sometimes it is overlooked that other kinds also exist. The 1,5-class 
is becoming important in providing CCK-B antagonists (Curotto et al., 1995). 
Whereas the 1,5-class becomes asymmetric only by its substitution, 1,4- 
benzodiazepines are always chiral by virtue of their nonplanarity and the 
positions of the nitrogens (see Figure 15). Although obvious, even good 
organic chemists talk about chiral 1,4-benzodiazepines when reference to 
central chirality is made (Sunji6 et al., 1973). 

The barrier to inversion for the diazepine ring is less than 20 kcal mo1-1 
(Linscheid and Lehn, 1967), unless a t-butyl substituent appears at N(1) that 
leads to stable atropisomers. This bulky group prevents high-affinity receptor 
binding and both isomers are inactive as anticonvulsants (Gilman et al., 
1990). It was a puzzle for some time to determine which conformer is active 
at the receptor. A conformationally restricted derivative suggested that 
conformation M of diazepam is the active species (Blount et al.,  1983), but 
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FIG. 15. 1,4-Benzodiazepines are always chiral. 

3-(R)-Me ~ P 3-(S)-Me ~ M 

FIG. 16. The 3-methyl substituent chooses the equatorial position forcing the 
molecule into a single conformation. 

the influence of the extra group of atoms was not taken into account. Studies 
on the 3-methyl-substituted diazepam analogues shed light on steric effects 
of the substituents. The two enantiomers of the 3-methyl diazepam derivative 
exist practically as single conformers in mirror image relation to each other 
(cf. Figure 16). 

It was indeed the 3-(S)-methyl isomer that was potent and the 3-(R)-methyl 
enantiomer that was inactive. The 3,3-dimethyl derivative, however, without 
preferring either of the conformers, proved to be without activity. Finally, 
it could be established that the binding of the M conformer is exclusive, and 
the axial methyl group is not tolerated by the receptor-binding site (Simonyi 
et al., 1990). 

Further studies revealed that a 3-carbonyloxy substituent in the diazepine 
ring is favoured by the binding site even in axial position because of additional 
hydrogen bonding interaction (Maksay et al., 1991). A recent report on a 
new, potent pharmacophore where activity is critically dependent on the 
presence of a single nitrogen atom is in accord with this conclusion (Macor 
et al., 1995). 
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3 Conformers of Flexible Molecules 

3.1 HUMAN SERUM ALBUMIN 

Before these few sketches of the most abundant blood protein, a salute is 
in order to the recent monograph by Peters (1996) who dedicated a lifetime 
to the study of the subject. 

Albumin is primarily responsible for drug-protein binding leading to the 
partitioning of drugs into free and bound phases. Its pharmacological 
importance stems from the 'physiological ultrafiltration' provided by vascular 
walls, and from the fact that both therapeutic and toxic effects are associated 
with the free rather than the total concentration of substances. 

Further to the establishment of the complete genetic base sequence for 
human serum albumin (Minghetti et al., 1986), its three-dimensional structure 
has been determined by X-ray crystallography (He and Carter, 1992). There 
are a number of aspects showing the conformation to be at least as important 
an attribute of the structure of albumin as its configuration. Let us begin with 
its name. Human albumin is composed of 585 amino acids of a single chain 
organized by disulfide bridges into eight and a half double loops forming 
three domains. This structure is brought about by 35 cystein units, of which 
32 are located pairwise for the double loops, two form a single disulfide bond 
and one, Cys-34, is uncoupled. This pattern is common for albumins of most 
species (human, macaque, dog, sheep, pig, rabbit, guinea pig, mouse, 
chicken, alligator, turtle, frog and lamprey; exceptions are the cobra, 
X e n o p u s  laevis and salmon), although pairwise sequence identity can be as 
low as 20% (Peters, 1996). About 30% of the Cys-34 residue functions as 
a carrier of glutathione, or cysteine in the form of mixed disulfide (Fahey 
et al., 1977), with the rest remaining free despite oxidizing conditions. It is 
apparently protected by the protein conformation from being oxidized (Peters 
and Reed, 1978). 

The many different compounds bound by albumin were classified as site 
I and site II types (Sudlow et al., 1976) and represented by the binding of 
rac-warfarin and diazepam, respectively (Sjrholm et al., 1979). These sites 
accommodate the binding of endogenous bilirubin-IXa (Figure 17a), the 
yellow pigment of jaundice produced by haem catabolism (site I, Brodersen, 
1980) and the amino acid tryptophan (site II; Sjrholm et al., 1979). 

Experiments from independent laboratories have revealed that site I and 
II are distinct, but not independent from each other. Allosteric effects were 
observed by microcalorimetry between rac-warfarin and diazepam (Drrge 
et al., 1985); cobinding of 5-F-L-tryptophan and rac-warfarin was found by 
19F-nuclear magnetic resonance (NMR) to be allosterically related (Jenkins 
and Lauffer, 1990). A spectacular finding was made by Fitos et al. (1986b) 
on the mutual strengthening of binding for (S)-warfarin and (S)-lorazepam 
acetate (Figure 18) with the latter being practically stuck to and resistant to 
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FIG. 17. The structure of bilirubin-IXtz (a) and its binding conformation (b) at 
physiological pH. 
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FIG. 18. (S)-warfarin (a), and (S)-lorazepam acetate (b), strengthening their 
cobinding to human albumin. 

elution from a column of immobilized human serum albumin. Unsubstituted 
N(1), o-chloro substituent, and (S) configuration of the benzodiazepine were 
found to be structural features favouring the allosteric interaction (Fitos et 
al., 1986b). 

The reason for the allosteric effect is the changing conformation of albumin 
when binding occurs. Stopped-flow kinetic experiments demonstrated the 
binding of rac-warfarin to occur in three steps: after the first, diffusion 
controlled encounter, the molecule moves inside the protein in a rate-limiting 
step followed by the adjustment of the binding site (Bos et al., 1989). 
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Conformational change of albumin was found by proton NMR to occur only 
upon specific binding (Oida, 1986). Phenothiazines were found to bind to 
two sites with different affinities; only the high-affinity component was found 
by calorimetry to be entropy-driven, which is indicative of hydrophobic 
binding and change in albumin conformation (Aki and Yamamoto, 1989). 
The simultaneous increase of the binding strengths of diazepam and 
tenoxicam is also accompanied by a conformational change (Br6e et al., 
1993). 

Binding-induced conformational change is, however, not confined to the 
protein. Bilirubin was found to produce pH-dependent circular dichroism 
spectra upon binding to human albumin (Blauer et al., 1972). It was 
interpreted at physiological pH as the result of an H-bonded nonplanar 
binding conformation (Figure 17b, Lightner et al., 1986). Despite the 
structural difference from warfarin, bilirubin also increased the binding 
strength of (S)-lorazepam acetate (Fitos et al., 1990). It not only shows that 
an endogenous substance may influence protein binding, but also indicates 
that the allosteric interaction is not exceptional. The conformational change 
of the binding sites and the associated torsion suffered by the ligands is 
probably more general than believed. 

For the 1,4-benzodiazepine, diazepam, conformer M was shown to bind 
exclusively (Alebi6-Kolbah et al., 1979), just as the 3,3-dimethyl deriva- 
tive (Fitos et al., 1986a). A more complex case is the binding of the 
2,3-benzodiazepine, tofisopam (Figure 19). This molecule contains both 
helical and central elements of asymmetry; inversion in solution of the 
heterocyclic ring leaves the configurational asymmetry unaffected, so the two 
possible ring-conformers are in diastereomeric relation to each other 
(Figure 19a,b). 

In solution, the inversion is slow owing to the 4-methyl group which slightly 
hinders the 5-ethyl substituent changing its position from equatorial (major 
conformer) to axial (minor conformer). Hence, four molecular species take 
part in the binding of rac-tofisopam to albumin. The binding is selective with 
respect to both configuration and conformation (Simonyi and Fitos, 1983). 
Interestingly, conformer-selectivity overcomes enantio-selectivity for (S)- 
tofisopam, but not for its enantiomer. Conformer P and the quasi-equatorial 
orientation of the 5-ethyl group were found to be preferred structural 
characteristics in the binding process (Visy and Simonyi, 1989). 

Let us conclude with a few lively words by Peters (1996): 'In the 27 days 
between its birth and death, a typical albumin molecule makes about 15 000 
passes through the circulation, shuttling cargo of various kinds between ports 
of call in its role as the tramp steamer of the body. And, like any ocean-going 
vessel, the albumin molecule incurs some damage on its travels, accumulating 
barnacles in the form of ligands that resist offloading.' This resistance results 
from the mutual conformational changes of protein and ligand, tightening 
each other like springs. 
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FIG. 19. (S)-Tofisopam (a), and its conformers, (S)-(-)-P (b), and (S)-(+)-M 
(c). 

3.2 TASTING PEPTIDES 

Although the scope of pharmacology does not include sweeteners, they serve 
as good examples for the influence of conformation on biological effects. 
Without such considerations, attempts to correlate chemical structure with 
sweet or bitter taste clearly have been hopeless. As the paper reporting the 
accidental discovery of aspartame critically remarks 'Structure-taste relation- 
ships consist merely of tasting compounds and looking at their structures' 
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(Mazur et al., 1969). Over a quarter of a century later the task appears less 
frustrating. 

The puzzle started by the observation that of the possible stereoisomers of 
aspartylphenylalanine methyl ester only the L-L combination was sweet, all 
others, i.e. L-D, D-L and D-D were bitter. Mazur et al .  (1969) also noted that 
some changes are tolerable at the C-terminal unit of the peptide. Further 
complicating observations were related to homologues of the aspartic residue; 
while H-L-GIu-L-Phe-OMe was bitter (Mazur et al., 1969; Ando et al., 1993), 
replacement by the shorter aminomalonic acid (Ama) produced a sweet 
mixture of diastereomers, H - r a c - A m a - L / ( S ) - P h e - O M e ,  of which the H-(S)- 
Ama-(S)-Phe-OMe isomer was thought to be sweet by analogy to aspartame 
(Fujino et al., 1973). Efforts to set up a taste model resulted in conclusions to 
the contrary (Ariyoshi, 1976; Kawai et al., 1982), which were proved correct 
by the determination of absolute configuration for the sweet and taste- 
less diastereomers, H-(R)-Ama-(S)-Phe-OMe and H-(S)-Ama-(S)-Phe-OMe, 
respectively (Ando et al., 1993). Some of the results are collected in Table 1. 

Construction of the taste model based upon both early conjectures 
(Schallenberger and Acree, 1967; Kier, 1972) and a large number of synthetic 
peptides (and derivatives) has been carried out by the Goodman group 
(Goodman et al., 1987; Yamazaki et al., 1991, 1994; Ando et al., 1993). They 
realized that X-ray structures determined mainly by packing forces cannot 
predict taste properties (Ando et al., 1993) and considered conformations 
allowed by NMR investigations and modelling studies. Because most 
compounds investigated have ample degrees of flexibility in solution (see 
Table 1) they exist in several conformational arrays. Of these (accessible for 
the free molecule) the most populated type was selected. The developed 'L' 
shape model explaining sweet taste visualizes the relative positions of three 
functional g r o u p s -  a hydrogen bond donor (A-H), a hydrogen bond 
acceptor (B) and a large hydrophobic moiety (X), as shown for aspartame 
in Figure 20. 

While the A-H and B groups are envisaged to form an intramolecular 
hydrogen bond, thereby creating a 6-membered ring-like structure at the N 
terminal (clearly impossible for L-Glu in place of L-Asp in aspartame), the 
position of the X, hydrophobic group depends mainly on a 0 [C(O)-N-C ~2- 
C x] torsion angle found critical for taste properties. For compounds 
preferring conformations of 40~ 0<~ 120 ~ the taste is sweet, for those of 
- 1 2 0  ~ ~< 0 ~< -40  ~ the taste is bitter, while structures preferring other 0 values 
are tasteless (Yamazaki et al., 1994). It is therefore clear that the 'L' model 
is a three-dimensional one unlike the two-dimensional shape of the letter L. 
The three-dimensional structure of sweet aspartame is given in Figure 21, 
and the generalized rule of taste is represented in Figure 22. 

The taste model is in agreement with all structures reported to date. Until 
the taste receptor is discovered, this model remains the sophisticated 
explanation of taste. 
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TABLE 1 
Selected peptides and their taste properties 

Taste Reference 

91 

H-L-Asp-L-Phe-OMe 
H-D-Asp-L-Phe-OMe 
H-L-Asp-D-Phe-OMe 
H-D-Asp-D-Phe-OMe 
H-L-Asp-L-Met-OMe 
H-L-Asp-L-Tyr-OMe 
H-L-Ala-L-Phe-OMe 
H-L-Tyr-L-Phe-OMe 
Mez-L-Asp-L-Phe-OMe 
H-L-Asp-(OMe)-L-Phe 
H-L-Asp-L-Phe-OEt 
H-L-Asp-L-Tyr-OEt 
H-L-GIu-L-Phe-OMe 
H - r a c - A m a - L - P h e - O M e  

H-(S)-Ama-(S)-Phe-OMe 
H-(R)-Ama-(S)-Phe-OMe 
H-(S)-Ama-(S)-Phe-OEt 
H-(R)-Ama-(S)-Phe-OEt 
H-L-Asp-L-( a-Me )-Phe-OMe 
H-L-Asp-D-(a-Me)-Phe-OMe 
H-L-Asp-(S)-(c.Hex)-Gly-OMe 
H-L-Asp-(R)-(c. Hex)-Gly-OMe 
H-L-Asp-L-Ala-cPA a 
H-L-Asp-D-AIa-cPA a 
L-(S)-re tro-in verso b 
L-(R)-retro-inversob 
H-L-Asp-t-(1R,2R)-AcP-OMeC 
H-L-Asp-t-(1S,2R)-AcP-OMeC 
H-L-Asp-t-(1R,2S)-AcP-OMeC 
H-L-Asp-t-(1S,2S)-AcP-OMeC 

Sweet 1 
Bit ter  1 
Bitter 1 
Bitter 1 
Sweet 1 
Sweet 1 
Bitter 1 
Bitter 1 
Not sweet 1 
Not sweet 1 
Sweet 1 
Sweet 1 
Bitter 1 " 
Sweet 3 
Tasteless 2 
Sweet 2 
Tasteless 2 
Sweet 2 
Sweet 4 
Bitter 4 
Sweet 4 
Bitter 4 
Bitter 5 
Sweet 5 
Sweet 5 
Sweet 5 
Sweet 6 
Sweet 6 
Tasteless 6 
Bitter 6 

(1) Mazur et al. (1969); (2) Ando et al. (1993); (3) Fujino et al. (1973); (4) Yamazaki et 

al. (1994); (5) Goodman et al. (1987); (6) Yamazaki et al. (1991). 
acPA = 2,2,5,5-Me4-cyclopentanylamide; bRetro-inverso analogues are 

N-(H-L-Asp) -N ' - (2 ,2 ,5 ,5 -Me4-cyc lopen tany l ) - carbony l - (S ) -  and (R)-l,l-diaminoethane; 
CAcP = aminocyclopentanecarboxylic acid. 

3.3 CONFORMATION AND ION CHANNEL FUNCTION 

Transmit ter-gated ion channels can be classified according to similarities in 
their protein structure. Members  of the so-called Cys-loop superfamily are 
the nicotinic acetylcholine- and serotonin 5-HT3 receptor-regulated cation 
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FIG. 20. The 'L' shape model for taste according to Ando et al. (1993). 

FIG. 21. Stereo view of a 'sweet' conformation of aspartame according to Yamazaki 
et al. (1994); torsion angles are: 

,r{C(Oz)_C/31_cal_N}- _66~ T{C(O2)-C/31-cal-c(o)} = 172~ 
r{Ct31_C~a_C(O)_N} =-66~ ,r{C(O)-N-Ca2-C/32} -79~ ,r{N-Ca2-C/32-C ~b} - _ 7 2  o. 

channels, and also the A-subclass of y-aminobutyric acid- (GABAA), glycine- 
and glutamate-gated anion channels (Barnard, 1996). These are composed 
of five subunits, each containing four membrane-spanning a-helices. Their 
organization is such that the second transmembrane segment lines the wall 
of the ion channel (Stephenson, 1995). 

A significant step towards understanding the mechanism of channel opening 
was made by recording electron images of the open and closed acetylcholine 
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T a s t e l e s s  T a s t e l e s s  

- 120 ~ -< 0-< + 120 ~ / - 40~ -< 0-< + 40 ~ 

B i t t e r  

FIG. 22. Illustration of Goodman's three-dimensional model of taste: the 'L' is 
viewed from the bottom with the bond caz-N eclipsed at the central point, and the 
stem of the 'L' being projected behind the plane of the paper; the phenyl groups 
representing the base of the 'L' for different structures are directed by critical values 
of t h e  0(C(O)-N-CC~2-C X} torsion angle where taste changes. 

receptor-ionophores (Unwin, 1995). Acetylcholine was found to initiate small 
rotations of the subunits causing a right-handed twist of the c~-helices which 
line the membrane spanning pore. Without the twist, the ion channel remains 
closed. As the receptor-binding sites for neurotransmitters (and drugs) are 
supposed to be located at the interface of neighbouring subunits (Stephenson, 
1995), it is conceivable that channel opening brings about torsions in the 
conformation of the ligand (neurotransmitter, or drug), too. 

3.3.1 Agonists versus Antagonists 

The most straightforward relation between conformation of the ligand and 
agonist/antagonist character of its efficacy was recently shown for the glycine 
receptor. Some/3-amino acids, such as (S)-/3-aminobutyric acid and taurine 
are partial agonists of this system; at low concentrations they inhibit 
glycine-evoked chloride ion currents, while at higher concentrations they 
produce significant membrane currents themselves. It was assumed that 
antiperiplanar conformations of/3-amino acids mediated antagonistic recep- 
tor binding, whereas synperiplanar conformations brought about agonist 
responses (Schmieden and Betz, 1995), as shown in Figure 23. 

A more general characterization of ligand efficacy has come to light from 
studies on the kinetics and thermodynamics of GABAA receptor binding by 
Maksay. Picrotoxin-like convulsants bind to the GABAA receptor and block 
its chloride ionophore. The effects of GAB A versus its antagonist, bicuculline 
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FIG. 23. Synperiplanar (agonist) and antiperiplanar (antagonist) conformation of 
(S)-/3-aminobutyric acid according to Schmieden and Betz (1995). 

on the kinetics of dissociation of a convulsant radioligand distinguished 
interconvertible open and closed forms of the ion channel (Maksay and 
Simonyi, 1986; Maksay and van Rijn, 1993). GABAA agonists, benzo- 
diazepine anticonvulsants and various central depressants open the 
ionophore and accelerate the dissociation of the channel blocker, while 
GABAA antagonists and inverse agonists (convulsants) have opposite effects 
(Maksay and Simonyi, 1985; Maksay et al., 1996). 

Observations were made on enthalpy-entropy relationships in GAB AA- 
receptor binding (Maksay, 1994) and in glycine-receptor binding (Ruiz- 
Gomez et al., 1989), in which data of agonists and antagonists appeared in 
separate clusters. These suggested the possible existence of a common 
correlation between thermodynamic driving forces of binding and ligand 
efficacies, which was, in fact, found (Maksay, 1996a). Accordingly, while 
agonist binding is an entropy-driven endothermic process, antagonist binding 
is exothermic, driven both by enthalpic and entropic terms; the binding of 
partial agonists is almost independent of temperature. 

This phenomenon, far from being general (Testa et al., 1987), is in accord 
with conformational changes of the receptor accompanying the transition 
between ionophore states. The entropy gain of agonist binding may be 
associated with a kind of relaxation to a less constrained conformation of 
the transmembrane helices lining the ionophore (Maksay, 1994). 

The significance of such a correlation is further strengthened by recent 
results which extend it to serotonin 5-HT3 receptor binding (Borea et al., 
1996; Maksay, 1996b). It may be taken as a strong evidence for conforma- 
tional changes upon the binding of agonists to receptors gating ion 
channels. 

3.3.2 Subclass-selective Conformers of  G A B A  

The phenomenon described in the title of this section is not confined 
to GABA, and probably not even to ionophore receptors; several 
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neurotransmitters (such as acetylcholine, dopamine, serotonin and hist- 
amine) are achiral in terms of configuration. Their nonselective effects on 
a number of receptor subclasses which are distinguished by chiral drugs of 
restricted conformation (Simonyi, 1984) are associated with the flexibility of 
transmitter molecules. An obvious conclusion is that different subclasses of 
the same receptor prefer to recognize different chiral conformations of the 
natural transmitter. 

A comprehensive review in this series by Krogsgaard-Larsen et al. (1988) 
dealt with the conformational aspects of GABAergic activities. Further to 
this excellent treatise, a hypothesis has recently been put forward on the 
discerning role of the two internal dihedral angles of the GABA molecule 
(Simonyi, 1996). A few relevant data are given in Table 2. 

Conformations of GABA can be described in terms of three parameters 
- t h e  distance between the ammonium and carboxylate terminals (6y_e) and 
two torsion angles (~-y and ~-r as shown in Figure 24. Subclass-selective 
agents of restricted conformation (Allan and Johnston, 1983; Krogsgaard- 
Larsen et al., 1988) were subjected to molecular modelling in order to 
determine the above three parameters. Results of this analysis are sum- 
marized in Table 3. 

According to the data obtained, binding sites of the GABAA receptor- 
ionophore prefer GABA conformations with negative sign torsion angles. 
In contrast, the GABA uptake process requires both torsion angles to be 
positive. Consequently, both GABAA and GABA transporter sites recognize 
'helical' conformations which are of opposite sense. This is in line with 
experimental findings on enantiomerically related selectivities of several 
structurally related agents towards GABAA and uptake activities. 

The G-protein coupled (Hibert, 1996) metabotropic GABAB receptor 
(Hill and Bowery, 1981) recognizes butterfly GABA conformations with 
torsion angles of opposite signs. The preference of the ionotropic GABAr 
receptor (Feigenspan et al., 1993; Qian and Dowling, 1993) is poorly 
understood: to date no chiral compound is known to show selectivity towards 
this subclass. 

Another conclusion of this approach is that there might be no way to define 
precisely subclass-selective GABA conformations (compare the large inter- 
vals given in Table 3). The functioning receptor is supposed to distort the 
GABA conformer originally bound. This is in line with the dynamic character 
of both ionotropic (Unwin, 1995) and metabotropic (Hibert, 1996) receptor 
function. Moreover, the assumed distortions suffered by the GABA molecule 
are oppositely related for the GABAA receptor and the GABA transporter. 
This hypothesis is a new, dynamic principle for the biological role of chiral 
GABA conformations. 

An application of these ideas is given here to interpret the lack of 
GABAergic activity of the antiepileptic drug, gabapentin (Foot and Wallace, 
1991; Taylor, 1994) containing a flexible GABA backbone. This compound 
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TABLE 2 
Relative potencies of GABAergic agents (GABA = 1) 

Potency for 

Compound GABAA GABAB GABA uptake 

1S ,3S- t rans -ACP 

\ / -coo- 

5 . 0  a Nt Inactive b 

1 R , 3 R - t r a n s - A C P  o -  0-025b Nt 2.0 a 

H~I~ ~ . .0 , /N 

8.0 c 0.0025 d InactiveC S-Dihydromuscimol O- 

H . ' ~ ' ~ O  7 n  

R-Dihydromuscimol 0.106 d 0.0075 d 0.(J4 d 

CO0- 

+H3N ~. 

h R- GAB OB 0.033 e 0.083 e 0.045 e 

+H3N ~ . . . .  GOO- 

- ~"OH 
H 

S-GAB OB 0.083e 0.007 e 0.()9 e 

Nt = not tested 
aAllan and Johnston, 1983; bAllan et al. (1986) c ; Krogsgaard-Larsen et al. 

(1985); aKrogsgaard-Larsen et al. (1988); eFalch et al. (1986). 
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FIG. 24. Parameters describing GABA conformations. 

TABLE 3 
Subclass-selective parameters of GABA 

Receptor 
subclass  ~,~-c (/~) ,i N (o) Tc {o) 

GABA A 4.5-5.0 - 9 0 - -  170 - 140-- 180 
GABAB 3.6-4.4 - 9 0 - -  120 +90-+ 160 
GABA C 3.1-4.6 +80-_+180 0 
GABA uptake 3.5-5.0 +90-+ 180 +90-+ 180 

can be compared to the GABAA-selective (S)-dihydromuscimol (S-DHM) 
and to the relatively potent GABAB ligand, (R)-GABOB, as shown in 
Figure 25. 

Choose now for gabapentin the helical torsion angles preferred by GABAA 
receptors, and butterfly torsion angles recognized by GABAB sites, then 
overlay gabapentin with the respective subclass-selective conformers; the 
result is seen in Figure 26. While at GABAA the C(6) atom of gabapentin 
occupies the position of the oxygen atom in the isoxazole ring, the gabapentin 
C(7) atom will coincide with the /3-OH group for GABAB. Hence, the 
inactivity of gabapentin in the GAB Aergic system can be related to its rigid 
shape, providing hydrophobic CH2 groups in critical directions where the 
hydrophilic/H-bond-forming environment might not accommodate it. 

3.4 MOLECULAR PARASITES 

Developments since the second half of the 1980s established the mechanism 
by which extremely potent antitumour agents (effective at subnanomolar to 
picomolar concentrations) exert their action on double-stranded DNA. These 
molecules have two functional parts: a flexible fraction possessing selective 
binding affinities to certain sequences of the double strand, and a reactive 
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O 
~ 

H3N(5)~ 2 ~  1 / O 

H 

gabapentin (S)-DHM (R)-GABOB 

FIG. 25. Structures of gabapentin; the most potent GABA A ligand, (S)-dihydro- 
muscimol; and the GABA B ligand, (R)-y-amino-/3-hydroxy-butyric acid. 

FIG. 26. Overlaying (a) helical gabapentin rotamer to (S)-DHM, preferred by 
GABA A and, (b) butterfly rotamer to (R)-GABOB, preferred by GABA B, shows 
coinciding C and O atoms. 

moiety that attacks the DNA chain. The molecule first binds into the minor 
groove and positions the reactive group in the vicinity of the alkylation site; 
this is followed by covalent steps making the DNA chain incapable of 
replication. This mechanism of action was discovered in connection with two 
families of compounds, CC-1065 and its analogues on one hand, and the 
enediyne antibiotics on the other. 

3.4.1 CC-1065 

The antibiotic isolated from Streptomyces zelensis (Martin et al., 1981) 
showed potent in vivo antitumour activity (Chidester et al., 1981). The 
compound, known as (+)-CC-1065 (Figure 27), has been shown to bind with 
high affinity into a selected minor groove of double-stranded B-DNA and 
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FIG. 27. Structure of (+)-CC-1065. 

to alkylate it subsequently at an adenine N-3 site (Hurley and Needham-Van 
Devanter, 1986). 

The crescent-like structure of CC-1065 proved to be ideally suited for 
binding at A-T-rich 5 bp consensus sequences (Hurley et al., 1987) extending 
about a half of helix turn. Alkylation is brought about by the electrophilic 
cyclopropane condensed to the left-hand subunit. This grouping is the only 
one lending configurational chirality to the agent. Its enantiomer, ent(-)-CC- 
1065, also possesses cytotoxic potency which, surprisingly, is indistinguishable 
from that of the natural isomer (Boger, 1991). 

A direct relationship between chemical reactivity and cytotoxic potency 
has been proposed by Hurley and Needham-Van Devanter (1986), who 
intuitively suggested that increased electrophilic reactivity might be as- 
sociated with enhanced biological potency. If true, the central and right-hand 
subunits would not have any functional role contributing to the biological 
activity. The synthesis of a wide range of shortened and extended analogues, 
together with detailed tests on their DNA binding properties and cytotoxicity 
by the Boger group, revealed unexpected conclusions about the mechanism 
of DNA alkylation which, in fact, proved just the opposite of the intuitive 
suggestion. 

Covalent alkylation of double-stranded DNA by a truncated CC-1065 
containing the left-hand subunit only, was unobservable; the central subunit 
of the natural enantiomer was shown to stabilize the DNA-CC-1065 covalent 
complex formation. In contrast, the unnatural ent(-)-CC-1065 required the 
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full trimer molecule to bring about effective DNA alkylation. The central 
and right-hand subunits also functioned in restricting the accessible adenine 
alkylation sites by selecting the A-T-rich minor groove as the binding site 
(Boger et al., 1990). 

For binding selectivity, an amino group protrudes into the minor groove 
of G-C base pairs making it unsuitable for hydrophobic binding. Hence, the 
A-T base pairs permit a deeper penetration for CC-1065 and its analogues. 
In addition, A-T-rich minor grooves were shown to be constricted offering 
a narrower width, thus ensuring tighter binding of the nearly planar subunits 
of CC-1065 (Boger et al., 1991). 

By comparing solvolytic, i.e. chemical reactivity with biological activity of 
subunits derived from CC-1065 and duocarmycin analogues, a close correla- 
tion has been established between solvolytic stability and cytotoxic potency 
(Boger et al., 1994). Such a relationship was prognosticated earlier by the 
finding that synthetic functional analogues of decreased chemical reactivity 
possessed enhanced cytotoxic and antitumour potency (Boger et al., 1989; 
Boger and Ishizaki, 1990). This relationship was found to be quite general 
for agents such as CC-1065 acting by a binding-driven bonding mechanism: 
higher chemical reactivity leads to decreased selectivity towards the available 
alkylation sites, hence to lower efficiency in DNA alkylation and diminished 
cytotoxicity (Boger and M6sini, 1995). 

Finally, the binding modes of enantiomers were discerned by showing that 
their alignment is opposite in the minor groove: to a duplex of 5'-(CTAATT)- 
3' sequence, the natural (+)-enantiomer extends from the adenine N3 
alkylation site in the 3'---~ 5' direction, while the (-)-enantiomer binds in a 
reverse, 5 ' ~  3' fashion. Having gained such a deep insight, a bifunctional 
agent was designed in order to cross-link the double strand (Boger, 
1995). 

The tight binding of (+)-CC-1065 brings about a binding-induced confor- 
mational change both in the DNA structure (Hurley et al., 1987) and in 
CC-1065 as proved by intense induced CD spectra (Boger, 1991). Rotations 
have to occur around single bonds connecting the three subunits. The torsion 
forced by the geometry of the minor groove and compensated by the enthalpy 
of binding ceases to maintain coplanarity for the planes of the dihydro- 
pyrroloindol moieties in (+)-CC-1065 (a preferred conformation in solution). 
Hence, the molecular shape is adjusted into a chiral conformer (Figure 28) 
fitting the selected binding site. 

3.4.2 Enediyne Antibiotics 

The name refers to highly potent antibiotics, esperamicin A 1 isolated from 
Actinomadura verucosospora (Golik et al., 1987) and calicheamicin 711 from 
Micromonospora echinospora ssp. calichensbs (Lee et al., 1987b), causing 
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FIG. 28. The binding conformation of natural (+)-CC-1065. 

DNA cleavage by a bicyclic structure in which a 10-membered r i n g -  a kind 
of 'silent explosive '-contains a double and two triple bonds (ene + diyne; 
see Figure 29) in conjugation. 

The highly reactive ring is made 'silent' by a dienone 'safety lock' provided 
by the second ring. The strained enediyne ring system 'goes off' by a cascade 
of events. First, a nucleophile reacts with the side-chain trisulfide, generating 
a thiolate group; then it attacks the endocyclic double bond in the 
six-membered ring and releases the safety lock. The additional strain created 
by transforming the sp 2 geometry of the bridgehead carbon atom into a 
tetragonal one triggers the enediyne ring to form a 1,4-benzenediyl biradical 
(Lockhart and Bergman, 1981) that immediately reacts further with the 
environment. In addition to the reactive bicyclic structure, the full antibiotic 
molecule of calicheamicin ya x comprises four glycosidic moieties together with 
an inserted fully substituted iodothiobenzoate ring (R in Figure 29; Lee et 
al., 1987a). The complete structure is given in Figure 30. 

