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PREFACE

In current thinking, Bioorganic Chemistry may be defined as the area of chemistry which lies in the
border region between organic chemistry and biology and which describes and analyzes biological
phenomena in terms of detailed molecular structures and molecular mechanisms. This
molecular-level view of biological processes is not only essential to their fuller understanding but
also serves as the platform for the application of the principles of such processes to areas of health-
care and technology.

The objective of the ASI workshop on " Bioorganic Chemistry in Healthcare and Technology",
held in the Hengelhoef Congress Centre in Houthalen-Helchteren, Belgium, from September
18-21, 1990, was to bring together most of the international experts in the field to discuss the
current developments and new trends in bioorganic chemistry, especially in relation to the selected
theme.

The book presents nineteen invited plenary and session lectures and eighteen posters. These cover
areas of (i) molecular design of therapeutic and agronomical agents based upon mechanistic
rationale or drug-receptor interactions, (ii) production of substances of commercial value via
combined organic chemical and bio-chemical methodologies, (iii) fundamental studies on the
molecular mechanisms of enzymes and (iv) the evolution of conceptually new molecular systems
which are programmed to execute specific recognition and/or catalytic functions. An abstracted
version of the plenary discussion held at the end of the workshop is also included. We feel
confident that the subject matter of this book will be of interest to a broad group of chemists
engaged in academic or industrial research.

The workshop and the Proceedings volume were made possible by a NATO grant from its
Scientific Affairs Division and the financial support of the undermentioned industries.

Amylum (Aalst, Belgium), DSM (Geleen, The Netherlands), Glaxo S.p.A (Verona, Italy),
International Biosynthetics (Rijswijk, The Netherlands), Janssen Pharmaceutica (Beerse, Belgium),
Kontaktgruppe fiir Forschungsfragen: Ciba-Geigy A.G., F. Hoffmann-La Roche and Co., A.G.,
Lonza A.G., Sandoz A.G. (Basel, Switzerland), N.O.V.O. (Bagsvaerd, Denmark).

We gratefully acknowledge the valuable help of members of the organizing committee: Prof. J.P.
Kutney (Vancouver, Canada), Prof. A. Marquet (Paris, France) and Prof. G. Wulff (Diisseldorf,
Germany). Thanks are also due to Ms.E.H. Hoogeveen, Mr. J. Schrooten and Mr. J. Verreydt
for their competent administrative and technical assistance.

U.K. Pandit, Amsterdam

F.C. Alderweireldt, Antwerp



BIOGENERATION OF AROMAS: GAMMA AND DELTA LACTONES FROM C-6 TO C-12
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Naturali
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Massimo Barbeni
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INTRODUCTION

The overall sensation perceived when food is consumed, defined by
the word flavour, is due to the interaction of taste, odour, and
textural feeling. Flavour can result from compounds that are divided
in two broad classes: those responsible for taste and those
responsible for odour, the latter often designated as aroma
substances. Many chemically defined substancees have been identified
in natural and processed food, whose significant function is
flavouring rather than nutrition. Several compounds are being
currently used in the flavour industry, but some materials play a key
rolein specific formulations.Thisis the case of the C-6--C-12 gamma
and delta lactones, important flavour components in fruits such as
peach, apricot, strawberry, mango, coconut, milk products, and
fermented foods.

Margarine” producers started using lactones as flavouring agents
in their products” following the observation that butter triglycerides
contain a higher amount of hydroxy fatty acids than other bovine fats
e.g., tallow; which is one of the reasons that the latter fats do not
smell of butter. Fresh cream contains hardly any free lactones, but
when the product is stored, traces of hydroxy fatty acids are split
off by hydrolysis. Beta and delta homologues are present, but the
delta hydroxy fatty acids result predominant. They are easily
converted into lactones by ring closure. These materials are optically
active and of (R) absolute configuration.

Microbial reduction of gamma and delta keto acids to the
corresponding (R) gamma and delta hydroxy derivatives was explored, in
the expectation to develop by these means a practical synthesis of
nature-identical, chiral lactones. Several microorganisms were found
which were able to reduce the above substrates to (R) gamma and delta
hydroxy acids, besides a few which yielded the 7§) enantiomers.

Bioorganic Chemistry in Healthcare and Technology, Edited by U.K. Pandit and
F.C. Alderweireldt, Plenum Press, New York, 1991



Saccharomyces cerevisiae (baker's yeast) was chosen for the
manufacture of (R) delta lactones from the corresponding delta keto
acids. It has been reported that the industrial process involves runs
on 30 m3 aqueous suspension of 3.000 kg wet yeast, to which 60 Kg keto
acid are added, to give, in 18-24 h, 45 Kg of delta dodecanolide of
(R} absolute configuration, after extraction of the acidified solution
and distillation.” By this procedure, which seems’ one of the most
significant applications of baker's yeast to the production of chiral
compounds through transformation of non conventional substrates, tons
of nature identical lactones have been produced over the years.

In the meantime analytical studies have indicated that gamma and
delta lactones isolated from different natural sources showed much
lower optical rotations with respect to the materials isolated from
butter fat. Furthermore, delta dodecanolide from cocos meat showed (§)
absolute configuration, whereas the accompanying C-10 and C-8 lower
homologues contained an excess of the (R) enantiomers. These
observations, making weaker the link between chirality and naturality
that had induced the production of (R) delta lactones as nature
identical flavouring materials, contributed, at least in part, to the
decision of stopping the manufacture of chiral lactones by
bioreduction and to use the racemic materials instead. However,
independently from that, new facts were emerging, which, together with
a new definition of natural flavour, led eventually, to new methods of
production of gamma and delta lactones.

NATURAL FLAVOURS

Until this century many natural flavour materials were obtained
from animals and higher plants. However, supplies of many of these
products have decreased as a result of a series of factors, including
wild life protection and industrial growth. Thus, food supply started
containing both naturally occurring and synthetic chemical compounds.
Consumers and regulators became increasingly involved in and concerned
about the source and the composition of food flavourings. Although no
chemical distinction exists between a flavour compound synthesized by
nature and the same compound prepared in the laboratory, many
consumers perceive anything natural as healthful and anything
synthetic as harmful. In general, legislators have recognized that
many forms of enzymatic and thermal processing are needed to develop
the flavours perceived to be natural by consumers in traditional food.
Thus, recent rules include amongst 'natural' any flavour material
obtained from natural precursors through 'enzymolysis'. Since the last
term is understood to cover not only hydrolysis but all the enzymatic
processes, considerable efforts are being dedicated to the preparation
of substantial quantities of flavouring agents through the action of
isolated or whole-cell enzymic system(s) on advanced intermediates.9
In this context the problem of the biogeneration of C-6 -- C-12 gamma
and delta lactones was raised and we outline here some of the
solutions that have been proposed uptil now.

BIOGENERATION OF LACTONES

Gamma and delta lactones are widely distributed in nature and
their generation in fruits usually occurrs at the time of ripening,
when catabolic processes are prevalent. However, the mechanism which
activates their production is wunknown. Simple structural
considerations allow to envisage for this class of compounds a
derivation from fatty acids. However, the circumstance referred to
above, namely, that both optical purity and absolute configuration can
vary for identical lactones isolated from_ different sources supports
the idea of the presence of different! biosynthetic pathways,



involving either anabolic or degradative processes. Comparison of the
structural formulas of the three C-18 unsaturated fatty acids (most
abundant in plant glycerides) 1i.e. oleic (1), 1linoleic (2) and
linoleic (3) with those of the gamma and delta hydroxy acids (4)-(9),
- open forms of some relevant C-6 ~- C-12 lactones - indicates C-2
degradation by beta oxidation of suitably hydroxylated derivatives of
fatty acids as the metabolic link between the two classes of compounds
(Scheme 1). The <classical beta oxidation enzymes cannot directly
metabolize some of the intermediates in the beta oxidation sequence of
unsaturated fatty acids. However, the existence of isomerases which
can convert the above 'anomalous' intermediates into the 'normal' beta
oxidation intermediates has been demonstrated in many living
organisms, including yeasts.

(R) GAMMA DECANOLIDE FROM RICINOLEIC ACID

Indeed, (R) gamma decanolide (14) is at present manufactured via
biodegradatidg_af ricinoleic acid (10) by Candida lipolytica13 and
other microorganisms. The process originates from the observation15
that the former microorganism can perform beta oxidation of ricinoleic
acid (10), due to the presence of an isomerase at the level of C-12
intermediates (Scheme), with accumulation of the (4R) form of 4-
hydroxy decanoic acid (6). Besides the microorganisms which are able
to perform the above biodegradation, few were identified which
produce, endogenously, components of the whole set of C-6 -- C-12
gamma and delta lactones, albeit in low quantities. Ricinoleic acid
(10), the major fatty acid component in the seed 0il of castor beans
is formed from oleic acid by homoallylic hydroxylation.7
Interestingly enough, the castor bean seed system elso hydroxylates
other monoenoic acids, but the hydroxyl group is always inserted in
the same position relative to the existing double bond. This capacity
is present in plants of the genus Lesquerella whose glycerides
contain the hydroxy fatty acids (25) and—126), containing the gamma
hydroxy alkene structural unit present in ricinoleic acid (10).
Indeed, products (25) and (26) undergo beta oxidation in Cladosporiug
suaveolens, affording (R) gamma octanolide (24) and (R) gamma dec-7-
enolide (27), respectI;Ely. Conversely, 1in fun%gi ergot o0il,
ricinoleic acid appears to be formed by a specific anaerobic hydration
of linoleate. In the case of (14), (24) and (27) the chirality present
in the precursors 1is incorporated at position 4 of the derived
lactones. Since, the most accessible hydroxy fatty acids useful for
the bioproduction of lactones are racemic, it seemed useful in the
light of the present discussion on chirality and naturality of
lactones!i€ to study the mode of biodegradation of racemic ricinoleic
acid and its analogs in which the gamma hydroxy alkene structural unit
is shifted along the fatty acid framework.

To this end, the racemic C-14 ~- C-19 hydroxy fatty acids (15)-
(20), all of which contain the structural unit EQ_CH=CHCH2CH(OH)R,
were prepared and fed to growing cultures of C.suaveolens. As
expected, 1in agreement with C-2 degradation by beta oxidation, the C-
14, C-17 and C-19 hydroxy acids (15), (18) and (20) afforded C-8 and
C-11 delta lactones, whereas the C-15, C-16 and C-18 acids (16), (17)
and (19) gave rise to C-7, C-8 and C-10 gamma lactones™~. However, the
absolute configuration of the prevalent enantiomer in the two series
differd; the l§l lactones (21) and (22) and the igl gamma analogues
(23), (24)(14) being obtained. Moreover, the optical purity (Table) is
higher within the first set and decreases in each series on shortening
the n-alkyl side chain. Furthermore, the ee values in entries 1 and 2
suggest the operation of kinetic resolution within the biodegradation.

The most relevant features of the above experiments are: i) the
inversion of configuration, associated with the lactone ring size, as
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the consequence of the shift of the gamma hydroxy alkene moiety along
the fatty acid chain; ii) the influence of the length of the R, n-
alkyl side chain on the optical purity of the adducts, and iii) the
remarkable susceptibility of the degradative enzyme (s) to the
stereochemistry of the hydroxyl-bearing carbon atom located at a
remote position, in the molecule, to the site of the initial beta
oxidation.

In C.suaveolens the maximum yield of gamma and delta lactones
from the h;d;SQJ_ggids (15)-(20) is reached within 48-60 h after
feeding. However, it was observed in these experiments that the gamma
and delta hydroxy acids present in the fermentation medium are rapidly
degraded soon after the peak concentration has been reached. In some
instances, the concentration of the hydroxy acids is decreased by 50%
in 4-6 h. Since this fact represents a serious practical drawback we
decided to study the steric course of the degradation, in order to
gain information on the phenomenon. We fed to growing cultures of
C.suaveolens the racemic gamma and delta hydroxy decanoic acids (6)
and (7), as sodium salts (500 mg/100 ml, 2% Nutrient Merck), and
determined the absolute configuration and the optical purity of the
lactones, derived from the survived hydroxy acids. Under these
conditions, ca 50% of the fed material is consumed in 48 h. However,
the gamma and the delta decanolides obtained in these experiments were
of apposite absolute configurations. From racemic (6) and (7), (R)
gamma decanolide (14) and (S) delta decanolide (30) were obtained,
respectively. As expected for a kinetic resolution, the ee values of
the survived materials increased as the degradation‘broceeded,
changing from 0.33 to 0.62 for (14) and from 0.25 to 0.42 for (30) at
50% and 75% consumption. These results seem interesting, expecially
when compared with those obtained in the degradation of racemic
ricinoleic acid and its isomers in the same microorganism.19 Indeed,
the (R) enantiomer of ricinoleic acid is degraded more rapidly, as
indicated by the formation from (19) of (R) gamma decanolide (14),
whose optical purity decreases as its generation proceeds. Conversely,
on feeding 4-hydroxydecanoic acid (6), a faster metabolism of the (S)
enantiomer occurs, leaving unaltered the (R) enantiomer (28), whose
optical purity increases as the degradatiég—broceeds. The reverse is
true in stereochemical terms for the generation and metabolism of 5-
hydroxydecanoic acid (7), during which the (58) enantiomer (29), is
left unaltered. h

1 0
(6) R,R = Hi OH .
(28) R= H; R = OH (14)
S
, COOH
.
R' R

1
(7) R,R = H; OH
(29) R=OH; R =H (30)

The above stereochemical course reguires some comments. The
breakdown of 4-hydroxydecanoic acid could follow a pathway similar to



the one described in Scheme 3, proposed21 for the conversion, of
ricinoleate into acetyl CoA, in germinating castor bean seeds. It
might well be that in both the proposed routes (beta oxidation to
alpha-hydroxy octanoic acid or conversion to ketodecanoic acid,

followed by beta oxidationzz) there is a preference for the (48)
enantiomer.
9
= COOH
HO
(25)
/\_/\__/\=/\/\/\/\ ——'COOH
HO
(26)
0
o]
(27)

Conversely, 5-hydroxydecanoic acid seems structurally suited for
a direct conversion through beta oxidation and involving 3-
hydroxyoctanoyl CoA as an early intermediate, into 5 moles of acetyl
CoA. The reported observation that the (R) enantiomer of 5-
hydroxydecanoic acid 1is preferentially degféded contrasts with a
straightforward degradation by beta oxidation, because it seems to
require the (3S) configuration for the intermediate 3-hydroxyoctanoyl
CoA.