The oligosaccharide chain was shown to adopt an extended form regarded 
as 'preorganized' for binding to DNA minor groove. A strong contribution 
to this form comes from the N-O bond, which is rather unique in 
oligosaccharides. All four sugar moieties are of the 6-desoxy type, reinforcing 
hydrophobic character significant for DNA binding (Walker et al., 1990). 
C a l i c h e a m i c i n  T11 was shown to cut DNA double strands selectively at 
TCCT.AGGA sequences with sensitivity towards both strands. (The agent 
anchors itself from the 5' side of the TCCT, i.e. from the 3' side of the 
complementary AGGA sequence.) It was emphasized that esperamicin A1, 
having a different arrangement of its carbohydrate chain and the aromatic 
moiety (Figure 31) does not exhibit strong sequence specificity (Zein et al., 
1989). Support for the hypothesis that the oligosaccharide chain serves as 
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FIG. 30. Structure of calicheamicin ~,11. 

a vehicle to deliver the destroying group to the specific sequence also came 
from modelling studies. An interesting role of the aromatic ring was put 
forward through iodine-nitrogen attraction involving the amino substituents 
of the guanine residues (Hawley et al., 1989). 

An interesting stereochemical feature of the fully substituted aromatic unit 
came to light along with efforts towards total synthesis of chaliceamicin ylI: 
rotamers of the methoxyl and ester substituents gave rise to spontaneous 
resolution in the crystalline phase. The enantiomer structure shown in Figure 
32 was proved by X-ray crystallography (Nicolaou et al., 1988). Methanolic 
solution of optically pure crystals indicated racemization upon dissolution, 
hence the resolution occurred due to homochiral packing of the molecules 
- a rare phenomenon (Collet, 1990). The packing forces in the crystal 
overcome the thermal energy effective to surmount rotational barriers in 
solution. Nevertheless, the conformational chirality of the apparently achiral 
aromatic moiety is evident; it adds to the 19 configurational stereocentres 
contained by calicheamicin 3,11. 

Further experiments demonstrated the role of the carbohydrate domain 
and the iodine atom in the sequence selectivity of calicheamicin -y11 (Nicolaou 
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FIG. 31. The structure of esperamicin A 1. 

et al., 1992), although additional specificity owing to the enediyne moiety 
was noted. From the strong competition for total synthesis of calicheamicin 

I 3/1 the Nicolaou group emerged triumphant (Nicolaou, 1993; Nicolaou et al., 
1993). The deep insight into the chemistry and biology of enediynes enabled 
them to design, synthesize and characterize an analogue, calicheamicin 01 x 
(with a thioacetate in place of the trisulfide in the side chain), which was 
found superior to calicheamicin yl I in certain respects (Nicolaou et al., 
1994). 

There is perhaps a minor aspect to be highlighted. So far we are uncertain 
how the nucleophile acts initiating the enediyne decomposition cascade. 
Since the agent needs to be bound into the selected minor groove, it should 
remain intact until its positioning is optimal, so a certain amount of time 
should pass before the triggering could start. A conformational change of 
the complex, however slight, probably brings the trisulfide side chain into 
contact with the nucleophilic group. The slight change may come from the 
DNA chain, or else, from the molecule. Of the sugar rings A, B and D were 
shown to be quite rigid; only ring E exhibited temperature-dependent NMR 
line-broadening and solvent-dependent proton-proton coupling, both being 
indicative of certain degree of conformational flexibility (Walker et al., 1990). 
Alternatively, the change of conformation may start from the aromatic moiety 
having an important role, both in the binding affinity (Nicolaou et al., 1992) 
and sequence selectivity (Hawley et al., 1989). The methoxy groups of the 
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FIG. 32. The spontaneously resolving rotamer of the aromatic unit according to 
Nicolaou et al. (1988). H2Nx,~O 

N 

0 

FIG. 33. A combination of CC-1065 with an enediyne. 

aromatic ring under the influence of close contacts in the minor groove could 
flip around (Figure 32) and that might trigger a reaction by changing the 
position of the reactive site. 

3.4.3 A Hybrid 

The phenomenal potency of the agents reviewed in the preceding paragraphs 
prompted the idea to test a combination of the two classes. An attempt was 
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made to combine the properties of CC-1065 and the enediynes by Boger and 
Zhou (1993). The synthetic compound is shown in Figure 33. 

The hybrid compound was found to exhibit detectable DNA cleavage at 
nanomolar concentration. Unlike calicheamicin 71 I, however, it did not 
exhibit double-strand DNA cuts. Among the factors blamed for the inferior 
efficiency were the slow cyclization rate of the enediyne (the trisulfide 
side-chain is missing), tight agent binding (instead of TCCT.AGGA se- 
quences the enediyne is delivered to an A-T rich minor groove) and 
nonoptimal binding orientation of the enediyne subunit. Nevertheless, the 
inefficient cleavage of DNA by the hybrid agent is not a fiasco, but rather 
a success of the knowledge accumulated by careful studies of the two classes 
of agents. It also serves to maintain our fascination of the subtle ways that 
natural products work. 

4 Conclusion 

Traditional chemistry is the science of configuration. Conformations present 
special problems owing to their flexibility and multiplicity; it is in the 
biological effect of molecules that their role becomes highly important. Our 
knowledge is still insufficient in this respect. This is mainly because the 
biological environment does not accept flexible molecules as rigid structures. 
On the contrary, the binding site distorts the molecule, much like a hungry 
mouth chews on a bite of food. Chirality of conformers, therefore, represents 
the problem, how they can be modified. Hence, it is not only a static shape 
that can be chiral, but the distortion of the conformer may be brought about 
in mirror image alternatives. 

Molecular modelling has matured over the years (Doucet and Weber, 1996) 
and undoubtedly will largely contribute to our understanding of conforma- 
tions. Databases and other relevant information are readily available through 
communication networks and should also help. However, care should be 
exercised; most of the information available through the Internet has not 
been refereed may often be scientifically misleading (Simonyi, 1995). 

Drug research appears now to have an interest in highly skilled techniques, 
such as combinatorial chemistry and high throughput screening instead of 
trying to find conceptual advances. The work of robots may prove reliable 
like that of a lawnmower without overlooking a piece of straw. However, 
it is like writing a prize-winning novel by permutating the letters of the 
alphabet: it will eventually yield all masterpieces of the future with 
translations in most languages, but there will be volumes full of single letters 
and many more unintelligible mixtures. Theories may often be misleading, 
equivocal, or vague, but many times they help in an indirect way. We end 
here with a story told by Cheng and Zee-Cheng (1981) about the role of 
hypotheses in drug research: ' . . .  during a war period, a group of Indian 
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soldiers were lost in the Burma jungle. After several weeks' search in vain 
by their comrades, the hope of their return gradually vanished. Yet a couple 
of months later, these Indian soldiers returned to their headquarters tired, 
but otherwise unharmed. They were asked by their commander-in-chief how 
they found their way back. A battered map was proudly presented to him. 
On close examination, the map was one of a suburb of Zurich, Switzerland! 
Somehow from that map and with faith, these soldiers reached their 
goal.' 
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1 Introduction 

Drug discovery processes in the research-oriented pharmaceutical industry 
are the subject of steady verification with regards to their innovative drive 
towards compounds with unprecedented mechanisms of action or activity 
profiles. Single projects are challenged within the normal course of progress 
monitoring, but beyond that, in the broader sense of the overall research 
effort, the interplay of various technological disciplines may undergo more 
substantial rearrangements. This comprises a shift of emphasis in role and 
resources of particular technologies and the adjustment to a new equilibrium 
that takes into account the value that novel approaches can contribute. These 
rare events are invoked whenever a technological progress bears enough 
relevance to a potentially more efficient drug discovery process, so that its 
implementation justifies vast changes in the way resources are organized. In 
the past, some of the well-established components of today's research 
operations have induced major changes in the industry. Today, the recollec- 
tions of the sudden impact that recombinant DNA technology or molecular 
modelling had in the past (just to mention two prominent cases) are still vivid, 
and the research community perceives that yet another technology wave must 
find the appropriate placement in modern drug discovery. 

The issue of current debates is a growing multidisciplinary field that is often 
referred to with the simple term 'combinatorial technologies'. On one hand, 
there is a steady progress in the ability to build-up and validate high 
throughput assays with minimal consumption of material and with good 
predictive value of the therapeutic potential of new compounds. On the other 
hand, the simple principle of reshuffling structural subunits in a combinatorial 
fashion has been translated into a powerful experimental approach, which 
is based on an ingenious portioning and mixing procedure. This creates large 
numbers of new chemical entities, so-called combinatorial libraries, and may 
well be considered a methodological breakthrough. 

Taken altogether, these developments, with the supporting technologies 
around them, have profound implications for the lead-finding process in drug 
discovery. This essay will discuss some aspects of the expected impact, with 
the bias of the authors' opinions, and illustrate fundamental principles and 
current topics of combinatorial technologies, with a selection of examples 
that are not a complete coverage of the published literature. The emphasis 
is placed on technologies with more direct links to the output of valuable 
lead compounds for the pharmaceutical industry, rather than on the 
development of tools that contribute to the improvement of drug discovery 
methods indirectly. Therefore the areas of artificial receptor (Boyce et al., 
1994; Borchardt and Still, 1994; Burger and Still, 1995; Goodman et al., 1995) 
or catalyst development (Menger et al., 1995) are neglected, and expression 
libraries will be described only in part. 

In the last two years, various broad overviews on combinatorial tech- 
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nologies have been published (Felder, 1994; Gallop et al., 1994; Gordon et 
al., 1994; Krchnak and Lebl, 1995; Terrett et al., 1995b; Thompson and 
Ellman, 1996; Valentine and Foote, 1996). More specialized reviews are 
mentioned when the corresponding topic is discussed. Meanwhile, a first 
handbook on combinatorial peptide and nonpeptide libraries has become 
available (Jung, 1996). 

Without embarking in broader considerations of the debatable meaning 
of particular terms and expressions, we would like to define here a 'lead' 
as a compound with such physicochemical, structural and activity profiles, 
that motivate a project team to allocate resources of critical mass to explore 
the potential of its structure with a series of analogues in secondary assays 
with lower throughput. A 'hit' is simply a compound that showed activity 
in a screening run. Other frequently used expressions are summarized with 
short comments in the Appendix. 

With all the due enthusiasm for the rise of a new powerful lead-finding 
approach, it is safe to assume that some overly optimistic assertions of the 
role of combinatorial technologies to bring about revolutionary improve- 
ments in drug discovery will be put into a more realistic perspective in the 
coming years. 

2 Historical Background 

The field of combinatorial libraries has its origins in the area of nucleic acids 
and peptide bio-oligomer engineering. In nature, the recombination of 
molecular subunits is the basis of immune systems and evolutionary 
mechanisms. Since it has become possible to incorporate complex mixtures 
of synthetic oligonucleotides (random cassettes) into microbial expression 
systems, similar processes may be imitated in vitro. The chemical synthesis 
of oligodeoxynucleotides had previously been brought to such a degree of 
perfection, that artificial gene fragments were no longer a bottleneck in the 
engineering of genetic mutations (Itakura et al., 1984). Soon, the principle 
was exploited to generate huge numbers of randomly mutated peptide 
sequences (Cwirla et al., 1990; Scott and Smith, 1990) within surface proteins 
of expression vectors. Pools of random nucleotide sequences were translated 
by the biological host system into short variable sequence stretches embedded 
in constant flanking regions of coat proteins. The unique aspects of 
expression library approaches will be discussed later (see section 3.3). 

Highly reliable methods for the synthesis of peptides had been developed 
even before oligonucleotides were accessible with the same efficiency. 
It was therefore an obvious step to tackle the preparation of peptide 
libraries also directly, by straight synthesis of the target sequences, with- 
out flanking appendages. The principle of split synthesis (split-and-mix, 
portioning~mixing), on the other hand, which was first applied to synthetic 
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peptide libraries, is not obvious and should be considered a conceptual 
breakthrough. The method was first formulated (Furka, 1982) and presented 
by the Hungarian scientist Arpad Furka (Furka et al., 1988a,b), who realized 
that with intriguingly simple means, a strategy for a controlled combinatorial 
synthesis could be devised. Back-to-back publications in the same issue of 
Nature (Houghten et al., 1991; Lam et al., 1991) presented refined 
combinatorial methodologies and drew the attention to the new concept by 
demonstrating the successful rapid identification of active compounds from 
synthetic peptide libraries. 

It became evident, at that point, that combinatorial chemistry was bound 
to expand into other areas of organic chemistry. A priori, there is no reason 
to limit oneself to oligomeric structures built from standard amino acids or 
nucleotides. Any sequence of structure modifications (couplings, derivatiza- 
tions, etc.) lends itself, in principle, to combinatorial approaches, provided 
that the chemistry involves broadly applicable, mutually compatible 'reaction 
modules'. These conditions, and the necessity to achieve highest yield 
standards in order to bypass lengthy purification procedures, are good 
reasons why the realization of diverse non-peptidic small-molecule libraries 
are a challenge that should not be underestimated. A first milestone in this 
field was set in Ellman's laboratory with the synthesis of a benzodiazepine 
library on solid phase (Bunin and Ellman, 1992). 

3 Basic Principles of Combinatorial Technologies 

Combinatorial compound libraries (CCL) are ensembles of molecules 
generated simultaneously (or in a rapid sequence of steps) by combining 
structural elements from a set of building blocks or reactants, with maximal 
use of parallel processes on the entirety of the components. 

This section is an outline of general principles linked to the preparation 
and utilization of combinatorial libraries. It is meant to introduce the basic 
concepts of more lasting weight. In section 4 a choice of current efforts and 
topics that (these days) call the attention of research scientists are dis- 
cussed. 

3.1 ARRAYS 

The definition of combinatorial compound libraries given above is broad 
enough to include 'multiple parallel syntheses', which in principle are nothing 
new. In our opinion, it is good practice to use a distinct term for discrete 
products, which are the result of mere throughput increase of tradi- 
tional processes. Compounds synthesized individually, in physically separate 
reaction vessels, without interchange of intermediates during the assembly 
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process, are usually called arrays if a multitude of products are prepared in 
one batch. A common ground of arrays and other synthetic libraries is the 
underlying (combinatorial) chemistry, that has the potential to generate 
diversity in a modular fashion, with reactions that are broadly applicable with 
high yields. Already in this simplest form of library production, running 
multiple parallel syntheses efficiently, the access to partial or full automation 
is important for preventing human manipulation errors in typically tedious 
and repetitive protocols. Even more crucial is the validation of synthetic 
protocols with high yields over multiple steps, so as to dispense with 
intermediate purifications altogether, or to reduce them to automatable 
operations. 

The thorough experiences with peptide and oligonucleotide syntheses 
had shown, that it is 'chemistry on solid phase', primarily, that seems 
predestined to fulfil those prerequisites of 'automation friendliness' by broad 
standardization of operation steps. Chemistry on solid supports is often 
carried out on 'resin' composed of many thousands of microparticles (beads, 
typically polystyrene derivatives), approximately 80-120 t~m in size and with 
a loading capacity in the order of magnitude of 100 pmol (see also footnote 
to Figure 1). 

An exciting challenge for modern organic chemistry is to demonstrate that 
many more synthetic schemes are adaptable to the solid phase format and 
moreover may be carried through three, four, and possibly more steps with 
near-quantitative yields. A factor to be exploited in solid phase chemistry 
is the opportunity to work with much larger excesses of reagents, if needed, 
without complicating the following work-up procedure. The intermediates 
being grafted to the solid carrier, reagents (and occasionally also some 
by-products) can be washed away by simple, repeated filtrations. On the 
other hand, the reaction conditions for solid phase chemistry need to be 
worked out in more or less laborious validation processes even if the solution 
chemistry is well established. For that reason the development of automated 
array synthesizers, which accommodate solution phase chemistry, remains 
attractive; the main difficulties to overcome are the realization of reliable 
liquid phase extractions and the interface to work-up stations for final 
purifications. Since arrays are composed of individually synthesized com- 
pounds, the identity of each member is known by its physical location and 
the record of operations carried out at that particular site. For a verification, 
routine analytical procedures (e.g., nuclear magnetic resonance, NMR) are 
suitable and also purity can easily be assessed. Usually multi-milligram 
quantities are prepared and therefore the array components undergo 
standard bioassay evaluation, much the same way as do compounds from 
corporate collections. 

Testing the compounds while grafted on solid phase is not necessary in 
these cases, because enough material can be cleaved into solution and made 
available for types of assays, which are more informative than binding assays 
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The most frequently used solid phase matrices are (1 or 2% divinylbenzene crosslinked) polystyrene (hydrophobic) and 
polystyrene grafted with polyethylene glycol (hydrophobic core and hydrophilic shell). The latter swells in a broad variety 
of solvents and also in water. Among others, also polyacrylamide, polyacrylamide/kieselguhr, polyacrylamide supported 
on macroporous poystyrene, polypropylene, polyacrylate and glass are used. 

FIG. 1. Continued. 
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in heterogeneous phase. Owing to the modest throughput of individually 
addressed parallel syntheses, the screening capacity of conventional test 
systems is usually capable of handling the additional load produced in arrays. 
If samples are to be tested in solution, the syntheses on solid phase need 
to make use of cleavable linker moieties that anchor the reaction products 
to the carrier in the course of their assembly in a reversible manner. 
Moreover, taking into account the urge to avoid or simplify post-synthetic 
purification steps, linkers should be cleavable without leaving traces of 
reagents in the test samples. Some commonly used solid phase linkers and 
their cleavage conditions are listed in Figure 1. 

To date, no standard set-up or equipment norm has arisen specifically for 
the purpose of array synthesis. More considerations to this regard follow in 
section 4.4.1. Useful arrangements may be as simple as multi-well reaction 
blocks with solvent-resistant frits at the bottom, if air and moisture exclusion 
are not critical. More complex instrumentations, with individually plumbed, 
closed reaction vessels, are already on the market. Operation control is 
mediated by robotic arm deliveries or multi-valve systems, or combinations 
of both. 

A simple and powerful solution to serve the same purpose, the (multi)pin 
method, was first described by Geysen et al. (1984): The products are 
synthesized on functionalized polypropylene pins, which are dipped into wells 
containing the appropriate reagents for further derivatizations. For simul- 
taneous processing, the pins are arranged to match the geometric layout of 
the wells, typically the standard 96-well microtitreplate format. In a further 
extension of this principle, researchers at Parke-Davis (Ann Arbor, MI, 
USA) have designed an apparatus with rods, each containing a resin portion 
(i.e. solid-phase beads) within a fritted chamber at the lower end (Hobbs 
De Witt et al., 1993). Like pins, these rods may be exposed to various 
reagents by lowering them into reaction wells. 

A more sophisticated miniaturized method combines solid phase peptide 
synthesis and photolithography (Fodor et al., 1991). The photolabile 
nitroveratryloxycarbonyl protecting group is selectively cleavable from speci- 
fic areas of a matrix, determined by light irradiation and the use of stencils. 
This liberates reactive amino groups for subsequent derivatizations ex- 
clusively in the areas previously exposed to light. The method provides total 
control over the spatial distribution of reactivity over time but suffers from 
noticeable restrictions on the chemistry compatible with photodeprotections. 
However it bears exciting potential for biosensor technology and microdiag- 
nostic applications. 

3.2 COMBINATORIAL CHEMISTRY WITH SPLIT SYNTHESIS 

In its simplest expression, combinatorial chemistry may be the plain 
utilization of a set of validated reactions and compatible building blocks for 
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generating an array of discrete compounds in a single experimental run that 
systematically covers all the desired combinations of available reactants. In 
order to tap the extraordinary potential of combinatorial technologies, 
strategies that comprise actual recombination of intermediate products (from 
reactions run separately, in parallel) must be envisaged. 

In most cases, products are built-up in a sequence of steps, leading to the 
assembly of either linear chains (e.g. peptides from amino acid building 
blocks) or otherwise shaped molecules, if reactions include simple functional 
conversions, e.g. for branched and cyclic structures or for derivatized 
scaffolds (Kocis et al., 1995). In other cases multicomponent one-pot 
reactions are utilized. For the more common former case, with sequential 
pathways, the combinatorial principle of split synthesis was first conceived 
by A. Furka (1982) and illustrated for the synthesis of peptide libraries on 
solid phase (Furka et al., 1988a). Typically, the amount of carrier beads 
available for the synthesis is divided into as many equal portions as building 
blocks (reactants) chosen for the first position (or first step). Each portion 
is exposed in a separate vessel to one of the first reactants out of the complete 
set. Here, slow-reacting chemicals are also given the opportunity to react to 
completion by virtue of their physical separation from reagents with higher 
reactivity. Once each and every reaction run in parallel is complete, the resin 
portions are thoroughly washed before they are all recombined to a common 
resin pool and mixed. This ensures that, apart from statistical deviations in 
the way beads are distributed to the portions, an equal representation of all 
intermediate products is obtained. For a second derivatization, the portioning 
to as many aliquots as reactants foreseen for that step is carried out and the 
reactions are again driven to quantitative yields in separate vessels. Washing, 
mixing and portioning can be continued for the number of cycles necessary 
to complete the synthesis. 

The principle is illustrated in Figures 2 and 3. It can easily be recognized, 
that each individual bead carries only one compound species (one-bead-one- 
compound) since all the beads are exposed to only one reactant at a time, 
in every stage of the synthesis. As long as the compounds are kept physically 
separate (e.g. still grafted on the beads) the resulting library is a large 
collection of individual compounds. For practical reasons dictated by the 
limitations of functional assay formats, it is often required to cleave the 
compounds into solution, and test mixtures in a systematic fashion (see 
section 3.6). 

An important factor to consider in the planning of combinatorial split-and- 
mix syntheses, which has implications on the statistical representation of 
compounds in the library, is the ratio of available beads versus the number 
of possible combinations. Excess beads results in redundancies of molecular 
species in the one-bead-one-compound approach. It has been calculated, that 
with a five-fold number of beads, 99% of all compounds are expected to be 
present in a given combinatorial library. For comments on the statistics of 
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FIG. 2. Split synthesis: schematic of an encoded synthetic library assembly. Capital 
letters stand for building blocks, that are difficult to analyse. Lower case letters stand 
for tag components, that code for their identity. The randomization occurs by mixing 
beads rather than reagents. 

split-and-mix see section 4.1.4. In any case, excess bead material is important 
to keep deviation from equimolar representation of each compound within 
acceptable limits. 

The current analytical methods are not generally able, for any class of 
structures, to determine the identity of the synthesized compounds in the 
amounts present on a single bead (approximately 100pmol) in a fast and 
reliable manner (unlike, e.g., the highly developed methods of rapid D N A  
and peptide sequencing). In the case of structures for which analytics is 
insufficiently developed, small amounts of side-components, which do have 
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Combinatorial libraries of trimers 

A,B,C = naturally 
coded amino acids 

20 20 20 

8000 components 

A,B,C = deoxynucleotides 

4 4 4 

64 components 

A,B,C = artificial 
building blocks 

100 100 100 

1 000 000 components 

FIG. 3. The impact of the number of building blocks on the number of library 
components. 

the necessary properties of easy detectability, are synthesized in parallel with 
the main component on the same bead. Such molecular tags code for the 
identity of the compounds to be tested and are analysed instead (Figures 2 
and 4). They may be assembled sequentially, in alternating cycles with the 
derivatization cycles of the main component (sequential tagging) or by 
repeated applications of reagent cocktails. The latter represent a binary code, 
where presence or absence (bit 1 or 0) of certain tag components form binary 
words coding for the identity, as well as the position, of building blocks within 
the sequence of a library component (binary tagging). 

While combinatorial chemistry is prevalently intertwined with solid phase 
chemistry for the reasons mentioned in section 3.1 (simplification of work-up 
procedures) and the opportunity to prepare physically separate individual 
compounds with the simple, yet powerful, split synthesis strategy (one-bead- 
one-compound), combinatorial syntheses in solution are valid alternatives in 
certain circumstances, namely if reactions that are incompatible with the solid 
format are involved. Liquid phase combinatorial synthesis on a soluble 
polymer support (polyethyleneglycol monomethyl ether), instead of on solid 
beads, was described by Han et al. (1995) in an effort to combine advantages 
of liquid and solid medium in one approach. Reactions are carried out in 
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FIG. 4. Tagging with sequential and binary codes. In sequential tagging, a particular 
sequence of tag units codes for a synthetic step. In binary tagging, defined mixtures 
of tag units from the first subset of tags (T1-T5) are added to the corresponding 
coupling reactions of the building blocks in the first position (A1; a total of 32 
variations). The building blocks in the second, third, etc., position are coded with 
mixtures of tag units from the second, third, etc., subset. Tags are added in minimal 
amounts (less than 1% of total loading) and linked covalently at random, causing 
traces of premature chain termination. The tag components are not covalently linked 
to each other. 
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solution (e.g. in methylene chloride and dimethylformamide) but at each 
stage of the combinatorial process the polymer may be precipitated by the 
addition of diethyl ether and washed. This principle of alternating solubiliza- 
tion and precipitation of polyethyleneglycol carriers had been previously 
applied in peptide, oligonucleotide and oligosaccharide synthesis (Green and 
Garson, 1969; Bonora et al., 1990; Douglas et al., 1991). Although 
theoretically attractive, this principle is highly demanding in practical terms, 
which is reflected in the fact that it has never been taken up for routine 
peptide or nucleotide chemistry. 

3.3 EXPRESSION LIBRARIES 

Biological expression systems are exceptionally powerful means to generate 
impressive numbers of bio-oligomeric structures in a virtually unlimited 
reservoir of molecular shapes that are selectable to meet the most demanding 
criteria of target recognition and binding. The diversity originates from 
combinatorial chemical synthesis of oligonucleotide mixtures to be incor- 
porated into the genome of microorganisms and translated into peptides on 
the surface of cells or within bacteriophage envelopes. The strong assets of 
these approaches are steps of variation (randomization of nucleotide 
sequence), selection (affinity enrichment) and amplification, i.e. cycles of 
target recognition progression that include active reproduction of material 
with the desired properties. In essence,Jit is the ease of producing multiple 
copies of DNA, which is exploited with maximal efficiency, e.g. by simply 
growing cultures of selected phages in a natural reproduction process 
(infection of Escherichia coli). 

Such straightforward amplification steps obviously do not have an equiv- 
alent counterpart in fully synthetic chemical libraries. Phage display libraries 
are probably the most widely applied format for the selection of peptides 
with particular binding properties. The display principle was illustrated in 
1985 by Smith and later extended to construct libraries of exceptional size, 
e.g. for the selection of specific ligands for streptavidin (Devlin et al., 1990). 
Other peptide expression methods include display on bacterial cells (Brown, 
1992), peptides on plasmids (Cull et al., 1992) and peptide display on 
polysomes (Mattheakis et al., 1994), an in vitro system for very large libraries. 
Expression libraries are excellent examples of encoded libraries, due to the 
physical association of the coding DNA and the displayed peptide in one and 
the same microorganism or construct. Indeed it is DNA sequencing rather 
than protein analysis, which is used to deduce the identity of selected 
peptides. 

Enough examples in the literature have convincingly demonstrated the 
utility of expression libraries for the determination of peptides with high 
target affinities (Barbas et al., 1993; Folgori et al., 1994; Meola et al., 1995). 
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In the context of drug discovery activities, these methods may function as 
versatile tools but are inherently limited in their utility to produce drug leads. 
With the progress of general organic chemistry on solid phase to prepare 
small-molecule libraries and the increasingly efficient random screen opera- 
tions with corporate collections, peptide leads are becoming less and less 
attractive. Peptides are unstable in biological fluids, have poor bioavailability 
and are difficult to formulate or to mimic with more 'drug-like' low molecular 
weight surrogates (Moore, 1994). Therefore, time savings in the lead 
identification phase are likely to translate into actual time delays in the lead 
optimization phase. 

3.4 HIGHLY DIVERSE LIBRARIES, THEMATIC LIBRARIES, ANALOGUE SERIES 

Combinatorial libraries are prepared with a goal in mind, either in the context 
of drug discovery programmes, or simply within research programmes 
demanding new chemical entities with a particular activity spectrum or 
binding properties. Depending on the time and stage of a project, the goal 
could be as ambitious as the identification of entirely new structures with 
unprecedented activity profile on a recently discovered new target. There may 
be a general lack of compounds that meet the criteria set in advance for 
considering a new structure as a lead. In such cases libraries are sought, which 
possess a high degree of diversity, i.e. cover a wide range of structural 
properties. Large libraries with large numbers of components could then 
seem a logical option to start with. Expression libraries can certainly provide 
the figures and, if 'tool development' is the goal, there is hardly a better 
alternative. However intelligible caveats remain if the effort tends towards 
drug development. 

As we discuss in sections 3.7 and 4.1 there is more to diversity than large 
numbers of molecules, if one considers that a multitude of physicochemical 
parameters are relevant to the pharmacokinetic and pharmacodynamic 
properties of a drug candidate. Without an even rudimentary structure- 
activity relationship established, the preparation and testing of a whole panel 
of fundamentally different structures is first priority. A smaller but diverse 
library, with components lacking a prominent common denominator, may 
be more valuable for lead identification than, e.g., a gigantic peptide library 
with components that all share the flaw of poor bioavailability. 

Once one or more interesting structures have been determined from a 
combinatorial library, second generation libraries with a structural bias 
(thematic libraries, biased libraries, intelligent libraries) can be generated to 
initiate the lead optimization process. This task is relatively straightforward 
provided that the initial structure originates from combinatorial chemistry. 
In that case, the modular, validated chemistry (worked out to produce the 
first library) can be applied to make new combinations that incorporate other 
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building blocks, with a bias around the known hit structure. The appropriate 
solid-phase chemistry may be much more difficult to develop around hits from 
natural compound sources or the random screen of corporate collections. The 
same applies for the preparation of more classical analogue series. The role 
of the latter may in part be taken over by thematic libraries, since a general 
trend initiated by combinatorial chemistry is the promotion of parallel 
processes. From a technical perspective, split syntheses lend themselves to 
the preparation of large libraries, whereas multiple parallel syntheses are 
useful in the domain of smaller thematic libraries. 

3.5 LIBRARY FORMATS 

When evaluated with regard to their performance in a bioassay, test samples 
from combinatorial libraries are often presented in new or unusual formats. 
Consequently, new assay systems need to be conceived or current ones must 
be adapted to suit the peculiarities of screening strategies. Such procedures 
are the subject of section 3.6. After the preparation process, libraries are 
made available either in a soluble format or with the components grafted 
on solid surfaces, typically polymer microparticles (beads). 

Chemically synthesized combinatorial libraries are often obtained either 
as a collection of physically separate individual compounds grafted on solid 
surfaces (one-bead-one-compound or 'one compound per glass surface matrix 
a r e a ' -  see Lam et al., 1991 and Fodor et al., 1991, respectively) or as a set 
of more or less complex mixtures (sublibraries or microeluates from bead 
pools) to be handled in solution, after cleavage from the solid carrier. As 
discussed below (see section 3.6) this is a consequence of the preparation 
and test strategies chosen for a particular project. In general terms, the solid 
format (with compounds grafted on a carrier) allows testing of a very large 
number of individual chemicals but imposes severe restrictions on the type 
of assay that is used. In practice, it is rarely possible to go beyond binding 
assays with a labelled acceptor molecule (receptor or enzyme). The format 
in solution, on the other hand, may be compatible with established functional 
assays, although for the evaluation of large libraries the present technical 
limitations force us to test mixtures rather than single compounds. The 
sequential unrandomization strategies described in section 3.6 are rational 
approaches to dealing with a number of fundamental problems that may arise 
in mixture testing. These strategies are only possible if the mixtures are 
assembled and grouped in a systematic fashion (sublibraries). 