4-hydroxy-10:0

beta oxidation ’//////

2-hydroxy-8:0 4-o0x0-10:0
\\\\\\\ ’///// beta oxidation
2-0x0-8:0
l alpha oxidation
7:0

Scheme 2

(S) DELTA DECANOLIDE FROM LINOLEIC ACID 13-HYDROPEROXIDE

Lipoxygenase from many plant sources catalyzes the formation of
(138) l3-hydroperoxy-(9g,ll§)-octadienoic acid (31) and (138) 13-
hydroperoxy=-(9Z,11E,152) -octadecatrienoic acid (33) from linoleic and



linolenic acids (2) and (3), respectively. This is the most common
pathway of the enzymic enantiorelective introduction of an oxygen
function in fatty acids which contain a 1l-cis, 4-cis-pentadienyl
system. The hydroperoxydes (31) and (33) -ialay a_key réle in
determining the organoleptic quality of natural and processed food. In
a number of fruits and vegetables a hydroperoxide lyase occurs which
fragments the 18-carbon chain leading to volatile C-6 and C-9
aldehydes. Alternatively, the hydroperoxides (31) and (33) can be
transformed chemically or enzymatically into the carbinols (32) and
(34), or into the ketodienoic acids, which, in turn, are reduceable to
(32) and (34) and/or their enantiomers, depending upon the nature of
the reducing agents. Product (32) occurs in Mannina emarginata, its
enantiomer in Coriaria nepalensis ( (-)-coriolic acid), whereas the
racemic modification is present in Absinthium oils.é Structural
considerations suggested a biosynthet_iné rel-a—Eionship between delta
decanolide and (31) and/or the products in its cascade. Thus, (31)
obtained by the action of molecular oxygen onto linoleic acid in the
presence of soya bean lipoxygenase (EC. 1.13.11.12) was incubated (25
mg/100 ml) with growing cultures of C. suaveolens. After 24 h delta
decanolide was obtained in 15 % yield. Much higher incorporation (40%)
was observed on feeding product (32), prepared from (31) by sodium
cysteinate reduction. The samples of the C-10 lactone isolated in the
two experiments possess the (S) absolute configuration depicted in
(30). The ee values were ca 0.8, identical to those of the precursors
determined through NMR and HPLC methods.

Interestingly enough, the racemic modification of (32), prepared
according to known procedures®’, afforded in C.suaveolens (S) delta
decanolide (30). Its ee value was 0.8-0.85 and seemed independent a
the incubation time. The formation of the (S) enantiomeric form of
delta decanolide from the racemic modification of the precursor is
interesting in the context the present debate on the relationship
between naturality and chirality € of flavouring substances,
especially when one considers that delta decanolide has been found in
nature in the (R) absolute configuration.4 However, the above result
fits into the rule drawn from the previous experiments, 9 on the mode
of biodegradation of hydroxy fatty acids; viz. the formation of (S)
delta lactones from hydroxy derivatives in which the oxygenated carbon
occurs in odd position in the chain and of (R) gamma lactones from
precursors in which this is located in even position, irrespective of
the position and the number of the double bonds.

Configuration of this trend arises upon feeding (35), the C-19
analog of (32), obtained by sodium cysteinate reduction of the
hydroperoxide prepared by lipoxygenation of the C-19 analog of
linoleic acid. In this case, upon feeding the (S) precursor (35),
gamma nonanolide was obtained, which, on comparison with an authentic
sample was shown to contain 65-70% of the (R) enantiomer (38)hus,
biodegradation of (S) 35)to gamma nonanolide formally involves, at
some stage of the sequence, inversion of configuration at the hydroxyl
bearing carbon atom. Confirmation of the stereochemistry of the
degradation arose from feeding the racemic material (36), which was
prepared from (35) by oxidatione to ketodienoic acid, followed by
reduction. In this case, (R) gamma nonanolide (38) was obtained, with
0.7 ee. Any mechanistic hypothesis on the conversion of (S) (35) into

(R) (38) requires determination of the fate of the hydrogen atom at
position 14 of the precursors. Accordingly, product (37), bearing a
deuterium at the hydroxyl-bearing carbon atom, was prepared. The
results of the feeding experiments with the latter material are
reported in the context of stereochemical studies on the above
bioconversions.
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(R) GAMMA AND (S) DELTA LACTONES FROM THE PHOTOOXIDATION

PRODUCTS OF C-18 UNSATURATED FATTY ACIDS

Photo-and autooxidations are the most common ways of introducing
oxygen functionalities into the unsaturated fatty acid framework.29
The materials obtained by these methods are racemic. The former
process can be easily performed on a large scale, using a natural
photoactivator; yielding, on sodium cysteinate reduction of the
intermediate hydroperoxides, hydroxy fatty acids, which formally meet
the requisites of naturality. The ratio of the positional isomers does
not depend upon the mode of photooxidation. Oleic acid (1) giving a
1:1 mixture of (39) and (40), whereas linoleic acid (2) affords (43)-
(46) in ca a 2:1:1:1:2 ratio. On feeding (39) and (40), to
C.suaveolens the formation of gamma dodecanolide was observed; besides
a small amount of a product which was assigned, on the basis of MS
studies, the structure indicated in (42). The sample of gamma
dodecanolide was shown, by chiral analysis, to contain over 70% of the
(R) enantiomer (41l). The biodegradation of the mixture (43)-(46) by
the above mentioned microorgnism afford gamma and delta lactones (30)
and (47)-(49). However, the ratio amongst these substance changes
significantly in time, due to differences in kinetics of fomation and
degradation of the intermediate gamma and delta hydroxy acids.

The absolute configuration of the chain-unsatured gamma lactones
(47) and (48) was determined through conversion, by hydrogenation,
into (R) gamma decanolide (14) and gamma dodecanolide (41),

respectively. The ee values of the above mentioned materials, obtained
at different incubation times, decreased from 0.8 at 24 h to 0.4-0.35
at 120 h.

Much more complex was the mixture of lactones arising in
C.suaveolens from the hydroxy acids prepared from linolenic acid (3)
by the photooxidation/reduction sequence. A whole series of C-6 -- C-
12 lactones, containing unsaturated side chains in most cases was

obtained.
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STEREOCHEMISTRY OF THE BIOGENERATION OF LACTONES

The degradation of fatty acids takes place by a repeating series
of steps known as the fatty acid cycle, or the beta oxidation pathway.
To enter the fatty acid cycle, a fatty acid has to be coupled to
coenzyme A. The first step is dehydrogenation. FAD accepts (H + H+)
from the alpha and the beta carbons of the fatty acyl unit. The second
step is hydration. The third step is another dehydrogenation - a loss
of (H—+H+). This oxidizes the secondary alcohol to a keto group. The
fourth step breaks the bond between the alpha and the beta carbons,
releasing one unit of acetyl coenzyme A and the original acyl moiety
shortened by two carbons, which is ready to go through the cycle of
steps again. Application of the above sequence to the unsaturated
hydroxy acids (10), (20), (32) and (36), i.e. precursors in
C.suaveolens of the lactones (14), (22), (30) and (38), respectively,
should lead to the acyl intermediates (12), (50), (51) and (55). These
are indicated in Schemes, 3, 4, 5 and 6 together with the presumed
subsequent intermediates on the pathways to the lactones.

We have been studying the steric course of the operations
occurring at the double bonds of the above mentioned intermediates,
during their metabolism, by means of feeding experiments of deuterated
hydroxy acids and determining the stereochemistry of the deuterium
retalned in the final lactones, via an accurate NMR study. Thus,
|9,10-2H,| (10), |10,11-2H,]| (20), 9,10,11,12-2H,| (32) and |14-2H, |
(36) were prepared and fed to C. SEEXEQ&EEE (S) (20) and i*l (30),
obtained in these experiments, contained deuterium label located at
positions and with the stereochemistry depicted in Schemes 3-5.

The labelling pattern of (10) indicates that protonation of the
double bond of the (R) intermediate (12) occurs on the Sl face during
the conversion into (3 (13), the penultimate product on the pathway from
(10) to (14). The same stereochemical course is followed during the
protonation of the (S) intermediate (51), formed from (32) (Schemes).
The process results in conjugation of the double bonds and affects the
alpha-trans double bond stereochemistry necessary for the subsequent
beta oxidation of (52) to (53). Finally, the saturation of the cis and
trans double bonds in intermediates (50) and (53), precursors of (22)
and (30), respectively, seems to take place by a formal syn hydrogen
addition, localing the alpha hydrogen atoms in (22) and (30) in the
same absolute stereochemistry.

Studies on the mode of generation of (38) are still in progress.
However, experiments with (36), possessing a deuterium atom at
position 14, indice that nearly 40% of the deuterium is lost during
the formation of (R) nonanolide (38) of ca 0.4 ee. A tentative
explanation might be the following. The conversion of (36) into (39)
could require the intermediacy of products (55) - (58). The (S)
enantiomeric form of (55) is relayed through the sequence via the
intermediate (56), with consequent loss of the hydrogen atom
originally present at position 14 in the precursor. The deuterium atom
removed from the (R) form of (55) is presumably given back during the
protonation of (56), once the double bond stereochemistry has been
established. However, further experiments are required, to confirm
there details.

CONCLUSIONS

The experiments illustrated in Schemes 3-5 indicate that in the
biogeneration of enantiomeric gamma and delta lactones from
structurally different hydroxy alkene fatty acids some analogous



operations at the double bonds takes place with the same absolute
stereochemistry. This circumstance might present a biosynthetic link
which unifies the array of enantiomeric natural C-6 -- C-12 lactones

accessible in C.suaveolens from advanced precursors.
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CATALYTIC ANTIBODIES

Stephen J. Benkovic

The Pennsylvania State University, Department of Chemistry
College Station, Texas 77843-3255, U.S.A.

Summary

The ficld of catalytic antibodies has made remarkable progress since its inception in
1986/87. The earliest success in the generation of catalytic antibodics were the hydrolyses of esters
and carbonates'?. The first nonhydrolytic antibody catalyzed reaction was the formation of a lactone
from a hydroxy ester in which one of the hallmarks of enzymic catalysis was also demonstrated.
This antibody catalyzed an enantioselective transformation of a racemic substrate to a single
enantiomeric product®,

The fruition of these experiments can be attributed to three developments : i) the increase
in our understanding of organic reaction mechanism through advances in physical organic chemistry
that led to accurate postulates of the structure of transition-states and high energy rcaction
intermediates ; ii) the development of monoclonal antibody technology to produce large amounts
of a single antibody from a clonal cell ; and iii) the acceptance of transition-state stabilization as
a key tenant of catalysis in that catalysts such as enzymes promote reactions by possessing more
favorable interactions with the transition-state than with the respective ground states Icading 1o a
lowering of the overall free energy of activation®.

With regard to antibodics one then can imagine : i) inducing an immunological response to a hapten
that resembles the transition state or a high cnergy reaction intermediate for a given reaction ;
ii) screening the monoclonal antibodies then for binding of the transition state analog and (iii) finally
using those antibodies which satisfy that binding screen as potential catalysts of the reaction being
investigated.

Catalytic antibodies now have been reported that catalyze bimolecular amide bond
formation®, stercospecific Claisen rearrangement®, photochemical thymine dimer cleavage’,
hydrolysis of a p-nitroanilide®, peptide cleavage® and a Dicls Alder reaction®’.

It is clear that transition state stabilization alone is insufficient to achieve reaction rates that
rival those of enzymes. Many of the existing antibody catalysts increase the rates of reaction
approximately 1,000 to 10,000 fold over that of the corresponding spontaneous reaction, although
there arc a few examples of rate enhancements of ca. one million fold.

Enzymes have at their active sites functional groups that add or substract protons or act as
nucleophiles. In the case of some enzymes, there are additional biological cofactors to promote &
given reaction. Consequently, a number of genetic as well as chemical modifications have been
applied to the binding sites of antibodies in order to improve their reactivity".

The genetic approaches have featured protein engineering in order to introduce amino acids capable,
for example, of binding metal ions'? ; the chemical methods have introduced potential acid-basc
catalysts through the use of cleavable affinity labelling agents'®. In addition, the potential for finding
catalytic antibodies has been enormously expanded by the development of methods to express the

Bioorganic Chemisiry in Healthcare and Technology, Edited by U.K. Pandit and
F.C. Alderweireldt, Plenum Press, New York, 1991 19



immunological repertoire in E. colli so that large numbers of antibody clones (up to one million)
can be screened for catalytic activity™,

The antibody that catalyzes the hydrolysis of a p-nitroanilide is unusual in that its rate of
reaction over background is enhanced ca. one million fold. Recent investigations of the mechanism
used by this antibody, which catalyzes the hydrolysis of an aromatic amide as well as the
corresponding p-nitrophenyl ester has revealed that this catalyst operates by a multistep kinetic
sequence'®. The structures of the substrates and transition state analog are numbered 1-4 in Fig. 1.

The antibody-catalyzed hydrolysis of the p-nitrophenyl ester 1 and p-nitroanilide 2 have been
examined by both pre- and steady-state kinetic techniques. The data have implicated a reaction
mechanism that features the formation of a putative acyl intermediate which deacylates through
hydroxide ion attack.

k k, k3on‘ k, ke
. — - . - .
Ab + S‘—--k-—‘-Ab S ==24Ab-I ——5 b P *Py —5>Ab P~ 4b
-1 k., P 2
Scheme 1

There are several striking features of this scheme. One is the kinetic consequence of the
product complex AbeP, which in the case of the p-nitrophenyl ester controls the turnover of the
antibody. A second is the fact that in the formation of the putative acyl antibody intermediate neither
the p-nitroaniline nor p-nitrophenol are readily lost from that species. Consequently, unlike the case
for serine esterases the acyl antibody intermediate does not accumulate since the close proximity

20



of the bound leaving group reverses the reaction. A third feature is that the breakdown of the
putative acyl antibody intermediate is through hydroxide ion attack rather than internal general-acid-
base catalysis as is found with the esterase enzymes. Nevertheless, this antibody is within a factor
of two hundred (k) as effective as chymotrypsin against these substrates (the comparison for the
antibody is at pH 9 that of chymotrypsin at pH 7).

Enzymes also hydrolyze peptide substrates by using metal ions, such as carboxypeptidase.
By examining the structural motif of a number of enzymes that bind metal ions such as Zn**, an
antibody has been constructed using genetic methods to possess suitable ligands for binding Zn** and
Cu®* metal ions'S. This antibody indeed shows the same specificity towards those metals as does
the carbonic anhydrase model on which it was based. The original hapten was a fluorescein which
is still bound. This development represents then the first example of an metallo antibody and
presages the creation of antibodies that can act as catalysts for a variety of reactions where the closc
proximity of metal ion to substrate would be most useful.
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INHIBITION OF STEROL BIOSYNTHESIS BY ANALOGUES OF CARBENIUM ION

INTERMEDIATES
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Sterols play at least three basic roles in living cells. First of all
they are membrane components and as such they accumulate in the plasma mem-
brane where they can regulate membrane fluidity. This role may be played by
the major fraction of sterols ("bulk" sterols) ‘1,2’. In addition to this
structural role, a small fraction of sterols may have a regulatory ("spar-
king") function. It has been shown that in GL7 mutants of Saccharomyces
cerevislae which are auxotrophic to sterols, trace amounts of ergosterol
in the medium could reactivate cell division and correlatively sti-
mulate the phosphoinositide cycle 13|. Finally sterols are precursors of
compounds having a high physiological activity such as the brassinosteroids
which may be considered as a new class of plant hormones ‘4 . Therefore the
inhibition of sterol biosynthesis may have important physiological conse-
quences and in some circumstances lead to the death of the treated cells or
organisms. In this context it is worth noting that several groups of fungi-
cides used in agriculture and in medicine (Table 1) have been recognized
to be potent ergosterol biosynthesis inhibitors ‘5|. It has been even sug-
gested that the inhibition of sterol biosynthesis could be responsible for
the fungicidal properties of these molecules |6l. Therefore the biosynthesis
of sterols appeared to be a good target for molecules having biocidal (fungi-
cidal and eventually herbicidal) properties. To be used to agricultural or
medicinal purposes, such molecules should present two important properties
they should be potent and selective. For example, selective fungicides should
control the pathogen without affecting the host. If the putative fungicide
is a sterol biosynthesis inhibitor (SBI) this could mean that the molecule
would interact much more tightly with its target enzyme in the pathogen than
with the homologous enzyme in the host (plant or animal). In addition the

Table 1. Main SBIs used in plant protection and medecine ‘5|

Azoles, pyrimidines Fungicides
pyridines, etc... Plant growth regulators
herbicides ?

Morpholines, piperidines Fungicides
used in Agriculture

Allylamines Fungicides
used in Medicine

Mevilonine, compactine Hypocholesterolemic drugs
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molecule should not have secondary targets in the host. However it has been
reported that some side effects could have beneficial effects as for instan-
ce the inhibition by triazole SBIs of absicic catabolism in the plant host
|7| and of steroid hormone biosynthesis in mammalians [8]. For all these
reasons, any rational design of inhibitors should take into account :

i) particular features of sterol biosynthesis in plants, animals and patho-
genic fungi ; ii) catalytic mechanisms of the target enzymes in the patho-
gen and in the host. In the first part of this paper we will present a com-
parative pathway leading to sterol biosynthesis in eukaryotic organisms,
then we will discuss some reaction mechanisms involved in several sterol
biosynthesis enzymes and finally we will present strategies permitting access
to potent and selective inhibitors.

STEROL BIOSYNTHESIS IN MAMMALS, PATHOGENIC FUNGI AND HIGHER PLANTS

Since several reviews have been published on sterol biosynthesis |9—11|,
we will only summarize the main features of this process. Figure 1 repre-
sents a comparative pathway of sterol synthesis in mammals, fungi and higher
plants. Upstream to 2(3)-oxidosqualene (0S) (I) it is generally admitted
that the three pathways are very similar. Indeed identical intermediates
have been found in all of these organisms. This does not implicate, however,
that the enzymes catalyzing these steps are identical. Even if the chemical
structures of the substrate(s) or the product(s) involved in a given enzyma-
tic reaction are identical in the three classes of organisms, the enzymatic
reaction may be performed with different kinetics or regulation. In this
case, it is expected that some structural differences in the enzyme struc-
ture may be also found. Indeed it has been recently demonstrated that the
primary sequence of HMGCoA reductase in Arabldopsis thaliana present impor-

tant divergences with the primary sequence from the homologeous enzyme in
yeast and in mammals |12,13].

Downstream to OS, profound differences exist between plants on one side,
and yeast or mammalian sterol biosynthesis on the other. These differences
can be summarized as follows : i) cycloartenol (II) is the first cyclic
product in photosynthetic eukaryotes, while lanosterol (III) is formed in
non-photosynthetic organisms |14—16 . Exceptions to this rule do not seem
to exist. Indeed cycloartenol has been found in Astasia Longa which is a
non-photosynthetic organism [17], but Astasia £onga is an apoplastid algae
and therefore belongs to a photosynthetic phylum. The occurrence of cyclo-
artenol in Acantamoeba polyphaga is more striking |18| because these non
photosynthetic organisms cannot be considered at first sight to belong to a
photosynthetic phylum. It is worth noting that some recent phylogenetic
studies comparing the nucleotidic sequence of ribosomal RNA have proposed
an evolutionary tree where amoeba are very close to algae which are photo-
synthetic organisms and far from non photosynthetic organisms such as pro-
tozoans |19‘ ; 1i) a cyclopbropane cleaving enzyme, namely cycloeucalenol
(IV) —obtusifoliol (V) isomerase, has been found in higher plants only |20|.
The presence of such an enzyme in photosynthetic organisms was expected
since end-pathway sterols contained in these oracanisms never possess a
cyclopropane ring at C98,C-198 ; iii) the sequence of C-4 and C-14 methyl
group removals is profoundly different : in mammals and in yeast, C-14
methyl is first removed, then the two C-4 methyls are removed stepwise whe-
reas, in higher plants C-4 demethylation of 24-methylene cycloartanol (VIII)
occurs first, then C-14 methyl is removed giving 40-methyl fecosterol (IX)
and finally C-4 demethylation of 24-ethylidene lophenol would be perfor-
med ; iv) finally, the side chain methylations are restricted to plants and
fungi, but exhibit generally opposite stereochemistry at C-24 in these two
latter organisms. The situation in higher fungi is more complex than in
Saccharomyces cerevisiae since in the former the C-24 methylation has been
shown to occur at an earlier stage of the biosynthetic pathway than in baker
yeast, more precisely at the level of lanosterol, which is converted to
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24-methylene-24-dihydrolanosterol (eburicol). In addition to these four
important differences, homologous enzymes in the biosynthetic pathway may
feature more subtle differences with regard to changes in substrate speci-
ficities or the susceptibility to a given inhibitor. These two distinctions
are probably important for the understanding of the selectivity observed
with some SBIs. For example, it can be presumed from the biosynthetic scheme
(Fig.1) that lanosterol is indeed the best substrate for the l4-demethylase
of mammals and yeast, whereas obtusifoliol (V) is cxpected to be most suitable
for the corresponding enzyme in higher plants |21 . Another example of dif-
ferent substrate specificity has been found for the C-4 demethylases. Whereas
4,4-dimethyl zymosterol (VII) was shown to be the best substrate of this
enzyme in mammals and baker yeast |22}, some of us have recently demonstra-
ted that 24-methylene cycloartanol (VIII) was the best substrate in maize

23 , S. Pascal, unpublished results|. Other examples have been reported
recently |24|. Therefore we suggest that such differences in substrate spe-
cificities between homologous animals, fungal and plant sterol biosynthetic
enzymes are a common feature.

MECHANISMS OF ACTION OF STEROL BIOSYNTHESIS ENZYMES

The results of mechanistic studies performed on sterol and triterpenoid
biosynthesis enzymes |9,10,25| have shown that several enzymatic reactions
involve in their reaction mechanism postulated or demonstrated carbenium
ion intermediates. This is especially true in the case of : i) 1,3- allylic
rearrangements which have been shown to be of an acido-catalyzed type ]26!
(Fig. 2) ; 1i) double bond C-alkylations and especially those catalyzed
by the S-adenosyl-L-methionine (AdoMet)-sterol-C-24-methyltransferases.

These last reactions involve a SNy type nucleophilic attack of the Torbitals
of the A24 double bond on the sulfonium methyl group of AdoMet with inver-
sion of configuration at the methyl and passage through two carbenium ions

]25] ; 1ii) acido-catalyzed annelliation reactions such as those catalyzed
by the different 2(3)-oxidosqualene (0S) cyclases which involve electron
deficient intermediates with more or less short life time |[27,29| ; iv)

the acido-catalyzed hydrogenation reactions.

These enzymatic reactions share in common the following properties
all these reactions are triggered by the addition of a proton or another
electron-deficient species (the biochemical equivalent of a CH3+ carbenium
ion in the case of methyltransferases for example). This process leads to
an intermediate possessing a carbenium ion at a defined position. The invol-
vment of these carbenium ion intermediates has been demonstrated in the case
of the g-adenosyl-L-methionine-cycloartenol-C-24-methyltransferase 128[.
In every case the last step of these reactions is the regio- and stereo-
specific removal of a proton leading to the product. It is expected that the
aforementioned enzymes could maintain the carbenium ion intermediates in a
hydrophobic and slightly basic enviromment in such a manner that the struc-
ture of the terminal product of the reaction is accurately determined by the
position of the active site basic residue which eliminates this proton
(kinetic control). Since no racemization occurs during the passage through
these carbenium ion intermediates, it probably reflects the existence of
strong van der Waals and electrostatic interactions between the charged
intermediate species and the enzymatic surface. However the precise nature of
these interactions in such an apolar environment is still a matter of debate.
In some cases (double bond hydrogenations) the carbenium ion may be neutra-
lized by an hydride ion originating from NADPH.

DESIGN OF STABLE INHIBITORS MIMICKING HIGH ENERGY INTERMEDIATES
According to several authors ]30,31[ the transition state (TS) analogue

concept is a very useful one for the design of potent and selective enzyme
inhibitors since TS analogue inhibitors may have a much higher affinity for
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the active site of the enzyme than traditional ground state analogue inhibi-
tors |30,31‘ . By definition, the TS for a chemical reaction has a fleeting
existence (i.e. the time for a single vibration : 10-14s) and it often leads
to molecular metastable High Energy Intermediates (HEI) interacting tightly
with the enzyme. According to the Hammond postulate, the structures of

these HEI are good approximations of the structure of the true TS. Because
of their unstability the carbenium ions involved in the catalytic pathways
described above could be considered as HEIs. As discussed elsewhere |35—37|,
it is expected that these carbenium ion intermediates would interact with
and be stabilized by the active site of the enzyme.

In order to mimic these HEIs, we have synthesized stable analogues
possessing a charged heteroatom (generally N, but also S and As) presenting
a positive charge at a position identical to this of the sp2 carbon in the
carbenium ion. We were able to show that these analogues mimicked effi-
ciently these HEIs and displayed an affinity for their target enzyme three
order of magnitude higher than this of the best substrate |26,33f. A typi-
cal molecule is the (24-R,S)-24-methyl-25-aza cycloartanol (Fig.3) (VI)
|34 . It appears therefore that a sp3 tetrahedral ammonium ion (the ter-
tiary amine function of these molecules is protonated at physiological pH)
is able to interact tightly with the active site of the target enzyme.
According to a thorough study of the molecular features involved in this
binding, one can conclude that the existence of a positive charge in the
molecule of inhibitor located at a position close or identical to this
occupied by the sp2 carbenium ion in the HEI, is of paramount importance.
In other words, the interaction between such species and the enzyvme active
site is mostly electrostatic.

INHIBITION OF CYCLOEUCALENOL OBTUSIFOLIOL ISOMERASE (COI) Al4-REDUCTASE
(AR) AND A8 +A7-STEROL ISOMERASE (SI)

To illustrate the application of the preceding concepts we have focused
our attention on the inhibition of COI, AR and SI. A comparative mechanism
of action of these three enzymes is depicted in the Fig. 4.

In the case of the COI, results of mechanistic studies performed on an
enzymatic preparation from maize (Zed mays) are consistent with a general
acid-catalyzed cyclopropane ring opening with incorporation of one proton
from the medium at C-19 ]35,36]. The cleavage of the C9-C198 bond of the
cyclopropane occurs with retention of configuration on the C19 carbon
atom. This result suggests that the enzyme subsite which is involved in
the acid-catalyzed cyclopropane ring opening is located above the C ring
of the substrate |36,37 . Moreover, since the cleavage of the C9-C198 bond
and the elimination of the C8-HB are cis, the reaction cannot be concerted
and has to go through the intermediate carrying a carbenium ion at C--8.

Although little is known about the mechanism of the SI, it has been
shown that in rat liver the reaction involves an antarafacial mechanism,
i.e. 9a-protonation and 78-elimination, whereas in yeast the 7a hydrogen
atom is eliminated |38 . Antarafacial transfers are mostly encountered
for allylic isomerizations of non-activated double bonds (for which allylic
deprotonation is not facilitated), and must involve a two-base mechanism
I39’ which is most probably non concerted, i.e. there must be protonation
of the double bond, leading to a carbenium ion intermediate from which a
proton is eliminated. Such an antarafacial allylic isomerization involving
a carbenium ion has been demonstrated in the case of isopentenyl-diphos-
phate isomerase|39,50LThese considerations and the findings of different
groups which studied the mechanism of this reaction I40—42| led us to
consider that the most probable mechanism for the plant A8+ A7-sterol isome-
rase would involve a carbenium ion at C-8.
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involved during their catalytic mechanism. These analogues possess
a positive charge at a position identical to this of the sp?
carbon in the carbenium ion. The positive charge is confered by

a charged heteroatom (generally N, but also S and As). The
tertiary amine N-oxide derivative (XXXIV) would present electro-
nic and structural similarities with a possible dipolar transi-
tion state (XXXV) resulting from the polarisation of the oxiranne
ring of 2,3-oxido-squalene by an enzyme proton.
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Table 2. Inhibition of the cycloeucalenol-obtusifoliol isomerase
(co1), the A8,l4-sterol-Al4-reductase (AR) and the
A8+ A7-sterol isomerase (SI) by the 8-azadecalins
(XI-XV) and XIX, XX.

X1 XIT XIII XIV XV XIX XX
ID5Q (UM)

COo1 0.025 0.035 0.10 0.10 0.10 NI 17.5

AR 0.30 ND 0.09 0.07 0.08 NI 4.5

ST 0.20 ND ND ND 0.13 NI 10

NI : non inhibitory
ND : not determined

08+14-sterol Al4-reductase has been described in animals |43| and fungi
t44|. The results of mechanistic studies performed in the rat liver system
clearly show that the first step of the reaction is the stereospecific pro-
tonation of the double bond generating the most stable carbenium ion,
which is then neutralized stereospecifically in a trans manner by a hydride
ion from NADPH |43].

N-Substituted Azadecalinsg

The N-substituted 8-azadecalins (XI-XV) (Fig.5) have electronic and
structural similarities with the carbenium ion carrying HEIs (XVI-XVIII)
involved in the three enzymatic steps depicted in Fig.4 and could, there-
fore, be considered as potential inhibitors of COI, AR and SI ’33’. As
shown in the Table 2, we were able to show that a positive charge at C-8
is the major cause of the affinity, since an electrostatic neutral iso-
steric analogue (XIX) of (XX) does not inhibit all three reactions. The
affinities measured for the different analogues in this series also show
the importance of the presence of a N-substituent. For example the pre-
sence of a benzyl substituent (XV) lead to an increase of affinity of
about two order of magnitude for all three enzymes ’33|. The behaviour of
the azadecalin carrying a trimethyl decyl substituent (XI) is unique in
the sense that XI inhibits the COI with an affinity ten times higher than
the two other enzymes. In the case of the COI a ID5Q/Km ratio of 2x10-4
was measured |45—47|. The great potency of XI on the COI could be explai-
ned by the presence of the trimethyldecyl substituent able to mimic the
hydrophobic part of the C,D rings and lateral chain of the steroid
nucleus. Moreover the selectivity of this molecule could result from the
presence of a methyl group at C'-10 of the N-substituent since it could
be argued that this methyl is present in HEI (XVI) but absent in both HEIs
(XVII and XVIII) could hamper the binding of (XI) with the active site
of the enzymes in conformations competent to bind the HEIs (XVII and
XVIII).

It is interesting to consider how the same ammonium derivative is able
to mimic three different HEI possessing a carbenium ion AT C-9, C-14 and
C-8. As already discussed ’33,46,47,49 , this might be due to the deloca-
lized charge of such ammonium ions. The relative freedom within the active
site of model analogues of HEI with a flexible N-substituent could also
account for the inhibition of these three enzymes by the same N8-ammonium
derivatives, stressing again the importance of the electrostatic interac-
tions during the binding of these stable HEI analogues or the stabiliza-
tion of the unstable carbenium ion intermediates.
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Table 3. 1Inhibition of the cycloeucalenol-obtusifoliol
isomerase (COI), the A8sl4-sterol-Al4-reductase
(AR) and the A8 +A7-sterol isomerase (SI) by
fenpropimorph (XXVIII, tridemorph (XXIX) and
fenpropidine (XXX).

XXVIII XXIX XXX
ID5Q (UM)
CoI 0.42 0.42 0.28
AR 0.8 25 3
SI 0.423 0.4a 0.08

a Data from |241

Table 4. 1Inhibition of the cycloeucalenol-obtusifoliol
isomerase (COI), the AB:l4-sterol-Al4-reductase
(AR) and the A8 »A7-sterol isomerase (SI) by
AY9944, (XXXIII), 15-azasterol (XXXII) and the
trimethyldecyl-8-aza-decalin (XI).