Recently a combined approach for testing combinatorial libraries in both 
the solid and soluble format was described (Felder et al., 1995). A binding 
assay first discriminates 'beads carrying ligands' from the bulk of beads 
lacking binding properties. This smaller (selected) bead population is then 
subjected to cleavage and microelution in a microplate format (one bead per 
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well). Functional assays in the microeluates are used to discern non-specific 
binders from functionally active species. Combining the high-throughput 
capacity of binding assays (in a pre-screen) with more informative charac- 
terizations in solution on the selected subpopulation of potential candidates 
needs extensive logistical support and automation. 

In very large combinatorial libraries each component is usually present in 
small amounts due to the difficulty of economically handling the enormous 
quantities of reagents involved, if scale-up to the milligram level per 
compound would be sought. For a library of 100 000 components, chemical 
synthesis on solid phase would then require more than 1 kg carrier and even 
the solvent consumption for washes would rapidly exceed the capacity of 
laboratory scales. This is just one of the reasons why there is a strong demand 
to miniaturize assay technologies (another is the consumption of recombinant 
target proteins). A breakthrough in this sense should ultimately allow to take 
full advantage of the split-and-mix approach that produces massive numbers 
of beads with one compound each. More sophisticated functional assays 
(rather than binding) would then characterize the test compounds from split 
synthesis. 

3.6 DECONVOLUTION PRINCIPLES, ACTIVE INGREDIENTS DETERMINATION 

To deconvolute literally means to 'unroll', and signifies the process of 
unravelling information about the composition of active ingredients, which 
becomes intricately concealed in the course of the combinatorial synthesis, 
but which is in principle accessible by reversing the order of complexity 
generation in a systematic fashion, guided by experimental tests. 

In the simplest cases of array syntheses, the products are tested while 
keeping track of their physical position, which is known and protocolled in 
the preparation phase. The term deconvolution is not applicable here; the 
allocation of compound structures to activities is a matter of straightforward 
logistics, classical analytics and confirmation by individual re-synthesis of hits. 
The latter is an obvious step common to all approaches. 

3.6.1 Without Microanalytical Contribution 

There is no question that microanalytical technology is an integral part in 
the multidisciplinary field of molecular diversity generation. In this section 
we touch some deconvolution methods, which dispense with microanalysis 
as a structure determination tool. However, the role of analytics in the 
chemistry validation phase and in quality control remains as prominent here 
as in any other library approach. A common denominator of the following 
methods is the close interplay of chemical synthesis and bioassay evaluation, 
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which for complex libraries intertwine in a combined approach with mutual 
feed-back. 

3.6.1.1 By physical position. The simplicity of allocating structures to 
activity by virtue of the logistic control of where compounds are synthesized 
and positioned for the assay was mentioned above. It is the logical standard 
method to use for arrays. The attractiveness of this approach was exploited 
to the extreme in devising the light-directed, spatially addressable parallel 
synthesis (Fodor et al., 1991), which produces tens of thousands of 
compounds in 50 ~m checkerboard patterns within 1 cm 2. In a more generally 
accessible technology, the synthesis on pins (Geysen et al., 1984; Bray et al., 
1990), the arrays are conveniently handled in the 96-well microtitre plate 
standard format at all stages of the preparation and assay operations. 

3.6.1.2 By systematic comparison of  sublibraries. In the near and 
foreseeable future, for reasons mentioned in section 3.5, the testing of more 
or less complex compound mixtures will remain attractive for the rapid 
evaluation of large combinatorial libraries. Some theoretical considerations 
on testing and comparing the performance of large mixtures of compounds 
(Konings et al., 1996) were corroborated in an experimental model of 
phospholipase A2 inhibition (Wilson-Lingardo et al., 1996). Substantial 
progress on the assay technology side, including a leap in the level of 
miniaturization, has yet to be achieved before testing individual compounds 
from combinatorial libraries will be possible without major concessions on 
either throughput or library size. 

The powerful potential of the sequential unrandomization to discover active 
compounds in large libraries was demonstrated in 1991 by Houghten et al. 
(1991) and later confirmed in several published (e.g., Dooley et al., 1993, 
1994; Zuckermann et al., 1994; Freier et al., 1995; Blondelle et al., 1996a,b) 
and probably many more unpublished examples. The method makes use of 
the split synthesis protocol in order to achieve equimolar representation of 
each component in a library to be tested in solution. It is an iterative process 
of alternating rounds of 'evaluation of sublibraries' and 'synthesis of mixtures 
with decreasing complexity' that ultimately converges to the test of a single 
component. The contribution of defined structural elements that are uniquely 
different in the various sublibraries, but common to all components in each 
of them, is measured with regard to the overall performance in a bioassay 
of mixtures. All the compounds bear a moiety composed of randomly 
combined building blocks and a defined part, which classifies the mixture 
(Figure 5). The known structural element of the best-performing sublibrary 
is in principle the sole determinant of the superiority of one sublibrary over 
the others, since all the molecules (in the same, as well as in all the other 
sublibraries) represent, as an ensemble, the same randomized region that 
comprises all possible combinations of building blocks used in the split-and- 
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FIa. 5. A set of second-order sublibraries for testing mixtures in a sequential 
unrandomization in solution. 

mix process. Once the most favourable building block in a certain position 
(for a particular assay) is determined, this same structural element can be 
shared by all the library components synthesized in a new round of synthesis, 
again divided systematically into sublibraries which are now less complex 
(since fewer combinations remain to be sorted out) and uniquely defined in 
another part of the general structure. 

Among the benefits of the approach is the format compatibility with 
virtually any type of test system (including functional and cellular assays). 
A source of potential problems lies in the fact that complex mixtures 
may lead to unpredictable interferences between some components (e.g. 
physicochemical associations) although many of the phenomena are common 
to all sublibraries by virtue of the shared background of randomized 
combinations, and are therefore without influence on the selection process. 
Fortunately, the most critical phase of a sequential unrandomization is in 
the beginning, because at that point the mixtures are the most complex, with 
the lowest relative concentrations of individual components. If an unran- 
domization is unsuccessful this can usually be recognized no later than at the 
second round of deconvolution, when the most active sublibrary is further 
divided into mixtures with fewer components and the expected boost of 
activity does not occur in any of them. Therefore, the problems associated 
with a deconvolution are recognized early in the process, before time is 
wasted in lengthy procedures. The possibility that in early phases of an 
unrandomization the combined effects of whole families of homologous 
structures are measured, may occasionally prove to be an advantage, since 
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it allows to detect activities in mixtures, where each component is represented 
in minute quantities, at a concentration below the level of detection of the 
individual components. 

As a consequence of the applied selection principle, only one structure 
results from one deconvolution. If further identifications of active com- 
ponents are envisaged, alternative pathways in the early stages of selection 
can be pursued by branching out towards other end points. This is illustrated 
in Figure 6 at the second round of the unrandomization: D-lie (i) and D-Trp 
(w) are top-performers and the figure shows the choice to pursue with 'i' 
rather than with the slightly better 'w'. 

Sequential unrandomization is probably the most widely used deconvolu- 
tion method by systematic comparison of sublibraries. Various other 
strategies on how to deduce information about active species by comparison 
have been described by Furka (1994). These methods are less common and 
have their strength in the more limited area of peptide libraries and whenever 
compounds with many variable positions (e.g. five or more) are studied. 

In the so called domino strategy (Furka and Sebestyen, 1995) active 
sequences of biooligomers are identified in three stages with stepwise 
reduction of complexity of partial libraries. In the first stage 'amino acid tester 
kits' are used: in all of their components a certain amino acid is present in 
one or more positions. If the tester kits of all utilized amino acids (e.g. 20) 
are evaluated, the experiment can indicate which amino acids are not present 
in the active sequences (by lack of activity of the corresponding kits). 
Consequently, an occurrence list of amino acids allows one to focus on 
building blocks that are indeed present in the active components. Assigning 
amino acids to positions can be done by positional scanning (Pinilla et al., 
1992) with so called 'first-order sublibraries' (1st order SL), i.e. with 
compounds bearing one defined position (with, e.g., the remaining four 
undefined). At this point the activity distribution over the various sub- 
libraries, marked with the defined amino acids, provides sequence informa- 
tion (PO = positional occurrence) that can be completed and verified with 
tests on yet another kit of sublibraries (SL). Second-order sublibraries with 
two defined positions per sequence are synthesized with the knowledge of 
the previously determined positional occurrence. The non-overlapping 
sequences can be determined by using vicinal second-order sublibraries like 
dominoes (Figure 7). 

Points to consider when planning experiments with partial libraries are the 
technical implications for the synthetic procedures. It is relatively straightfor- 
ward to incorporate randomized positions in the first part of a synthesis (with 
split-and-mix) and conclude with one or two defined positions by keeping the 
contents of the reaction vessels separate, in a parallel mode ('split without 
mix'). The incorporation of a defined position at an earlier stage of the 
synthesis means carrying out all the following reactions in separate vessels and 
complicates the randomizations downstream dramatically. Either mixtures of 
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Iterations for Ac-rfxxxx-NH2 
(Inhibition of 3H-DAMGO Binding) 

FIG. 6. Example of sequential unrandomization, as reported by Dooley et al. 
(1994). a -  y = D-amino acids (one-letter code); o = defined point (on the abscissa); 
x = randomized position; DAMGO = (D-AIa 2, D-Leu 5, Gly-ol 5) enkephalin. The 
deconvoluted structure is Ac-r-f-w-i-n-k-NH2. 

building blocks are used (and equimolar representation of products becomes 
questionable owing to the kinetic disparity of the reagents) or further splitting 
of each vessel content is necessary (with demanding logistics). 

A sophisticated and economic approach related to positional scanning was 
described in various contexts and named orthogonal libraries (D6prez et al., 
1995) or indexed libraries (Pirrung and Chen, 1995). With a given number 
of building blocks to be incorporated at various positions, two (orthogonal) 
libraries (A and B) are prepared by subdividing the building blocks into 
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Fio. 7. The domino strategy: positional occurrence and positional scanning provide 
the identity of 1 or more building blocks that perform well in a certain position. 
Domino alignment of active second-order sublibraries (with two defined positions) 
provides sequence of active compounds. 

smaller subgroups of maximally different reagents, which are all ultimately 
incorporated to form the same library components as a whole (Figure 8). 
The partitioning of the reagents for A and B are different, although one 
building block per group is always shared by one other group and the same 
complete set is used for A and B overall. This grouping system ensures that 
any sublibrary of A has only one component in common with a sublibrary 
of B. Ideally, in a given screen, an active compound will confer activity to 
one sublibrary of A and one sublibrary of B. The compound of interest is 
then defined as the unique component shared by the two sublibraries. 

3.6.1.3 By Genetic Algorithm-guided Syntheses. The application of 
genetic algorithms to help evolve technical processes, by analogy to biological 
systems adapting to the demands of the environment, seems a conceptually 
elegant approach for combinatorial technologies also. In this instance, the 
genetic algorithm is a formalism that associates single steps of a synthesis 
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(b) 

25 625 15,625 compounds 

5 25 125 combinations 
[ ~  125 sublibraries 

FIG. 8. Assembly of orthogonal libraries A and B: The set of available building 
blocks is divided into subgroups, e.g., A1, A2, A3, A4, A5 for library A and B1, 
B2, B3, B4, B5 for library B. Each subgroup comprises maximally diverse building 
blocks. Across the A and B series, subgroups share only one common synthon at 
a time. Within the A or B series, subgroups do not share common components. 
Orthogonal libraries A and B are prepared by combinatorial synthesis with subgroups 
(mixtures) rather than with individual building blocks, and without mixing portions. 
This effectively produces all possible combinations in a way that any sublibrary from 
A shares only 1 compound with any sublibrary from B. Maximal diversity within a 
subgroup of building blocks is supposed to avoid the preparation of homologues within 
a sublibrary. 
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with a 'genetic codon' and consequently procedures to 'whole genes' which 
undergo recombinations and mutations, and selection for better products. 
The assets of genetically evolving systems, be it in association with inheritable 
changes in living organisms, or in the formal analogy for the description 
of technical progress, consist of the capability to recognize a successful 
change, preserve it and convey it to the next generation. Improvements are 
obtained and built on the grounds of previous achievements as opposed to 
what results from simple trial and error strategies. Also, rare mutational 
events leave the door open for improvements that step out of local 'best 
solutions' and take the risk of going beyond, despite the likelihood of causing 
deterioration instead. A more detailed discussion of this principle follows 
in section 4.1. 

3.6.2 With Microanalytical Contribution 

Microanalytical compound identification techniques can be integrated into 
library evaluation strategies, which, by virtue of this added contribution, may 
dispense with the systematic classification into sublibraries and, in some cases 
with the necessity to test mixtures. The challenge is to reach the ability to 
identify minute quantities of oligomeric or small-molecule entities with 
diverse structures that may belong to any class of compounds accessible by 
combinatorial chemistry. The sensitivity should cope with fractions of the 
loading capacity of a single bead, if both bioassays and analytics are to be 
carried out on beads selected from a one-bead-one-compound (split-and-mix) 
library. In practice, quantities of 100 pmol or less are available for reliable 
characterization and, therefore, the method must aim at picomolar detection 
limits. The latest analytical developments (see section 4.6) indicate that direct 
analyses of library components will be more and more straightforward over 
a broad range of chemical structures. 

An additional requirement for practical operation, is a throughput that 
matches the needs of efficient library evaluations in a variety of test systems. 
This throughput of structure determinations lags behind the overall bioassay 
throughput capacity. Only for certain classes of molecules is analytics fast 
and sensitive enough: peptides and oligonucleotides can be analysed rapidly 
in minimal quantities. Concepts and methods for the analysis of peptide 
libraries were described by Boutin et al. (1996). For compounds which are 
not analysable with a similar efficiency, the concept of encoded combinatorial 
libraries was developed on the basis of sequential or binary tagging (see 
section 3.2). Molecular tags are assembled stepwise in parallel with the 
synthetic steps they code for, and therefore they represent records that 
protocol the course of the synthesis. Tags must fulfil the requirements for 
ease of identification and chemical inertness under conditions of ligand 
synthesis. 
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3.6.2.1 By Binding of Labelled Acceptors (Targets). This method 
involves creating large libraries on beads (one-bead-one-compound) that 
consist of physically separate individual components. In a rapid approach the 
library can be screened without cleaving from the solid phase by exposing 
the beads to the solution of a labelled acceptor (solubilized receptors, 
enzymes or antibodies) which is linked to a reporter enzyme (e.g. alkaline 
phosphatase) or to a fluorescent dye. Ideally, a few beads with a strong binder 
retain the label even after stringent washes, while the background bead 
population destains quickly. It is then a matter of analysing either the ligands 
directly or the tags coding for them, which renders possible a separate 
resynthesis of the individual compounds in larger quantities. The few 
candidate hits may then be characterized in functional assays in order to sort 
out non-specific binders and artefacts. A seminal paper describing this 
approach appeared in 1991 (Lam et al., 1991) with a study on a monoclonal 
antibody against/3-endorphin and on streptavidin binders. As mentioned in 
sections 3.5 and 3.6.2.4 this method can be used as a prescreening selection 
step to eliminate the bulk of non-binding beads and screen a focused group 
of candidates. 

3.6.2.2 By Controlled Release and Diffusion Assays from Spread-out 
Beads. Another principle exploiting the fact that individual beads from a 
split-and-mix library carry individual compounds was described by Quillan 
et al. (1995). Beads are spread out on either cell lawns or gels appropriately 
prepared to monitor the release of active components from the beads into 
the media with a reporter system. The important prerequisite for this 
approach is the utilization of a linker that releases compounds without the 
need of liquid elution (Jayawickreme et al., 1994), i.e. in a dry or semi-dry 
state. The options for release are photocleavage or chemicals in the gas phase 
(e.g. ammonia or trifluoroacetic acid). The effect of compound release into 
the wet gel-like medium can be visually inspected. 

3.6.2.3 By Bead Pooling and Redistribution. Bead pooling strategies 
aim to efficiently test 'one-bead-one-compound' libraries with functional 
assays in solution. Controlled, portionwise cleavage of compounds from the 
solid phase must be possible and previously validated for a broad range of 
molecular structures expected to be present in the library. In a first step, bead 
pooling enhances the assay throughput by grouping beads randomly into 
pools of approximately 100 and testing the mixtures resulting from partial 
release of the compounds into microeluates collected in multi-well plates. 
Any interesting activity is correlated to the corresponding pool of beads, from 
which the mixture was cleaved and eluted. These beads are then redistributed 
in a one-bead-per-well format. A second portion of the compounds is released 
into solution and the activities of individual compounds are measured 
(see Figure 9). The use of branched or multiple linkers with different 
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FIG. 9. Bead pooling and redistribution in the multiwell microplate format of 
one-bead-one-compound libraries. From a bead pool, aliquots of the loading capacity 
are cleaved, eluted and tested in solution. Bead pools that correspond to active 
microeluates are redistributed in a one bead per well format and again subjected to 
cleavage. The activities of single compounds in solution can be measured and the 
individual beads that release active compounds can be analysed, to determine the 
identity of the compounds. 

cleavage specificity is best suited to ensure equimolar representations in the 
microeluates (Salmon et al., 1993). The automation of accurate bead counting 
and distributing into multi-well plates is crucial for this approach and difficult 
to implement due to a lack of commercial instruments. With this method, 
any active compound is likely to be present in more than one pool, and 
therefore likely to be 'rediscovered' several times independently. The ratio 
of bead number versus number of possible combinations determines the 
redundancy of a particular compound in the library. 

3.6.2.4 By Affinity Selection. The affinity of library components to a 
macromolecular acceptor (target) can be exploited to introduce a selection 
step in the screening procedure that rapidly puts the focus on a limited 
subpopulation of components, which may undergo further characterizations 
in a follow-up identification analysis or functional assay. In affinity selection 
mass spectrometry (Kaur et al., 1995) a macromolecular soluble acceptor is 
incubated with mixtures generated by combinatorial chemistry. Binding 
components associate with the target and co-elute with the large molecular 
weight fraction in a simple size-exclusion chromatography. The mass of one 
or several ligands is measured directly in the presence of the macromolecular 
target. Since the exact mass distribution profile of the entire mixture is given 
by the synthetic protocol, only a handful of structures with the determined 
mass need to be resynthesized and further profiled, e.g. tested in order to 
discriminate actives from inactives, agonists from antagonists etc. 
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A similar approach called bioaffinity characterization mass spectrometry 
exploits new Fourier-transform ion cyclotron resonance (FTICR) mass 
spectrometry technologies, which when coupled to electrospray ionization 
(ESI) allow the investigation of specific, non-covalent complexes formed in 
solution (Bruce et al., 1995). They will be useful for the investigation of very 
low relative concentration non-covalent associations directly from solution. 
Other variations of the concept introduce an affinity separation step that 
more closely resembles classical affinity chromatography. In affinity capillary 
electrophoresis/mass spectrometry (ACE/MS) the acceptor is present in the 
buffer as a plug, either partially or completely filling the capillary, and the 
library is introduced as a sample. The interacting ligands are subsequently 
detected by on-line mass spectrometry (Chu et al., 1995). The combination 
of an affinity detection on beads by means of labelled acceptors and a 
functional assay on microeluates from the selected beads retaining the label 
was mentioned in section 3.5 (Felder et al., 1995). 

The affinity enrichment process commonly known as biopanning relies on 
subjecting a library of peptides expressed on filamentous phages to a selection 
for binding to the target immobilized on solid support or in solution. The 
selection of strong binders is followed by amplification and optionally with 
more rounds of selection and amplification. The sequence analysis of the 
DNA coding for the peptide insert enables the determination of the primary 
structure of interest (see also section 3.3). 

3.7 LIBRARY DESIGN AND INFORMATION MANAGEMENT 

Although molecular modelling has not fulfilled the initial hopes for an 
engineering approach to drug discovery, it is now generally accepted as a 
tool for medicinal chemistry. It is tempting to apply these methods to 
the problem of designing 'optimal' libraries. For example, computational 
methods could be used to construct libraries such that they consist of 
structurally or physicochemically diverse compounds, contain the maximum 
information for lead optimization, or are biased towards interesting phar- 
macophoric motifs or known lead structures. Moreover, it would be useful 
to have theories which help to relate structural characteristics of a library 
to its performance in a biological assay. 

A somewhat less spectacular, but arguably more fundamental and 
far-reaching contribution of computer technology to the drug discovery 
process has been in the area of information systems. It is unthinkable to run 
large screening programmes without making use of database systems. Most 
research chemists use specialized scientific information systems to keep 
abreast of new developments, and many organizations develop wide-area 
network applications for global sharing of research results. With the advent 
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of combinatorial chemistry, information management has become even more 
important because of the large amount of data the combinatorial approach 
can generate. As in 'classical' lead discovery, the most important application 
of information systems is for the logistics of reagents for synthesis and samples 
for screening, and for keeping track of assay results. Other, related tasks are 
data management for high-throughput analytics, and producing instructions 
for automatic synthesizers. More in the theoretical direction of scientific data 
analysis are attempts to understand diversity, and to measure the similarity 
between different libraries, in order to avoid producing libraries that repeat 
structural motifs which have already been explored. 

A number of computational approaches to addressing the library design 
and assessment problem has recently appeared in the literature. These are 
reviewed in section 4.1. The approaches that are being used in this evolving 
area are based on established methods from the chemical information and 
modelling fields, but take a new twist because of the size and the particular 
logical structure of the problem. First and foremost, the potentially huge 
number of compounds a library can contain implies the use of simple 
theoretical methods, and great care has to be taken that these methods 
produce meaningful results. Second, it is evident that computational 
chemistry will have to integrate with information systems and database 
technology. 

Most established chemical database and modelling software vendors have 
now come onto the market with systems that support some aspects of 
combinatorial chemistry, or have announced future systems. These include 
Daylight Chemical Information Systems (1995) with the combinatorial library 
extensions to their Thor/Merlin system, Molecular Design Ltd (1995) with 
their Project Library software, Chemical Design with their extensions to the 
ChemX system (Davies and White, 1995), Tripos (1995) with their Legion 
and Selector products, and Molecular Simulations Inc. (1996) with extensions 
to the modelling programme CERIUS. 

In the later sections of this review, we do not attempt to compare these 
commercial offerings. Any reference we make to commercial products is in 
order to explain the underlying technical and scientific issues; it should not 
in any way be taken as a judgment on the products. Specifically, we will 
address new aspects of chemical information handling, and discuss attempts 
at applying QSAR- and modelling-type approaches to the design of 
combinatorial libraries. 

4 Current Topics 

In this section recent research contributions with significance for the 
current strategies that involve combinatorial libraries for drug discovery are 
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illustrated. Rather than a complete enumeration of the published methods 
and results, this part is a review of original activities that contribute to the 
multidisciplinary character of the field and indicate the potential to exploit 
synergies from combinatorial technologies. 

We chose to emphasize in more detail the planning and design side, 
including the assessment of molecular diversity. This is to stress our opinion 
that the technical achievements that provide greatly enhanced capacity in 
synthesizing large numbers of compounds should not distract us from using 
our tools with maximal efficiency. There is an increasing consensus that 
combinatorial technologies are not just a game of big numbers. The 
considerate application of library design strategies has a central role to fulfil, 
if this is to be confirmed. However, it is clear that if the same design criteria 
are applied for various libraries, e.g., maximal diversity within a population 
of library components, the largest library will always bear the most 
potential. 

4.1 PLANNING, DESIGN, AND THEORETICAL INTERPRETATION 

Information management for combinatorial chemistry has two main aspects: 
supporting the process of high-throughput synthesis (planning, execution, 
interpretation), and supporting the biological screening effort. These two 
areas have few data in common, and are usually supported by systems which 
are only loosely connected. Indeed, if combinatorial chemistry is viewed as 
nothing more than a new source of samples for high-throughput screening, 
then the only data common to both areas are compound registration numbers 
and consolidated assay data. 

4.1.1 Managing Screening and Synthesis Data 

The main components in the synthesis and screening process are: sample and 
plate logistics, run control, data storage and analysis, and follow-up. Many 
pharmaceutical companies have long-established information systems that 
deal with these tasks in the context of traditional screening programmes. 
Most often, these systems are based on the relational database management 
systems (Zaborowski and Hobbs De Witt, 1995). High-throughput screening 
(HTS) places additional strain on data management, but the consensus in 
the industry seems to be that the present systems can be extended to cope 
with the additional load. Nevertheless, a number of specialized screening data 
management systems are available which are aimed at the HTS market. These 
are client-server systems, which have PC-based user interfaces, and access 
relational databases which run on servers in the background. Examples 
include Activity Base (ID Business Solutions Ltd, Guildford, UK) and 
SCREEN (Molecular Design Ltd, San Leandro, CA). 
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Reaction databases are well-established tools for the synthetic chemist. 
More recent are collections which cover specifically synthesis aspects of 
combinatorial chemistry. For example, the SPS database from Synopsys 
(1996a) contains about 2000 reactions. Molecular Design Ltd has announced 
a database SPORE, which will initially contain several thousand reactions 
on solid supports. 

To support information management at the level of the individual 
combinatorial laboratory, spreadsheet programs can be used to store reagent 
information, molecular weight, stoichiometric data, concentrations, volumes, 
and other parameters. If these spreadsheets are kept on a central file server, 
and some reasonable naming convention is used, then information can be 
effectively shared between laboratories. Using additional software (Synopsys, 
1996b), standard spreadsheets can be extended such that chemical structures 
and reactions may be stored as diagrams, and then searched by structure and 
substructure; at least for data management at the laboratory level, this is a 
powerful and cost-effective solution. 

To streamline stepwise deconvolution and multiple parallel synthesis, 
automatic synthesizers should be embedded in a general information system 
which supports high-throughput synthesis, analytics and screening. Commer- 
cially available synthesizers have their own software which controls tempera- 
ture profiles, robotic arm movements, valve operations, and also handles 
interruptions of the normal operation. The higher-level information that must 
be defined includes the synthetic protocol (which steps are done in which 
order), some representation of synthesis batches and how they are mapped 
to the reaction vessels available, and lists of reagents and their association 
with reactant vessels. The format of this data, and whether it is entered 
directly using the synthesis robot software, or generated externally by other 
software and then imported, depends on the system. For example, the 
Advanced ChemTech (ACT) 496 Multiple Organic Synthesizer can import 
files with reagent data and references to robotic instructions, which are 
generated and stored in a chemical library database system (Davies and 
White, 1995. This area is very much in a state of flux. 

4.1.2 Handling Combinatorial Structure Information 

Handling combinatorial structure information presents special problems, 
because a large number of compounds can be made and must be registered, 
and because the compounds in one library are interrelated by virtue of the 
parallel or split-and-mix synthesis protocol. Although modern chemical 
information systems can cope with several million structures, this is not 
sufficient. Fortunately, it is not necessary to register and store all components 
of large mixture libraries explicitly, unless the components have been 
confirmed individually by analytics and have associated assay data. It is 
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sufficient to store high-level information per experiment, i.e. a description 
of compounds which a sample should theoretically contain. Generic structure 
representations similar to those used in the patent field can be used for this 
purpose. 

Oligomer-based notations such as 'AlaLeuTyr' are the preferred way to 
record peptide information. To represent more general types of compounds, 
this string notation can be extended by using, instead of amino acid codes, 
a standardized brief name for more general types of molecular building 
blocks. An oligomer-based language for combinatorial libraries has been 
described by Siani et al. (1995), and is implemented in the Daylight Chemical 
Information System (James and Weininger, 1995). This language is capable 
of representing arbitrarily large combinatorial sets of structures in a very 
compact way. For example, the pentapeptide library in Figure 5 contains 3.2 
million components, but can be represented compactly by recording ab- 
breviations for the 20 alternatives at each position (5 x 20 building block 
symbols), and additional information about the chemical structure of the 
building blocks and the way they are connected. A similar representation 
is used in the Legion system of Tripos (Ash, 1996). An alternative approach 
to recording library information is scaffold-based. For example, to represent 
a set of 160 benzodiazipines (Figure 10), one would record the structure of 
the phenyl-substituted benzodiazepine (PBz) scaffold in a database, and also 
store four lists of substituents. This method is used in the chemical library 
information systems of Molecular Design Ltd (1995) and Chemical Design 
(Davies and White, 1995). 

All of the above approaches represent a structure by linking structural 
fragments. How to do this is obvious in the case of peptides and nucleotides, 
and the reason why data management for biopolymers is basically straightfor- 
ward. However, in the general case, the definition of fragments is arbitrary 
because chemical structures can be partitioned in an arbitrary way. In 
addition, it is surprisingly difficult to represent correctly more complex 
libraries, such as those of oligomers of varying chain lengths, mixtures of 
regioisomers, and intentionally created mixtures of mixtures. Unless database 
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R1 = H, F, Cl, Br, I 
R2 = H, F, C1, nitro 
R3 = H, methyl, ethyl, 
R4 = H, OH 
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FIG. 10. A benzodiazepine library with 160 compounds. 
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systems can be made to deal with these complications (or these complex 
libraries are consciously avoided) attempts at automating the entire com- 
binatorial chemistry workflow (Agrafiotis et al., 1995) will fail. Some of these 
defects can be repaired by more elaborate library representations (C. A. 
James, personal communication 1996). More fundamentally, one should 
store in a database what is known about combinatorial synthesis (namely 
reagents and reaction schemes), in addition to what is assumed to be the 
outcome of synthesis (the combinatorial set of products). One of the chemical 
database vendors has announced a system which works along these lines (K. 
Davies and C. Briant, personal communication 1996). 

4.1.3 Searching Through Combinatorial Data 

Substructure searching is one of the main tasks demanded of chemical 
information systems, and should be possible in the case of combinatorial 
libraries as well. Looking up building block abbreviations like in sequence 
database searching (e.g., PBz in Figure 10) is rapid (Siani et al., 1994) but 
of limited utility because there is no universal building block nomenclature. 
Moreover, substructures which do not correspond exactly to building blocks 
cannot be found in this way. For example, in the case of the benzodiazepine 
above, a search for the substructure 'Ph-CI' would fail, even though the set 
contains 40 molecules which should match this query. Some degree of explicit 
structure enumeration by connectivities is unavoidable to solve this problem. 
The available commercial programs differ in how this is implemented. For 
example, the Project Library software by Molecular Design Ltd (1995) 
connects building blocks at search time. Siani et al. (1995) have described 
an enumerative approach based on the Daylight software. Preliminary work 
on how to avoid full enumeration when searching across building block 
boundaries has been reported (Smith, 1996). 

Similarity searching is a different way to look through databases. Unlike 
substructure searching, which returns only those molecules which happen to 
contain precisely all atoms of the query structure, similarity searching has 
some degree of fuzziness, which is more in line with the way chemists tend 
to think about chemical structures. If exact answers are required, for example 
in the context of patents, then this fuzziness is undesirable, and exact 
searching techniques must be used. Although molecular similarity is such a 
pervasive concept in chemistry, it is difficult to quantify. There is a large 
number of molecular similarity measures; examples include those based on 
molecular connectivity, pharmacophore properties, and various interaction 
fields. For a review, see Maggiora and Johnson (1990). In the chemical 
information field, a commonly used similarity measurement is based on 
molecular fingerprints. A fingerprint is a compact record of computed 
molecular data, which can be used to characterize a molecule, much like the 
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fragmentation pattern in mass spectrometry can be used to characterize a 
compound. Structural fingerprints are usually derived by systematically 
checking which substructures occur in the molecule and are stored in a 
computer as a string of 0 and 1 bits. The structural similarity of two molecules 
can be defined by counting the common occurrence of features, and 
normalizing this measure such that it is between 0 (no common features) and 
1 (identical molecules). One measure of this kind is the Tanimoto similarity 
index, which is often used in chemical information systems. Other similarity 
indices have been described (Carhart et al., 1985; Holliday et al., 1995). 