XTI XXXITI XXXIII
ID50 (UM)
co1 0.025 NI NI
AR 0.30 0.030 40
SI 0.20 0.8 0.5

NI : non inhibitory

In the case of the COI, comparison of the structure-affinity relation-
ship for substrates and for comovounds of the azadecalin series (Fig.6) |49[,
shows that structural features which are compulsory for binding of subs-
trates (IV, XXII and XXV) or ground state analogues (XXI, XXIII and XXVI),
affect the binding of the related analogues in the azadecalin series (XV,
XXIV and XXVII) to a much lesser extent. Thus, substrates and ground state
analogues inhibitors on one hand and azadecalins on the other probably
interact with two different conformations of the active site of COI ; this
would be in accordance with the nature of HEI analogues postulated for the
azadecalins !33|.

N-Substituted Morpholines

One important group of fungicides that act as inhibitors of sterol bio-
synthesis are the morpholine derivatives such as fenpropimorph (XXVIII),
tridemorph (XXIX) and a piperidine, fenpropidine (XXX). Using an enzyme
assay in a microsomal preparation isolated from maize embryos, we have
shown that XXVIII, XXIX and XXX strongly inhibit both COI and A8 +~A7-sterol
isomerase (Table 3) |24,48|. The A8:14-sterol Al4-reductase is also inhi-
bited by compounds XXVIII-XXX with less potency |49f. Based on our previous
results obtained with the azadecalin series we investigated the importance
of the charge on the nitrogen atom of the morpholine ring in these mole-
cules. We first showed that the quaternary ammonium derivative XXXI of
fenpropimorph displays a strong activity relative to the parent amine
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probably binding in its protonated form. We then demonstrated that the
potency of inhibition of COI and SI is strongly pH dependent '24|.

Assuming that the observed strong affinity is due mainly to the interaction
of the morpholine cation with a complementary negatively charged subsite

of the enzyme, the variation in its affinity with pH is not only dependent
on the fraction of inhibitor in the charged form but also on the protona-
tion state of the residue(s) of the enzyme interacting with it. A study

of the variation of affinity with pH of fenpropimorph and its ammonium
derivative, for both COI and SI, has shown that changing pH alters the
affinity of the enzyme for fenpropimorph in a manner consistent with exclu-
sive binding of the morpholinium cation to both COI and SI. The results
suggest the existence of an electrostatic interaction between this cation
and a negatively charged residue of the enzyme with a more basic pKa (K8) in
the case of COI than in the case of SI (pKa <6). An attractive possibility
would be that these residues are those stabilizing the HEIs involved in
both reactions. N-substituted alkyl morpholines could then be considered

as in the case of azadecalins, as transition-state analogues inhibitors [241.

Miscellaneous

The 15-aza-24-methylene-D-homocholestadiene-38-0l (A25822B) (XXXII)
has been shown to inhibit strongly A8r14-sterol, Al4-reductase in yeast
|44\. We have recently shown that XXXII is also a potent inhibitor of the
AR from maize embryos (Table 4) and we have rationalized this remarkable
inhibition by the assumption that after protonation of XXXIII, the iminium
derivative would mimic the C-14 carbocationic HEIs (XVIII and XXXIX)
implicated in the catalytic pathway. In contrast to the morpholines, XXXII
was shown to be strongly specific for AR since it did not inhibit COI
at all |49]. In a more systemic search for active inhibitors of the three
enzymes, we discovered that AY9944 (XXXIII) inhibited the SI
but had little or no effect on the R and the COI. It is remarkable that
AY9944, A25822B and the trimethyldecyl-8-aza-decalin (XI) are specific
inhibitors of the SI, AR and COI, respectively.

DISCUSSION

Results from our and other laboratories |50—551 show that compounds
possessing a positively charged heteroatom at a position identical to that
of the sp2 carbon atom in the putative HEI involved in the catalytic
pathway are in most cases strong enzyme inhibitors. However, this result
alone does not prove that the designed inhibitors are really TS or HEI
analogue inhibitors. The following list of likely criterions have been
proposed for tentative characterization of TS or HEI analogue inhibitors

i) transition state (high energy intermediate) resemblance |30[ ;o 1ii)
tight binding |56| ; iii) correlation between Ki values for inhibitors
and Km/kcat values for the corresponding substrates \31| ; iv) structural

features essential for binding of the substrate affect the binding of TS

or HEI analogue inhibitors to a much lesser extent (present work) ;

v) slow binding enzyme inhibition |32|. Only criterions i, ii and iv were
met in our own work. Tests for criterions iii and v would require thorough
kinetic studies which are difficult to accomplish with heterogenous enzy-
matic systems composed of membrane-bound enzymes and water insoluble
substrates and inhibitors. These tests might become feasible with solubili-
zed and extensively purified enzymes.

Finally, the results described above shed light on the paramount
importance of electrostatic interactions for the binding of HEI analogues
possessing a positively charged heteroatom to active sites. The nature of
the negatively charged group(s) present in the enzyme and interacting with
these inhibitors is unknown, but it could be a delocalized carboxylate
anion as shown in glycosidases |57 , or a thiolate as suggested for
isopentenyl diphosphate isomerase 50[. It is worth mentioning that mor-
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pholine fungicides have been shown to inhibit bacterial cholesterol oxi-
dase, an enzyme characterized by an aspartate residue essential for cata-
lytical activity |58].

As stated in the introduction, one goal of these studies was to
obtain SBIs fungicides more potent and selective than those presently on
the market. As shown in Tables 2-4, it appears that the N-substituted-8-
aza decalins are more potent inhibitors of the COI, AR and SI from maize
embryos than the classical N-alkyl morpholines. Several of the aza deca-
lines were tested also in enzymes from SacchanomgceA cernevisiae, the best
of them was the trimethyl decyl-8-azadecaline (XI). In comparison to fen-
propimorph (XXVIII) it was a slightly better inhibitor of AR but 20 times
a weaker inhibitor of SI (P. Masner, personal communication). This may
explain the fact that in controlling phytopathogenic fungi, N-substituted-
8-azadecalines are no better than the commercially available fenpropimorph
(XXVIII). In recent months, inhibitors of the yeast A8,14_gsterol Ald-sterol
reductase have been tentatively designed ;55| using the principles deve-
loped in our laboratory. Compounds possessing a charge analogy and structu-
ral similarities with the HEI (XVII) were synthesized and optimized by
using a AR enzymatic assay. Several compounds with IC50 values significantly
lower than that of fenpropimorph were found. Most of which displayed good
activity against pathogenic fungi in green-house trials. Under field condi-
tions, however, none of these compounds have surpassed the efficacy of
fenpropimorph so far |55i.
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MOLECULAR MODELLING and STRUCTURAL DATABASES
IN PHARMACEUTICAL RESEARCH

Klaus Miiller

Central Research Units
Hoffmann-LaRoche Ltd
Basel, Switzerland

There is a vast and rapidly growing amount of structure and
biosequence information available to pharmaceutical research. For practical
purposes such information must be quickly accessible. This requires
specially designed databases with facilities for interactive and focussed
search of the relevant data as well as a large variety of sophisticated tools for
interactive data analysis and processing. The basic concepts of our in-house
database systems and data handling tools have been outlined elsewherel.2,
Here, we wish to discuss some applications to illustrate typical aspects of the
interplay between molecular modelling and structural databases in
structure-based chemical research.

Constraining the conformational flexibility of biologically active
peptides by suitable structural modifications is an often encountered
problem. This task can be accomplished in basically two different ways. The
first involves structural modifications within the peptide fragment
responsible for biological activity, e.g., by incorporating peptidomimetics or
rigid nonpeptidic building blocks. The second leaves this essential peptide
domain untouched, but attempts to induce or fix the putative bioactive
conformation by incorporating the peptide unit into a macrocyclic system.

A number of interesting mono-, di-, and tricyclic building blocks have
been proposed, and used with varying success, as (partial) substitutes for
specific peptide folds34. This approach can be expected to be useful in cases
where a receptor recognizes a specific pattern of amino acid side chains, but
does not interact with the peptide backbone itself. However, from many
crystal structures of protease inhibitor complexes and tightly bound
oligomeric proteins, there is growing evidence that molecular recognition
generally involves specific interactions with both amino acid side chains
and backbone amide units. A striking example is provided by the refined
crystal structure of glycosomal triosephosphate isomerase (TIM)5, in which
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the two identical subunits are interlocked by exposed B-turns fitting tightly
into recognition pockets. As can be seen from the hydrogen bonding
network analysis (Figure 1a) for one of the two B-turns containing a Thr-Gly
unit in a turn of type II, all heteroatoms of this turn, in particular those of
the exposed backbone amide unit, are engaged in specific hydrogen bonding
interactions with functional groups of the recognition pocket. Any attempt
to arrive at a potential TIM dimerization antagonist by designing a (rigid)
peptide analog to this Thr-Gly p-turn unit would have to take into account
its specific interaction pattern. Hence, there is virtually no room for the
design of peptidomimetics or rigid building blocks within the B-turn
domain. Rather, we have to resort to the design of a suitable macrocyclic
system. Obvious candidates may be Thr-Gly containing cyclic hexapeptides
for their known tendency to adopt p-turn containing conformations, or
derivatives thereof by incorporating less flexible building blocks outside the
Thr-Gly domain. Smaller ring systems, in particular ten- to twelve-
membered lactam derivatives1:6.7, may also be considered as interesting
substitutes for the Thr-Gly p-turn domain.

It is at this stage where searches through the structural database
become most revealing. For example, we may want to collect all well
resolved crystal structures of standard cyclic hexapeptides in order to gain
information about their conformational preferences. A typical protocol of
such a search in our ROCSD (ROche Cambridge Structural Database)
system1.2 is reproduced in Figure 2. It illustrates that relevant structural or
substructural information can be retrieved almost immediately. A number
of tools are then available for interactive examination of geometric and
energetic aspects of the retrieved structures. The majority of structures adopt
conformations with two B-turns joined by short antiparallel strands (Figure
3). They are essentially devoid of torsional strain. However, while most
structures exhibit trans-annular hydrogen bonds, characteristic for standard
B-turns, one structure8 shows no such intramolecular hydrogen bonding.
This unusual peptide conformation can be related to other 18-membered
ring systems. Fourier-analysis of ring shapes? for all 18-membered
macrocyclic structures from the database, followed by a cluster analysis,
reveals that this unusual peptide conformation is very similar to those
observed for a tetralactonel0 as well as three 18-crown-6 ethers11-13. Rigid-
body superposition of the cyclic hexapeptide to the four nonpeptidic
macrocyclic structures confirms the close conformational similarity
(Figure 4). Interestingly, theoretical conformational analysis on cyclic
hexaglycyl using our MOLOC-model building system!.2 indicates that this
conformation is a torsionally unstrained, but high-energy local minimum
(ca. 7.5 kcal/mol above the global minimum) due to the lack of
intramolecular hydrogen bonding. Instant generation of the crystal packing
and graphic-assisted analysis of the intermolecular interactions (Figure 5)
then reveals that this unusual peptide conformation is stabilized by tight
packing of hydrophobic side chains, on the one hand, and by two orthogonal
strictly intermolecular hydrogen bonding networks, involving also crystal
water molecules. In this way, all heteroatoms of the peptide backbone are
engaged in hydrogen bonds. This structure is of particular interest since it
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Figure 1: A (top): Color-coded display of putative hydrogen bonds between
two subunits of glycosomal TIM involving the Thr-Gly p-turn of the Phe-
Thr-Gly-Glu interface loop of one subunit tightly bound in a recognition
pocket of the other subunit. B (bottom): Cubic-raster analysis of the packing
of the same interface loop (raster representation of the van der Waals
surface with a grid size of 0.4A; yellow dots) in the recognition pocket of the
other TIM subunit (raster representation of the van der Waals surface with
a grid size of 0.6A; blue dots). A narrow cross section through the Cy-atoms
of Thr and the preceding Phe as well as parts of the threonine side chain is
displayed.



Figure 5: Computer-graphic analysis of the crystal packing of the cyclic
hexapeptide cyclo-(-L-Phe-D-Leu-Gly-D-Phe-L-Leu-Gly-)8. Top: van der
Waals dotted surface for an array of nine packed molecules, yellow and blue
colors indicating hydrophobic and hydrophilic surface domains,
respectively. Note that the leucine and phenyl-alanine side chains are
tightly packed into hydrophobic layers. Bottom: Color-coded display of the
hydrogen bond network for the same array of molecules. Note that all
hydrogen bonds are intermolecular, the p-strand segments forming short
antiparallel p-sheet domains, the remaining polar groups being engaged by
water molecules.



ROCSD S EARCH for CYCLIC HEXAPEPTIDES
command meaning set no.hits CPU-sec
SF 248 18-memb. ring 1 811 0.05
SF 127 cyclic -CO-X- 2 7776 0.05
MER 1 A 2 set 1 AND 2 3 196 0.03
SF 156 dipeptide 4 643 0.05
MER 3 A 4 set 3 AND 4 5 68 0.03
EC N 6-* at least 6 N 6 4954 0.45
EC O 6-* at least 6 O 7 13313 0.43
MER 5-7/A sets 5,6,7/AND 8 65 0.04
FRAG O retrieve - - 0.17
'cyclohexa fragment from

peptide’ library

CONN 8 connectivity 9 41 0.87
search on set 8

SDP 16 str.det.param. 10 41151 0.06
R-factor < 10%
no disorder
no part.disorder
coord. available

MER 9 A 10 well resolved 11 15 0.03
'standard’ cyclic
hexapeptides

Figure 2. Protocol of a search for well resolved X-ray structures of cyclic

hexapeptides in ROCSD (CPU-times are for a VAX-8700).
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Figure 3. A (top): Juxtaposition of the crystal structures of nine selected
cyclohexapeptides as retrieved from ROCSD. The data base reference codes
are (from left to right and top to bottom): AAGAGG1019, CGDLLL1020,
CGLPGL?l, AAGGAG10'9, BAMLIK?2, CYBGPP23, GGAAGG?4, CAHWENS,
PAPRVAZ25. B (bottom left): Rigid-body superposition of the nine structures
with respect to their Cy atoms. C (bottom right): Rigid-body superposition of
the nine structures with respect to either of the two p-turn amide units (note
that mirror images were used for some structures so that all macrocyclic
rings extend to the right).
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Figure 4. Juxtaposition of X-

tetralactonel? (below top), an

ray structures of a cyclic hexapeptide® (top), a
d three 18-crown-6 ethers11-13 (middle) and

rigid-body superposition of the 18-membered rings (bottom).
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provides a telling illustration of how a high-energy conformation can be
stabilized by crystal packing forces, i.e., by intermolecular interactions with a
structured molecular environment as is also available at protein binding
sites.

Although the overall ring shapes of the selected cyclic hexapeptides
are quite similar, they show considerable conformational diversity. This can
be revealed by detailed secondary structure analyses for the cyclic peptide
backbones, but is most easily seen by rigid-body superpositions of the ring
systems with respect to either their six Cy atoms (Figure 3b) or the central
peptide unit of a selected B-turn (Figure 3c). The latter mode of
superposition is particularly relevant in view of a design of cyclic analogs to
the B-turn of the TIM interface loop. In fact, packing analyses for this loop
shows that it is tightly sandwiched between two domains of the other
subunit (Figure 1b). Thus, appropriate superposition of the experimental
cyclohexapeptide structures directly on top of the interface loop allows us
quickly to sort out unsuitable conformations and to use the remaining ones
as templates for the modelling of cyclohexapeptides with amino acid side
chain patterns that are spatially and functionally complementary to the
topology of the recognition pocket. This procedure allows us to concentrate
on a relatively small number of particularly promising loop analog
candidates out of an unmanageably large number of possibilities (160'000
different Thr-Gly containing cyclohexapeptides could be constructed with
only the twenty regular amino acids of proteins).

The exposed and interlocked Thr-Gly B-turn appears to be a highly
conserved structural motif of TIM. Thus, it is of interest to examine
whether the exposed Thr-Gly B-turn is a unique structural motif of the
dimeric TIM enzyme or whether it is also found in other protein structures.
A protocol of related searches for primary and secondary structure
information in ROPDB (ROche Protein structure Data Base)1.2 is reproduced
in Figure 6. Again, relevant information is readily gathered. A number of
occurrencies of Thr-Gly or Ser-Gly B-turns are uncovered in a variety of
proteins and enzymes. The observation that this structural motif is also
found well exposed on the surface of some antibodies!4 and viral coat
proteins1® indicates interesting opportunities for further potential
applications of cyclic Thr-Gly containing loop analogs.

Cyclic hexapeptides are still quite flexible molecules. Theoretical
conformation analyses for the prototype system cyclo-hexaglycyl in the gas-
phase using our MOLOC model builder system produces over 100
conformations within an energy band of 0-10 kcal/mol. If the topological
symmetry is reduced by incorporation of one or more non-Gly amino acids,
the number of possible low-energy conformations may increase up to about
six-fold, not counting the conformational diversity arising from side chain
flexibilities. On first site, this large number may come as a surprise.
However, it implies that there are on average some 1.7 different
orientations per flexible bond (the backbone of a cyclic hexapeptide contains
twelve flexible bonds), thus conforming to the earlier findings of
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ROPDB SEARCH for Phe-Thr-Gly-Glu

command set occs/hits CPU-sec
PE peptide sequence

FTGE 1 2 occur 0.3

F[TS])G(DE] 2 6 occur 0.5

[FLIMY)[ST]G[DE] 3 18 occur 0.9

[FLIMY][ST)G[DENQ] 4 24 occur 1.0

[ST])G 5 885 occur 0.3
KA Kabsch & Sander

sec.str.assignments
T* (b-turn, any type) 6 12181 hits 0.05
T1 (b-turn, type I) 5011 hits .05

7 0
T2 (b-turn, type II) 8 2120 hits 0.05
T3 ({b-turn, type III) 9 2441 hits 0.05

MER Boolean set operations
1 A8 FTGA in b-turn II 10 4 hits 0.05
5A8 [ST)G 1in b-turn II 11 143 hits 0.05

Figure 6. Protocol of a search in ROPDB for short peptide fragments related
to the tetrapeptide Phe-Thr-Gly-Glu of the TIM interface loop (the CPU-
times are for a VAX-8700).

conformation analyses on other macrocyclic systems®. Although solvation
effects and specific interactions involving amino acid side chains may be
expected to reduce the number of potentially observable co-existing
conformations, we may wish to constrain conformational flexibility by
incorporating rigid building blocks.

The fact that the majority of cyclic hexapeptides, in their crystal states,
adopt conformations with two B-turns on opposite sites provides the
interesting possibility to incorporate a rigid p-turn analog at one site, while
keeping the other B-turn domain in the macrocyclic system untouched. If
properly designed, such a building block may not only reduce
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conformational flexibility of the macrocyclic system, but also act as a
template inducing the formation of a p-turn in the attached peptide unit.
The concept may be illustrated by the incorporation of the bicyclic lactam
system shown in Figure 7, which has been proposed by Sato & Nagail6 as an
analog to the D-Phe-L-Pro B-turn of type II' found in the cyclic decapeptide
antibiotic gramicidin S. In Figure 7, we use the enantiomer of the proposed
bicyclic lactam to substitute for a dipeptide B-turn type II in a cyclic
hexapeptide. This bicyclic structure fits well on top of the peptide p-turn
unit. Furthermore, energy minimization of a tetrapeptide attached to this
template in a preformed turn conformation results’in an unstrained low-
energy conformation with a p-turn opposite to the bicyclic template. While
this represents the standard procedure by which novel oligocyclic templates
can be assessed as potential analogs of a peptide p-turn, a full conformational
analysis of the template-fixed peptide is required if we are to assess the
potential of this template to induce the desired B-turn at the opposite site in
the macrocyclic system.

Such conformational analyses can be performed within reasonable
CPU-times using the generic ring shape algorithm for loops?. Again, a
considerable number of conformations are collected in the energy range of
0-10 kcal/mol. Gratifyingly, the desired conformation is among the low-
energy structures. However, there are many other conformations of similar
or even lower energies, most of which do not exhibit the desired
conformational characteristics (Figure 8a). One of the reasons for the
occurrence of undesired low-energy conformations is the very presence of
the lactam unit in the bicyclic template, the carbonyl group of which can
engage in hydrogen bond interactions with backbone amide groups,
resulting in differently folded macrocyclic structures (Figure 8b). Based on
this finding, analogs to the bicyclic lactam system, lacking the carbonyl
group, can be proposed immediately and their template properties assessed
as described above. It is our experience that the conformational
consequences of the incorporation of rigid templates into macrocyclic ring
systems can be assessed properly only by means of exhaustive searches for
all low-energy conformations, and by suitable screening facilities that allow
us interactively to analyze relevant conformational aspects.

Another approach to the design of a B-turn analog may start with a
search for all macrocyclic lactam or lactone derivatives with nine- to
eighteen-membered rings in the structural database. Several hundred well
resolved crystal structures can be retrieved from ROCSD. Such a large body
of structural information requires special tools for efficient interactive
screening of the structures. A particularly useful way consists in a
superposition of all structures on top of selected sets of peptide p-turns
retrieved from the protein structure database. This then allows us to page
through all structures interactively on the screen while keeping the sets of
peptide B-turns as visible references in the background. In this way,
potentially interesting macrocyclic systems become immediately evident.
Two examples are provided in Figure 9.

The first consists of a phthaloyl diamide of bis-aminoethyletherl?.
This structure is remarkable in view of its potential analogy to a Pro-X B-
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‘NH,

Figure 7. Bicyclic template as a potential substitute for a B-turn16 (left) and
superposition of this template to an X-ray structure of a cyclic hexapeptide
taken from ROCSD (reference code CGLPGL21).

turn, its synthetic availability, and its possibilities for derivatization.
Furthermore, inspection of the structural superposition immediately
suggests a number of potentially interesting analogs, most of them not in
the database, in which the benzene ring, the nonfunctional amide group, or
the saturated ether linkage are replaced by related structural units. This
example illustrates that there are generally a variety of criteria, apart from
purely geometric ones, that are relevant in assessing the analog potential of
a given structure. Often such criteria arise on an ad hoc basis from a visual
inspection of structures and structural superpositions. The human interface
is indispensable here. This requires sophisticated tools for efficient structure
examination and evaluation.

The second compound is caprinolactam!8 with an eleven-membered
ring system. We note that the s-trans amide unit is essentially planar and
that the macrocyclic ring system nicely fills the space spanned by the set of B-
turns. In particular, the ring is similarly folded at the corresponding Cgy
positions where amino acid side chains would have to be incorporated.
Unfortunately, saturated eleven-membered lactam derivatives will be very
flexible. For the unsubstituted prototype system, we calculate over 200
conformations within a 10 kcal/mol energy band. Again, some reduction of
this number may be expected upon introduction of side chains. However,
further structural modifications to constrain conformational flexibility are
clearly desired. Of course, there could be countless attempts to achieve this
goal. Three typical structural modifications, annelation of ring units,
embedding of rigid unsaturated moieties, incorporation of bridging units,
are exemplified in Figure 10.
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Figure 8. Conformation analysis for a tetrapeptide Ala-Gly-Ala-Ala attached
to the bicyclic template shown in Fig. 7. A (top): rigid-body superposition of
the first 19 conformations lying within 5 kcal/mol relative to the lowest-
energy conformation. B (bottom): hydrogen bond analysis (dotted lines) for
the lowest-lying conformation with the desired B-turn conformation for the
central Gly-Ala dipeptide unit (left; 17-th conformation) and one
representative lower-energy conformation (right, 5-th conformation) being
stabilized by additional hydrogen bonding to the lactam carbonyl group of
the template.

Based on the experimental structure of caprinolactam, annelation of
two cyclohexane rings at two ring sites with synclinal conformations might
appear to be a viable route to reduce ring flexibility. However, a
conformational analysis suggests that such derivatives may be almost as
flexible as the parent system itself. A complete set of low-energy
conformations is of considerable value, even if not too much meaning can
be attributed to the exact energy level ordering of the individual
conformations due to inadequacies of simple force field methods and the
fact that calculations refer to isolated molecules. Screening the complete set
of possible conformations allows us to identify those domains in the
macrocycle which are particularly suitable for most consequential structural
modifications. For example, compiling the distribution of antiperiplanar
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Figure 9. Rigid-body superposition of the X-ray structures of a macrocyclic
phthaloyl diamidel? (left) and caprinolactaml8 (right) to a set of
representative tetrapeptide B-turn type I conformations retrieved from
ROPDB.

Figure 10. Superposition of the X-ray structure of caprinolactam!8 with a
low-energy conformation of a modelled derivative containing two
annelated cyclohexane rings (left) and a low-energy conformation of an
unsaturated derivative containing a dimethyl-substituted trans double bond
at C5-C¢ (middle). The superposition at right shows one low-energy
conformation calculated for caprinolactam, having two consecutive
antiperiplanar arrangements for the bonds Cs5-C¢ and Ce-C7, and a low-
energy conformation of a modelled bicyclic lactam derivative of the meta-
cyclophane type.
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single-bond arrangements in the aliphatic domain for all calculated
caprinolactam conformations reveals remarkable patterns that suggest the
incorporation of unsaturated or bridging units at specific locations. Thus,
the comparatively high propensity of antiperiplanar arrangements found
for the C5-C¢ bond in the low-energy band of all s-trans lactam
conformations calls for the incorporation of a trans-configured double bond
at this location. The occasional occurrence of two successive antiperiplanar
arrangements, e.g., for the bonds C5-Cg and Cg-C7, suggests the incorporation
of a bridging unit such as a meta-substituted benzene ring to form a meta-
cyclophane. In fact, molecular modelling indicates that both structural
modifications are fully compatible with an unstrained s-trans lactam system
of the given ring size. Moreover, complete conformational analyses for
these two derivatives reveal that the structural modifications exert dramatic
filtering effects, in each case eliminating more than 90% of all
conformations of the parent lactam system, while keeping the desired
conformations within the remaining set of low-energy conformations.

In principle, full conformational analyses have to be performed for
each new derivative, if the conformational consequences of structural
modifications are to be assessed more quantitatively. However, for most
design applications this level of sophistication is not required. It is then
sufficient, and more convenient, to start from the complete set of
conformations of a given parent system lying within a reasonably wide
energy band (e.g., 0-15 kcal/mol), to define a structural modification
prototypically for the first member of this set, and to have the same
modifications applied automatically to all members of the set, followed by
unconstrained energy minimizations. Even if this procedure does not in
general generate a complete set of conformations for the modified ring
system, it provides a satisfactory basis for a qualitative assessment of
conformational consequences of structural modifications. It is a vital tool
for the design of conformationally constrained macrocyclic systems.

It is beyond the scope of this short account to detail specific
applications. Rather, its intention is to illustrate some of the potentials of
combining molecular modelling techniques with compounded three-
dimensional structure information. Furthermore, we wish to emphasize
that computer-assisted molecular modelling systems should not be
considered as potential substitutes for, but rather as tools to guide
experimental work. Molecular modelling should always be performed in
close relation to experimental data. In fact, one of the virtues of our
modelling systems is their capabilities to gather relevant and usually widely
distributed structural information quickly and to indicate new research
opportunities by establishing novel relationships between such data
through appropriate structure processing.
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Supramolecular Reactivity and Catalysis of Phosphoryl Transfer

Jean-Marie Lehn

Université Louis Pasteur, Strasbourg and
Collége de France, Paris

Reactivity and catalysis represent major features of the functional
properties of supramolecular systems. Molecular receptors bearing
appropriate functional groups may bind selectively to a substrate, react with
it, and release the products. Supramolecular reactivity and catalysis thus
involve two main steps: recognition of the substrate followed by
transformation of the bound species into products. The design of efficient
and selective molecular catalysts may give mechanistic insight into the
elementary steps of catalysis, provide new types of chemical reagents, and
produce models of reactions effected by enzymes that reveal factors
contributing to enzymatic catalysis.

Bond cleavage reactions have been extensively studied in this respect. A
further step lies in the design of systems capable of inducing bond
formation, which would thus effect synthetic reactions as compared to
degradative ones. In order to realize "bond-making" rather than "bond-
breaking" processes, the presence of several binding and reactive groups is
essential. Such is the case for coreceptor molecules in which subunits may
cooperate for binding and transformation of the substrates; as a consequence,
they should be able to perform co-catalysis by bringing together substrate(s)
and cofactor(s) and mediating reactions between them within the
supramolecular complex.

These reactional properties of supramolecular systems will be illustrated
by several processes: - activation of ester cleavage by binding; - hydrogen
transfer to a bound substrate; - cleavage of activated esters bound to
functionalized macrocycles; - hydrolysis of adenosine triphosphate (ATP) by
macrocyclic polyamines. In particular, bond formation has been realized in a
system performing catalytic substrate phosphorylation and pyrophosphate
synthesis via cocatalysis by a macrocyclic polyamine. These reactions are
represented on the following figures.
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POLYMER ASSISTED MOLECULAR RECOGNITION: THE CURRENT

UNDERSTANDING OF THE MOLECULAR IMPRINTING PROCEDURE

Ginter Wulff

Institute of Organic and Macromolecular Chemistry
Heinrich-Heine University of Diusseldorf
4000 Dusseldorf F.R.G.

INTRODUCTION

Molecular recognition is of great importance in many areas in the
biological world. The most well-known are enzyme-substrate recognition,
receptor-hormone recognition, and antibody-antigen recognition. In all
these cases the receptor consists of a void or a cleft in a biopolymer in
which suitably arranged binding site groups effect binding. With this
method the shape of the void as well as the position of the binding sites
have considerable influence on the selectivity of recognition. In enzymes
the binding of the right substrate in a stereochemically controlled
arrangement is a substantial prerequisite for catalysis. In addition,
enzyme active sites usually contain nucleophilic, electrophilic, basic or
acidic groups originating from amino acid side chains. They are precisely
positioned to react with a bound substrate.

Researchers have been trying for a considerable time to synthesize
artificial enzyme analogues which possess a similarly high substrate-,
reaction-, and stereoselectivity and which are at the same time be%tzr
accessible, more stable, and catalyze a larger variety of reactions”'”.
Furthermore, such enzyme analogues offer the opportunity to study the
characteristics of enzyme catalysis in greater detail and thereby to gain
a better understanding of the whole process.