Substructure and similarity searching can be extended beyond topology, 
by recording the occurrence of three-dimensional atom patterns (Willett, 
1991). The use of such 3D pharmacophores has a long history in drug design 
and, more recently, in database searching (Bures et al., 1994; van Drie, 1995). 
Davies and Briant (1995) have constructed pharmacophore fingerprints by 
recording all three-point pharmacophores which can be formed from five 
generalized atom types (hydrogen bond donors, hydrogen bond acceptors, 
positive centres, aromatic centres, hydrophobic centres) at fixed triangle 
geometries. The computation involves conformational analysis, which can be 
very time-consuming for large databases (several weeks per 100000 struc- 
tures). Because of their size, these pharmacophore fingerprints are not stored 
routinely in a database for searching purposes, but they can be used for 
diversity assessment. 

4.1.4 Statistical Aspects o f  Mixture Libraries 

In the split-and-mix protocol of combinatorial synthesis, a statistical sampling 
of compounds is introduced, because the splitting process is random and 
cannot guarantee that each intermediate is present in each pool. This has 
the effect that not all expected compounds will be formed or that compounds 
are formed in uneven amounts, which can mislead subsequent deconvolution. 
The question of how many beads per expected compound are required in 
order to avoid this complication, has been studied by several authors (Burgess 
et al., 1994; Zhao et al., 1995, 1996; Boutin and Fauch6re, 1996). Using 
Monte Carlo simulations, Zhao et al. (1995) found that about 20-30 beads 
per compound are required in mixtures of 103-105 compounds, if each 
compound is to be present on at least four beads in 99% of the cases. The 
required number of beads per compound increases with the number of 
components in the library. 

A related question that arises in mixture library synthesis is whether 
iterative deconvolution can be expected to identify the most active com- 
pounds present in the library, given the statistical fluctuations of compound 
concentrations, the distribution of activities, and random experimental 
errors. Simulations on model systems show that, in general, iterative 
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deconvolution is more successful than positional scanning at identifying the 
most active compound (in particular, if the library has many compounds of 
similar activity). Also, deviations from equimolarity decrease the success rate 
of deconvolution and it appears to be beneficial to have many sublibraries 
in few deconvolution rounds (Freier et al., 1995; Konings et al., 1996). 
Experimental evidence is in support of the simulations, except that positional 
scanning was found to be more successful than suggested by the simulations 
(Wilson-Lingardo et al., 1996). 

4.1.5 Assessing Diversity 

The diversity of a library is in some way related to the degree of similarity 
between the individual compounds in the library. Diversity is therefore 
dependent on the properties one chooses to define similarity. Several 
approaches have been described in the literature. 

4.1.5.1 Measuring Diversity by Fingerprint Density. Because a structure 
fingerprint records the occurrence of distinct substructures, the number of 
'on' bits it contains (the fingerprint density) can be taken as a measure of 
structural diversity. To apply this concept to libraries, one defines a library 
fingerprint, which is the logical OR of the structure fingerprints of all library 
components. The library fingerprint density then measures the number of 
different structural fragments which occur in any of the library structures, 
and can be used as diversity measure (Martin et al., 1995). Full enumeration 
of libraries for fingerprint generation can be slow; Downs and Barnard (1996) 
have reported a computationally efficient algorithm. Library pharmacophore 
fingerprints can be defined as the logical OR of the pharmacophore 
fingerprints of all constituent molecules (Davies and Briant, 1995). These 
record the presence of pharmacophores in any conformation of any structure 
in the library. The pharmacophore diversity of a library can then be measured 
as the density of the pharmacophore fingerprint (K. Davies and C. Briant, 
personal communication 1996). Related work has been described by Mason 
et al. (1995) and Bures et al. (1995). It should be clear that, in principle, 
any spectrum of any measured or computed molecular property can be used 
to derive fingerprint-based library diversity measures. All that is required is 
a systematic scheme to discretize continuous property values, and faith in 
the significance of these properties or, preferably, scientific evidence which 
comes from validation studies (compare section 4.1.7.3). 

The structure fingerprint diversity method was used by the Chiron group 
(Martin et al., 1995) to compare some proprietary N-substituted glycine 
(NSG) libraries with biopolymer libraries and collections of commercial 
drug molecules. The NSG libraries were more diverse than the natural 
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FIG. 11. Structural diversity of libraries and compound collections. Estimated total 
number of fragments per library (white) and estimated number per 100 library 
constituents (black). Most combinatorial libraries are more diverse than the natural 
biopolymers, and both less diverse (black) and less 'diversity-efficient' (white) than 
the 50 or 100 top-selling drugs. Data after Spellmeyer et al. (1997) and courtesy of 
Chiron Corp. 

biopolymers, but less so than the set of commercial drug molecules (see 
Figure 11). 

The Abbott  group (Martin et al., 1997) has used the number of different 
three-point pharmacophores represented in a library, as a diversity measure. 
They find that large compound collections typically cover 85-93% of 
'pharmacophore space', whereas some small libraries and screening sets cover 
between 20% and 55%. If the pharmacophore diversity per compound is 
taken as the relevant measure, then the small libraries are actually more 
'diversity-efficient' than the large compound collections. It would be 
interesting to determine whether this is reflected in a larger number of 
structurally different hits in random screening programmes. 

4.1.5.2 Similarity and Property Profiles. Library fingerprints do not 
distinguish between substructures or pharmacophores occurring in one 
molecule or in different molecules. In general, they will therefore have a 
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tendency to average out library diversity measures. Recording all pairwise 
molecular similarities is, in principle, a better approach. The resulting 
distribution of similarities can be visualized as a histogram, but is not easy 
to condense into a single 'diversity index'. Similarity profiles have been 
used to visualize the diversity of screening compound collections (M. 
P6hlchen, Tripos Inc., personal communication 1995), and the structural and 
physicochemical diversity of combinatorial libraries (Gobbi et al., 1996). An 
example is shown in Figure 12. 

Similarity profiles have also been proposed as a method to select 
structurally disparate sets of screening compounds from chemical databases 
(Turner et al., 1996). 

4.1.5.3 Autocorrelation Functions. Autocorrelation functions are statis- 
tical devices to measure the dependence of properties at one point on 
properties at other points. They have, for example, been used to study 
characteristics of non-periodic signals or two-dimensional image data. For 
characterizing molecules, an autocorrelation vector can be defined which 
records structural characteristics in a way similar to the molecular fingerprint, 
but is based on physicochemical properties such as electronegativities, 
charges, atomic volumes, or hydrogen bond donor/acceptor capabilities 
(Moreau and Broto, 1980). Each molecule now corresponds to a point in 
the multidimensional space of autocorrelation vectors; a library or structure 
collection can be represented as a multidimensional cloud of points. The 
similarity of two molecules can be defined as their Cartesian distance in this 
cloud, and library diversity is related to the cloud density. Moreau (1995) 
used this technique to compare the 'property diversity' of the Roussel- 
Uclaf structure collection with that of the Available Chemicals Directory 
(Molecular Design Ltd, San Leandro, CA) collection of commercially 
available compounds, a database of chemicals from over 750 suppliers 
comprising more than 170 000 molecules. 

4.1.6 Comparing Combinatorial Libraries 

As interesting as post festum diversity assessment may be, as such it 
contributes little to discovering more or better leads. The real issue is how 
to construct libraries such that they have little overlap with previous libraries 
or existing screening collections, and such that they make use of any 
previously accumulated structure-activity knowledge. This requires methods 
to compare combinatorial libraries and compound collections, and also 
methods which can be used to design diverse or focused libraries. 

In this context, one question that could be asked about a new library is 
which existing library is most closely related, either in the sense of containing 
most of the 'new' molecules, or being most similar to them. This is the 
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FIG. 12. Similarly profile of libraries. A set of 1383 screening compounds from one 
of Ciba's laboratories (a), a combinatorial library of 11 480 pyrazoles (Marzinzik and 
Felder, 1996) (b), and the similarity profile between the screening set and the library 
(c). The horizontal axis is Tanimoto similarities from 0 (dissimilar) to 1 (identical). 
The vertical axis is in arbitrary units. The screening set is quite diverse, although there 
appear to be some clusters of similar structures. The pyrazole library is, in comparison, 
less diverse. The structural overlap between the two is small. 

extension of substructure and similarity searching from single compounds to 
libraries. The simplistic approach, comparing everything with everything at 
search time, is computationally too time consuming for practical purposes 
except for very small libraries. Gobbi et al. (1996) have used library 



COMBINATORIAL COMPOUND LIBRARIES 149 

fingerprints for similarity searching. These are computed by enumerating 
libraries (or sampling them if they are very large) and then stored in a 
database. The Tanimoto criterion can now be applied to find libraries which 
are most similar to a given structure or library. These searches are essentially 
instantaneous and can be applied to very large library databases. Sadowski 
et al. (1995) have described the use of spatial autocorrelation functions as 
a means to compare libraries, using the electrostatic potential on the 
molecular surface as a characteristic property. The drawback of this approach 
is the computer time involved, which can be substantial. For example, it takes 
2 days on a modern workstation to compute the spatial autocorrelation 
function for a library of 65 341 structures, even if rigid model structures are 
used (which defeats the purpose of spatial analysis, because most real-life 
libraries contain conformationally flexible compounds). 

Another question one can ask about libraries is: 'Which building block, 
or which pattern of building blocks, is likely to be connected with which 
activity?'. In peptide chemistry, this is looking for consensus sequences. In 
the general case of chemical libraries, this question is difficult to answer, 
because (unlike in molecular biology) there is no fixed alphabet of building 
blocks from which the entire universe of interesting molecules can be built 
up. In particular, there is no reason why the occurrence of a building block, 
which was defined only for synthetic or structure registration convenience, 
should be related to a specific biological effect across a structurally diverse 
set of libraries. A pharmacophore-based consensus method has been 
proposed by Davies and Briant (1995). They compute the logical AND 
of two library pharmacophore fingerprints, which identifies those phar- 
macophores which occur in any molecule of library 1 and  in any molecule 
in library 2. By comparing active pools in this way, and by judicious use of 
information about inactive pools, one can try to identify those phar- 
macophores which can be held responsible for biological activity. This type 
of analysis could be done with any fingerprint that encodes useful informa- 
tion. 

A more fundamental problem is the 'radius of validity' of structure-activity 
models. It is known that QSAR (quantitative structure activity relationships) 
models tend to break down if one moves outside rather narrow classes of 
similar molecules. A combinatorial library which was constructed for 
lead-finding purposes will usually be structurally diverse, and almost by 
definition not be amenable to QSAR-type analysis. Studying qualitative 
trends within biased libraries therefore appears to be more promising. For 
example, Burbaum et al. (1995) have used a library of 217 sulfamoylbenz- 
amides to identify some structural factors which seem to affect carbonic 
anhydrase isoenzyme selectivity. Combs et al. (1996) have identified building 
block consensus patterns in a large amide library directed towards SH3 (Src 
homology 3) protein tyrosine kinase domains. 
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4.1.7 Designing Libraries 

Rational library design is the attempt to produce 'better' libraries by applying 
theoretical models similar to the ones used in the rational design and selection 
of single compounds. Rational library design operates in search space which 
is defined by the availability of building blocks, the expected feasibility of 
reactions and the constraints of the synthesis protocol. Rational library design 
is concerned with controlling 'diversity' and 'focus'. 

There are several reasons for trying to control the diversity of libraries. 
First, diverse libraries are expected to cover more of the accessible structure 
space, and should decrease the probability of getting trapped in the 'local 
minimum' of pre-existing knowledge and thus overlooking interesting leads. 
This is particularly the case if the number of tests that can be run is limited, 
for example by the amount of target enzyme available. Moreover, because 
it is difficult to work out robust synthesis conditions, chemists will be biased 
towards using structurally narrow building block sets. Second, structurally 
diverse actives may carry more information about structure-activity relation- 
ships than more homogeneous sets. Third, it is, in general, preferable to have 
several significantly different leads for subsequent optimization. Fourth, 
analytical identification of a single compound in a mixture will be easier if 
the compounds have been designed to have different properties (e.g. mass). 
Fifth, deconvolution of a mixture of similar compounds with similar activities 
can present problems. In some applications, it therefore makes sense to talk 
about a library being diverse in two dimensions, one concerning structural 
classes (for reasons of lead identification and subsequent lead optimization), 
and the other one concerning mass (for analytical reasons). 

Whether it is worth using computational methods to enforce structural 
diversity, rather than just picking reagents at random, clearly depends on 
the size of the intended library relative to the size of the accessible structure 
space (and, of course, also on the computational effort inw)lved). If the 
intended library is very small and the accessible structure space is very large, 
then randomly selected building blocks are unlikely to be similar and a 
synthesis from these will always produce a structurally diverse library. If the 
intended library covers a significant part of the accessible structure space, 
then this is no longer true, and a computational (rational) diversity design 
may be justified. It is not clear where the break point is. Young et al. (1996) 
have put forward statistical arguments, and used simple examples, which 
suggest that random designs may be adequate in many cases. 

Designing focused libraries is, in principle, no different from designing 
individual compounds, with or without molecular modelling. Structural 
similarity to known leads, hypotheses about the pharmacophore, target 
receptor or enzyme structure information, and knowledge about drug 
metabolism, can all be used in the design. Whether one wants to design 
diverse or focused libraries, the size of the search space (i.e. the number of 
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molecules that could theoretically be made, by using all available reagents) 
imposes limits on what can realistically be achieved with computational 
methods. If the number of molecules that could be made is of the order of 
1010, then there is no hope that a significant proportion can be examined 
systematically and with theoretical rigour. In addition, there is little point 
in computationally comparing molecules if it is quicker to synthesize and 
screen them, and if the required assay capacity exists. 

A complication that is frequently overlooked in the context of designing 
diverse libraries is the synthetic protocol. Consider a split-and-mix amide 
library that can be built up from two sets of 3000 amines and 3000 acid 
derivatives. The search space contains 9 million compounds, which can be 
visualized as the elements of a 3000 x 3000 matrix. The split-and-mix 
synthesis protocol will always produce libraries which correspond to entire 
rows and columns of this matrix. Running a suitable compound selection 
algorithm over the set of 9 million compounds will lead to a smaller number 
of optimally diverse amides, which can correspond to any element of the 
3000• matrix. Such a 'designed' library cannot be produced by 
split-and-mix synthesis. A satisfactory library design process should therefore 
take synthetic constraints into account, i.e. it should be able to simulate the 
synthesis protocol. Moreover, it should be possible to use historical 
information from other libraries (the problem of library series design). 

The current practice of library design is to select sets of building blocks 
such that the desired number of different library components with different 
characteristics or sufficient predicted activity result. In doing this, a design 
space has to be defined, a set of descriptors has to be chosen to represent 
the library properties, the descriptors should be validated, and a suitable 
selection algorithm must exist. 

4.1.7.1 Choosing the Design Space. The design space is the collection 
of molecules or building blocks from which the library will be picked or 
constructed. The size of the design space is the number of compounds that 
have to be computed and compared. For libraries which can be synthesized 
from simple, commercially available reagents, this size can be of the order 
of 1012 or more. Instead of solving the difficult problem of searching large 
combinatorial spaces, Martin et al. (1995) have proposed to design diverse 
libraries by making the sets of building blocks diverse. In a four-step synthesis 
with 1000 building blocks per step, this would factor t hewho le  molecule 
design space of size 1012 into four building block subspaces of size 103, which 
is computationally quite manageable. The underlying assumption is that a 
library which is built from diverse building blocks will also be diverse. This 
is a reasonable approximation if diversity can be measured by the number 
of different functional groups. If diversity has to measured by more complex 
criteria, such as occurrence of 3D pharmacophores which can span adjacent 
building blocks, then this approximation cannot be expected to work, and 
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building block interactions have to be taken into account (at the extreme, 
by evaluating whole molecules). At present, there is no convincing evidence 
that this additional complexity is necessary in diversity design. 

4.1.7.2 Choosing Parameters for Library Design. The ideal starting 
point for library design would be a theoretical method to estimate biological 
activity from the chemical structure, e.g. in the form of computed binding 
constants. If three-dimensional structure information on a target molecule 
is available, either from X-ray or as a good homology model, it should be 
possible to select building blocks such that they have a high affinity towards 
a particular receptor, if the prediction method can be applied routinely to large 
sets of  structures. In principle, this is an attractive way to design libraries. 
In practice, computing reliable binding constants is exceedingly difficult, 
because there are too many contributions which are still poorly understood 
(Ajay and Murcko, 1995). 

A more realistic approach to library design is to use the simpler parameters 
which have been used in the QSAR field (for a review, see, e.g., Loew et 
al., 1993). A wide variety of parameters can be used; the question is generally 
which ones to choose. In the case of lead finding, one usually aims at making 
diverse libraries, which can be used in different assays. Thus, there is no 
structure-activity model that helps in selecting parameters. Descriptor 
validation, which is discussed below, aims at finding parameters which work 
for a variety of targets. In the absence of descriptor validation, the best that 
one can do is to use what appears plausible, in the light of molecular 
modelling and QSAR history. 

In the QSAR area, there have been many attempts to derive topological 
descriptors, which are cheap to compute and easy to compare between 
different compounds. One popular set of descriptors was elaborated by Hall 
and Kier (1991). Other descriptors which have been suggested for diversity 
analysis are related to the eigenvalues of modified adjacency matrices 
(Burden, 1989; Pearlman, 1996; Rusinko et al., 1996). The most commonly 
used topological descriptor is the structure fingerprint, which has been 
discussed above. 

Martin et al. (1995) have pointed out that descriptors which are used to 
classify building blocks should exhibit some directionality because atom 
layers which come close to the biological receptor are more important for 
binding than layers close to the scaffold. They have therefore developed 
'atom layer tables', which take the distance from the scaffold and also polarity 
effects into account. These tables can be compared between pairs of building 
blocks and thus used for library design purposes. 

Geometrical descriptors (pharmacophores) can also be used to compute a 
distance measure between molecules (Davies and Briant, 1995). The method 
appears to be used in several companies to select structurally diverse 
compounds for screening, and it has also been used to construct a commercial 
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collection of samples for high-throughput screening. Finally, it can be argued 
that topological or geometric descriptors have no clear physical interpreta- 
tion, and that one should use physicochemical descriptors such as the 
logarithm of the octanol-water partition coefficient (logP) as measure of 
lipophilicity, the molecular refraction as a measure of molecular size and 
polarizability, and the pKa value. There is extensive literature on how to best 
compute these values, and we will not go into details here. 

More recently, an empirical descriptor of direct biological relevance has 
been proposed by Kauvar et al. (1995). Measured binding affinities to a 
reference set of diverse proteins are used to derive an affinity fingerprint for 
a large set of compounds. This set could be a screening collection, a 
combinatorial array, or a set of building blocks attached to a model scaffold. 
The fingerprints of a small, diverse subset (the training set) can be correlated 
with the binding affinity of the remaining large set. The affinity of any 
compound in the large set to a new target can then be predicted from this 
relation, by assaying the training set compounds against the new target. Thus, 
affinity fingerprints could be used to assess the biological diversity of a set 
of compounds with respect to individual targets. This requires that all newly 
synthesized compounds are assayed against a reference panel of proteins. For 
a new target, the training set would be assayed, and some information would 
be obtained as to whether it is worth retesting the existing arrays, and about 
building block binding affinity. In this way, affinity fingerprints could be used 
to reduce the screening effort, and to provide some biologically inspired 
guidance to building block selection. 

4.1.7.3 Validating Descriptors. Without proof that the chosen descrip- 
tors can be used to discriminate between active and inactive compounds, 
rational library design is of no value. For example, it is often stated that 
ligand-receptor interaction is strongly influenced by shape complementarity, 
and therefore one should obviously use three-dimensional descriptors for 
library design. No direct verification of this postulate has been reported in 
the literature, but there is some recent work on the related problem of using 
theoretical methods for selecting subsets of compound collections for 
screening purposes. One approach to evaluating these methods is to run 
'simulated screening' experiments. In the case of similarity-based selection, 
the argument is as follows. If structural similarity is an indicator for similar 
biological activity, then picking, from a screening database, molecules which 
are similar to a lead structure should draw more actives than a random 
selection. The effectiveness of different parameters can be assessed by 
comparing their 'enrichment factor' over a random selection. 

Such a 'simulated screening' experiment has been reported by Sheridan 
et al. (1996). Comparing topological and geometric pharmacophores, they 
find that both types of descriptors lead to a significant enrichment, but 
that geometric pharmacophores are in fact inferior. Martin et al. (1997) 
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have reached similar conclusions regarding the effectivity of two- versus 
three-dimensional descriptors for classifying compounds as actives and 
inactives. Moreau (1995) has compared two- and three-dimensional autocor- 
relation vectors and concluded that there is no justification for using 
three-dimensional structures. Cramer (1996) has reported that topological 
descriptors of the Kier-Hall type are ineffective, and whole molecule 
two-dimensional fingerprints and autocorrelation functions are only weakly 
effective. Side chain steric fields and two-dimensional fingerprints, and 
hydrogen bond spatial fingerprints, were found to be useful for discriminating 
active and inactive compounds. There is also evidence (Cramer, 1996; 
Kearsley et al., 1996) that the computed logP value is a poor discriminator 
between actives and inactives. 

It is clear that more work needs to be done along these lines. However, 
the balance of evidence that has been reported so far, suggests that 
two-dimensional fingerprints and related parameters are to be preferred. The 
three-dimension-based descriptors which have been used to date, do not seem 
to yield more useful information, in particular considering the large effort 
needed to generate them. Also, in view of the caveat of Young et al. (1996), 
one should in general be wary of using computationally expensive library 
design methods. 

4.1.7.4 Algorithms for Library Design. Having selected and validated 
a set of molecular descriptors, the next problem is how to use them to select 
reagents for combinatorial synthesis. This problem also arises in the context 
of selecting compounds for screening, and some of the concepts developed 
in this area can be used directly for library design. The proviso is, of course, 
that using computational methods must be more successful than picking 
compounds at random or by intuition, and also cheaper than buying 
additional synthesis and screening capacity. 

Common to all computational approaches to compound selection is that 
the descriptor space should be close to orthogonal, i.e. the various descriptors 
should not be systematically dependent on each other. This condition is rarely 
met. For example, many topological descriptors have a strong size com- 
ponent, because large molecules have, on average, more features than small 
ones. Mathematical techniques such as principle component analysis and 
multidimensional scaling (see, e.g., Martens and Naes, 1989) can be used 
to construct low-dimensional, orthogonal parameter spaces from descriptor 
values and structure similarity matrices. 

Having constructed a suitable search space, different mathematical 
methods can be used to select representative or particularly significant 
compounds. A very simple approach is to draw a regular grid in parameter 
space, and pick structures such that they represent nodes of this grid. This 
is one class of experimental design methods, on which there is a vast literature 
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(see, e.g., Lorenzen and Anderson, 1993; Weihs et al., 1995). For example, 
one could choose to differentiate building blocks by three characteristic 
properties, size, polarity, and hydrophobicity. A 23 factorial design (one 
particular experimental design recipe) would suggest to pick t h e  eight 
building blocks at the corner of the property cube, one with size, polarity, 
hydrophobicity as + + + ,  one with + + - ,  one with + - - ,  and so forth. 
Hellberg et al. (1991) have used this method to construct minimum analogue 
peptide sets, which cover the physicochemical space with a minimum number 
of compounds. The same approach has been used to construct small, diverse 
dipeptide libraries (Horwell et al., 1992; Boden et al., 1996). 

For designing libraries, factorial designs of building blocks become 
unmanageable if the number of descriptors exceeds 6 or 7. One way around 
this problem is to use the so-called D-optimal design method, which selects 
experimental points such that the variance of a polynomial fit to the data 
is minimized (Mitchell, 1974; Baroni et al., 1993). Other groups prefer to 
use 'dissimilarity design' methods, in which some function of the pairwise 
molecular similarities is optimized (Lajiness et al., 1989; Taylor, 1995). An 
example of this approach is shown in Figure 13. 

D-Optimal  design methods have been used by Martin et al. (1995) as a 
statistical aid to selecting building blocks for library design. In practice, the 
theoretical selection is refined and modified by chemical criteria, such as 
synthetic feasibility or bias towards particular pharmacophoric motifs. While 
this is the proper way to use theoretical design, the contributions that theory 
and chemists' knowledge made to designing successful libraries become 
difficult to disentangle. 

Another class of selection methods tries to sort similar objects into groups, 
and select one representative object from each group. These clustering 
methods (Barnard and Downs, 1992) require a measure of the distance 
between the objects. In chemical applications, fingerprint dissimilarity is a 
popular distance measure. The direct application of clustering methods to 
library design is computationally not feasible, because the search space is 
too large. Clustering sets of building blocks, which contain a few thousand 
structures at most, is a more reasonable proposition, and is implemented in 
the commercial Selector software (Tripos, 1995). An instructive application 
of clustering methods to compound selection has been described by 
Shemetulskis et al. (1995). Moreau (1995) has used a clustering method based 
on autocorrelation vectors to select diverse sets of building blocks for library 
synthesis. 

Experimental design, dissimilarity, and clustering methods can be applied 
to any combination of structural or physicochemical data, and will select a 
subset of structures which are different according to these descriptors. This 
is illustrated in Figure 14. Whether the descriptors are meaningful should 
always be checked, as we have pointed out in section 4.1.7.3. 

Even if it can be shown that the chosen descriptors are related to biology, 
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FIG. 13. Algorithmic selection of structurally dissimilar building blocks. The total 
building block set is derived from 1000 commercially available primary amines 
(crosses). The design space has two dimensions from multidimensional scaling of the 
two-dimensional fingerprint Tanimoto matrix. The distance of points in this space is 
related to the structural similarity of building blocks, compare for example the 
corresponding reagents (a) and (b) versus (c). The algorithm selected 10 building 
blocks (open triangles), which have maximum distance (dissimilarity). 

it is not clear whether optimizing building block sets or libraries by 
dissimilarity design or clustering will increase or decrease the hit rate, 
compared with random selection. In compound selection simulation experi- 
ments, conflicting results were obtained (Lajiness, 1991; Taylor, 1995). For 
actual screening programmes, Carhart et al. (1985) and Moreau (1995) have 
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FIG. 14. Diverse building blocks and their properties, selected from a set of 600 commercially available primary amines 

of molecular weight <200. Dissimilarity design was applied in a 5-dimensional PCA space measuring physical descriptors 
(lipophilicity, size, flexibility, electron donor property, electron acceptor property), plus two substructure similarity 
dimensions from multidimensional scaling of the 2D fingerprint Tanimoto matrix. The bar chart shows, from left, the five 
descriptor values in the above order (centered at zero and scaled to unit variance) and the coordinates in the 2-dimensional 
MDS space, for I0 algorithmically selected building blocks. The first five building blocks are displayed with the attachment 
point marked by*. Note that each selected bulding block has a distinct property pattern. For example, (2) stands out by 
its lipophilicity, (4) by its size, and (5) by its electron acceptor strength (LUMO). 
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reported an increased hit rate for compound sets which were computationally 
constructed to be diverse, compared with sets from random selection. 

4.1.7.5 Using Genetic Algorithms to Design Libraries. Library design 
by optimizing sets of building blocks can be criticized, because it neglects 
relations between side-chains. It would be preferable to optimize com- 
binatorial libraries directly. The major problem that arises here is that the 
library search space is large, discontinuous, and cannot be represented by 
a simple target function. Genetic algorithms (for a review, see e.g., Hibbert, 
1993) are stochastic search methods based on the Darwinian model of natural 
selection and evolution, which are known to perform well on such difficult 
problems. 

The basic genetic algorithm is very simple, and particularly easy 
to understand when applied to biopolymers. Unlike other optimization 
methods, genetic algorithms work with a population of solutions, rather than 
with a single solution. Thus, an initial population of molecules is chosen, 
e.g. a random set of 100 peptides. Molecules are changed by 'mutation' 
(by randomly exchanging one amino acid building block), or by 'cross-over' 
(cutting two sequences at a random position, and combining the left-right 
and right-left parts), or other systematic operations. A 'fitness' score is 
computed for the new molecules, and the fittest children are allowed to 
replace the weakest parents. There are different flavours of genetic 
algorithms, which differ in the way this Darwinian selection is performed. 
A wide variety of scoring functions can be used; for example, one could 
compare each individuum with a reference sequence, or match it onto a 
target three-dimensional structure. Genetic algorithms are robust, can cope 
with noisy data, and produce a family of solutions. This is important in the 
context of chemical libraries because screening data is usually imprecise, 
and single peak solutions are often not desirable. Genetic algorithms should 
therefore be a good match for optimization problems arising in library 
design. 

Sheridan and Kearsley (1995) have used a genetic algorithm to optimize 
combinatorial libraries. The problem they tried to solve is how to assemble 
molecules from a large set of building blocks, such that they are similar to 
a target molecule. A combinatorial set of simple tripeptoids was used as a 
test case. The search space contains about 101~ compounds. The 'fitness' was 
measured by structural (fingerprint) similarity to one or two reference 
structures, and (in a different experiment) by the match to a QSAR-type 
model for ACE activity. After about 20 iterations, and after examining only 
a few thousand candidate molecules, the algorithm produced structures which 
were very similar or identical to the target structures, or the reference 
structures from which the QSAR model was derived. It was also observed 
that both the nature and the quality of resulting structures are sensitive to 
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the random starting point, and also to the Darwinian selection protocol. This 
is a well-known and general drawback of genetic algorithms. 

4.1.8 Evolutionary Synthesis 

The design concepts outlined above all suffer from the fact that they assume 
a mathematical relation between some structural properties and the biologi- 
cal effect. The final design dearly will not be any better than this theoretical 
model. A more satisfactory approach would be to use measured activity data 
for a library directly to propose the next generation of synthesis, under the 
constraints of synthesis protocols and available starting materials. Ideally, 
these suggestions would be fed directly into an automatic synthesizer, which 
would then pass the synthesized samples onto a screening station. 

Some initial steps towards this goal have been taken. Weber et al. (1995) 
described the use of genetic algorithms to iteratively refine a small array of 
thrombin inhibitors which are prepared by a four-component Ugi reaction. 
The four sets of reagents were selected from commercial sources to have 
diverse properties, and define a search space of 160000 compounds. One 
reagent set was biased towards serine protease binding. Each reaction 
product was encoded by a 'genome' string which identifies the four reagents. 
Other parameters such as reaction conditions could be included if desired. 
It is important to note that the reagent identifiers do not contain any 
QSAR-type model information such as structural similarity, physicochemical 
properties, or expected receptor binding contribution. The measured in- 
hibitor activity was used as a fitness function. In effect, the algorithm pushes 
a search window of 20 compounds through chemical space, guided by assay 
data at each window position. After 16 rounds of parallel syntheses of 20 
compounds each, i.e. after probing only 0.2% of the search space, 
submicromolar leads were found. Similar work for hexapeptides as protease 
substrates has been described by Singh et al. (1995). 