The crucial problem of the construction of enzyme models is the
synthesis of the active center. The following conditions have to be
created for the construction of enzyme models in order to approach enzyme
similarity~:

a) A cavity or a cleft must be prepared with a defined shape
corresponding to the shape of the substrate of the reaction. For
catalysis it is preferable if the shape of the cavity corresponds to
the shape of the transition state of the reaction. If the transition
state of the reaction is more strongly bound than the substrate or
the product the activation energy of the reaction is lowered and
turnover numbers of the reaction are increased. In many enzyme
models turnover numbers are low, and sometimes inhibition is
observed since it is not the transition state which is more firmly
bound, but the product or a reaction intermediate.
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b) A procedure must be developed in which the functional groups acting
as coenzyme analogues, binding sites or catalytic sites are
introduced into the cavity in the right stereochemistry.

c) Since binding of the substrate or the transition state of the
reaction in the active center of the enzyme is a rather complex
overlap of different interactions which are not known in detail,
simplified binding mechanism have to be developed. For each
substance binding site group should be found exhibiting fast and
reversible interactions.

d) In many enzymes coenzymes or prosthetic groups play an important
role. Analogues of such groups should be developed.

e) An important part of the preparation of an enzyme model is the
choice of a suitable catalytically active environment. In enzymes
the cooperativity of different catalytically active groups is of
importance. In models one normally has to choose simplified systems
without omitting the essential characteristics. In enzyme models, in
contrast to enzymes themselves, a large variety of different
catalytically active groups can be choosen since one 1is not
restricted to the functional groups of amino acid side chains.

In the past many approaches have been wused to achieve the
construction of an enzyme model. The results in many cases were rather
poor and only low catalytic activities were observed. Successfull
experiments in the past used low-molec%lar-weight ring systems as the
binding site, like crown ethers”, cryptates’, cyclophanes”,
cyclodextriness’g, concave molecules etc. and attached catalytically
active functional groups. An ex&{e?%ly interesting approach of recent
years used monoclonal antibodies™~’'"“. These antibodies were generated
against the transition state analogue of a reaction and they showed
remarkably high activity in catalysis. In other experiments antibodies
with defined binding sites and a catalytically active group have been
generated which show high catalytic activity as well.

In principle a procedure similar in approach to the generation of an
antibggylégainst a reactant was introduced quite some time ago by our
group >~ *°. In our case polymerizable binding site groups are bound by
covalent or non-covalent interaction to a suitable template molecule [see
Scheme I]. This template monomer is copolymerized in the presence of a
high amount of crosslinking agent. After splitting off the template
molecule from the polymer, microcavities are obtained as imprints which
have a shape and an arrangement of functional groups corresponding to that
of the template. In this review the principle will be briefly discussed,
followed by an analysis of the new results which facilitate the
understanding of the whole procedure. Finally, there will be a report of
the first results in stereoselective reactions using these polymers.

THE PREPARATION OF CHIRAL CAVITIES IN CROSSLINKED POLYMERS

An example for the imprinting procedure is the polymerization of the
template monomer 1 5'17. In this case phenyl-a-D-mannopyranoside acts as
the template. Two molecules of 4-vinylbenzeneboronic acid are bound by
diester linkages to this template. In this case the binding sites (the
boronic acids) are bound by a covalent interaction. The monomer was
copolymerized by free radical initiation in the presence of an inert
solvent with a large amount of bifunctional crosslinking agent. Polymers
thus obtained are macroporous possessing a permanent pore structure and a
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Scheme I. Schematic  representation of the  preparation of
microcavities with functional groups by an imprinting
procedure using template molecules.
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high inner surface area. Polymers of this type possess good accessibility
on the surface of the pores and a rather rigid structure with low mobility
of the polymer chains.

The template can be split off by water or methanol to an extent of up
to 95% (see Scheme II). The accuracy of the steric arrangement of the
binding sites in the cavity can be tested by the ability of the polymer to
resolve the racemate of the template, in this case of phenyl-a-D,L-
mannopyranoside. Therefore the polymer is equilibrated in a batch
procedure with a solution of the racemate under conditions under which
rebinding in equilibrium is possible. The enrichment of the antipodes on
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Scheme II. Schematic representation of the removal and uptake of
the template molecule phenyl-a-D-mannopyranoside from a
highly crosslinked copolymer of 1.

the polymer and in solution is determined and the separation factor a,
i.e. the ratio of the distribution coefficients of D and L compound
between polymer and solution is calculated. After extensin7o §imization
of the procedure, a-values between 3.5 - 6.0 were obtained™''~". This is
an extremely high selectivity for racemic resolution that cannot be
reached by most other methods.

Polymers obtained by this procedure can be used for the Shrg-
matographic separation of the racemates of the template moleculesl’1 -2 .
The selectivity of the separation process is fairly high (separation
factors up to @ = 4.56) and at higher temperatures with gradient elution,
resolution values of R_ = 4.2 with base line separation have been obtained
(see Fig. 1). These sorbents can be prepared conveniently and possess
excellent thermomechanical stability. Even when used at 80°C under high
pressure for a long time, no leakage of the stationary phase nor decrease
of selectivity during chromatography was observed.

Apart from using sugar derivatives as templates with this method
amino acids, hydroxy carboxylic acids, diols and other racemates have been
separated’. Furthermore it has been possible to localize two amigg groups
in a defined distance at the surface of silica with this method These
materials bind strongly by a cooperative binding dialdehydes or diacids in
those cases where the functional groups have the correct distance from
each other.

Other research groups in the meanwhile haye élso been working on
molecular imprinting in crosslinked polymersl6’23'2 By using a variety
of different templates and binding site f%gﬁ?s the scope of the method has
been enlarged. The group led by Mosbach®’:’ concentrated on non-covalent
interactions during polymerization and chromatography. In this way they
were able to completely resolve derivatives of amino acid racemates.

FUNDAMENTALS OF THE IMPRINTING PROCEDURE

Origin of the Chirality of the Imprinted Polymers

The asymmetry of the empty cavities can be analyzed by the excellent
racemate resolution ability but it can also be directly detected by
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Fig. 1. Chromatographic separation with gradient elution of
phenyl-a-D,L-mannopyranoside on a polymer prepared from
1. Temp. 90°C"~.

measuring the optical activityzg. This is measured by suspending the
polymer in a solvent which has the same refractive index as the polymer, a
technique which was developed for other types of insoluble polymers. The
values of molar optical rotation measured are shown in Table I.

If we compare the value -61.7° for polymer Pl containing the
template, with the wvalue -448.9° for the template monomer 1 it becomes
apparent that the molar optical rotation value has decreased considerably
as a result of the polymerization. This could have several causes, one
being the influence of the polymer matrix. Its effect can be determined by
splitting off the optically active template. If the boronic acids are
converted with an achiral diol to ﬁ?e ethyleneglycol ester, the polymer
gives a positive molar rotation [M] 546 +110.0°. This shows that in P1l’
the imprints generated in the polymer make a positive contribution to the
optical rotation value. Measuring the optical rotation in the solid phase
thus allows the properties of chiral cavities in the polymer to be
directly determined, like the binding situation of a bound substrate,
different swelling situations etc.””.

Table I. Molar optical rotation values for polymers with
chiral cavities

Template Polymer P1 Polymer P1’
monomer 1 with template template split offa)

M]%Y5,6 -448.9° -61.7° +110.0°

4) as the ethyleneglycolester
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In this case the optical rotation is not caused by individual chiral
centers, as is usual, but by the empty imprints as a whole. Their chiral
construction is stabilized by means of the crosslinking of the polymer
chains. This type of chirality can arise from the asymmetric configuration
of the crosslinking points, as well as from asymmetric conformations of
the polymer chains which are stabilized by crosslinking. The extent to
which these two factors contribute is not known.

It is unlikely that the chiral configurations of the linear portions
of the chains contribute to the asymmetry of the cavity since no
asymmetric cyclocopolymerization is possible for the template monomer 1.
With other types of template monomers, though, such type of cgntribution
of backbone-chiral portions of the polymer might be expectedBO' l. Another
possible reason for the observed racemic resolution could be the existance
of the few optically active templates that could not be split off. Careful
investigations showed that racemic resolution is not brought about by the
interaction of the racemate with the remaining templates™°.

Temperature Dependence of Selectivity

There is a considerable influence of temperature on the sslectivity
of racemic resolution with polymers prepared by imprintinglg' L It is
both influenced by the thermodynamics and by the kinetics of the binding
process. If the equilibration of the polymer with the racemate is
performed at different temperatures the «@-values increase with
increasing temperature. Whereas an a-value of 4.7 is observed at 20°C,
the same polymer under otherwise identical conditions shows an a-value of
5.5 at 60°C. The reason for this strong increase might be twofold. The
monomeric mixture with the template monomer by initiation with azo-
bis(isobutyronitrile) was polymerized at 65°C for 48 hrs.. Therefore the
imprinting occurred at this temperature, and after splitting off the
template the cavity might be better preserved at 60°C than at 20°C. To
elucidate this question a second polymer was prepared with the initiator
azo-bis(2,4-dimethyl-valeronitrile) that could be used for polymerization
at 20°C for 12 days. If this polymer is equilibrated at 20°C and 60°C the
difference is much less pronounced (20°C a = 3.1; 60°C a = 3.2)showing
that the assumption is, at least partially, correct™". A similar result
was obtained by Mosbach et al.

A second reason for this temperature dependence could be that at a
higher temperature the embedding process is faster and more cavities,
especially the most selective ones, are loaded. At higher temperature the
swelling of the polymer is stronger and the size of the cavity will be
enlarged. Therefore the embedding is facilitated. Even highly crosslinked
polymers freed from the template can possess a swellability of more than
100% in the solvent used for the equilibration in the batch procedure. On
adding the template, the original volume is restored by deswelling.
Assuming that the swelling occurs with solvation of the functional groups
in the microcavities, the microcavities apparently restore their original
form on binding, as the high selectivity of these polymers indicate. This
could be regarded as an analogy to the "induced fit" in enzymes.
Furthermore, under these conditions the substrate will be preferably bound
by the more selective two-point binding. In our example this means that
phenyl-a-D-mannopyranoside 1is bound by two boronic ester bonds.
Calorimetric measurements showed that at room temperature the correct
enantiomer is bound to less than 50% by a two-point binding, the other
part being bound by a one-point %ﬂfding. At a higher temperature the two-
point binding increases strongly The "wrong" enantiomer does not fit
into the cavity with a two-point binding and is preferably bound by a one-
point binding.
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Using these polymers as chromatographic supports for h.p.l.c.
separations the influence of both the temperature on the thermodynamics
(i.e. on the separation factor) and on the kinetics (i.e. on the number of
theoretical plates) can be directly inspected. q%g. 2 shows a

chromatographic separation at different temperatures™”. At a higher
temperature the mass transfer is strongly_increased and the separations
become much better (see also Fig. 1)“°. The D-form (the "right"

enantiomer), in particular, shows stronger spreading. The difference may
be ascribed to the hindrance imposed on the D-enantiomer on its entrance
and subsequent two-point binding into highly selective cavities. The
association of the D-form within a selective cavity in a cooperative two-
point binding fashion and its subsequent dissociation process might be
expected to be more hindered kinetically than in a one-point binding.

Influence on Selectivity of the Arrangement of Functional Groups versus
Shape Selectivity

Another important question which still remains unsolved in the
molecular imprinting procedure is the precise mechanism of molecular
recognition. The high selectivity observed is believed on the one hand to
be mainly due to the shape of the cavity. In this case the binding sites
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within the cavity are primarily responsible for the driving force to bring
the substrates inside the cavity. On the other hand, molecular recognition
could also be due to the spatial arrangement of the functional groups
(bindigg sites) within the cavity. A recent observation by Shea and
Sasaki showed that shape selectivity was the most important factor for
molecular recognition in the examples investigated by them.

We adressed this problem by prepgr%ng a number of polymers with
s . ,34735

similar but different template monomers . These polymers were then

tested for their ability for racemic resolution for a variety of different

racemates. The racemates were on the one hand of different shape and on

the other hand of different arrangement of the groups interacting with the

binding sites.

o O OB

24 R=H 3a R=H
2b R=Methyl 3b R=Methyl
2C R=Bensyl 3C R=Bensyl

Polymers were compared, prepared from the template monomer 1, 2a-c,
and 3a-c in which phenyl-a-D-mannopyranoside, B-D-fructopyranose, 1-0-
methyl- and 1-0-benzyl-B-D-fructopyranose, «a-D-galactopyranose, 6-0-
methyl- and 6-0-benzyl-a-D-galactopyranose are the templates. In all
cases two molecules 4-vinyphenyl boronic acid were bound by ester
linkages. These polymers were prepared in the same manner as described for
1 and Pl and Pl’ and the templates could be split off to a high
percentage. Equilibration of the corresponding racemates of the templates
with their polymers showed selectivity for racemic resolution but to a
lower extent, than in the case of phenyl-a-D-mannopyranoside (see Table
II). The reason for the lower selectivity might be that these racemates
exist in a mutarotational equilibrium in which the isomer with the correct
arrangement of the diol groupings is only present to a certain degree.

Table II Selectivity for racemic resolution of polymers P3, P4,

and P5
Polymer Template monomer Racemate Separation factor «
Pl 1 phenyl-a-D,L-mannoside 5.0
P2a 2a D,L-fructose 1.63
P2b 2b 1-0-methyl-D,L-fructose 1.76
P2c 2c 1-0-benzyl-D,L-fructose 1l.64
P3a 3a D,L-galactose 1.38
Pl 1 D,L-mannose 1.60
Pl 1 D,L-fructose 1.34
P3b 3b D,L-galactose 1.39
P3c 3c D,L-galactose 1.58
P2a 2a D,L-galactose 0.85 (1.17)
P3a 3a D,L-fructose 0.80 (1.25)
P3b 3b D,L-fructose 0.71 (1.41)
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Nevertheless, it is possible to separate the racemates of the free sugars.
This is more convenient than preparing suitable derivatives of the
racemates, as was necessary in the past.

D,L-Mannose can be separated on a polymer prepared from 1. This shows
that a considerably smaller racemate than the original one can also be
separated by Pl. Polymer P3c prepared from 6-O-benzylgalactose showed a
much better capacity of resolution for D.L-mannose (with a separation
factor @ = 1.58 which is nearly 50% better) than on P3a. In this case the
cavity is enlarged by the bulky benzyl group and now apparently the
embedding of the correct enantiomer is facilitated.

In these cases the racemates were of the same type as the template
but had a different shape. If other sugar racemates are used, D,L-fructose
can be separated on a polymer prepared with phenyl-a-D-mannopyranoside as
the template. All other sugar racemates tried (arabinose, glucose,
galactose, xylose, ribose) could not be separated on this polymer.
Polymers imprinted with D-galactose and D-fructose showed surprising
behaviour when equilibrated with the other sugar racemate. Thus the
polymer imprinted with D-fructose binds preferably L-galactose from D,L-
galactose and that imprinted with D-galactose binds preferably L-fructose.
D,L-Mannose on the contrary is not separated on either polymers. The
inverse selectivity observed on polymers P2a and P3a can be explained by
inspecting molecular models of the preferred conformation of the free
sugars (see Fig. 3). Both B-D-fructopyranose and «a-L-galactopyranose,
which are both preferably bound by P2a, show that they don’'t differ in the
orientation of the interacting hydroxyl groups; only the hydroxy methyl
groups are at different places in the molecules. This causes these
molecules to possess considerably different shapes. The selectivity,
however, did not change due to this fact, but was only reduced to some
extent. This clearly suggests that for selectivities in these cases it is
the otrientation of the functional groups inside the cavity which is
primarily responsible for molecular recognition. Shape selectivity is only
of secondary importance. The same is true if phenyl-a-D-mannopyranoside
as the template is compared with D-mannose and D-fructose both of which
can be incorporated in Pl. In both cases the orientation of the diol-
groupings is such that they can be incorporated in the cavities of polymer
P1.

Fig. 3. Ball and stick models of the preferred conformation of
B-D-fructopyranose (left) and a-L-galactopyranose
(right). The hydroxyl groups interacting with the
boronic acids are marked black.
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These findings have a number of consequences for the concept of
molecular imprinting with templates~™:

(a) If the orientation of the interacting groups inside the cavity is
the principal factor governing the selectivity, other molecules than
the templates but with a similar orientation of their functional
groups can be separated. In this case it is possible to prepare a
well-defined monomer as in the case of 1, and separate D,L-mannose
or D,L-fructose afterwards.