Genetic algorithms work for library optimization because they enrich the 
population with molecules which were made from 'successful' building blocks. 
The underlying assumption in the work of Weber and Singh is only that the 
nature of building blocks is in some way related to biological effects. This is a 
much safer and robust assumption than the theoretical models used tradition- 
ally in rational drug design. One can argue that evolutionary synthesis is 
scientifically unsatisfactory, and amounts to nothing more than automating 
the past empirical methods of medicinal chemistry. Nevertheless, if this 
approach can be made to work in the general case, it will relieve the chemist 
from much repetitive work. Evolutionary methods could find widespread 
application in the combinatorial library field, once the use of automatic 
synthesizers becomes routine, and the technical gaps between high-through- 
put organic synthesis and high-throughput screening have been closed. 
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4.2 CHEMICAL LIBRARIES 

Lead finding in the pharmaceutical industry must take into account the 
downstream effort of lead identification and drug development. It should aim 
for new chemical entities within classes of molecules that are not p e r  se 

afflicted with properties that are generally linked with obvious complications 
with respect to stability, bioavailability, toxicity, formulation, economy of 
manufacturing a.o. The experience gathered over decades of drug develop- 
ment has already provided a wealth of information on success factors that 
have to be met in addition to potent intrinsic activity, and which are, to a 
large extent, outside the reach of verification in a primary high throughput 
screen. Low molecular weight is clearly one of those factors. Although 
relatively large peptides or proteins can make-up very successful drugs (say 
insulin or erythropoietin), the likelihood of developing an economically 
viable product from molecules larger than 1000 Da decreases abruptly. For 
this reason the call for small-molecule libraries is a logic consequence that 
indicates the ambition of the industry to use combinatorial libraries for scopes 
beyond the development of powerful tools. For the latter, most of the 
restrictions that apply to drug candidates are irrelevant. As a matter of fact, 
expression libraries of large biooligomers are excellent means to identify 
potent and selective compounds that have utility as research or diagnostic 
tools. 

The distinction between what should be classified as a tool and a lead for 
drug development is itself sometimes difficult to make. The boundaries 
between short oligomers (say trimers) and small-molecules is also quite 
blurred. By chemical synthesis of non-expressable oligomers, using artificial 
building blocks rather than e.g., naturally coded L-amino acids, it is possible 
to eliminate some serious drawbacks of the less attractive biooligomers. 
Resistance towards rapid metabolic inactivation can be enhanced likewise 
by introducing linkages other than peptide amide or nucleotide phos- 
phodiester bonds. With a set of monomers that can be expanded to numbers 
of 100 or more different units, it is clear that highest levels of molecular 
diversity can be obtained with very short oligomers (see Figure 3). With the 
two linkages it takes to make-up trimeric structures it becomes difficult to 
argue about fundamental differences between 'oligomeric structures' and 
'decorated scaffolds', since the backbone character that may have prominent 
influence on the overall behaviour of longer oligomers, loses much of its 
significance in this case. The fact that a combinatorial library of synthetic 
dimer and trimer N-(substituted) glycine peptoids has led to the identification 
of high-affinity ligands for 7-transmembrane G-protein-coupled receptors 
(Zuckermann et al . ,  1994) exemplifies the good prospects of utilizing libraries 
from minimal linear extensions of building blocks. 
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4.2.1 Oligomer Libraries 

As mentioned in the introduction, the origin of combinatorial chemistry 
resides in oligonucleotide and peptide chemistry and since then general 
organic chemistry has moved into the field with increasing consistency. 
Libraries of non-polymeric organic molecules have become more common 
(see section 4.2.2), but also non-natural polymers and oligomers have raised 
considerable interest. 

The advances of molecular biology and immunology in the course of the 
last decade have led to a rise in demand for synthetic peptides and their use 
for epitope mapping. The experiments of Geysen et al. (1986) stressed the 
concept that short peptides (mimotopes), bearing critical binding residues, 
can mimic the folded antigenic determinants of proteins (continuous or 
discontinuous epitopes). The work also demonstrated that screening without 
removal of the peptides from the solid support was possible, and the multi-pin 
method was developed (see also Bray et al., 1990). 

Other approaches have since then increased the diversity of procedures 
to generate preorganized peptide sets for biological screening. The teabag 
method (Houghten, 1985) keeps solid phase resin portions confined in small 
bags, which are permeable to solvents and reagents only, therefore allowing 
exposure of various bead portions to the same reagent in a common vessel, 
but preventing cross-contamination of beads between portions. Teabags are, 
in principle, functional equivalents to very large beads, with the same 
aptitude to undergo split synthesis. The latter is a conceptual breakthrough 
for systematic multiple syntheses (Furka et al., 1988a) (see Figure 2) and is 
based on a portioning-mixing strategy. In a follow-up paper, Sebestyen et al. 
(1995) outlined the specific implications of the approach on the efficiency 
of multiple peptide synthesis (for an early review of lasting significance see 
Jung and Beck-Sickinger, 1992). 

The fact that biologically relevant receptor systems respond to the activity 
of a peptide in the presence of a large number of other (inactive) sequences 
has been exploited with the utilization of peptide libraries in systematic 
deconvolution procedures from mixtures, as in sequential unrandomization 
(Houghten et al., 1991) and positional scanning (Pinilla et al., 1992). Whilst 
peptides are themselves considered poor drug candidates, the attractiveness 
of peptide libraries results from the immense potential for biological activity 
and specific binding interactions that resides in this class of compounds. 

Slight modifications of naturally encoded peptides (e.g., the incorporation 
of D-amino acids) may already have drastic effects on the activity and 
metabolic stability of peptides. With relatively simple chemical derivatiza- 
tions or more sophisticated interventions, such as peptide bond mimics, 
cyclizations, conjugate formations etc., the influence on the physicochemical 
properties may be such that an acceptable starting point for a lead 
optimization is reached (Moore, 1994; Fauch6re, 1995; Boden et al., 1996). 
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In the libraries-of-libraries approach such steps are taken on the entirety of 
a library or on subpopulations, rather than on single compounds (Ostresh 
et al., 1994). Various post-assembly modifications have been investigated, 
including permethylation and amide bond reduction. 

It is therefore attractive to prepare libraries of compounds reminiscent of 
peptides with regard to the functional group display in space, using an 
enlarged toolbox of building blocks, linked with proteolytically stable bond 
types. In many instances the technical advantages in the preparation could 
be maintained by using repetitive processes of validated chemistry on solid 
phase, with a large choice of simple synthons. 

Some artificial oligomers, which give straightforward access to a large 
diversity of structures, are outlined in Figure 15. Oligomers of N-substituted 
glycines (Simon et al., 1992), also referred to as peptoids, have drawn the 
attention of the pharmaceutical research community, once examples of 
proven efficacy (Zuckermann et al., 1994), enzymatic stability (Miller et al., 
1994, 1995) ease of preparation (Zuckermann et al., 1992) and versatility of 
derivatization (Pei and Moos, 1994; Goff and Zuckermann, 1995) were 
reported. An outstanding improvement of the synthesis protocol enables the 
introduction of side-chain functionalities by straight use ot commercially 
available amines in a nucleophilic reaction that displaces bromine from 
bromoacetic acid, which is used as a common submonomer unit for every 
chain elongation step. 

Bio-oligomers other than peptides have made their appearance in the 
combinatorial chemistry arena. 

The term 'aptamers' was created at the beginning of this decade, in the 
context of nucleic acid libraries that directly produce binding entities, by 
variation, selection and amplification, without the mediation of an expression 
host and the translation into peptide sequences. 

In 1990, techniques which allow the simultaneous screening of more than 
1015 individual nucleic acid molecules were developed (Ellington and 
Szostak, 1990; Tuerk and Gold, 1990). 

L. Yan et al. (1994) established a sulfoxide glycosylation reaction that can 
be used to form both a- and /3-glycosidic linkages stereospecifically to 
secondary alcohols on a solid support. More recently, Rademann and 
Schmidt (1996) have demonstrated a method for oligosaccharide synthesis 
with potential for combinatorial chemistry. 

Synthetic schemes for the solid phase synthesis of other artificial, 
chain-like oligomers have been worked out so as to include the synthesis 
of combinatorial libraries in the scope of the method. Peptide nucleic 
acids (PNA) are oligonucleotide analogues with an achiral oligo-(N-(2- 
aminoethylglycine) backbone (for a review see Hyrup and Nielsen, 1996). 
Richter and Zuckermann (1995) have developed an improved submonomer 
approach from inexpensive precursors on solid phase, which opens interest- 
ing prospects for libraries aimed at DNA or RNA targets. At ISIS 
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Pharmaceuticals (Carlsbad, CA), techniques were devised for rapid introduc- 
tion of functionalities into phosphodiester backbones. The monomers are 
N-substituted DMT-hydroxymethyl-pyrrolidinol phosphoramidites, which 
are compatible with automated oligonucleotide synthesis (H6bert et al., 
1994). A class of biopolymer mimetics consisting of a-aza-amino acids linked 
in a repetitive manner was termed 'azatides' by Han and Janda (1996), with 
a claim that combinatorial library construction of such polymers may provide 
global peptidomimetic libraries. 

4.2.2 Small-molecule Libraries 

Recent efforts in combinatorial chemistry are directed towards the design of 
synthetic schemes that provide sufficient diversity with libraries of 'small 
molecules' that more closely resemble attractive lead compounds in terms 
of molecular weight, the tendency to assume preferred conformations and 
the suitability to derive analogue series from their structure with due 
efficiency. In many instances one aims for multistep protocols that allow the 
integration of large collections of building blocks (commercially available 
reagents), thus bearing the potential to produce a large number of molecules 
with disparate physicochemical properties. 

Such systems are especially valuable because they are appropriate for 
first-generation hit searches with, say, split-and-mix syntheses, as well as for 
follow-up thematic libraries once a hit needs to be elaborated upon. Chemical 
pathways of such broad scope are most often worked out and validated on 
solid phase. The adaptation of known solution chemistry to this medium is 
not a trivial task. It is, on the contrary, a challenge that requires 
commensurate resources. High yields and reproducibility are crucially 
important if the purification of intermediates is to be reduced to simple 
washing steps. The revenue from the invested time for thorough assessments 
of scope and limitations of a reaction scheme on solid phase is the invaluable 
gain in quality consistency in the production phase of libraries, when the 
progress of reactions in every single vessel, for every single component, 
cannot be monitored in full detail. 

Lately, the chemistry of small-molecule generation for combinatorial 
libraries has been reviewed comprehensively in a special issue of the Accounts 
of  Chemical Research (Valentine and Foote, 1996) and by Thompson and 
Ellman (1996). In other valuable reports, reactions on solid phase, that may 
or may not be part of a combinatorial scheme, have been compiled (Friichtel 
and Jung, 1996; Hermkens et al., 1996). 

Here, we provide a schematic overview (Figure 16) which is a summary 
of principal diversity generation systems on solid phase, meeting the criteria 
for broad scope of applicability. Solid phase organic chemistry (SPOC) has 
come of age, now that several years were spent to extend the horizon beyond 



FIG. 15. Examples of non-bio-oligomeric compound classes, suitable for chain-like assembly. 



FIG. 15. Continued. 
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peptide and oligonucleotide chemistry. The difficulty of designing a sequence 
of compatible reactions, to refine the experimental conditions and reach 
near-quantitative yields over multistep procedures, is reflected by the 
proportionally modest number of mature chemical diversity systems, com- 
pared with the abundant number of organic reactions described on solid 
phase. 

The basic repertoire of such reactions is quite remarkable and comprises 
the following, just to mention some less obvious examples: 

�9 Aldol reactions (Kurth et al., 1994) 
�9 Claisen condensations (Marzinzik and Felder, 1996) 
�9 Reductive alkylations (Gordon and Steele 1995) 
�9 Cycloadditions (Beebe et al., 1992; Pei and Moos, 1994; Murphy et al., 

1995; Ruhland et al., 1996) 
�9 Michael additions (Chen et al., 1994; Ley et al., 1995) 
�9 Mitsunobu reactions (Richter and Gadek, 1994; Krchnak et al., 1995; 

Rano and Chapman, 1995) 
�9 Stille couplings (Forman and Sucholeiki, 1995; Plunkett and Ellman, 

1995a) and Sucholeiki 
�9 Suzuki couplings (Frenette and Friesen, 1994) 
�9 Heck reactions (Yu et al., 1994) 
�9 Oxidations (Chen et al., 1994) 
�9 Reductions (Kurth et al., 1994) 
�9 Wittig reactions (Chen et al., 1994; Johnson, 1995) 

Experience has shown that organic chemistry on solid phase has its distinct 
peculiarities, which are 'unexplored territory' for the majority of chemists. 
The solid support, as such, turns out to be a factor that needs to be considered 
in the parameters that are adjusted in the course of the elaboration of optimal 
reaction conditions. Working out the best experimental procedures is in some 
ways not as straightforward as it may occur in solution syntheses, if we 
consider the complications for the analytical monitoring, or the restrictions 
in controlling the exact stoichiometry of the reaction components. On the 
other hand, multiple parallel synthesis is greatly facilitated on solid phase, 
which helps to rapidly test a high number of different conditions (Bray et 
al., 1995). Ample data on the effect of systematic changes can be collected 
and processed to help identify the optimal protocols. In some instances a 
large excess of one reagent drives an otherwise sluggish reaction to 
completion and improves yield and purity of the reaction product. Solid phase 
synthesis offers the benefit that large excesses can be dealt with much more 
easily in the work-up by removing the unreacted species with simple 
filtrations. For certain reaction types (e.g., cycloadditions) some expected 
side products are also conveniently washed away. Ruhland et al. (1996) have 
taken advantage of this circumstance for the synthesis of diverse/3-1actams 
on solid support. 
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An alternative to the solid phase methods is combinatorial chemistry in 
solution which, although pursued by a minority of research groups, has some 
distinct advantages that are appealing in certain cases, despite the well-known 
complications during reaction work-up. Above all, there is a greater flexibility 
to use the full spectrum of reagents and reaction protocols described in the 
literature. The intricacy of choosing the suitably compatible linker for stable 
attachment in the course of the synthesis and clean detachment of the 
compounds from the carrier is avoided completely. The same applies to the 
specialized reaction-monitoring techniques. Boger et al. (1996) have pointed 
out that if the ease of sample isolation attributed to solid phase synthesis 
could be approximated in a solution strategy, combinatorial solution 
chemistry would become a very attractive option. The principle they 
proposed is based on known liquid/liquid extraction schemes that separate 
reagents from intermediates and products by virtue of charge differences that 
direct the compounds in either the organic or aqueous phase. The modest 
size of the example library with 27 members gives little indication on the 
general validity of the approach. 

Another combinatorial mode of solution chemistry worthwhile pursuing 
involves multicomponent condensations (MCC), where three or more 
reactants combine in one step, and fragments of each are incorporated into 
the product molecule (with no need for bifunctional building blocks). These 
types of reactions have been reviewed by Ugi et al. (1994) and Armstrong 
et al. (1996); both groups have initiated the application of such chemistry 
in combinatorial synthesis, and both have also demonstrated the suitability 
of solution synthesis formats (Goebel and Ugi, 1995; Keating and Armstrong, 
1996). Armstrong's work includes an interesting concept of trapping the 
products, arising in one step from Ugi four-component condensations, onto 
a solid resin, thereby facilitating the post-synthesis work-up. Some ad- 
vantages of both formats, solid and liquid phase synthesis, are therefore 
united in one approach. 

One fundamental drawback of multicomponent reactions remains the 
impossibility to follow the split synthesis concept and obtain large one-bead- 
one -compound  libraries. So far, combinatorial chemistry with MCC has 
centred on the Ugi (Keating and Armstrong, 1996; Mjalli et al., 1996; 
Strocker et al., 1996; Tempest et al., 1996; Zhang et al., 1996), Passerini 
(Armstrong et al., 1996), Biginelli (Wipf and Cunningham, 1995) and Pauson 
Khand (Bolton, 1996) reactions. The majority of syntheses were carried out 
on solid phase. Recently, a three-component 1,3-dipolar cycloaddition was 
used for the preparation of highly substituted pyrrolidines from hydroxy- 
benzaldehydes attached to Wang's resin (via Mitsunobu coupling) followed 
by a one-pot reaction with an a-aminoester and a maleimide (Hamper et al., 
1996). In an interesting study, Holmes et al. (1995) investigated the 
stepwise and one-pot three-component condensations of amino acids, 
aldehydes and mercapto carboxylic acids to assemble 4-thiazolidinones and 
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4-metathiazanones, both in solution and on solid support. Incidentally, they 
found evidence that their intermediate aromatic imines are stable enough to 
survive washings and resin portioning, if a split synthesis is envisaged. 

All in all, the preference for combinatorial chemistry on the solid phase 
is very pronounced. The restrictions that come with this format are subjected 
to intense amelioration studies. The choice of linkers, and of functionalities 
they leave behind on the library components upon cleavage, should be 
widened. In rare instances it is already possible to turn to 'traceless linkers', 
which do not leave footmarks (in the form of extra moieties) on the molecules 
to be tested (Plunkett and Ellman, 1995a; see Figure 1). The analytical 
procedures to monitor reactions are also improving steadily, as discussed in 
section 4.3. The split synthesis approach on solid phase provides large 
numbers of physically separate compounds, provided that they remain 
grafted on the beads or are distributed in separate compartments before 
cleavage. The vision that the amount of test material carried by a single bead 
suffices for identification and profiling in a primary assay may soon become 
reality. This is already the case for certain compound classes (e.g., 
oligonucleotides, peptides). 

4.2.3 Tagging, Encoded Libraries 

Encoding the synthesis steps with molecular tags (see section 3.2, Figure 4) 
is currently a valid concept that is mainly utilized for the indirect identification 
of small molecules, for which sensitive analytics is not generally available. 
The tags first employed were oligonucleotides (Needels et al., 1993; Nielsen 
et al., 1993) and peptides (Kerr et al., 1993; Nikolaiev et al., 1993). 
Oligonucleotides are unable to withstand the harsh reaction conditions that 
may be necessary for the synthesis of a large spectrum of compound classes. 
Peptide tags, instead, are more broadly applicable, but because of the larger 
quantities needed for their detection, methods that keep ligands separate 
from the tags during the screening process were devised in order to exclude 
artefacts (Lebl et al., 1993; Felder et al., 1995). 

Still and colleagues have worked out a useful approach in which sets of 
distinct halocarbon derivatives are appended to the solid phase resin via 
acylcarbene insertion according to a binary coding strategy (Nestler et al., 
1994; Ohlmeyer et al., 1993). These tags are liberated oxidatively by ceric 
ammonium nitrate, and silylated for the analysis by electron-capture gas 
chromatography. 

Another binary tagging method incorporates cocktails of secondary 
amine tags on a differentially functionalized polymer support (Ni et al., 
1996). They are released from selected beads upon exposure to acid 
hydrolysis. By straight conversion to fluorescent dansyl sulfonamides, 
sensitive high-performance liquid chromatography (HPLC) analysis is used 
for decoding. 



174 E . R .  F E L D E R  and D. P O P P I N G E R  

In a newly developed version, a semiconductor memory unit is safely 
embedded in porous microreactors containing solid phase beads (Nicolaou 
et al., 1995). Radiofrequency tags can be applied and later decoded by 
sending and receiving pulsed radiosignals (100-400 kHz) that bear coded 
information for each synthesis step. For its implementation this method 
requires access to sophisticated technology. All issues of chemical com- 
patibility between tags and library components, or the interference of tags 
with certain assays, are therefore circumvented. A similar method was 
developed by Moran et al. (1995), proposing a simplified alternative, which 
makes use of glass-encased microchips, each with a unique binary code ID, 
which can be scanned and recorded using radiofrequency. By tracking the 
fate of each unit, downloading of digital information onto the chips with a 
WRITE function becomes unnecessary during synthesis. 

Ultimately, once microanalytical technologies develop greater sensitivity 
and throughput, it may well be that encoding strategies will lose significance 
very rapidly. 

4.3 QUALITY ASSESSMENT OF LIBRARIES 

The burgeoning synthetic activities in combinatorial chemistry pose the 
question on how best to characterize the quality of library material and the 
validity of a preparation process. Although full characterization of each 
component of a library by the ordinary routines of single compound analytics 
is feasible only for small arrays, for every library type a quality assessment 
method should be available. As already mentioned, the present-day tech- 
nological limitations force us to accept compromises in the way we deal with 
the large number of new chemical entities that arise, unless we renounce the 
attainment, to the full potential, of combinatorial technologies. Before 
miniaturization of methods is improved, and before throughput of handling 
materials and of processing data enable us to analyse and screen massive 
numbers of microeluates from single beads, the necessity sometimes to 
characterize complex mixtures of several dozens or up to thousands of 
components remains, as long as mixtures are part of the screening strategy 
(e.g. out of the split-and-mix process, when cleaving material from a bead 
pool or sublibrary). Even with a lower throughput capacity, highly sensitive 
analytics are valuable, if sampling representative specimens from a bead 
population is taken as a measure to monitor the quality of a split synthesis 
( one-bead-one-compo und) . 

The more a reaction sequence used to generate the library has been 
thoroughly validated previous to the actual 'production phase', the more a 
sampling approach is acceptable for deducing information on the overall 
library quality. In any case, if the quality control of individual compounds 
must be neglected, the overall assessment of a library's quality as an 
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ensemble of components should meet rigorous standards in the interest of 
reproducibility of results. Analytical measurements on an entire mixture may 
(at the very least) provide fingerprints for comparison upon resynthesis. Also, 
in the library assembly phase there are opportunities for analytical super- 
vision, e.g. by monitoring the disappearance of functional groups, to indicate 
complete conversion of starting materials (Chu and Reich, 1995). 

Noticeable progress of microanalytical technologies suitable for com- 
binatorial chemistry has been made. Electrospray mass spectrometry was 
recognized early on as one of the most valuable techniques to assess mass 
distribution in large mixtures (Metzger et al., 1994), and to determine precise 
masses of discretes or components from small pools. This method, as well 
as other MS techniques, are sensitive enough to measure material from a 
single bead (Brummel et al., 1996). In conjunction with other analytical tools, 
especially separation methods (liquid chromatography (LC)-MS) or fragmen- 
tation analyses (MS-MS), mass spectrometry is best suited to characterize 
compound pools. MS data processing and interpretation is more straightfor- 
ward than for NMR and IR. With a choice of LC, LC-MS and flow injection 
MS, the basic needs for high throughput analysis can be coped with in most 
cases (see also Gordon and Steele, 1995; Stevenson et al., 1995). 

To monitor the progress of reactions on solid phase in a non-destructive 
way, without cumbersome cleavage of material from the support, analyses 
by NMR and IR have been adapted to the specifications of combinatorial 
chemistry. Because of the modest throughput, which is also limited by the 
time it takes to interpret the results, these methods are best used in the 
validation phase of a synthetic scheme or in a statistical sampling mode. 
Narrow line width 1H-NMR spectra can be obtained on resin-bound samples 
by combining magic-angle spinning and high-resolution probe technology 
(Fitch et al., 1994). To enable a sufficiently high tumbling rate on the solid 
phase, the use of polyethylene glycol (PEG) grafted polystyrene providing 
long spacer chains between the matrix and the analyte, seems necessary. With 
13C-labelled moieties the sensitivity reaches the level of single bead detection 
(Sarkar et al., 1996). 

FT-IR microspectroscopy equally allows data collection from a single resin 
bead (Yang et al., 1995). Also, IR spectroscopy directly on polypropylene 
pins, as used in the multi-pin method of parallel synthesis, was described by 
Gremlich and Berets (1996). With the prospects for further progress in mind 
encoded synthetic libraries may become obsolete in the future if a competitive 
microanalytical throughput can be reached. 

4.4 TECHNICAL SUPPORT, AUTOMATION 

It is obviously useless to produce millions of compounds without the capacity 
to deal with the logistics and perform their evaluation within a similar time 
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frame. The success of combinatorial libraries operations depends upon their 
embedding in an environment that promotes the multidisciplinary character 
of the field and discerns the synergies that can be drawn from combinatorial 
technologies. We have emphasized the role of planning logistics and overall 
data processing in section 4.1. The importance of high performance analytical 
capacity was mentioned in the discussion on quality assessment (section 4.3) 
but it applies also to the development and implementation of innovative assay 
technologies. The development of new primary screens is a task of general 
significance in drug discovery but it needs to give more consideration to the 
strategic peculiarities that combinatorial libraries bring about, e.g., testing 
of complex mixtures, testing of minute quantities, rapid feed-back of results 
and coordination with synthesis units in the course of a stepwise deconvolu- 
tion, testing on (or from) individual beads, etc. The benefits of such efforts 
are also evident when using compound sources other than combinatorial 
libraries. 

4.4.1 Synthesis Equipment 

The advent of the split-and-mix concept and the increasing demand for 
small-molecule libraries have both contributed to create a considerable 
challenge for the manufacturers of automated synthesizers. The commercial 
availability of instruments with the capacity to interface with the logistics 
software, process large numbers of reactions in parallel, accommodate to 
inert gas atmosphere and elevated temperature conditions, and perform the 
split-and-mix operation, is lagging years behind the users' needs. The 
situation is complicated by the difficulty of estimating the size of the market 
for a very complex instrument that offers all the basic operations that arise 
in combinatorial chemistry. The latter is meant to gain a foothold in the 
majority of medicinal chemistry labs, but complexity, size and costs are 
factors that easily get out of hand with equipment that covers the full 
spectrum of operations. Initially, the commercial providers have developed 
smaller units that are in some way more or less restricted to perform 
frequently used tasks, but cannot cope with the scenarios of full-blown 
combinatorial chemistry. Typical examples are stand-alone array synthesizers 
for parallel syntheses or robotic dispensers for portioning and mixing in open 
vessel arrangements. Severe restrictions on cooling, heating and inert 
atmosphere conditions are not uncommon. 

An attractive 'high end' system should be compatible with 'lower end', 
bench-top modules, which could be spread-out to the chemists' laboratories, 
e.g., small parallel synthesizers useful to work out reaction sequences and 
their scope and limitations. The procedures could then be transferred to a 
larger library production instrument situated in a core facility. Common 
interfaces to an overall data management system should be established. 
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A general consensus on the technical specifications of a successful 
instrument is yet to be established. The difficulties reside in the slightly 
different requirements put forward by the various users, and in the general 
request for pronounced flexibility of the system in terms of reprogramming 
the machine for other tasks, under new conditions. 

4.4.2 Screening Operations 

The importance of setting up a good balance between combinatorial 
chemistry and complementary resources has been mentioned. On the 
screening side, at least one high throughput system per project is needed, 
together with an appropriate system for deeper characterization of hits. 

Assays with read-outs that are not directly traceable to known molecular 
mechanisms are problematic and should then be backed-up with a test system 
that discriminates between modes of action. The quest for extreme miniatur- 
ization is understandable, not only because difficult target proteins may be 
available in minute quantities early on in a new project, but also in view of 
the opportunities to test material from single beads of one-bead-one- 
compound libraries with functional assays or binding assays in solution, in 
the absence of the solid synthesis carrier. 

The call for enhanced screening efficiency leads to simplified assay 
protocols with regard to the operational execution, but which are more 
demanding on the development and validation side. 

Radioisotope assays are still very common, but colorimetric, luminescent 
and fluorescent labels are catching up. Numerous fluorescent assay tech- 
nologies are being developed to enable rapid screen design for most 
cellular events. The luciferase reporter gene is gaining significance in HTS 
laboratories. Signal emission half-life in the luciferase assay has increased 
from a flash to a glow lasting for hours. 

Moreover, a range of homogeneous assay technologies have emerged from 
more laborious traditional techniques. Scintillation proximity assays have 
progressed from conventional ligand-receptor binding assays. Fluorescence 
polarization is a method capable of measuring ligand-receptor interactions 
in a homogeneous solution without separation steps, due to the distinctly 
higher polarization mediated by the acceptor-ligand complex, compared with 
the free ligand. In fluorescence correlation spectroscopy, with confocal optics 
and detection the principle can be miniaturized to accommodate sub- 
microlitre sample volumes (Eigen and Rigler, 1994; Rigler, 1995). 

The circumstances for exploiting the full capacity of the new prolific 
compound sources are favourable owing to the increasing number of targets 
with therapeutic potential, identified through our understanding of the 
molecular mechanisms of diseases and the data gathered from genomics 
(Murray et al., 1994; Rubin and Barsh, 1996; Guidi and Fox, 1996). 
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TABLE 1 
Examples of target applications 

, ,  

Compound class of hit Reference 

al-Adrenergic receptor 
a-MSH antagonists 
/z-Opioid and kappa 3 

receptor 
/~-Opioid receptor 
99Tc binding peptides 
Antimicrobial activity 

Carbonic anhydrase 

Central analgesic activity 
Chymotrypsin inhibitors 
Cyclin-dependent kinase 2 

Cyclo-oxigenase-1 inhibitors 
Elastase inhibitors 
Endothelin antagonists 

Endothelin antagonists 

Factor Xa inhibitors 

Heart chymase inhibitors 
HIV envelope-mediated 

cell fusion inhibitors 
HIV integrase 
HIV protease inhibitors 
HIV RNA binders 
HIV Tat/TAR inhibitors 
L-Selectin antagonists 
Melittin inhibitors 
Organ targeting in v ivo 

Phosphatidylinositol 3- 
kinase SH3 domain 

Phospholipase A 2 and 
leukotriene B 4 
inhibitors 

Src SH3 domain 

Tripeptoids 
Hexapeptides 
Acetylated hexapeptides 

(acetalins)  

Tripeptoids 
Hexapeptides 

Zuckermann et al. (1994) 
Jayawickreme et al. (1994) 
Dooley et al. (1993) 

Zuckermann et al. (1994) 
Malin et al. (1995) 

Conformationally defined Blondelle et al. (1996a) 
peptides 

Benzopyrans and Burbaum et al. (1995) 
sulfamoylbenzamides 

All D-amino acid peptide Dooley et al. (1994) 
Cyclic peptide derivatives Eichler et al. (1994) 
Peptides expressed on 

Escher ich ia  coli  
4-Thiazolidinones 
Aminimides 
Hexapeptides with non- 

natural amino acids 
Tetrapeptides including 

non-natural amino 
acids 

Small molecules (not 
disclosed) 

Peptide derivatives 
Oligonucleotides 

Colas et al. (1996) 

Look et al. (1996) 
Peisach et al. (1995) 
Neustadt et al. (1995) 

Terrett et al. (1995a) 

AI-Obeidi et al. (1995) 

Bastos et al (1995) 
Wyatt et al. (1994) 

Hexapeptides 
Small molecules 
Peptides 
Peptoids 
Oligonucleotides 
Hexapeptides 
Phage display 

Nonapeptides 

Puras-Lutzke et al. (1995) 
Wang et al. (1995) 
Harada et al. (1996) 
Hamy et al. (1997) 
O'Connell et al. (1996) 

Blondelle et al. (1996) 
Pasqualini and Ruoslahti 

(1996) 
Chen et al. (1993) 

Pentameric 
non-natural 
phosphodiesters 

Pentapeptides with 
non-natural chain 
elongation 

Davis et al. (1995) 

Combs et al. (1996) 
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TABLE 1 Continued 

Target or target activity Compound class of hit Reference 

Src SH3 domain 
Tachykinin NK3 

receptor selective 
antagonists 

Thrombin inhibitors 
Trypsin inhibitors 

Tyrosine phosphatase 
PTBIB inhibitors 

Urokinase receptor 
antagonists 

Phage display 
Dipeptide derivatives 

Oligonucleotides 
Hexapeptides 

Tripeptide substituted 
cinnamic acid 
derivatives 

Phage display 

Sparks et al. (1994) 
Boden et al. (1996) 

Bock et al. (1992) 
Eichler and Houghten 

(1993) 
Moran et al (1995) 

Goodson et al. (1994) 

4.5 TARGET APPLICATIONS 

Obviously, the best way to substantiate the potential of a new technology 
would be the compilation and interpretation of success stories and, sure 
enough, failures in the course of 'real life' applications. Understandably, 
failures are rarely documented in detail in the published literature. In the 
case of combinatorial technologies it is quite clear that information on 
positive achievements, on the application side, are held back at least until 
a patent publication is released. At this point in time, it is safe to assume 
that the most meaningful successes in the lead-finding area occur in the 
private pharmaceutical industry and that the structure information of the 
most interesting compounds is not publicly available. A1-Obeidi et al. (1995) 
have communicated the discovery and optimization of active site inhibitors 
of Factor Xa, but have chosen to delay the disclosure of the relevant formulae 
until the patent has been published. 

As we approach the conclusion of our overview, it would be a matter of 
course to list the clinically relevant targets and original structures of hits, or 
better leads, retrieved from combinatorial libraries. This is, in our opinion, 
premature for the reasons mentioned above, and even a rigorous search of 
the documented examples would, inappropriately, give a wrong picture of 
the current situation. Nevertheless, we have compiled a fragmentary table 
from literature data (Table 1) to give an impression of the reported case 
studies and the compound classes involved. Because to the bias of released 
information towards model studies of little weight in the strategic focus of 
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the organizations behind them, it would be wrong to draw general 
conclusions on the performance potential of combinatorial technologies. 

5 Discussion 

With the significant progress in different technology disciplines and various 
conceptual innovations, a new era in the way drug discovery is approached 
has begun. While the development phase of drugs is highly regulated, and 
its time-frame cannot accommodate short cuts for reasons of safety, the lead- 
finding operation is a more open field, likely to accept any goal-oriented 
method that delivers valid candidate compounds with efficiency. In addition 
to tangible time savings, better lead finding can provide broader coverage 
of unexplored territory since it operates in the discovery stage, before the 
focus is set on a particular compound or family of analogues. 

Combinatorial technologies seem to approach this struggle for exhaustive 
search of structural space in a more satisfying way. The most immediate 
benefit is the output of myriads of compounds that can be tested in primary 
screens but, more importantly, the composition of libraries and their 
preparation can be designed and organized in a systematic way. as opposed 
to the situation with other compound sources such as corporate collections 
(with a bias towards previously run drug-discovery programmes) and natural 
extracts. In this sense, the added value of combinatorial libraries is 
understandable also from the perspective of large organizations, which 
already have access to large numbers of test samples. Furthermore, the 
preorganized assembly of libraries and sublibraries, with previously validated 
synthetic pathways, paves the way for a more rapid and more comprehensive 
lead optimization. This will become more apparent in the future, when 
the majority of hits will originate from combinatorial library screening. 
Meanwhile, combinatorial chemistry on hits from other sources (e.g., natural 
products) is a difficult task and hardly competitive if the synthesis on solid 
phase is not already developed. With an enlarged repertoire of solid phase 
reactions, worked out over the coming years, this type of application will 
also become more attractive. 

By emphasizing the aspects of library design and the deconvolution 
strategies, we reason that combinatorial technologies differ distinctly from 
random screening and embrace a rational component of considerable weight. 
A new touch for this rational side may be the attitude to support rather than 
look down on massive experimentation. The rationale of reducing the 
numbers of compounds to be synthesized serves the purpose of taking into 
account the technical and practical limitations of an organization's resources 
and is much less an ambition to predict the structure of most active 
compounds. The question being asked is 'How many combinations can you 
synthesize and test in a given time frame?'.  It is then a matter of exploiting 
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that limited number with an optimal choice of candidates. This acknowledges 
the experiences of recent years, that the prediction of lead structures by 
modelling is extremely elusive, even in cases of well-characterized target sites. 
The strengths of molecular modelling are brought out, when a wealth of 
information minimizes the uncertainty of assumptions, e.g., in an advanced 
optimization phase. In the future, with a stronger knowledge base of the 
mechanisms that govern the interactions of drugs at the receptor site, a shift 
towards, again, more prediction-oriented drug discovery approaches will be 
possible. Currently, for the needs of the pharmaceutical industry, de novo 
ligand design is not competitive with large screening operations. Once the 
ability is built-up to cope with the millions of test samples that combinatorial 
technologies make available, a preference to exhaust all the possibilities will 
remain, if nothing else, to allow for the unpredictable to surprise us. To pick 
an arbitrary case, c~-ethylisoprenaline is reported to be a potent/3-adrenergic 
stimulant, while the c~-methyl and a-propyl derivatives are not (Main, 1990). 
Examples of dramatic consequences of minor structural changes on a 
molecule's activity are a reality that should caution against a priori limitations 
in the number of test compounds, unless they are dictated by the shortage 
of resources. 

A point of persistent controversy in medicinal chemists circles is the 
question, to what extent testing mixtures is (if at all) advisable. The success 
potential of mixtures is most evident on the grounds of the prolific flow of 
active structures isolated from natural extracts. Synthetic libraries offer the 
advantage that relative concentrations and systematic classification into 
organized groups are controllable, which opens new opportunities on how 
to deal with complexity. To the sceptics, we recommend the study of 
successful deconvolutions reported in the literature (see section 3.6.1.2) and 
the reading of the thorough model studies of Konings et al. (1996) and 
Wilson-Lingardo et al. (1996). 

The long-term perspective, on the other hand, an ultimate goal for 
combinatorial technologies, is to provide the capability to test large numbers 
of individual compounds, as they arise in the split synthesis process from 
individual beads. If the automation of synthesis and screening does indeed 
progress as fast as some expect, information technology will become an 
indispensable part of drug discovery. This will be mainly in the area of 
screening data management and sample logistics. Large-scale data analysis 
is another application of information technology that is certain to become 
increasingly important, as the production of libraries comes up to speed. 

Whether computational chemistry and rational library design will have a 
large impact on combinatorial chemistry is less clear. Much more work on 
validating the assumptions in rational library design is needed, and more 
examples of rationally designed libraries are required, before this question 
can be answered. 

It has been stated that chemistry research laboratories in the future may 
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in part resemble the present-day assay laboratories (Friichtel and Jung, 1996). 
Equally, computational chemistry may, in the future, loose its appeal as a 
rational drug design tool, and evolve into a computational and information 
systems attachment to laboratory automation. As organic synthesis, analytics, 
and screening are evolving towards high-throughput technologies, scientific 
information handling and scientific computing will have to develop from a 
small to a massive scale. In that case, the role of computational chemists in 
drug discovery would change, from solving detailed molecular design 
problems to developing and validating robust methods for large-scale 
compound selection and data interpretation. 

The scenario of such operational environments are probably exaggerated 
visions of possible destinations brought about by the current trends. As is 
well known, the extreme intentions of technological developments are usually 
scaled down before they are carried to completion. 

Because the number of compounds that are developed to reach the market 
cannot increase by orders of magnitude for obvious reasons, an unavoidable 
focusing process has to take into account strengths and weaknesses of each 
lead source and estimate the probability of success for each compound in 
the context of the particular project situations (resources, competition, 
acceptable formulations, etc.). The sheer number of leads output is less 
critical than the capability to generate increasingly attractive leads. The most 
significant new aspect coming into play is the opportunity to chose from a 
wide and diverse selection of candidates, with an increased likelihood that 
only excellent leads are carried further. To support this prospect, high- 
throughput assays with predictive value for toxicological and bioavailability 
properties are needed. A large back-up of alternative candidates, with 
entirely different physicochemical properties, is an invaluable asset where 
a development compound fails to confirm its potential. 

Having highlighted the distinct value of combinatorial technologies for the 
drug discovery process, it is important to state that the success in the 
applications, within an organization, will depend on establishing a good 
balance with complementary resources of the more traditional medicinal 
chemistry efforts. The latter support individual lead optimization going 
beyond modular chemistry and also the design and preparation of tailored 
building blocks for thematic libraries. 
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Appendix 

SOME TERMS AND EXPRESSIONS 

Bead A solid, insoluble, spherical microparticle, typically used for solid 
phase chemical synthesis. Diameters range from c. 10 to c. 300/xm. Materials 
are, e.g., crosslinked polystyrene matrix, polyamide, Sepharose, glass, 
polystyrene grafted with polyoxyethylene. The term is also used for 
non-spherical particles. There are approximately 2.5 million '90/xm-beads' 
per gram of resin. Beads may be used as a carrier to synthesize library 
components (solid phase synthesis) and also to keep such compounds 
physically separate from each other (after split synthesis), for binding assays, 
e.g., with a labelled target protein (acceptor) or for bead pooling. 

Bead pooling Bead pooling strategies aim to efficiently test 'one-bead-one- 
compound' libraries beyond simple binding assays with labelled acceptors, 
i.e. with functional assays in solution. Ligands are therefore cleaved from 
the beads (partial cleavage of a first portion). In order to achieve an 
acceptable throughput it is necessary to test mixtures resulting from bead 
pools (e.g. 100 or 1000 beads) in a multiwell format. Interesting activities 
are then correlated to a particular pool of 'mother beads' carrying a molecular 
tag. These beads are redistributed on a singular basis into new multiwell 
plates, where a second portion of the ligands is released into solution and 
the activities of single compounds are measured. Bead pooling on a large 
scale requires advanced automation. 

Encoded libraries (= ESL = encoded synthetic libraries = encoded 'one-bead- 
one-compound' libraries) If the ligands assembled on a one-bead-one- 
compound library are not directly sequenceable molecules, the identity of 
positive hits is determined by sequencing or determining the composition of 
a 'tag' molecule residing on the same bead. The tag has to be built up in 
parallel with the potential ligand. Two classes of molecular tags have been 
described and applied: sequential tags and bitmap (non-sequential) tags. The 
former are typically oligonucleotides or peptides, synthesized by alternating 
cycles of ligand and tag chain elongation with the help of orthogonal 
protection groups. For instance, an amino acid or a dipeptide unit may code 
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for the identity of an 'artificial' building block which is neither an amino acid 
nor a nucleotide. Bitmap tags on the other hand are 'read' in a binary mode: 
the mere presence or absence of a series of tag building blocks (which don't 
need to be linked together) translates into words of information coding for 
both the presence and the position of a non-sequenceable ligand building 
block. The potential ligand is always present in vast excess over the tag 
sequence. 

High diversity libraries Libraries with maximal element variability. The 
latter is preferentially achieved by including a large number of building blocks 
in relatively short sequences rather than by sequence elongation. 

Iterative deconvolution The libraries consist of a set of separate sublibraries 
(compound mixtures) in solution. The evaluating assay may therefore be any 
test system applicable to compound solutions, including functional assays in 
cellular systems. The sublibraries are mixtures of compounds (typically 
oligomeric sequences) with a (known) constant, a randomized and a (known, 
defined) variable region. In analogy to the one-bead-one-compound approach 
the sublibraries are prepared with the portioning-mixing procedure in order 
to ensure equal representations of all (slow- and fast-reacting) building 
blocks. They are tested as if they were single compounds. In an iterative 
process, the mixtures are compared with each other, the 'winning' variable 
regions are determined and incorporated as constant positions in a following 
round of  synthesis which produces less complex mixtures. Repetitive cycles 
of this procedure lead ultimately to one defined molecule with the best 
performance in the test system used. This strategy circumvents the necessity 
for analytical identification. Building blocks other than natural amino acids 
or nucleotides can be incorporated. The first set of sublibraries comprises 
as many mixtures as the number of building blocks, if only one position is 
defined in the beginning, e.g. 20 sublibraries for 20 amino acids. If two 
positions are defined, the number is (20 • 20 =) 400. For each subsequent 
round of tests, 20 new sublibraries are prepared. If positions are defined 
contemporaneously, the number of sublibraries to be tested increases 
multiplicatively rather than additively. 

Mimotopes Small linear mimics of discontinuous epitopes. 

One-bead-one-compound approach A library of potential ligands (e.g. 
oligomeric sequences) is synthesized on solid microparticles (e.g. resin 
beads), using a portioning/mixing procedure (split synthesis). Each particle 
is loaded with only one type of ligand (approximately 100 to 1000 pmol). The 
potential ligands are completely deprotected but remain grafted on the beads. 
They are screened by incubating the beads with a solution of labelled acceptor 
molecules (e.g. a fluorescent enzyme or receptor) which may be recycled and 
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used in a separate experiment. After a number of wash operations with 
increasing stringency, the bead population is either visually inspected (e.g. 
while irradiating at excitation wavelength) or sorted with an adapted 
fluorescence activated cell sorter (FACCS). The ligands of beads carrying the 
label are determined either by sequencing directly the ligand or by analysing 
an 'identification tag' residing on the same bead (see Encoded libraries). The 
library elements are on physically separate entities (beads). The observed 
bindings originate from interactions with single compounds in heterogeneous 
phase. The approach may lead to a variety of lead structures. 

Peptoids Oligomeric sequences of N-substituted glycines. Peptide sur- 
rogates preferentially used for combinatorial libraries in order to display 
functionalities of peptides or potentially many other 'side chains' in a novel 
backbone. Resistant to peptidases. 

Phage libraries Consist of up to 1015 filamentous phage clones, each 
displaying an extraneous peptide sequence on the phage surface protein. The 
peptide is coded by a DNA sequence in the phage genome. An acceptor of 
interest (e.g. an antibody, receptor, enzyme, etc.) is used to affinity purify 
phages that display binding peptides. 

Pin technology Compounds are synthesized simultaneously at the tip of 
plastic pins in the 96-multiwell plate format. 

RPD Recombinant peptide diversity" peptides expressed on the surface of 
cells or phages, randomized by means of genetic engineering of the DNA 
coding for them. 

Sequential unrandomization An operation that is part of some iterative 
deconvolution strategies. Each time sublibraries are tested and compared 
with each other a 'winning' sublibrary is determined. Its superiority originates 
from the contribution of a unique variable that is defined for each sublibrary. 
The 'winning' variable will be constantly included in the next rounds of 
synthesis, resulting in sublibraries with fewer and more defined components 
where the number of randomized positions is diminished by one and the 
number of constant positions increased by one. Each 'unrandomization' step 
may be carried out at a single or at multiple positions simultaneously. For 
single positions, the number of sublibraries to be tested for a round of assays 
is equal to the number of building blocks N. An unrandomization step at 
two positions (simultaneously) requires N •  N tests (second-order sub- 
libraries). A typical example is the simultaneous unrandomization of the two 
N-terminal positions in a peptide library by testing (20 x 20 =) 400 sub- 
libraries. Subsequently, the positions are unrandomized sequentially at single 
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positions. This requires 20 additional tests per position; the total number of 
tests increases additively. 

'Small molecule' libraries Libraries of non-oligomeric, non-peptidic, bio- 
stable compounds with molecular mass below approximately 600 Da. 

Split Synthesis (= split-and-mix, = Portioning-Mixing, = Divide, Couple and 
Recombine) An ingenious procedure used for randomizing one or more 
positions within an oligomer and making sure that only one sequence (i.e. 
a number of identical oligomers with the same sequence) is represented on 
any particular bead. The method involves distributing a pool of resin beads 
into separate reaction vessels (portioning), each reacting with (for instance) 
a different (unique) amino acid allowing the coupling reactions to go to 
completion (couple). This avoids competition between slow- and fast- 
reacting amino acids and makes sure that each bead 'sees' only one reactant. 
The portions are then recombined (mixing), leading to a randomization of 
the sequence position. 

Tea bags Solid phase resin beads are divided in portions and packed into 
foraminated or porous bags which are permeable to solvents and reagent 
solutions. An experimental set-up which is sometimes applied in the 
sequential unrandomizations for introducing defined variable sequence 
positions. 

Thematic libraries ( = intelligent libraries = biased libraries) Sizeable com- 
pound libraries for structural motif refinement comprising a comprehensive 
combinatorial reshuffle of a set of selected building blocks, whereby the 
selection relies on pre-existing information or hypotheses on what type of 
functionalities are important. 
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LIST OF ABBREVIATIONS 

AEI 
A-T 
CQ 
CQR 
CQS 
DNA 
G-C 
mdr 
Pgh-1 
RMI 
RNA 
RRA 

Activity enhancement index 
A d e n i n e -  thymine 
Chloroquine 
Chloroquine resistant 
Chloroquine sensitive 
Deoxyribose nucleic acid 
Guanine - cytosine 
Multidrug resistant 
P-glycoprotein homologue-1 
Response modification index 
Ribose nucleic acid 
Resistance reversal agent 

1 Introduction 

The long-drawn battles between malarial parasites and human subjects 
continue to expose our inadequacy to assess the capabilities of Plasmodium 
falciparum to survive and grow in the human body. The evidence for this 
observation is more than 2 million deaths per year in the world attributed 
to malaria. 

The control of transmission of malaria parasites by insecticides and 
development of drugs representing diversity in molecular structures have not 
been able to limit the spread of the disease. The main reasons ascribed to 
this failure are the ability of the vector to survive in the presence of 
insecticides and the emergence of drug-resistant parasites (Vander Kaay, 
1991). Drug resistance is defined as 'the ability of the parasite to survive and 
multiply in the presence of concentrations of drug(s) which normally would 
destroy it'. The ability of the parasite to stand the pressure of the drug was 
first observed in 1910 in Brazil when some subjects infected with P. 
falciparum failed to respond to a regimen therapy with quinine which 
normally would have eradicated the parasite (Nocht and Werner, 1910). Since 
then resistance of malarial parasite for a single or a combination of drugs 
has been reported from various endemic areas. Chloroquine (CQ), a 
4-aminoquinoline derivative, developed in 1940s as a blood schizontocide, 
exhibits rapid action, low toxicity, has low cost, can be used in pregnancy 
and is possibly the best studied antimalarial agent to date. Resistance to this 
useful drug is, therefore, a matter of serious concern and it calls for a new 
strategy of chemotherapy for combating the parasite. The simplest useful 
strategy would be to undo what Plasmodia have done. For example, if 
Plasmodia have developed resistance for CQ, an agent may be discovered 
which in combination with CQ may make CQ-resistant (CQR) Plasmodia 
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susceptible to CQ. Discovery of such an agent, hereafter called resistance 
reversal agent (RRA), is possible only after a careful and critical analysis 
of all the reported mechanisms of CQ action. 

Me 
I 

HN-CH-(CH2)3-NEt 2 

Ct 

Chtoroquinr 

2 The Mechanism of Action of Chioroquine 

The mechanism of antimalarial action of CQ is incompletely understood. The 
relevant theories have been discussed in detail by Slater (1993), who analysed 
the proposed mechanisms with a focus on their capability to explain the 
various morphological and physiological changes exerted by CQ. In this 
section a summary of the important mechanism of action of CQ is presented 
to stimulate thinking on the possible cause(s) for the development of 
plasmodial resistance towards CQ. This drug is blood schizontocidal and 
affects only the intraerythrocytic stages of the life cycle of the malaria 
parasite. It does not affect the sporogonic, exoerythrocytic and mature stages 
at therapeutic concentrations. In vitro studies have shown that CQ does not 
prevent (i) the transformation of trophozoites to schizonts, (ii) the invasion 
of red blood cells by merozoites, or (iii) the transformation of merozoites 
to the ring stage (Zhang et al., 1986). It was observed that the malarial 
parasite is susceptible to this drug in the late ring stage of the intraerythrocytic 
cycle (Yayon et al., 1983). Reports on the possible mechanism of CQ action 
first appeared in the mid-1960s and this continues to this date. This indicates 
that the mechanism is far from being clear. The proposed mechanisms of CQ 
action in biophase are as follows. 

2.1 DNA INTERACTION THEORY 

The possible ability of CQ to intercalate with DNA and inhibit the vital 
cellular functions such as DNA replication and RNA synthesis leading to the 
death of the parasite was proposed by Parker and Irvin (1952) on the basis 
of their in vitro observation that quinoline and acridine containing anti- 
malarials interact with DNA. Subsequently, two types of interactions 
between DNA and CQ were suggested (Allison et al., 1965a; Cohen and 
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Yielding, 1965). The first one relates to the secondary DNA structure while 
the second one postulates electrostatic interactions between the positively 
charged diaminopentane side-chain of CQ and the negatively charged 
phosphate residues of the nucleic acids. The latter was found to be the larger 
contributor towards the total binding energy of DNA-CQ complex (Marquez 
et al., 1974). A substructural analysis was made indicating that the 
7-chloroquinoline ring interacts with the guanine base, and that the 
diaminopentane side-chain interacts with phosphate residue (Hahn et al., 
1966). This concept received support from the model studies on the affinity 
of CQ for G/C-rich DNA or synthetic GC polymers (Allison et al., 1965b; 
Cohen and Yielding, 1965). However, this hypothesis was rejected because 
(i) the malaria genome consists of 75% AT residues (Weber, 1988), (ii) 
binding of CQ to DNA, being dependent on salt concentrations, is likely 
to be far less at physiological levels of electrotytes (Kwakye-Berko and 
Meshnick, 1989), and (iii) it cannot explain the stage specificity of CQ action 
and strain's specificity of CQ resistance. 

2.2 INHIBITION OF PROTEIN SYNTHESIS 

The second hypothesis for explaining CQ action relates to the impediment 
of protein synthesis in Plasmodia and is based on two observations. It was 
reported that high CQ concentrations in vitro were able to reduce the protein 
synthesis in P. falciparum (Surolia and Padmanaban, 1991). The second 
observation was concerned with the stimulation of the cell-free protein 
synthesis of trophozoite extracts by haem. It was suggested that the high 
affinity of CQ for haem could ultimately have resulted in the reduction of 
protein synthesis. Like earlier hypotheses, the concept of possible reduction 
in protein synthesis by CQ cannot explain the stage-specific effect of this 
drug. It also overlooks the fact that the concentration of haem required to 
stimulate protein synthesis is fatal to P. falciparum (Fitch et al., 1982, 1983). 
The concept of reduced protein synthesis was almost pushed to the point of 
non-consideration because of the reports of non-inhibition of protein 
synthesis by CQ in P. berghei, P. lophurae and P. falciparum (Homewood 
et al., 1971; Sherman, 1976; Kirby et al., 1989). 

2.3 HAEM-CQ COMPLEX THEORY 

Haem is released because of proteolysis of haemoglobin by the intra- 
erythrocytic malarial trophozoites. Despite the fact that relevance of haem 
for the stimulation of protein synthesis was ruled out, the attraction to 
understand the biochemical importance of haem continued because it inhibits 
various enzyme activities (Vander Jagt et al., 1986) responsible for disrupting 
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the phospholipid structure of the membrane (Ginsburg and Damel, 1983; 
Schmitt et al., 1993) and it increases lipid peroxidation (Tappel, 1953). 
Because of these effects, the parasite possibly prevents the accumulation of 
lethal levels of free haem by metabolizing it to haemozoin and finally to 
bilirubin. Chou et al. (1980) reported that CQ binds with haem with high 
affinity to form a CQ-haem complex. The formation of this complex was 
also evident with the non-invasive spectroscopic technique reported by 
Balasubramanian et al. (1984). Fitch (1983, 1986) suggested that CQ 
interferes with the metabolic processing of free haem by blocking the 
formation of haemozoin. This hypothesis received indirect support from the 
observation made by Warhurst (1981) that ferric haem was capable of binding 
to all quinoline-antimalarial drugs but not to their inactive isomers. It was 
soon realized that all quinoline-containing compounds do bind to haem in 
aqueous solution (Blauer, 1986a,b, 1988). Orjih and coworkers (1981) 
proposed that the selective antimalarial action of CQ results from the 
accumulation of this toxic CQ-haem complex. It was reported that CQ- 
susceptible P. berghei accumulated 20/xM of haem kg-1 or more as CQ-haem 
complex, which is sufficient to lyse the parasite. The importance of the toxic 
complex was also realized from the report of Sugioka et al. (1987) who 
observed the peroxidative cleavage of lipid membranes by this toxic complex. 
In addition to this observation, it was reported that the free haem or the 
CQ-haem complex was a good inhibitor of vacuolar protease (Vander Jagt 
et al., 1986, 1987; Gluzman et al., 1994). This led to the suggestion that the 
inhibition of this enzyme activity may lead to impairment of further 
haemoglobin degradation. The shortcomings of this hypothesis have been 
discussed in detail by Slater (1993). At present, the main debate centres 
around the questions raised by the formation of the CQ-haem complex. It 
is being argued that CQ accumulation as a result of CQ-haem interaction 
must involve specific receptors. This concept did not receive wide acceptance 
because of the overall agreement among most investigators that CQ 
accumulates by a weak base mechanism and not by binding to haem. 

2.4 INTERFERENCE WITH HAEMOGLOBIN DEGRADATION 

2.4.1 Inhibition o f  Vacuolar Proteases 

The haemoglobin degradation pathway as a biochemical site for CQ action 
has also been proposed. It has been reported (Zarchin et al., 1986) that CQ 
inhibits the production of amino acids in infected erythrocytes at concentra- 
tions which arrest parasite growth and this led to the identification of the 
haemoglobin degradation pathway as the site of CQ action. There are three 
proteolytic enzymes involved in haemoglobin degradation in the digestive 
vacuole (Gluzman et al., 1994). These are aspartic proteases, aspartic 
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haemoglobinase I and II, and cysteine protease. It has been suggested that 
CQ blocks the process of haemoglobin degradation by inhibiting vacuolar 
proteases. Gyang et al. (1982) reported 60% inhibition of partially purified 
aspartic protease by 33 mM of CQ. This observation raised some justified 
objections for accepting protease hypothesis because the CQ concentration 
in the food vacuole never exceeds 1-5 mM. 

2.4.2 Increase in Vacuolar p H  

Yet another hypothesis for impaired haemoglobin degradation relates to an 
increase in vacuolar pH. The pH of the food vacuole of the parasite has been 
found to be acidic and ranges between 0.5 and 5.0 (Yayon et al., 1984a; 
Krogstad et al., 1985). The various proteases present in the food vacuole 
function well in this acidic pH and in the event of a rise in pH, haemoglobin 
breakdown is drastically reduced (Goldberg et al., 1990; Goldberg, 1993). 
It is suggested that CQ, being a weak base, exists in a doubly protonated 
form in the lysosome and this helps to raise the pH of the food vacuole, 
leading to the impairment of haemoglobin degradation and supply of amino 
acids essential to the parasite (Homewood et al., 1972). Krogstad et al. (1992) 
proposed that the malarial parasite had a greater capacity to concentrate CQ 
than the mammalian lysosome because he found that the trophozoite food 
vacuole could concentrate CQ 600 times more than mammalian lysosomes. 
However these claims were refuted by Ginsburg and coworkers (Ginsburg 
and Geary, 1987; Ginsburg, 1990; Ginsburg and Krugliak, 1992) who 
questioned the correctness of the procedure employed to measure vacuolar 
pH. They also reported the concentration of CQ required to raise vacuolar 
pH was extraordinarily high compared with pharmacological concentrations. 
These two contradictory reports have brought no consensus over the concept 
that vacuolar pH change could be the biochemical site of the CQ action. 

2.4.3 Inhibition o f  Vacuolar Phospholipases 

Vacuolar phospholipase in Plasmodia was also identified as a biochemical 
target site for the CQ action. Yayon et al. (1984b) suggested that the 
breakdown of the endocytic vesicle in the food vacuole was inhibited by CQ 
and that this process involved inhibition of phospholipases. Inhibition of the 
lyososomal phospholipases by CQ was also reported by other workers (Waite 
et al., 1976; Vanden Bosch, 1980; Matsuzawa and Hostetler, 1980a,b; 
Mallorga et al., 1980; Naor and Catt, 1981; Yayon and Ginsburg, 1983). 
Ginsburg and Krugliak (1992) reported the inhibition of malaria phospho- 
lipase A by two quinoline-containing antimalarials, namely quinine and 
mefloquine. However, these observations did not evoke widespread interest 
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because the subsequent characterization of phospholipase was not carried 
out unambiguously. 

2.4.4 Inhibition o f  Iron Release 

The involvement of haemoglobin degradation to explain the mechanism of 
action of CQ has been extended to correlate inhibition of iron release with 
CQ action. It was demonstrated by Gabay and Ginsburg (1993) that the 
acidification of the red blood lysate to pH 4.0-5.5 led to haem denaturation 
and release of iron, a necessary component for the parasite anabolism (Peto 
and Thomson, 1986; Hershko and Peto, 1988). The mechansim of iron release 
proposed by Gabay and Ginsburg (1993) involves the formation of ferryl 
radicals which subsequently attack adjacent haem molecules and cause the 
release of iron. These radicals were found to be insensitive to scavengers of 
reactive oxygen intermediates (Harel and Kanner, 1988; Puppo and Hal- 
liwell, 1988; Petersen et al., 1989; Rice-Evans et al., 1989). It was suggested 
(Blauer and Ginsburg, 1982; Blauer, 1986a, 1988) that the quinoline ring 
might interact with the porphyrin ring of haem and prevent the formation 
of ferryl or porphyrin radicals. According to these authors, such a mechanism 
inhibited the parasite propagation by depriving the necessary supply of the 
iron (Wyler, 1992). This hypothesis indicates the action of quinoline- 
containing antimalarials as cytostatic (Gabay et al., 1994), but fails to explain 
the cytotoxic effects of these compounds on Plasmodia (Krugliak and 
Ginsburg, 1991). It is also difficult to envisage the structural complementarity 
of CQ with haem and haemozoin as the cause for arresting the propagation 
of the radical reaction. 

2.4.5 Inhibition o f  Haem Polymerase and Haem Oxygenase 

Despite various arguments and counter-arguments extended by workers 
busy elucidating the mechanism of action of CQ, the fact remains that 
haemoglobin degradation as the site of CQ action continues to appeal to 
many workers. Slater et al. (1991) reported that haemozoin consists of a haem 
polymer linked between the central ferric ion of one haem and the oxygen 
of the carboxylate group of another. The formation of this specific linkage 
between haem units is mediated by an enzyme named haem polymerase 
(Chou and Fitch, 1992; Slater and Cerami, 1992). It was proposed that 
inhibition of this enzyme would prevent the interlinking of haem units to yield 
haemozoin and would result in the higher titre of haem, which could be lethal 
to the parasite. This hypothesis raised a number of questions. For example, 
the presence of another haem-degrading enzyme, namely haem oxygenase, 
was reported in Plasmodia (Srivastava et al., 1992a, 1992b). It has also been 



208 s. BATRA and A. P. BHADURI  

I I I I 
DNA Inhibition of protein Formation of toxic Interference with 
intercalation synthesis 2 CQ-haem complex 3 haemoglobin 
theory~ degradation 

pathway I 

I I I 1 
Increased Inhibition of vacuolar Inhibition of vacuolar Inhibition of Inhibition of 
vacuolar pH 4 proteases s phospholipases 6 iron release 7 haem 

polymerase 8 

FIG. 1. Summary of the proposed mechanisms of action of chloroquine. Data from 
the following sources: 1parker and Irvine (1952); 2Surolia and Padmanaban (1991); 
3Chou et al. (1980); 4Homewood et al. (1972); 5Gyang et al. (1982); 6Ginsberg and 
Geary (1987); 7Gabay and Ginsberg (1993); 8Slater and Cerami (1992). 

reported that haem has the capability to polymerize to haemozoin in the 
absence of haem polymerase (Dorn et al., 1995). It is also not well understood 
whether CQ has the capability to depolymerize haemozoin to haem; even 
the very formation of haemozoin as an experimental artefact has been 
proposed by Warhurst (1995). A survey of all these hypotheses indicates that 
the haemoglobin degradation pathway continues to be preferred by workers 
for elucidating the mechanism of antimalarial action of CQ (Figure 1). 

3 Current Status of Chloroquine Resistance 

Plasmodium falciparum is probably the most evasive of all Plasmodia and 
has acquired resistance not only towards CQ but also for other 4- 
aminoquinolines and antifolate antimalarials (Bjorkman and Howard, 1990a; 
Mockenhaupt, 1995). Acquisition of in vitro resistance even to the most 
current drug, namely artemisinin, has also been reported (Kamcohon- 
wongpaisan et al., 1994). The distribution of CQ-resistant populations of P. 
falciparum has become almost identical to that of the non-resistant species. 
Malaria is prevalent in South-East Asia, Oceania, East, Central and West 
Africa and South America. The frequency and degree of CQ resistance are 
high in the areas which have been affected for a very long period. Areas 
which are recently affected show considerable heterogeneity (Wernsdorfer, 
1991). 