(b) In contrast to imprinting with non-covalent interactions, in our
system the functional groups are present in a defined number and
orientation per active center. With non-covalent interactions an
excess (usually four fold) of binding sites need to be incorporated
to obtain reasonable selectivity. This implies that (at best) only a
quarter of the functional groups is arranged in an oriented manner,
while the rest are irregularly arranged all over the polymer. This
may be an important shortcoming for the construction of active
centers behaving in a catalytic mode. With covalent interactions on
the other hand, certain functionalities can be introduced in a
defined number and orientation into the active site and these groups
can be transformed to other functionalities. This is especially true
for the boronic acid moiety that can be easily replaced by a variety
of other functional groups.

(c) It is possible to prepare active centers with a defined orientation
of functional groups and with a particular shape which selectively
bind certain substances or catalyze specific reactions. Moreover, it
is also possible to introduce additional pockets or niches at the
active centers. This can be achieved by attaching bulky substituents
at the template molecule. Thus, in the case of 1 the phenyl ring
provides additional space in the active centers. This principle can
find application in the construction of catalytically active
polymers.

REACTIONS INSIDE IMPRINTED CAVITIES

Up to now imprinted polymers with different types of templates were
primarily employed for the resolution of the racemate of the template as a
principal diagnostic criterion for evaluating their molecular recognition
abilities. On the other hand, as outlined in the introduction, the final
aim of these investigations is to use this principle for the construction
of catalysts which work in a similar fashion as enzymes do. Initial
attemps to wuse these polymers for performing enantioselective or
diastereoselective_organic synthesis were made in the laboratories of

Shea“” and Neckers“’, who carried out the synthesis of chiral cyclopropane
derivatives and a diastereoselective dimerization of innamic acid,
respectively. In later investigations, Sarhan et al. observed ig

enantioselective protonation-deprotonation and Leonhardt and Mosbach
noticed a substrate selective hydrolysis wusing suitable imprinted
polymers. The results of these attempts, however, were mnot very
satisfying. The same is true for an attempt by Mosbach’s group to use a
transition-state analogue imprinted polymer to catalyze esterolysis in
analogy to the catalytic antibodies. Only a 60% increase in rate was
observed37.

Our attempts first concentrated on an enantioselective C-C bond
formation inside the chiral cav%ties with the objective of synthezizing
optically active amino acids3®:3 Our synthetic approach is outlined in
Scheme III. The template monomer 4 is polymerized to yield a macroporous
polymer A, following standard experimental procedures. After splitting off
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Scheme III. Schematic representation of an asymmetric synthesis of
@-amino acids using imprinted polymers.
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the template, a glycine molecule is bound, forming C inside the resulting
free cavities of B. By deprotonation with a base Bl, the resulting ester
enolate D possesses enantiotopic sites, which become diastereotopic inside
the chiral cavity. The electrophilic reagent RX is subsequently bound in
the cavity to yield E. Reaction of RX at one of the diastereotopic sites
of the ester enolate gives the bound chiral amino acid A which can be
isolated in the next step.

By following this route polymer P4 was prepared. It turned out,
however, that the planned reaction between 3,4-dihydroxy benzyl halides
(bound as boronic ester in the cavity, see E) and the polymer bound ester
enolate of glycine was not feasible, since 3,4-hydroxy benzyl halides gave
rise to a large number of by-products. Therefore the reaction between the
polymer-bound-glycine enolate and acetaldehyde was studied which yielded
threonine and allo-threonine. While the reaction of the bound glycine
ester enolate with acetaldehyde showed poor enantioselectivity, the
corresponding transition metal complexes were proven to be superior.
Asymmetric inductions in this aldol type reaction can be obtained with
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Scheme IV. Synthesis of L-threonine inside a chiral cavity of a
polymer prepared by copolymerization of 4 and removal of
the template.

36 per cent of ee for L-threonine by performing the reaction inside the
cavity. This enantioselectivity can be explained by the fixation via a
transition metal complex and by the presence of a coordination of the
aldehyde to the boronic acid groups. By this interaction the incoming
aldehyde is oriented at the Si-face of the enolate, as shown in Scheme IV,
and can preferably attack from this face. It appears from these
observations that the transition state of the reaction is forced into an
asymmetric arrangement by the chiral cavity.

The asymmetric induction observed in this case is by far the highest
among the reported results on the asymmetric synthesis performed inside
chiral cavities. In comparison with other methods of asymmetric synthesis
the extent of asymmetric induction in the present case is somewhat modest.
Nevertheless, this approach provides the possibility of combining the
cavity effect with the conventional asymmetric synthesis, whereby the
selectivity could be significantly increased, as has been observed by Fuji
et al. during racemic resolution with such types of systems.

CONCLUSION

Molecular imprinting using template molecules is a convenient procedure to
prepare microcavities in crosslinked polymers. These microcavities possess
a shape and an arrangement of functional groups inside the cavity
corresponding to that of the template. These polymers show high
selectivity in chromatographic racemic resolution. It 1is possible to
resolve a variety of different racemates with this method. Usually for
each racemate a separate polymer has to be prepared. If another racemate
than the template is to be separated, it has to have a similar orientation
of the functional groups as the template molecule. These investigations
constitute important prerequisites for the construction of catalysts which
are expected to act in a similar manner as natural enzymes.
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INTRODUCTION

Lignin is the most abundant natural aromatic polymer in the
biosphere. It comprises 20-30% of woody plant cell walls and by
forming a matrix surrounding the cellulose, it provides
strength and protection, a.o. against biodegradation. Lignin is
a highly branched and heterogeneous three-dimensional structure
made up of phenylpropanoid units which are interlinked through
a variety of different bonds. In figure 1 some characteristic
lignin model substructures are depicted. In the lignin
nomenclature normally used, « and P refer to, respectively, the
Ca and CB carbon atoms of the phenylpropane units, 0-4
indicates the oxygen atom of the p-hydroxy group. The numbers
refer to the carbon atoms in the aromatic ring, with c-1
connected to the propyl side-chain. The polymer is formed via a
peroxidase-catalyzed polymerization of (methoxy)-substituted
p-hydroxycinnamyl alcohols. The benzylic hydroxy groups are
introduced via quinone methide intermediates (Higuchi, 1990).
The biological significance of lignin combined with the
commercial importance of lignocelluloses has generated
widespread interest in understanding the biochemistry of lignin
biodegradation. The degradation by the white-rot fungus
Phanerochaete chrysosporium has been widely used as a model
system to understand the processes of lignin biodegradation.
The isolation of ligninase from ligninolytic cultures of this
fungus in 1983 (Tien and Kirk, 1983; Glenn et al, 1983) has
brought lignin biodegradation research into the realm of
(bio)chemistry and molecular biology. Since then the
biodegradation process could be studied on a molecular level.
Although at first described as an H,0,-requiring oxygenase, in
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1985 it was established that ligninase should be designated a
peroxidase (Harvey et al, 1985; Kuila et al, 1985; Renganathan
and Gold, 1986). At present, the enzyme is generally referred
to as lignin peroxidase (LiP). In fact, a number of isoenzymes
with molecular weights of approximately 41000 have been
isolated from P. chrysosporium (Leisola et al, 1987). The
physical and kinetic properties of these isoenzymes have been
described (Farrell et al, 1989; Glumoff et al, 1990). Also, LiP
has been crystallized (Glumoff et al, 1989).

LiP will oxidize non-phenolic electron-rich aromatic rings to
the corresponding radical cations at the low optimum pH of 3
(Kersten et al, 1985; Schoemaker et al, 1985). Recently, a
number of review papers on lignin biodegradation (Kirk and
Farrell, 1987; Tien, 1987; Buswell and Odier, 1987; Umezawa,
1988; Schoemaker and Leisola, 1990, Schoemaker, 1990) have
appeared. In this paper, therefore, only a general outline of
the insights gained in this exciting field will be given.
Emphasis is focussed on aspects of the mechanism that have
received little attention and on some results obtained
recently.

CHEMICAL MECHANISM OF LIGNIN PEROXIDASE CATALYSIS
LiP will oxidize non-phenolic electron-rich aromatic compounds

by a single-electron transfer mechanism that entails formation
of radical cations. The ensuing reactions of the radical
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cations include Ca-Cp-cleavage, demethoxylation and other ether
bond cleaving reactions, hydroxylation of benzylic methylene
groups, oxidation of benzylic alcohols, decarboxylation,
formation of phenols and quinones and aromatic ring cleavage.
In these processes reaction of oxygen with intermediate
radicals will occur, resulting either in oxygen incorporation
or in oxygen activation (i.e. reduction to superoxide anion).
These reactions have been comprehensively reviewed {Schoemaker,
1990 and references cited).
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Scheme 1

As examplified for the oxidation of a B~1 lignin model, in
scheme 1 the result of one-electron oxidation of a lignin
substructure is given. Ca-Cp cleavage of the radical cation
results in the formation of a radical at the CB carbon atom,
which will react in an almost diffusion controlled manner with
molecular oxygen (thus, the enzyme is not an oxygenase). The
presence of the Co-hydroxy substituent facilitates the cleavage
reaction by the formation of an aromatic aldehyde (in this case
veratraldehyde) as the product. This Ca-Cg Cleavage can be
considered as a model for a depolymerizing reaction.

At this point it is interesting to note that the biosynthesis
of lignin is initiated by plant peroxidase-induced radical
formation of phenolic cinnamyl alcohols (at almost neutral pH).
In this process, the benzylic Co-hydroxy groups are introduced
chemically via quinone methide intermediates. In the
biodegradation process, the white rot fungi will also use
peroxidases, most notably LiP, this time to initiate
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a depolymerization reaction via one-electron oxidation.
However, this reaction is not the microscopically reversed
reaction of the polymerization. The Ca-CR cleavage that now
takes place is highly facilitated due to the presence of the
Ca~hydroxy substituent. Other differences are the pH of the
reaction (biodegradation is a slightly acidic process) and the
fact that LiP has a somewhat higher redox potential than other
peroxidases, which is manifested in its ability to oxidize
non-phenolic electron-rich aromatic rings to the corresponding

radical cations.
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In scheme 2a and 2b, other consequences of such a peroxidase
induced radical cation formation are depicted. In the oxidation
of B-0-4 substructure models, phenols are formed as the
products. As stated before, peroxidases will polymerize phenols
and phenolic lignin and these reactions indeed are also
observed with the isolated LiP (Haemmerli et al, 1986; Odier et
al, 1987; Kern et al, 1989). Still, addition of LiP to
ligninolytic cultures of P.chrysosporium will stimulate the
degradation of lignin (Leisola et al, 1988). Obviously, LiP is
only part of the ligninolytic system of the white-rot fungi.

As one possible mechanism by which the fungus will degrade
polymeric lignin, we have suggested that by the extracellular
oxidants - peroxidases, phenoloxidases and active oxygen
species - a dynamic system is established (a so-called
polymerization-depolymerization ’‘equilibrium’) which is shifted
towards further degradation by fungal uptake of smaller
fragments (a.o. quinones and ring opened products). In this
scheme, reductive enzymes also play a role (Schoemaker et al,
1989; Schoemaker and Leisola, 1990; Schoemaker, 1990). In the
sequel some results with model systems will be discussed, which
form the basis for the hypothesis.

REDOX CYCLE OF LIGNIN PEROXIDASE

In its most basic form the redox cycle of LiP can be
represented as depicted in scheme 3:

Enz-Felllp + H,0, e Enz-Fe!V = 0 P* + H,0
compound I

Enz-Fe!V =0 P* +H' + e — 3 Enz-Fe!V = o P
compound II

Enz-Fe!V = 0P +H +e — 3 Enz-Felllp + HO

Enz = apo-enzym; P = protoporhyrin IX

Scheme 3

A complication in the redox cycle is the reaction of compound
II with excess H,0,, yielding compound III (Fe!!!-0, P or
Fell-0,P), a species with catalytic limited ability (Cai and
Tien, 1989, 1990; Wariishi and Gold, 1989, 1990; Wariishi et
al, 1990). Despite recent studies using stopped flow
techniques, still little is known on the exact mechanism of
LiP-catalysis. Especially, the role of veratryl alcohol is
unclear. Veratryl alcohol is oxidized to veratraldehyde,
presumably in two consecutive one-electron oxidation steps.
However, in contrast to the oxidation of dimethoxybenzene
(Kersten et al, 1985) no spectral evidence for the intermediacy
of a radical cation has been obtained sofar (see, however,
Harvey et al, 1989%a). Still, the formation of side-products
(arising from aromatic ring oxidation) is best rationalized by
attack on an intermediate radical cation by water and dioxygen
or reduced oxygen species (vide infra). If one assumes lignin
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degradation to be initiated by one-electron oxidation,
efficient reduction of compound II of LiP should occur. It has
been postulated that the conversion of compound II to the
native enzyme is one of the physiological roles of the
secondary metabolite veratryl alcohol (Schoemaker, 1990); it
has also been suggested that a veratryl alcohol radical cation
modified form of compound II plays a role in this process
(Harvey et al, 1989b). Alternatively, it has been postulated
that compound II is first converted into compound III or
compound III* by reaction with H,0,, followed by a ligand
displacement initiated by veratryl alcohol with the formation
of superoxide anion (Wariishi and Gold, 1989, 1990; Wariishi et
al, 1990). The process is still under active investigation in a
number of laboratories (Tien, Gold, Harvey). Sofar, most
kinetic studies have been performed with veratryl alcohol.
However, since the major product of the reaction is
veratraldehyde, formed after a two-electron oxidation, the
results of these studies are not easy to analyze, because it is
rather difficult to distinguish between two consecutive
one-electron oxidation steps and a direct conversion to the
aldehyde. Therefore, substrates, including phenols, that are
clearly oxidized via one-electron oxidation should also be
investigated.

OXIDATION OF VERATRYL ALCOHOL AND ITS METHYL ETHER

Veratryl alcohol 1 (3,4-dimethoxybenzyl alcohol) plays a
pivotal role in studies on lignin biodegradation. It is a
secondary metabolite of the white-rot fungus, P.chrysosporiunm.
Remarkably, veratryl alcohol is also catabolized by
ligninolytic cultures of this fungus. It is an inducer for LiP
and it seems to protect the enzyme against H,0,. In general,
the formation of veratraldehyde from veratryl alcohol is used
as an assay for LiP activity.

In this paper, the oxidation and further degradation of
veratryl alcohol and its derivatives are described to
illustrate the complexity of the ligninolytic system. Also, an
attempt will be made to extrapolate the data obtained with
simple monomeric (and dimeric) lignin-like compounds and/or
substructures to the polymeric system. Evidently, such an
extrapolation should be done with the utmost care, since the
two systems vary widely and still little is known from studies
with the actual polymer. However, due to the complexity of the
problem, in our opinion, progress can only be made with the aid
of model studies.