The reports of CQ resistance in P. falciparum from South America (Moore 
and Lanier, 1961; Young and Moore, 1961) and South-East Asia (Harinasuta 
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et al., 1962) started appearing in the early 1960s. Since then, in about 
three-quarters of all countries (around 100) afflicted with falciparum malaria, 
CQ resistance has been reported (Wernsdorfer, 1991). The historical 
background of the spread of CQ resistance has been discussed in detail by 
Peters (1987). A WHO report (1984) provided the chronology of the spread 
of drug-resistant malaria. The status and epidemiology of drug resistance 
have been discussed by various workers (Doberstyn, 1984; WHO, 1987; 
Najera, 1989; Bjorkman and Howard, 1990a; Wernsdorfer, 1991, 1994). 

After the first documental evidence of CQ resistance in P. falciparum, the 
march of CQ resistance has been relentless. In Asia, the point of origin was 
Thailand from where the parasite invaded the Malay peninsula within a span 
of a few years. By the mid-1960s it was present in the Oceania region and 
in the 1970s it encompassed the regions of Burma, India, Pakistan and 
eventually appeared in East Africa (Payne, 1988). In India, the problem of 
resistance in P. falciparum is always increasing (Anonymous, 1994). The most 
affected parts are the remote eastern regions adjoining Thailand and Burma, 
the States of Bihar, Orrisa, Gujarat, Rajasthan, Karnataka and Haryana. 
Other less affected areas include the States of Uttar Pradesh, Madhya 
Pradesh and Delhi (Pattanayak et al., 1994). 

In Africa, the spread of CQR P. falciparum has also been rapid. The earlier 
reports (Fogh et al., 1979; Kean, 1979) of resistance were from the 
non-immune population in East Africa but only after 3 years CQ resistance 
appeared in semi-immunes also (Kihamia and Gill, 1982). Thereafter, a 
number of reports have indicated the rate of drug failure from 10% (Watkins 
et al., 1987) to 90% (Brasseur et al., 1988; HeUgren et al., 1989; Mulder et 
al., 1992), with various parasite susceptibilities within the affected countries 
(Kilimali and Mkufya, 1985). The march of CQR Plasmodia in Central and 
West Africa was evident from the report made in the early 1990s (Basco et 
al., 1993). The areas affected were Madagascar (Lepers et al., 1989), Somalia 
(Warsame et al., 1988), Rwanda (Garcia-Vidal et al., 1989) and Zambia 
(Lemnge and Inambao, 1988). In contrast to the rapid increase of resistant 
strains in East and Central Africa, West Africa remained sensitive to CQ 
for a longer duration, as the first report of CQ resistance in this area appeared 
in 1986 (Neequaye, 1986). However, this region now has intensive malaria 
transmission and high endemicity (Landgraf et al., 1994). The region includes 
countries such as Benin (Le Bras et al., 1986; Chippaux et al., 1987), Ghana 
(Neequaye, 1986), Nigeria (Lege-Oguntoye et al., 1989; Daniel and Molta, 
1989) and Cameroon (Sansonetti et al., 1985; Oduola et al., 1989; Mulder 
et al., 1992). 

While the first report of resistance to quinine was reported from Brazil, 
the first report of CQR P. falciparum in the northern region of South 
America appeared in the early 1960s (Moore and Lanier, 1961; Young and 
Moore, 1961). In most areas of South America where transmission of CQR 
P. falciparum continues, the severity and distribution are limited compared 
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with Asia and Africa. The noteworthy regions which are afflicted by CQR 
P. falciparum include Brazil, Columbia, French Guiana, Guyna, Surinam, 
Bolivia, Equador, Venezuala and Panama (Kremsner et al., 1989). 

This overview of the spread of CQR Plasmodia and the report of an end 
of an effective alternative in some of the affected areas (Wernsdorfer, 1991) 
clearly indicate the need for discovering another strategy for combating 
malaria. In this scenario the advent of RRAs would be a most welcome sign. 
As indicated in the later text, the consciousness of RRA and possibly a 
candidate RRA for preclinical studies may become a reality by the end of 
this century. However, the strategy for the development of RRAs, in 
principle, has to be based on the mechanism of CQ action and on the pathway 
by which Plasmodia develop resistance for CQ. 

4 The Mechanism of Chloroquine Resistance in Plasmodia 

CQ resistance of P. falciparum has been attributed to drug pressure, extensive 
use of subcurative doses and increased virulence of resistant parasites 
(Bjorkman and Howard, 1990b). 

4.1 INCREASED PROTEOLYTIC ACTIVITY 

Eckmann et al. (1977) reported that mice infected with CQ-sensitive (CQS) 
P. berghei generated only 20% carbon monooxide (CO), a breakdown 
product of the a-methine bridge of haem. Conversely, CQR-infected mice 
produced almost 100% of the CO. On the basis of this observation it was 
suggested that in the CQS parasite the haem of haemoglobin was converted 
to haemozoin and did not undergo further catabolism. In the CQR parasite 
increased proteolytic activity was investigated later by Mahoney and Eaton 
(1981) who reported 700-800% enhanced protease activity in CQR parasites 
compared with CQS parasites. They also found that interaction of CQ with 
haemoglobin was most efficient during proteolysis. These observations led 
to the hypothesis that in CQS parasites, less effective and incomplete 
proteolysis allowed haemozoin formation while in the CQR parasite an 
extremely efficient proteolysis did not offer an opportunity to produce 
haemozoin. The pure proteases from CQS and CQR parasites have been 
isolated and characterized (Vander Jagt et al., 1986, 1992; Rosenthal et al., 
1988; Goldberg et al., 1991; Rosenthal and Nelson, 1992; Gluzman et al., 
1994; Rosenthal, 1995). This helped in comparing proteases from CQS and 
CQR P. falciparum and it was reported (Vander Jagt et al., 1987) that there 
was considerable similarity between the two. Wood and Eaton (1993) 
observed that the apparent rates of in vivo proteolytic activity in intact CQS 
and CQR P. berghei-infected erythrocytes were almost identical. These 
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reports raised doubts about proteases as the causative factor of CQ 
resistance. 

4.2 INCREASED PERMEASE ACTIVITY 

Warhurst (1986) proposed a permease model to explain the entry of CQ into 
the malarial parasite. This resistance towards CQ may be due to altered entry 
of CQ into the malarial parasite (Warhurst, 1988). The various possibilities, 
namely the change of permeability of membrane, reduction in the quantity 
of permease and reduced affinity of permease for CQ, could explain the 
mechanism of resistance. Warhurst also conceived that permease could be 
present in lysosomal membranes, which possibly helps to export CQ from 
lysosome back into the parasite cytoplasm. However, the hypothetical CQ 
carrier was not isolated and characterized. Krogstad et al. (1987) found that 
the rates of uptake of CQ in CQR and CQS P. falciparum were similar. This 
indicated that CQ affinity for permease, if any, was not the outcome 
of resistance. Despite the fact that permease presence could not be 
demonstrated, the hypothesis did stimulate thinking in the direction of CQ 
influx and CQ efflux. Krogstad et al. (1987) suggested enhanced drug emux 
in erythrocytes infected with CQR parasites compared with CQS Plasmodia. 
The efflux was conceived to occur through a drug exporter mechanism which 
was either absent or deficient in erythrocytes infected with CQS Plasmodia. 
Ferrari and Cutler (1991) could not explain the kinetics of release of CQ 
by erythrocytes infected with CQR parasites by basal diffusion of CQ across 
the membrane, and therefore the need to postulate the involvement of a drug 
exporter did not arise. 

4.3 INCREASED DRUG METABOLISM 

Increased drug metabolism in CQR parasites as a possible cause of resistance 
has been investigated. Elevated metabolic rate with the involvement of 
cytochrome P450 was suggested (Golovenko, 1981). The malarial parasite 
possesses aryl hydrocarbon hydroxylase and aminopyrine N-demethylase 
activities, the two monooxygenases which can metabolize CQ to an inactive 
metabolite (McChesney et al., 1967). Consideration of increased drug 
metabolism gained support from the report of Salganik et al. (1987) who 
found that these monooxygenase activities are higher in CQR P. berghei than 
in the sensitive strain. In an extended study, Rabinowich et al. (1987) 
reported that an inhibitor of these enzymes such as the copper-lysine complex 
was able to decrease the metabolic degradation and excretion of CQ. In a 
similar study Ndifor et al. (1990) reported increased N-demethylase and 
O-deethylase activities in resistant strains of P. berghei and P. falciparum. 
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It was suggested by Surolia and Padmanaban (1991, 1992) that synthesis of 
cytochrome P450 would require haem and any inhibition of its synthesis 
would lead to the inhibition of P450 synthesis (Surolia and Padmanaban, 
1991). These workers proposed that increased P450-dependent activity in the 
CQR P. falciparum was due to the overexpression of the P450 gene and not 
to the differential efflux between the sensitive and the resistant strains 
(Surolia et al., 1993). 

4.4 GENE AMPLIFICATION THEORY 

The concept of a higher efflux rate of CQ in CQR plasmodia has similarity 
to situations experienced in multidrug-resistant (mdr) mammalian tumour 
cells (Miyama et al., 1985). In these tumour cells the mechanism of resistance 
was attributed to increased drug efflux mediated by a 170 kDa glycoprotein 
(P-glycoprotein). It was assumed that CQR Plasmodia may also possess such 
a drug-resistant gene (Comwell et al., 1986). In fact, two mdr genes of CQR 
P. falciparum were isolated (Wilson et al., 1989; Foote et al., 11989). These 
were termed Pfmdr-1 and Pfmdr-2. Comparative studies with Pfmdr-1 and 
human mdr 1 revealed 54% homology and it was realized that Pfmdr-2 was 
not involved in CQ resistance (Wilson et al., 1989). Foote et al. (1989) 
reported that the Pfmdr-1 gene was present on chromosome 5 and 
amplification of this gene was related to extensive polymorphism in CQR 
isolates. Foote et al. (1990) suggested two different alleles, K-1 and 7G8. The 
five key positions which differed in Pfmdr-1 sequence of resistant isolates 
from that of the sensitive isolates were aspargine-86 to tyrosine-86 in the K-1 
type. In the 7G8 allele the differences identified were serine-1034 to 
cysteine-1034, aspargine-1042 to aspartic acid-1042 and aspartic acid-1246 to 
tyrosine-1246. These findings suggested that CQR was a multigenic event. 
Multigenic basis has also been demonstrated in vitro for CQR rodent malaria 
(Rosario, 1976; Padua, 1981). Contrary to these reports, observations made 
by Wellems et al. (1990) added a new dimension in this direction. These 
authors observed that a genetic cross between CQR and CQS cloned isolates 
of P. falciparum show no linkage of the Pfmdr-1 with the drug-resistant 
phenotype. The CQR parent used in the genetic cross possessed amplified 
levels of Pfmdr-1 gene but this amplification segregated independently of the 
CQR phenotype. All CQR progeny exhibited higher drug efflux, which 
suggested that either one gene or a small group of genes controlled the 
process. Cowman (1991) analysed the protein product of the Pfmdr-1 and 
its involvement in the CQ efflux. He observed that the protein product of 
Pfmdr-1, namely P-glycoprotein homologue 1 (Pgh-1), did not increase in 
most of the CQR isolates of P. falciparum. It was therefore concluded that 
it was not directly involved in the CQR phenotype. The recent report by 
Haruki et al. (1994) helped to conclude that the CQ resistance of P. 
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FIG. 2. Summary of the proposed mechanisms of chloroquine resistance in 
Plasmodia. Data from the following sources: 1Krogstad et al. (1987); 2Ginsberg 
(1990); 3Warhurst (1988); 4Wilson et al. (1989); 5Mahoney and Eaton (1981); 6Surolia 
and Padmanaban (1991); 7Slater (1993); 8Srivastava et al. (1992a). 

falciparum was not regulated by the mutation of Pfmdr-1. The latest report 
by Cremer et al. (1995) also ruled out the correlation between the CQ 
resistance and the Pfmdr-1 product. 

4.5 DECREASED HAEM POLYMERASE, HAEM AND HAEMOZOIN 

Studies on the degradation pathways of haemoglobin for understanding the 
cause of resistance have received considerable attention (Figure 2). Orjih and 
Fitch (1993) reported that the amount of haemozoin in the CQS P. falciparum 
was greater than that in the CQR parasites. Wood and Eaton (1993) observed 
decreased haemozoin in the CQR P. berghei. It was suggested that decrease 
in parasite haem was associated with decrease in CQ uptake thereby causing 
resistance to CQ. The presence of haem oxygenase and biliverdin reductase 
for haem degradation has also been reported (Srivastava et al., 1992a, 1992b). 
These authors observed a seven- to ten-fold increase in haem oxygenase and 
biliverdin reductase activities in the cell free CQR P. berghei (Srivastava and 
Pandey, 1995). They too observed a decrease in haem polymerase activity, 
and that haemozoin was the substrate for haem oxygenase (P. Srivastava and 
V. C. Pandey, unpublished work). The increased levels of haem oxygenase 
and biliverdin reductase could, therefore, be attributed to plasmodial 
resistance towards CQ. The titre of haem oxygenase and biliverdin reductase 
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activities in resistant strains of Plasmodia infecting experimental animals and 
humans can become the enzyme markers for the correct identification and 
classification of resistant strains. Special attention must be given to estimate 
these enzyme titres in field isolates of P. falciparum and to understand the 
status of these two enzyme activities in mdr strains of parasite. 

Strategies for the Development of Chloroquine Resistance Reversal 
Agents 

The key point for developing a strategy to obtain RRA is the identification 
of the biochemical events which may be correlated with the development of 
resistance. From the preceding text it is obvious that the biochemical events 
which can be correlated with CQ resistance are (i) rapid rate of efflux in the 
CQR isolates and (ii) increased capability of CQR parasite to degrade haem 
or haemozoin. On the basis of these concepts two distinct schools have 
emerged. The first is concerned with the reversing of the higher efflux 
capability of CQR parasites leading to the higher residence time of CQ in 
the parasite. The second school presumes that the inhibition of the enhanced 
degradation of haem and haemozoin may help in the development of RRA. 
Exploitation of the results obtained from resistance reversal studies in human 
multidrug-resistant neoplastic cells led to the development of the first strategy 
for obtaining RRAs. The design of this strategy was based on the observation 
that some homology exists between the Pfmdr-1 gene and genes encoding 
for the P-glycoprotein associated with drug resistance in the cancer cells 
(Wilson et al., 1989; Foote et al., 1989). It was assumed that inhibition of 
the P-glycoprotein-mediated pump responsible for the rapid efflux of the drug 
could increase the CQ residence time and result in making the CQR parasite 
susceptible to CQ. Since the development of RRA involves chemotherapy, 
a detailed analysis of the available results is essential. It is necessary that 
the available data of in vitro and in vivo studies are discussed since these 
would help to ascertain the success of the strategy employed for developing 
RRA. 

5 . 1  INTERFERENCE WITH THE EFFLUX OF CHLOROQUINE IN RESISTANT PARASITES 

5.1.1 Calcium Channel Blockers 

The first report of the reversal of CQ resistance in P. falciparum was made 
by Martin et al. (1987). In an in vitro study, they observed that verapamil, 
a Ca 2+ channel blocker, when administered along with CQ, was able to 
reverse CQ resistance in CQR W-2 (Indochina) and the IEC-306 (Brazil) 
strains of P. falciparum. Their experiments were based on reports that 
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verapamil was capable of reversing the resistance in the mdr neoplastic cells 
by inhibiting the drug efflux from resistant cells (Slater et al., 1982; Rogan 
et al., 1984; Fojo et al., 1985). It was observed that 1-2 ~M of verapamil were 
able to reduce the ICs0 of the CQR W-2 clone to that of the CQS D-6 isolate, 
but the ICs0 of the CQS D-6 isolate for this combination of drugs remained 
unchanged. Simultaneously, Milhous et al. (1987) reported that other Ca 2+ 
antagonists also reversed CQ resistance in vivo. Further, in vivo studies 
carried out with the Ca 2+ antagonists as RRA are limited. Tanabe et al. 
(1990) reported the in vivo effects of Ca 2+ antagonists in rodents infected 
with CQS and CQR lines of P. chabaudi. It was found that when Ca 2+ 
antagonists (verapamil, nicardipine or diltiazem) were given in combination 
with CQ, the CQS-infected mice became more susceptible to CQ. In the 
CQR-infected mice they reported considerable decrease in the parasitaemia 
when 3mgkg  -1 CQ (i.p.) in combination with 50mgkg -1 verapamil 
(subcutaneous injection) was administered. In another in vivo study (Valecha 
et al., 1992) on the evaluation of verapamil as RRA in rodent model against 
the CQR P. berghei, it was found that although the combination of verapamil 
and CQ was able to suppress the parasitaemia, there was only an incomplete 
reversal of resistance even at 50 mg kg -1 of verapamil administered sub- 
cutaneously. 

5.1.2 Antidepressants and Neuronal Monoamine Re-uptake Inhibitors 

Bitonti et al. (1988) reported that desipramine, a tricyclic antidepressant, was 
also capable of reversing CQ resistance in vitro. Their study was inspired 
by a few earlier reports that tricyclic antidepressants were associated with 
weak antimalarial and Ca 2+ antagonistic activities (Reynolds and Claxton, 
1982; Kristiansen and Jepsen, 1985; Dutta et al., 1986,1990). They analysed 
the resistance reversal properties of desipramine, protriptyline, imipramine, 
nortriptyline, doxepin, amoxepin, maprotiline, mianserin and trazodone 
(Figure 3). The study included the effect of these drugs on CQS D-6 isolate 
and CQR W-2 and FCR-3 (West Africa) clones of P. falciparum. On the 
basis of the results obtained from the in vitro studies they concluded that 
of all antidepressants, desipramine was the most efficient RRA. The in vitro 
concentrations of 150 ng m1-1 and 120 ng m1-1 brought down the CQ ICs0 
by about 80% in CQR FCR-3 and W-2 strains, respectively. It was also 
observed that desipramine increased the accumulation of [3H]CQ by 10 times 
in the W-2 clone and three times in the FCR-3 clone but did not influence 
the CQ accumulation by the CQS D-6 isolate. On the basis of these increased 
accumulations they rationalized the mechanism of reversal with the inhibition 
of drug efflux linked to P-glycoprotein. They also reported the synergistic 
effect of a combination of CQ and desipramine against P. falciparum. They 
extended their study to evaluate the in vivo effect of desipramine with CQ 
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FIG. 3. Chemical  structure of components  evaluated as R R A .  
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in owl monkeys (Aotus lemurinus lemurinus). These monkeys were infected 
with CQR Vietnam Smith strain of P. falciparum. The treatment was given 
after 5 days when parasitaemia was established. The monkeys treated with 
CQ (20 mg kg-1 once per day for 3 days) and desipramine (25 mg kg-1 three 
times a day for 3 days) showed a marked decrease in parasitaemia in contrast 
to the one treated with CQ (20 mg kg -1 once per day for 3 days) alone. It 
was also found that there was a striking reduction in parasitaemia in the 
CQR-infected owl monkey after 3 days of treatment with this combination, 
although 7 days are usually necessary to cure the owl monkeys infected with 
the CQS P. falciparum (Schmidt, 1973). Bitonti et al. (1988) concluded that 
although doses of desipramine used appeared to be higher than the 
comparable doses of desipramine in humans, the peak plasma concentrations 
were of the same range as those observed in humans receiving conventional 
doses of desipramine. However, they suggested that the dose needed in 
humans to obtain clearance of parasites may be less than that administered 
to monkey, making the clinical use of desipramine as RRA a realistic 
possibility. 

This led to in vitro studies on 20 freshly isolated strains of P. falciparum 
out of which 14 were CQR and six were CQS. Basco and Le Bras (1990) 
argued that since all studies carried out earlier were restricted to strains which 
were well adapted to the in vitro condition, it was essential to examine the 
resistance reversal property of desipramine in the wild strains. It was 
observed that a combination of 2.5 to 5.8 times less CQ than its IC50 value 
in each strain and 625 nM of desipramine was able to cause resistance 
reversal in all 14 CQR isolates while the CQS isolates were unaffected. 
They concluded that the reversal of CQ resistance was possible in all 
phenotypes. 

In a recent in vitro study (Coutaux et al., 1994) it was observed that 
antidepressants which act as neuronal monoamine reuptake inhibitors also 
modify the antimalarial activity of CQ against the CQR P. falciparum. The 
drugs evaluated in this report were desipramine, sertraline, fluoxetine, 
norfluoxetine and carbamazepine (Figure 3). It was found that in addition 
to despiramine, fluoxetine and norfluoxetine at 10/xg m1-1, were also able 
to reverse CQ resistance. However, sertraline has reversal action of a lower 
order (RMI a decreased by 75% only at 10/xgm1-1) while carbamazepine 
(10/zg m1-1) was found to be inactive. Gerena et al. (1992) have also reported 
the resistance reversal action of fluoxetine hydrochloride in CQR P. 
falciparum, in vitro. 

aResponse Modification Index (RMI)= 
ICso(A,B) 

ICso(A) 

Where ICs0(A) is the CQ IC50 and ICs0(A,B) represents the new CQ IC50 obtained in the 
presence of RRA B at a given concentration. 
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5.1.3 Antihistamines 

Peters et al. (1990) evaluated the properties of cyproheptadine, ketotifen, 
pizotyline, azatadine and loratadine (Figure 3) as RRA, both in vitro and 
in vivo. The in vitro effects were evaluated in the CQR K-1 strain of P. 
falciparum while the in vivo examinations were carried out in rodents infected 
with CQR P. yoelii. It has been reported that cyproheptadine at a 
concentration of 0.6/ZM with CQ resulted in restoration of CQ activity with 
the Activity Enhancement Index (AEI b) of 4.4 which was close to that of 
the positive controls, verapamil (AEI of 11.6 at 2/ZM) and desipramine (AEI 
of 7.87 at 9.3/XM). The other active compounds were pizotyline, ketotifen 
and azatadine with AEIs of 4.38, 3.63 and 4.4, respectively, given in 
combination with CQ at concentrations equivalent to their EC20s (1.27/ZM, 
0.37/XM and 0.99/XM respectively). Loratadine was, however, reported to be 
inactive with an AEI of less than 1.0 at 2.5/ZM. 

In the in vivo examination Peters et al. (1990) observed that cyprohetadine, 
ketotifen, pizotyline and azatadine were also associated with some inherent 
antimalarial activity against the CQR P. yoelii strains with ED90 of 10.0, 18.0, 
21.0 and 1 4 0 m g k g - l x  4 given subcutaneously. These antihistaminics re- 
stored the activity of CQ in CQR P. yoelii in vivo at a dose of 3.0 mg kg -1 
with AEI being 8.33, 7.07, 4.42 and 2.63 for cyproheptadine, ketotifen, 
pizotyline and azatadine respectively. These workers reported greater efficacy 
of these compounds compared with verapamil (AEI of 1.10 at 3.0 mg kg -1) 
and desipramine (AEI of 1.20 at 3.0 mg kg-1). Since all these antihistaminics 
were associated with some inherent antimalarial activity, also reported earlier 
by Pan et al. (1986), Huang et al. (1988), Zhou et al. (1988), a synergistic 
type of action was proposed by Peters et al. (1990) and they concluded that 
although cyproheptadine exhibited good resistance reversal in vivo, the 
effective concentration was much higher than the dose usually attained in 
humans. 

5.1.4 Verapamil and Chlorpromazine Analogues 

Kyle et al. (1990) evaluated a few other Ca 2+ antagonists as possible RRAs. 
The various drugs explored for their resistance reversal properties in- 
cluded D-600 (methoxy-verapamil), Ro 11-2933/001 (a tiapamil analogue), 
chlorpromazine, SKF-2133-A (a chlorpromazine analogue), verapamil and 

bAEI = 
ED90 of CQ alone 

ED90 of CQ + partner 

AEI of less than 2.0 for an RRA indicates the compound to be inactive. 
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diltiazem. This study also was conducted with the CQS D-6 isolate and the 
CQR W-2 clone of P. falciparum. It was observed that all Ca 2+ antagonists 
were capable of potentiating the efficacy of quinoline-containing anti- 
malarials in vitro. Enhancement of the antimalarial activities by verapamil 
and chlorpromazine were similar to their structural analogues Ro-11-2933/001 
and SKF-2133A. However, none of the combinations was able to enhance 
the activity of any quinoline-containing antimalarial drug in the CQS D-6 
isolate. The study was extended to examine the ability of Ro 11-2933/001 
and chlorpromazine to reverse the resistance using clinically achievable 
concentrations. It was found that in the presence of 6.25 • 10-6M of 
chlorpromazine the ICs0 of CQ for the CQR strain decreased to that observed 
in the CQS strain. It was also observed that at equimolar concentrations, 
chlorpromazine was 45% more effective than Ro 11-2933/001 in potentiating 
the antimalarial activity of CQ in the CQR W-2 clone. However, in in vivo 
studies carried out by Williams et al. (1992), the verapamil analogue Ro 
11-2933/001 was unable to clear the parasitaemia when administered along 
with CQ. This study was initiated in eight monkeys (Aotus trivirgatus) 
infected with the CQR Vietnam Smith strain of P. falciparum and doses used 
were 25mgkg -1 CQ (intramuscularly) and 10mgkg -1 Ro-11-2933/001 
(intramuscularly) or 200rag kg -1 (oral). These workers also pointed out 
shortcomings in the earlier report by Bitonti et al. (1988) which included the 
in vivo data on only two monkeys without considering the phenomenon of 
self cure. 

5.1.5 Prostaglandin Oligomers 

Recently Chandra et al. (1993) have shown reversal of CQ resistance by 
prostaglandin derivatives in vivo. They anticipated that since membrane 
transport phenomena may have an important role in drug resistance, 
membrane-active substances would be able to induce a change in the drug 
resistance of the parasite. Since prostaglandin oligomers were reported to 
be associated with membrane activity in vitro (Ohnishi and Devlin, 1979; 
Uribe et al., 1987; Kometani et al., 1989), these workers examined the 
resistance reversal properties of such oligomers in rodents using the CQR 
P. berghei. During this study the effects of an oligomeric ester of prosta- 
glandin (PG) B2 (OC-5186), a monomeric ester of PGB 2 (OC-5181), an 
oligomeric ester of PGE2 (MR 356), an unesterified monomer of PGA2 and 
PGB 2 were evaluated. MR-356 which was reported to suppress the growth 
of P. chabaudi and P. vinkei in vivo (Ohnishi et al., 1989a) and P. falciparum 
in vitro (Ohnishi et al., 1989b) was unable to reverse the resistance when 
given at a dose of 3-6 mg kg -1 in combination with 15 mg kg -1 CQ by i.p. 
route for 4 days. The PGB 2 derivative OC-5186 was able to reverse CQ 
resistance at a dose of 3-12 mg kg-1 day-1 along with 15 mg kg-1 CQ given 
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for 4 days. Possibly, a wider therapeutic window (1.5-20 mg kg -a) would be 
of interest for the clinical application of OC-5186. Although OC-5181 exhibits 
some resistance reversal properties (at 6 m g k g  -1day -1 along with CQ 
15 mg kg -1 day-l ) ,  the other monomer derivatives of PGA2 and PGB2 were 
inactive. Since OC-5186 and OC-5181 were capable of increasing the drug 
influx in mdr human leukaemia cells, they may behave in a similar fashion 
for the CQR parasite thereby increasing the drug accumulation. 

5.2 REVERSAL OF RESISTANCE IN mdr CANCER CELLS AND IN CQR PARASITES: ARE 

THEY LINKED? 

The various reports on resistance reversal in CQR parasites which appeared 
between 1987 to 1990 led Ginsburg (1991) to examine critically the strategy 
of linking the reversal of resistance in the CQR parasites to that of the mdr 
neoplastic cells. His view was that the extrapolation of the results of reversal 
of resistance in the mdr cancer cells to that of the CQR parasites was not 
logical since the phenomenology of resistance was different in both cells. The 
major differences pointed out are: 

(1) Possible absence of an efflux pump in malarial parasite as compared to 
the mdr cancer cells. 

(2) Although both cells accumulate less drug, metabolically deprived mdr 
cancer cells can reach drug concentrations equal to the susceptible cells 
while the metabolically deprived malarial parasite inhibits drug up- 
take. 

(3) In the cancer cells RRAs restore the drug levels equal to the sensitive 
cells but they are unable to do so in the CQR parasite. 

(4) Mdr cancer cells exhibit a cross-resistance which is absent in the CQR 
parasite because they are usually susceptible to other quinolines. 

(5) Few calmodulin antagonists can reverse resistance in mdr cancer cells, 
but fail to do so in the CQR parasites. 

Ginsburg (1988) also hypothesized a mechanism for the Ca 2-~ antagonist 
to act as RRAs. He suggested that since the pH of the food vacuole was 
established by the ATP-driven proton pump and proton leak, a high pumping 
activity or a low efflux of proton would result in highly acidic pH leading 
to increased CQ solubility. The CQR parasites were presumed to possess 
either a low pump activity or an increased proton leak, or both. Because 
these RRA are capable of restoring the susceptibility to CQ, they may affect 
the pH of the parasite's acidic compartment owing to increased proton leak 
from the Ca 2+ channels present on the membrane of the food vacuole. 
However, this hypothesis is debatable since Ca 2+ channels are absent in 
malaria parasites (Ye and Van Dyke, 1988) and the role of Ca 2+ metabolism 
in the CQR parasites is not defined. In addition to these shortcomings, as 
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discussed above, there are now reports of a lack of correlation between the 
CQ resistance in malaria parasite and the Pfmdr-1 gene. On the basis of in 
vitro and in vivo results of RRA-like Ca 2+ antagonists, antihistaminics and 
prostaglandins, workers have advocated the need for evaluation of detailed 
pharmacokinetic and toxicology profiles of any combination before taking 
it to clinics. The need for such an exercise arose because Watt et al. (1990) 
reported the iatrogenic toxicity of a combination of CQ and verapamil. They 
found that this combination produced deleterious effects on the Hep G-2 liver 
cells in vitro, although both drugs were not toxic individually even at 
supratherapeutic concentrations. Some of the other observations made in this 
direction are also relevant at this stage. The dose of verapamil which causes 
resistance reversal is about ten-fold that required to evoke K+-dependent 
contraction of vessels (Millard et al., 1983). Such a high dose of verapamil 
may induce cardiovascular effects (Bitonti et al., 1988). Suggestions to 
circumvent this problem with the help of isomerically pure drugs were also 
made (Krishna and Squire-Pollard, 1990; Solomone and Godfraind, 1990; 
Deloron et al., 1991). Both the R(+) and S ( - )  enantiomers of verapamil 
act as RRAs (Ye and Van Dyke, 1988) but the cardiovascular effect is limited 
to the S ( - )  enantiomer. 

5.3 INTERFERENCE WITH THE HAEM DEGRADATION PATHWAY IN CQR PARASITES 

The results of evaluation of Ca 2+ channel blockers, antidepressants and 
antihistaminics suggest extremely low utility of these drugs as RRA for the 
treatment of CQ-resistant malaria in humans. In the light of this observation 
the second strategy for the development of RRA acquires an added 
attraction. This approach involves compounds that can interfere with the 
haem degradation pathway of the CQR parasite (Figure 4). 

The recent report made by Warhurst (Warhurst, 1995) justifies the 
exploratory research activities for discovering selective inhibitors of haem 
polymerization reactions (and not selective inhibitors of haem polymerase). 
Similarly, the discovery of selective inhibitors of haem oxygenase can also 
be envisaged. Knowledge of different molecular entities as specific inhibitors 
of haem polymerization reactions and haem oxygenase would offer an added 
advantage for designing RRAs. It is also possible that a single molecule may 
exhibit both of these activities and in the event of such a situation it would 
be interesting to analyse the substructural components (pharmacophores) 
responsible for these activities. It was argued that any chemical entity which 
could block these transformations might be the desired RRA. This led to 
the detailed evaluations of the CDRI compound 87/209, a pyrrolidinoalkane 
amine. This compound did reverse CQ resistance both in vitro and in vivo. 
The in vitro studies (De et al., 1993) were conducted with the CQS D-6 isolate 
and the CQR GA-3 W-2, VS-1 clones, Kenya-91, Smith and S-40/88 isolates. 
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FIG. 4. The haem degradation pathway. 

The capability of CDRI 87/209 (WR 268954) to potentiate CQ susceptibility 
in all the CQR strains was reported and it was found to be better than 
verapamil. The concentrations used to obtain effective restoration of CQ 
activity were 5/xM for S-40/88 and Smith isolates and 10/ZM for all other 
strains. Walter et al. (1993) also carried out a detailed in vitro study to 
understand the mechanism of action of CDRI 87/209. The studies were 
conducted with CQS FCH-5 and CQR-K-1 strains of P. falciparum. It was 
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observed that the ICs0 value for CQ in the CQR K-1 strain (75 ng m1-1) in 
combination with 100 ng m1-1 CDRI 87/209 decreased to 25 ng m1-1 but the 
ICs0 value for the CQS FCH-5 strain remained unaffected. It was also 
reported that, unlike verapamil, CDRI 87/209 did not affect the concentra- 
tions of [3H]CQ in erythrocytes infected with the K-1 strain of parasite. The 
mechanism involved for resistance reversal of this compound was, therefore, 
different from that of verapamil. The latest report (Srivastava et al., 1995) 
on the mechanism of action of CDRI 87/209 indicated interference with the 
activity of haem polymerase and haem oxygenase in CQR parasites. This 
compound exhibited 100% inhibition of haem polymerase and haem 
oxygenase activities in CQR P. yoelii at 10/XM and 80/XM respectively, in 
vitro. This study was extended to in vivo evaluation of CDRI 87/209 against 
CQR P. berghei and P. yoelii nigeriensis-infected Mastomys coucha and Swiss 
albino mice, respectively. The major characteristic of this evaluation was the 
oral administration of drugs. I n the  in vivo examination of CDRI 87/209 as 
RRA against P. berghei in M. coucha these workers observed that 10 mg kg -1 
of CQ and 15 mg kg -1 of CDRI 87/209, given in a 10-day schedule, were 
able to eradicate parasitaemia although individually both the drugs were 
inactive. The remarkable achievement of this experiment was the increase 
in mean survival time to more than 3 months. In vivo evaluation of this RRA 
was also reported in P. yoelii nigeriensis-infected Swiss albino mice. An 
identical dose of 10 mg kg -1 of CQ and 15 mg kg -1 of CDRI 87/209 in 10-day 
schedule was also able to reverse CQ resistance in this experiment. The mean 
survival time increased to more than 1 month, providing additional evidence 
for the excellent performance of CDRI 87/209 as a RRA. These workers 
isolated malarial parasites from the CQR-infected animals and animals 
treated with CDRI 87/209. It was observed that CQR P. berghei was 
associated with ten-fold-higher activity of haem oxygenase and two times less 
activity of haem polymerase compared with CQS P. berghei. However, in 
the malarial parasites (both P. yoelii and P. berghei) isolated from animals 



226 s. BATRA and A. P. BHADURI 

A B 

C CQ \ 

to ,c / 
Heem- , HO >- CO 

V ~ Bile / k  
"~Haernozoin pigmen/t~ \ lnfecte 

RBC 

"RRA 
HO Haem oxygenase 
? Enzymatic or Nonenzymatic 

FIG. 5. Possible mode of action of CQ resistance reversal agent. 

treated with CDRI 87/209 there was complete inhibition of haem oxygenase 
and haem polymerase activities resulting in increased and decreased levels 
of haem and haemozoin, respectively. These authors further reported a 
significant inhibition of haem oxygenase of CQR and CQS strains of P. 
falciparum by CDRI 87/209. This mechanism of reversal of resistance seems 
logical since it links to the mechanism of CQ action and CQ resistance in 
the biophase. On the basis of this recent report it was suggested that this 
RRA primarily decreases the haem oxygenase and haem polymerase 
activities which in turn increase the level of haem and decrease the amount 
of haemozoin. This provides an opportunity to the CQ to bind to enhanced 
haem in CQR parasite thereby increasing its toxicity and causing the death 
of malarial parasite. This postulated mode of action is diagrammatically 
presented in Figure 5. ~ 

6 Conclusion 

Despite the fact that the finer details of the mechanism of CQ action and 
the cause of resistance in Plasmodia are still being researched, .the 
development of a RRA has become a distinct possibility. The major 
impediment for the in vivo evaluation against the CQR P. falciparum is the 
non-availability of Aotus monkey. Several reports on CQ resistance reversal 
by a number of drugs in combination with CQ suggest that the therapeutic 
use of any combination may be recommended only after pharmacokinetic 
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and toxicological studies. This becomes mandatory because the drug-drug 
interactions which are bound to take place may change the pharmacokinetic 
and toxicological profile of the individual components. 

Despite the fact that oral efficacy of RRAs are reported in experimental 
rodent models, the dose schedule must be shortened to make it a clinically 
viable proposition. The correlation of the pharmacokinetic property of a drug 
with the development of resistant plasmodia is being currently debated. In 
view of the lessons learned from the bioclearance studies of artemisinin it 
is tempting to propose that an RRA which can evoke a quicker bioclearance 
of CQ if given in combination with the RRA, but is capable of retaining the 
lethal blood concentration in host, would provide additional clinical ad- 
vantage. In the recommended dose schedule of R R A - C Q  combination 
various safeguards must be built in to ensure that resistance to this 
combination does not appear within a short time, and special care must be 
taken to ensure the patient's compliance. 
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Acitretin 
compartment models, 43 
effect of ethanol on, 41 
epidemiology, 44-5 
formation of etretinate from, 41-4 
history, 39-41 
teratogenic effects of, 39-45 

13-cis-Acitretin, 42 
Acridine, 203 
Actinomadura verucospora, 100 
Active conformation, 75 
Activity base, 140 
Adenoma 

hepatocellular, 26, 48, 49 
thyroid follicular cell, 48 

Affinity capillary electrophoresis/mass 
spectrometry (ACE/MS), 138 

Affinity fingerprint, 153 
Affinity selection, 137-8 
Albumin, human serum, 86-8 

binding of (S)-tofisopam to, 88 
compounds bound by, 86 
three-dimensional structure, 86 

Alcohol, effect on acitretin, 41 
Aldol reactions, 166 
Alkaline phosphatase, 136 
a-ethylisoprenaline, 181 
Ames test, 22, 35 

Ames bacterial gene mutation assay, 26 
of cyproterone acetate, 35 

Amino acid tester kits, 131 
(R)-y-Amino-/3-hydroxy-butyric acid, 98 
(S)-/3-Aminobutyric acid conformation, 93, 94 
Amoxepin, 215, 216 
Anaemia, immune haemolytic, 24 
Animals as experimental models, 17 
Antidepressants 

in reversal of chloroquine resistance, 
215-19 

toxicity, 23-5 
Antihistamines, 220 
Aptamers, 162 
Arochlor-1254, hepatoblastoma formation 

and, 49 

Artemisinin, 208 
Artificial receptor, 112 
L-Ascorbic acid, megadosing, 18 
Aspartame, sweet, 90, 92 
Aspartylphenylalanine methyl ester 

stereoisomers, 90 
Atom layer tables, 152 
Atropisomers, 75 
Automatic synthesizers, 141 
Automation friendliness, 115 
Available Chemicals Directory, 147 
Azatadine, 218, 219, 220 
Azatides, 163 

Bacterial cells, display on, 125 
B-DNA, 81 
Bead, definition, 196 
Bead pooling, 136-7, 196 
Benzodiazepine library, 114, 142 
1,4-Benzodiazepines, 84-5 
1,5-Benzodiazepines, 85 
E-Blockers, carcinogenic effects, 20-1 
/3-Oxidation of fatty adds, 55 
Biased libraries, 126, 199 
Bicuculline, 93 
Biginelli reactions, 172 
Bilirubin, binding conformation, 88 
Bilirubin-IX alpha, binding conformation, 

86, 87 
Binary tagging, 123, 124, 135, 173 
Bioaffinity characterization mass 

spectrometry, 138 
Biomacromolecules, 7, 8 
Biopanning, 138 
Biotransformation studies 

on noscapine, 32 
on oxazepam, 51 

Bitmap (non-sequential) tagging, 196 
Breast cancer 

association with benzodiazepine, 50, 51-2 
association with tamoxifen, 25, 26, 27 

Bromide, toxicokinetic studies, 59, 62 
Butane, chiral conformers, 74 
Butterfly-like conformations, 82-4, 95 
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Calcium channel blockers, 214-15 
Calicheamicin gamma1 I, 11)0-2 
Calicheamicin thetal x, 103 
Carbamazepine, 217, 219 
Carbonic anhydrase isoenzyme selectivity, 

150 
Carcinoma 

association with oxazepam, 48 
tamoxifen-induced, 26, 27 

Catalyst development, 112 
CC-1065, 98-100 

binding conformation, 101 
(+)-CC-1065, 100, 101 
combination with an enedyine, 103-4 
DNA-CC-1065, 99 
ent(-)-CC- 1065, 99 

CCK-B antagonists, 84 
CDRI 87/209, 223-6 
Cells, dissolvence and, 8-9 
CERIUS program, 139 
Chain of tacit assumptions, 53-4 
Chemical design, 142 
Chemical libraries, 160-74 

information systems, 142 
oligomer libraries, 161-3, 164-5 
small-molecule libraries, 163-73, 176 
tagging, encoded libraries, 173-4 

ChemX system, 139 
Chiral discrimination, 75 
Chirality, definition, 74 
Chlordiazepoxide, breast cancer risk, 52 
Chloride, toxicokinetic studies, 59 
Chlormadinone acetate, 38 
/3-chloroethylamine derivative, as 

carcinogen, 21, 22 
Chloroquine (CQ) 

mechanism of action, 203-8 
DNA interaction theory, 203-4 
haem-CQ complex theory, 204-5 
increase in vacuolar pH, 206 
inhibition of haem polymerase and 

haem oxygenase, 207-8 
inhibition of iron release, 207 
inhibition of protein synthesis, 204 
inhibition of vacuolar phospholipases, 

206-7 
inhibition of vacuolar proteases, 205-6 
interference with haemoglobin 

degradation, 205-8 
resistance reversal agent (RRA), 203 

antidepressants and neuronal 
monoamine re-uptake inhibitors, 
215-19 

antihistamines, 219-20 
calcium channel blockers, 214-15 
development of, 213-26 
interference with haem degradation 

pathway in CQR parasites, 223-6 
prostaglandin oligomers, 221-2 
resistance reversal, 222.-3 
verapamil and chlorpromazine 

analogues, 220-1 
resistance to, 202, 208-10 

decreased haem polymerase, haem and 
haemozoin, 213 

gene amplification theory, 212-13 
increased drug metabolism, 211-12 
increased permease activity, 211 
increased proteolytic activity, 210-11 
mechanism, 210-13 

structure, 203 
Chlorpromazine, 218, 220, 221 
Circulatory normalcy, 10 
Claisen condensations, 166 
Clustering methods, 155 
Combinatorial compound libraries (CCL), 

112 
algorithms for library design, 154-8 
chemical libraries, 160-74 

oligomer libraries, 161-3, 164-5 
small-molecule libraries, 163-73 
tagging, encoded libraries, 173-4 

definition, 114 
design space, 151-2 
encoded, 196 
evolutionary synthesis, 159 
geometrical descriptors (pharmacophores) 

152-3 
history, 113-14 
libraries-of-libraries approach, 162 
parameters for library design, 152-3 
peptide and nonpeptide libraries, 113 
physicochemical descriptors, 153 
quality assessment of libraries 174-5 
selection algorithm, 151 
simulated screen experiments, 153 
target applications, 178-9, 179-80 
technical support, automation, 175-7 

screening operations, 177 
synthesis equipment, 176-7 

topological descriptors, 152 
two-dimensional fingerprints, 154 
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using genetic algorithms to design 
libraries, 158-9 

validating descriptors, 151, 153-4 
Combinatorial mode of solution chemistry, 

166-73 
Combinatorial technologies, 112 

arrays, 114-20 
array synthesis, instrumentation for, 120 
basic principles, 114-39 
benefits, 180 
chemical libraries, 160-74 

oligomer libraries, 161-3, 164-5 
small-molecule libraries, 163-73, 176 
tagging, encoded libraries, 173-4 

combinatorial chemistry with split 
synthesis, 120-5 

deconvolution, 128-38, 196 
by affinity selection, 137-8 
by bead pooling and redistribution, 

136-7 
by binding of labelled acceptors 

(targets), 127, 136, 138 
by controlled and diffusion assays from 

spread-out beads, 136 
by genetic algorithm-guided syntheses, 

133-5 
by physical position, 129 
by systematic comparison of 

sublibraries, 129-33 
with microanalytical contribution, 135-8 
without microanalytical contribution, 

128-35 
expression libraries, 125-6 
first-order sublibraries, 131 
highly diverse libraries, thematic libraries, 

analogue series, 126-7 
historical background, 113-14 
in vitro system, 125 
library design and information 

management, 138--9 
library formats, 127-8 
planning, design and theoretical 

interpretation, 140-59 
assessing diversity, 145-7 
autocorrelation functions, 147 
automatic synthesizers, 141 
comparing combinatorial libraries, 

147-9 
designing libraries, 150-9 
fingerprint density measurement, 145--6 
handling combinatorial structure 

information, 141-3 

high-throughput screening (HTS), 140 
managing screening and synthesis data, 

140-1 
oligomer-based notation, 142 
reaction databases, 141 
scaffold-based recording, 142 
searching through combinatorial data, 

143--4 
similarity and property profiles, 146--7, 

148 
similarity searching, 143--4 
statistical aspects of mixture libraries, 

144-5 
substructure searching, 143 

quality assessment of libraries, 174-5 
second-order sublibraries, 131 
technical support, automation, 

175-7 
screening operations, 177 
synthesis equipment, 176-7 

Conformers, chiral 
defining, 74 
distinguishing from stereoisomers, 

74-5 
of flexible molecules, 86-105 

agonists versus antagonists, 93-4 
CC-1065, 98-100 
enediyne antibiotics, 100-4 
enediyne/CC-1065 hybrid, 103-4 
GABA conformers, 94-7 
human serum albumin, 86-8 
ion channel functions and, 91-7 
molecular parasites, 97-8 
tasking peptides, 89-90, 91 

ring, 76-85 
butterfly-like, 82-4, 95 
1,4-benzodiazpeines, 84-5 
1,4-dihydropyridines, 76-9 
sugar-rings in DNA 79-82 

CPQ 51 
Cycloadditions, 166 
Cyclohexane, 79 
Cyclopentane, conformation, 79 
Cycloproheptadine, 217, 219 
Cyproterone acetate (CPA) as liver 

carcinogen, 34-9 
alternatives to, 37-8 
epidemiology, 38 
genotoxicity, 35-6 
history, 34-5 

Cys-loop super family, 91-2 
Cytochrome P450 isoenzymes, 55 
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D-600 (methoxy-verapamil), 220 
D-optimal design, 156 
Dansylsulfonamides, 173 
Daylight Chemical Information System, 142 
Daylight software, 143 
DDT, hepatoblastoma formation and, 49 
Deconvolution, 128-38, 196 

by affinity selection, 137-8 
by bead pooling and redistribution, 136-7 
by binding of labelled acceptors (targets), 

127, 136, 138 
by controlled and diffusion assays from 

spread-out beads, 136 
by genetic algorithm-guided syntheses, 

133-5 
by physical position, 129 
by systematic comparison of sublibraries, 

129-33 
without microanalytical contribution, 

128-35 
Desipramine, 215, 216, 219, 220 
Dextromorphan, 34 
Diazepam 

aneugenicity, 50 
binding of, 86, 88 
3-carbonyloxy, 85 
carcinogenicity, 46-7 
3,3,-dimethyl derivative, 85, 88 
3-methyl derivatives, 85 

Diethylnitrosamine, 50 
Diethylstilboestrol (DES), 25 
(S)-Dihydromuscinol (S-DHM), 97, 98 
1,4-Dihydropyridines, 76-9 
Diltiazem, 215, 218, 221 
3,3,-Dimethyl diazepam derivative, 85, 88 
Dissimilarity design, 155 
Dissolvence 

at biological levels, 7-9 
molecular machines and membranes, 8 
organelles and cells, 8-9 
tissues, organs and organisms, 9 

concept of, 4-5 
at molecular levels, 5-6 

macromolecules, 6-7 
molecular aggregates, 7 
molecules, 5-6 

at pharmacological levels, 9-13 
drug-drug interactions, 12-13 
drug-organism transactions, 11-12 
molecular aggregations, 10-11 
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targets, 9-10 
Diversity index, 147 
Divide, couple and combine, 198 
DNA interaction theory, 203-4 
DNA sequencing, 125, 138 
DNA, sugar rings in, 79-82 

phase angle, 79 
pseudorotational equilibrium of 

ribofuranose ring, 80, 81 
puckering amplitude, 79 

Domino strategy, 131, 133 
Dose-response relationship, 18 
Doxepin, 215, 216 
Drug-drug interactions, dissolvence and, 

12-13 
Drug-organism transactions, dissolvence 

and, 11-12 
Drug-target complex, properties of, 9 

Electron-capture gas chromatography, 173 
Electrospray ionization, 138 
Electrospray mass spectrometry, 175 
Encoded combinatorial libraries, 135 
Endometrial carcinoma, association with 

tamoxifen, 26 
Endometrial hyperplasia, association with 

tamoxifen, 26 
Endometrial polyps, association with 

tamoxifen, 26 
Enediyne antibiotics, 98, 100--4 

combination with CC-1065, 103-4 
conformation in, 84 
reactive group, 102 

Escherichia coli, infection by, 125 
Esperamicin A1, 100, 101, 103 
Ethoxyresorufin de-ethylase, 22 
Ethyleneimine formation, 21 
Etretinate 

compartment models, 43 
formation from acitretin, 41--4 

Expression libraries, 112 

Factor Xa inhibitors, 179 
Fingerprint density measurement, 145-6 
Fingerprint dissimilarity, 155 
Fingerprints 

affinity, 153 
library, 145 
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library pharmacophore, 145 
molecular, 143-4 
pharmacophore, 144 
structure, 152 
two-dimensional, 154 

Flow-injection mass spectrometry, 175 
N-2-Fluorenylacetamide, 50 
Fluorescence activated cell sorter (FACS), 

197 
Fluoxetine, 217, 219 
Fourier-transform ion cyclotron resonance 

(~ ICR) ,  138 
Fragmentation analysis, 175 
FT-IR microspectroscopy, 175 

GABA 
subclass-selective conformers of, 94-7 
subclass-selective parameters, 97 

GABA-A receptor binding, 93, 94 
GABAergic agents, 94-7 
Gabapentin 

GABAergic activity, 95, 97 
structure, 98 

(R)-GABOB, 97, 99 
Gene amplification theory, 212-13 
General chemical experience, 75 
Glucuronide excretion, 51 
Glycine-receptor binding, 93, 94 
Guillain-Barr6 syndrome, 24 

Haem, 213 
Haem degradation pathway in CQR 

parasites, 223--6 
Haem oxygenase, inhibition of, 207-8 
Haem polymerase, inhibition of, 207-8, 213 
Haem-CQ complex theory, 204-5 
Haemoglobin degradation, 205-8 
Haemozoin, 213 
Heck reactions, 166 
Hepatoblastoma 

association with Arochlor-1254, 49 
association with DDT, 49 
association with oxazepam, 49, 50 
association with phenobarbital, 49 

Hepatocellular adenomas 
association with oxazepam, 48, 49 
tamoxifen-induced, 26 

Hepatocellular carcinoma 

p53 tumour suppressor gene mutations, 
tamoxifen-induced, 27 

association with oxazepam, 48 
Hepatomas, association with cyproterone 

acetate, 34 
High-performance liquid chromatography 

(HPLC), 173 
High-throughput screening (HTS), 140 
Highly diverse libraries, 126--7 
Hit compound, 113 
Homeostasis, 17 
Homo-DNA, 80-1 
Human lymphocyte chromosome aberration 

assay 26 
Human serum albumin, 86--8 

binding of (S)-tofisopam to, 88 
compounds bound by, 86 
three-dimensional structure, 86 

Hydrocyanic acid, 55 
o-Hydroxytamoxifen, 28 
Hypoxanthine-guanine phosphoribosyl 

transferase (HGPRT) test, 35 
of cyproterone acetate, 35 

Imipramine, 215, 216 
In vitro chromosome aberration test, 31 

of cyproterone acetate, 35 
In vivo bone marrow metaphase test in rats, 

31 
Indalpine, 23-5 
Indexed libraries, 132 
Intelligent libraries, 126, 199 
Interspecies toxicokinetics, 62 
Intravascular haemolysis, 24 

Ketotifen, 217, 219, 220 

Labetolol, 21 
Lactam synthesis, 166 
Lead compound, 113 
Legion products, 139 
Legion system of Tripos, 142 
Library fingerprint, 145 
Library pharmacophore fingerprints, 145 
Ligand-effector-water complex system, 10, 

11 
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Liquid chromatography (LC), 175 
Liquid chromatography mass spectrometry 

(LC-MS), 175 
Loratadine, 219, 220 
(S)-Lorazepam, binding, 86, 88 

M 

Macro-autoradiography of noscapine, 32 
Macromolecules, dissolvence and, 6-7 
Mammalian cell gene mutation assay, 26 
Maprotiline, 215, 216 
Materia pedica, 17 
Mefloquine, 206 
Megestrol acetate, 38 
Membranes, dissolvence and, 8 
4-Metathiazanones, 172 
3-Methyl diazepam derivatives, 85 
Mianserin, 215, 216 
Micelles, 7 
Michael additions, 166 
Michellamine A, 82 
Michellamine B, 82 
Micromonospora echinospora spp. 

calichensis, 100 
Milieu int6rieur, 17 
Mimotapes, definition, 197 
Mitochondria, dissolvence and, 8-9 
Mitsunobu reactions, 166, 172 
Modelling-type approach, 139 
Moderate coupling among sub-systems, 4 
Molecular aggregations, dissolvence and, 7, 

10-11 
Molecular fingerprints, 143-4 
Molecular machines, dissolvence and, 8 
Molecular tags, 123, 173 
Molecules, dissolvence and, 5-6 
Monoamine re-uptake inhibitors, 215-19 
Monomer-to-residue transformation, 7 
Monomers, 6, 7 
Multicomponent condensations, 172 
Multidimensional scaling, 155 
Multi-pin method, 116, 161, 175 
496 Multiple Organic Synthesizer, 141 
Multiple parallel syntheses, 114 
Mutagenicity tests, 21 

N-substituted 
DMT-hydroxylmethyl-pyrrolidinol 
phosphoramidites, 163 
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N-substituted glycine (NSG) libraries, 145-6 
Narcotine see noscapine 
Nicardipine, 215, 218 
Nifedipine 

active conformation, 78-9 
antiperiplanar, ap, 77 
axial ester, 77, 78 
conformation, 76-9 
ortho- and meta-substituted derivatives, 

76-7, 78 
orthogonal arrangement of rings, 76, 77 
role of ester groups, 77-8 
sailing ship nomenclature, 76-8 
synperiplanar, sp, 77 

Nomifensine, 23--5 
Non-nucleoside reverse transcriptase (RT) 

inhibitors, 82 
Nonpeptide libraries, 113 
Norfluoxetine, 217, 219 
Nortriptyline, 215, 216 
Noscapine acid, 31 
Noscapine, genotoxicity, 30-4, 53 

AUC values 
history, 31 
in vitro studies, 32-3 
in vivo mouse oocyte study, 33 
pharmacokinetics, 30-1 

NSC 625487, 82 

OC-5181, 221-2 
OC-5186, 221-2 
Oligomer-based notation, 142 
Oligonucleotide synthesis, 125 
Oligonucleotide tagging, 173 
Oligosaccharide synthesis, 125 
One-bead-one-compound, 121, 123, 127, 

136, 137, 196--7 
libraries, 135, 172, 174 

One-bead-per-well format, 136 
Organelles, dissolvence and, 8-9 
Organisms, dissolvence and, 9 
Organs, dissolvence and, 9 
Orthogonal libraries, 132, 134 
Oxazepam, carcinogenicity of, 45-53 

biotransformation in animals and humans, 
51 

classification of carcinogenic risk, 46 
epidemiology, 51-2 
glucuronidation of, 48 
history, 46-8 
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incidences of neoplasms, 47 
mechanisms, 50-1 
metabolite excretion, 51 
similarity with phenobarbital, 48, 49, 

50-1, 52, 53 

P450 iso-enzymes, 62 
t?..53 tumour suppressor gene 

role in human cancer, 49 
tamoxifen-induced mutations, 27 

Pain relief, 10 
Pancreatic islet cell hyperplasia, 

association with cyproterone acetate, 35 
Passerini reactions, 172 
Pauson Khand reactions, 172 
Peptide display on polysomes, 125 
Peptide libraries, 113 
Peptide nucleic acids (PNA), 162 
Peptide synthesis, 125 
Peptide tagging, 173 
Peptoids, 162, 198 
Phage display libraries, 125, 198 
Pharmacophore fingerprints, 144 
Pharmacophore space, 146 
Pharmacophores, 152-3, 223, 144 
Phenobarbital, similarity with oxazepam, 48, 

49, 50-1, 52, 53 
Phenothiazine, binding, 88 
Phenyl-substituted benzodiazepine (Pbz) 

scaffold, 142 
Phospholipase A2 inhibition, 129 
Phospholipases, vacuolar, inhibition of, 206--7 
Photolithography, 120 
Pin technology, 198 

See also multi-pin method 
Pirenzepine, 83 

flexibility, 84 
muscarinic activity, 82 

Pizotyline, 218, 219, 220 
Plasmodium berghei, 204, 205, 210, 211, 

215, 221, 225 
Plasmodium chabaudi, 215, 221 
Plasmodium falciparum 202, 204, 208-10,. 

215, 219-20, 221,226 
Plasmodium lophurae, 204 
Plasmodium vinkei, 221 
Plasmodium yoelii, 220, 225 
Poisons, 17 
Polyethyleneglycol carriers, 

solubilization and precipitation of, 125 

Polyethyleneglycol monomethyl ether, 123 
Polyps, adenomatous, of the pyloric antrum 

association with cyproterone acetate, 35 
Polysomes, peptide display on, 125 
Popliteal lymph node assay in mice, 24-5 
Portion-mixing strategy, 112, 113, 161 
Portioning-mixing, 198 
Positional scanning, 131, 132 
Prazepam, carcinogenicity, 46 
Principle component analysis, 154 
Project Library software, 139, 143 
Pronethanol, toxicity, 20-2, 53 
Prostaglandin oligomers, 221-2 
Proteases, vacuolar, inhibition of, 205-6 
Protriptyline, 215, 216 
Pseudorotation, 79 
Psoriasis 

acitretin in treatment of, 39 
etretinate in treatment of, 39 

Pyridoxine (vitamin B6) neurotoxicity, 18 

QSAR (quantitative structure activity 
relationships), 149, 152, 158 

QSAR-type approach, 139 
Quinine, 206 

resistance to, 202, 209 
Quinoline, 203 

Rac-warfarin, binding of, 86, 87 
Radiofrequency tag, 174 
Radius of validity of structure-activity 

models, 149 
Random cassettes, 113 
Ras oncogene, role in human cancer, 49 
Receptor theory, 61 
Recombinant peptide diversity, 198 
Reductive alkylations, 166 
Residues, 6, 7~ 
Retinoic acid, 39 

esterification of, 41 
Reverse transcriptase (RT) inhibitors, 

non-nucleoside, 82 
RNA, hexose alternatives in, 82 
Ro 11-22933/001, 220, 221 
Rotamers, 75 
Roussel-Uclaf structure collection, 147 
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Safe threshold concept, 36 
Sailing ship nomenclature, 76 
SCREEN, 140 
Selector products, 139 
Sequential tagging, 123, 124, 135, 196 
Sequential unrandomization, 127, 129-32, 

198 
Serotonin 5-HT 3 receptor binding, 94 
Sertraline, 217, 219 
SKF-2133-A, 220, 221 
Small-molecule libraries, 114, 126, 199 
Solid phase chemistry, 115 
Solid phase linkers, 120, 116-19 
Solid phase organic chemistry, 163-6, 173 
Solid phase peptide synthesis, 120 
Sotalol, 21 
Split synthesis, 113, 121-5, 129, 161, 172, 

173, 198 
Split without mix, 131 
Split-and-mix, 113, 121, 122, 128, 129-30, 

131, 135, 141, 151, 163, 174 
statistics of, 144-5 

Split-and-mix amide library, 151 
Split-and-mix library, 135, 136 
Split synthesis, 128, 173 
SPORE database, 141 
SPS database, 141 
Stereoisomers, distinguishing from 

conformers, 74-5 
Stille couplings, 166 
Streptomyces zelensis, 98 
Strong coupling among sub-systems, 5, 13 
Structure fingerprint, 152 
Sulfamoylbenzamide library, 149 
Suzuki couplings, 166 
Sweet aspartame, 90, 92 
Symptom palliation, 10 
Synergetics of complex systems, 2-3 

moderate coupling among sub-systems, 4 
strong coupling among sub-systems, 5, 13 
weak coupling among sub-systems, 3, 13 

Tagging 
binary 123, 124, 135, 173 
bitmap (non-sequential), 196 
molecular, 123, 173 
oligonucleotide, 173 

peptide, 173 
radiofrequency, 174 
sequential, 123, 124, 135, 196 

Tamoxifen, 25-30 
genotoxicity, 26-8 
history, 26 
risk assessment, 29-30 

Targets 
applications, 178--9, 179-80 
binding of, 127, 136, 138 
dissolvence and, 9-10 

Taste model, 90, 92, 93 
Tasting peptides, conformation in, 89-90, 91 
Taurine, 93 
Teabag method, 161, 199 
Telenzepine, 83--4 
Tenoxican, binding strength of, 88 
Tetrahydropyridines, 77 
Thematic libraries, 126-7, 199 
4-Thiazolidinones, 172 
Thor/Merlin system, 139 
Thorotrast, 52 
Thyroid follicular cell adenoma, association 

with oxazepam, 48 
Tiapamil, 218 
Tissues, dissolvence and, 9 
Tofisopam, binding of, 88, 89 

conformers, 89 
Toremifene, 29 
Toxico-hairpin, 58, 59 
Toxico-staircase, 61 
Toxicology 

cookbook, 19, 57, 60 
definition, 16 
effect misuse, 61 
fundamental science, 61-2 
history, 16-18 
human studies, 62 
in vitro versus in vivo, 57-8 
integrating results, 62 
integrative, 58-60 
modern, 18-19 
protocol, 56-7 
regulatory, 19 
short-cuts, 60 
social role, 19 
strength, 61-2 
weakness, 60--1 

Traceless linkers, 173 
Training set compounds, 154 
Transaction, definition, 11 
Trazodone, 215, 217 
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Tryptophan, binding of, 86 
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Verapamil, 214-15, 216, 220-1 
and chlorpromazine analogues, 220-1 
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Ugi reactions, 159, 172 
Unity of life paradigm, 18, 55-6, 58 
Unscheduled DNA synthesis (UDS) assay, 

26 
V 

W 

(S)-Warfarin, 86 
Weak coupling among sub-systems, 3, 13 
Wittig reactions, 166 

Valency electrons, 6 Zimeldine, 23-5 
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