Oxidation of veratryl alcohol by LiP

At first, it was believed that veratraldehyde was the only
product and that oxygen did not play a role in the process
(Tien et al, 1986). However, subsequent research indicated that
molecular oxygen. is used both as an electron acceptor and as a
reagent. Dioxygen is also converted to H,0, via intermediacy of
the superoxide anion (Palmer et al, 1987; Haemmerli et al,
1987; Schmidt et al, 1989). Thus, when veratryl alcohol 1 was
oxidized by LiP in the presence of oxygen, a number of products
were observed (scheme 4). Most of them have been isolated
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and identified (Schmidt et al, 1989). Veratraldehyde 2 was the
major product (over 70%), the quinones accounted for about 10%
of the reaction products (2-methoxy-p-quinone 3: 3.5%;
2-methoxy-5- (hydroxymethyl) -2, 5-cyclohexadiene-1,4~-dione 4:
7.0%; 4,5-dimethoxy-3,5-cyclohexadiene-1,4-dione 5: 2.5%; and
the five-membered ring lactones (mainly 4-(2-(methoxycarbonyl)-
ethenyl) -2 (5H) -furanone 6), formed after aromatic ring
cleavage, for about 15-20%.

CHOH

CH,0H cn,on
upoz
ROV OMe OMe
OMe
veratryl alcohol 1 veratraldehyde 2
cnzon )
|: :l l: L 1 j] Tl
COOMe\r(
COOMe
3 4 5 s 1
Scheme 4

When the reaction was carried out under an argon atmosphere
veratraldehyde was practically the only product. The
one-electron oxidant cerium ammonium nitrate gave essentially
the same products as LiP under both conditions.

Effect of pH and Mn(IT) on veratryl alcohol oxidation

The relative amounts of the various oxidation products in the
enzyme reaction were dependent on the reaction pH. The highest
amount of quinones was formed at pH 3.0, while formation of the
ring cleavage lactones was more favoured between pH 4.0 and
4.5. Above pH 5.0, veratraldehyde was the only product. When
Mn(II) was added to the reaction mixtures, the amount of ring
cleavage lactones decreased considerably (pH 3.0). The effect
was even more pronounced at pH 4.5. A similar phenomenon was
observed in the formation of quinone 4. Oxidation of veratryl
alcohol to the aldehyde and, remarkably, formation of the
quinone 3 were not significantly affected by Mn(II). Only
Mn(II) concentrations of 5 mM and more had an inhibitory effect
on the enzyme reaction.

In 1985, Leisola and coworkers described for the first time
LiP-catalyzed ring opening of veratryl alcohol. Palmer et al
proposed that intermediate radical cations of 1 react with
perhydroxyl radicals and or superoxide anion, generated in the
oxidation process, with formation of a dioxetane (Palmer et al,
1987).
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Subsequent decomposition of the latter compound should then
yield the observed ring-opened lactones (see scheme 5, route
a). A corrollary of this mechanism is the incorporation of two
oxygen atoms derived from dioxygen into the final product.
However, Shimada recently showed, with labeling studies, that
in the ring-opened lactone 6 one oxygen is derived from water
and one oxygen atom is derived from molecular oxygen (see
scheme 5, route b). The oxygen atom derived from water is
regioselectively incorporated at the 3-position of 1, in
contrast to the non-enzymatic (tetraphenylporphyrinato)-
iron(III)/tert-BuOOH system or other heme-protein models.
Originally it was proposed that the intermediate radical cation
of 1 reacts with water at the 3-position and with molecular
oxygen at the 4-position (Shimada et al, 1987; Hattori et al,
1988). A modification of this mechanism has been proposed in
which the intermediate radical cation of 1 reacts with water
and with perhydroxyl radical, generated during LiP catalysis,
via reaction of the intermediate hydroxy-substituted
3,4-dimethoxybenzyl radical with molecular oxygen. Reaction of
the radical cation of 1 with perhydroxyl radical was postulated
to explain the inhibition of aromatic ring opening by Mn(II).
Also, upon addition of Mn(II) more equivalents of
veratraldehyde are formed, compared to the equivalents of H,0,
added as oxidant. A possible explanation for these phenomena is
the rapid reduction of superoxide anion or perhydroxyl radical
by Mn(II) with formation of H,0, (see scheme 5). The mechanism
by which the primarily formed Zz-lactone is converted into the
E-isomer has not yet been elucidated (Haemmerli et al, 1987).
The mechanism of quinone formation has not yet been studied in
great detail. No data on oxygen incorporation or the possible
intermediacy of the corresponding hydroquinones are available.

COOMe
OMe Meo” ,0 COOMe o
OMe route a 6
H,"%0 CH,OH
HOQ" or O/H*
route b
8 O H
MeO 0 a—‘ 2H' + Mn?* + 0, —» Mp* +H,0,
2H* + 202'. — 02 + HzOz
Scheme S

Oxidation of 3,4-dimethoxybenzyl methyl ether (DMME) by LiP

LiP catalyzed oxidation of 3,4-dimethoxybenzyl methyl ether
(DMME) afforded at least six products (see scheme 6). Under
anaerobic conditions only trace amounts of products other than
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veratraldehyde could be detected. Oxidation of DMME with the
one-electron oxidant cerium(IV)ammonium nitrate gave comparable
results. The products of LiP-catalyzed DMME oxidation were
isolated, purified and characterized by analytical techniques
and eventually by independent synthesis (Schmidt et al, 1989).
At pH 3.0, veratraldehyde 2 was the most prominent product
(53%). Two quinones were formed which were also products of the
veratryl alcohol oxidation; these being 2-methoxy-p-quinone 3
(3.3%) and 4,5-dimethoxy-3,5-cyclohexadiene-1,2-dione 5 (2.5%).
The third rather prominent quinone was identified as the
2-methoxy-5- (methoxymethyl)-2,5-cyclohexadiene-1,4-dione 9
(9.2%), a compound analogous to quinone 4 formed in the
veratryl alcohol oxidation. Another prominent oxidation product
was identified as dimethyl 3-(methoxymethyl)-(Z, Z)-muconate 11
(30.3%). NMR analysis, including NOE-DIFF experiments indicated
the Z,Z-configurations of the double bonds. As a minor product
the methyl ester of veratric acid 10 (1.2%) could be
identified. This is the first time that a carboxylic acid
derivative has been detected in a LiP-catalyzed reaction.
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Scheme 6

Effect of pH and Mn(II) on DMME oxidation

The effect of pH and Mn(II) addition in the oxidation of DMME
is far more pronounced compared to similar studies with
veratryl alcohol. The effect of pH between 3.0 and 5.0 has been
investigated. With increasing pH there was a slight decrease in
the formation of the quinones 3, 5 and 9. The decrease in the
formation of the ring cleavage product was more pronounced
whereas the relative production of veratraldehyde remained more
or less the same. However, there was a dramatic increase in
formation of the ester 10 upon increasing the pH.
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In fact, the ester became the most prominent product at pH 5.0
(aldehyde/ester ratio: pH 3.0 = 1:0.37; pH 4.0 = 1:0.80;

pPH 5.0 = 1:1.18). Possible reaction mechanisms have been
discussed (Schmidt et al, 1989), but a detailed description of
the process has to await extensive labeling and kinetic
studies.

CATABOLISM OF VERATRYL ALCOHOL AND ITS METHYL ETHER

As already stated in the introduction, the oxidative system of
P. chrysosporium will polymerize phenolic lignin. The mechanism
to prevent polymerization is currently unknown. The secondary
metabolite veratryl alcohol (non-phenolic!) is both synthesized
and degraded by ligninolytic cultures of P. chrysosporium. In
the lignin peroxidase catalyzed oxidation of veratryl alcohol
quinone type structures, formally derived from phenoxy-radical
type intermediates are formed. Thus, even in the oxidation of
the non-phenolic veratryl alcohol, products formed are prone to
polymerize under the oxidative reaction conditions. Therefore,
the metabolism of this compound was studied as a simple model
system.

Veratryl alcohol was rapidly and almost completely (>80%)
degraded to CO, in carbon-limited cultures compared to slow and
incomplete (ca.40%) degradation in nitrogen-limited cultures.
In those studies uniformly labeled !“C-veratryl alcohol,
l4c-quinones and !“C-lactones were used.

From these studies the metabolic scheme depicted in scheme 7
was proposed (Leisola et al, 1988). Veratryl alcohol is
oxidized by lignin peroxidase to a mixture of veratraldehyde
(ca 70%), quinones and ring opened products. The quinones are
rapidly metabolized by the fungus. In N-limited cultures, the
ring-opened products accumulate as lactones. The latter
compounds are slowly metabolized by the fungus. In C-limited
cultures no accumulation of ring opened products is observed.
Presumably, the intermediate muconic ester derivative is
rapidly metabolized under these carbon-limited conditions.
Veratraldehyde is rapidly reduced by the fungus to veratryl
alcohol and then further degraded. The aryl aldehyde reductase
involved in this conversion has been isolated and purified
(Muheim et al, in press). A metabolic pathway via veratric acid
could be discounted because both veratraldehyde and veratric
acid are not substrates for the lignin peroxidase. Instead,
veratric acid is also rapidly reduced by ligninolytic cultures
of P. chrysosporium.

In a search for degradation products further down the catabolic
pathway !“C-labeled veratryl alcohol was fed to nitrogen
limited cultures of P. chrysosporium. In addition to the
evolution of '#CO, the formation of polar metabolites was also
monitored using HPLC. Two unknown metabolites were found to
contain radiocactivity. They were only slowly metabolized to CO,
by the fungus. However as soon as glucose was depleted in the
cultures, these intermediates were rapidly degraded further and
finally disappeared (Tuor et al, 1990). At first it was thought
that these polar intermediates were ring opened structures.
Subsequent studies, however, indicated that the products were
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derived from the quinones. Also, it was demonstrated that all
products from the oxidation of DMME were further degraded by
intact mycelium from P.chrysosporium. The first step in the
degradation of the quinones is reduction to the corresponding
hydroquinones (Schoemaker et al, 1989). It has been proposed
for 2-methoxy-p-quinone that the next step is hydroxylation
(Ander et al, 1980) or demethoxylation (Ander et al, 1983),
followed by ring opening. However, sofar we have not obtained
evidence for such a pathway with the hydroxymethyl or
methoxymethyl substituted 2-methoxy-hydroquinones. Instead, the
isolated products were 4-hydroxy-cyclohex-2-enones,i.e. the
formally reduced hydroquinones (vide infra). To the best of our
knowledge this constitutes a unique conversion in the microbial
degradation of aromatic compounds.

Thus, addition of quinones 3, 4 and 9 to three separate,
nitrogen-limited cultures of P.chrysosporium gave at first an
intense yellow color to the respective supernatants. This color
gradually disappeared, due to reduction to the corresponding
hydroquinones. The reactions were monitored by HPLC analysis of
the culture samples. In the course of the process polar
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metabolites from both quinone 4 and 9 were formed. The
concentration of these metabolites increased in the first 24
hrs, remained constant for 2-3 days and then the compounds
gradually disappeared when the glucose levels of the cultures
reached depletion. In the case of quinone 3 only reduction to
2-methoxy-p-hydroquinone 3a was observed. Still, the latter
compound is eventually degraded to CO,.

o} 0
CHZOH CHZOH f »‘CHZOH
MeO o MeO Me0” Y
0 OH
4 4a 12
o} OH 0
CH,OMe CH,OMe CH,0Me
red
P a—
MeO OX MeO MeO Y
0 OH OH
2 9a 1B
Scheme 8

It turned out to be rather difficult to isolate the polar
metabolites from the cultures, because they are very
hydrophilic and rather labile. Only isolated yields of about
10% could be obtained. The rest of the material polymerized
during work-up. HPLC analysis indicated that quinone 4 and the
hydroquinone 4a are rapidly interconverted and subsequently
slowly further reduced to cis-4-hydroxy-6-hydroxymethyl-
3-methoxy-cyclohex-2-en-one 12. Analogously, from the
equilibrium of quinone 9 and the corresponding hydroquinone 9a
the slow formation of cis-4-hydroxy-6-methoxymethyl-
3-methoxy-cyclohex-2-en-one 13 was observed (scheme 8). Thus,
it could not be unambiguously established that the
hydroquinones are the immediate precursors of these novel
metabolites. Remarkably, the two hydroxycyclohexenones had
different conformations. Presumably, due to internal hydrogen
bond formation the 4-hydroxy and the 6-methoxymethyl
substituents in compound 13 were in pseudo-axial positions. In
contrast, the 4-hydroxy and the 6-hydroxymethyl groups in
compound 12 occupied pseudo-equatorial positions, as depicted
in figure 2.

7
MeOCH,

Figure 2
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DISCUSSION

To the best of our knowledge the formation of 4-hydroxy-
cyclohex-2-enones - formally reduced hydroquinones - from the
corresponding quinones or hydroquinones is unprecedented in the
literature. However, the physiological role of this novel type
of reductive conversion is not clear at the moment. Evidently,
one possibility is that these novel reactions are specific for
the particular laboratory systems studied and that they play no
role in the process of lignin biodegradation in nature.
Alternatively, the reaction can be considered as a possible
mechanism to open the futile oxidation-reduction cycle
(oxidation of the hydroquinones to quinones by LiP or MnP,
reduction of the quinones by quinones reductases or other
systems). Via the formation of the 4-hydroxycyclohex-2-enones -
which are not substrates for LiP- the toxic quinones can be
degraded. The further mechanism of degradation of these unique
hydroxycyclohex-2-enones is not known as yet. The compounds are
rather labile, loss of water under the acidic conditions will
lead to re-aromatisation, e.g. 2-hydroxy-4-methoxybenzyl
alcohol or the corresponding methyl ether might be formed.
Alternatively, it can be envisaged that the further degradation
proceeds via rupture of the susceptible keto-enol system.

Also, one can rationalize the observations as a possible
detoxifying mechanism. It should be noted that the reduction of
the hydroquinones is only observed with the hydroxymethyl, or
methoxymethyl substituted (hydro)quinones, these being specific
degradation products of veratryl alcohol and its methyl ether.
No analogous reduction product of 2-methoxyhydroquinone has
been detected so far. Most notably, apart from being a
degradation product of veratryl alcohol and its methyl ether,
2-methoxy-p-quinone is a ubiquitous metabolite in all kinds of
lignin substructure degradation pathways. Indeed, we have
postulated that rapid fungal uptake and further degradation of
2-methoxyquinones and related quinones is one possible
mechanism to shift the polymerization-depolymerization
'equilibrium’ towards degradation with formation of CO,
(Schoemaker, 1990). Somewhere in this process aromatic ring
cleavage has to occur. We are still actively pursuing further
degradation products derived from guinone intermediates.

CONCLUSION

In recent years, tremendous progress has been made in the field
of lignin biodegradation. However, the mechanism of
depolymerization and the catabolic pathway of lignin
degradation are still poorly understood. From the results
described in this paper a number of interesting research topics
emerge. First, the redox cycle of LiP should be investigated in
more detail, also with substrates other than veratryl alcohol.
Second, the influence of pH, the role of active oxygen species
and the effects of Mn(II) have been largely neglected so far.
Especially Mn(II) seems to play a central role in lignin
biodegradation. Addition of Mn(II) influences the distribution
of products of the enzymatic reaction (Schmidt et al, 1989).
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Manganese regulates the expression of Mn(II)-peroxidase (Brown
et al, 1990; Bonnarme and Jeffries, 1990), an enzyme that is
present in ligninolytic cultures of a number of white rot
fungi, which seems to play a major role in the degradation of
phenolic compounds (Wariishi et al, 1989ab, Gold et al, 1989 ).
Mn(III) can, provided that it is properly chelated medlate
oxidation of substrates that are poorly acce551b1e to the large
enzymes (Cui and Dolphin, 1990).
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|\ \
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- ’active oxygen’ species - acid reductases
- mediators

Scheme 9

Third, in this paper one example of formation of a carboxylic
acid derivative is described. Sofar, no enzymatic oxidations of
alcohols or aldehydes have been described, despite the fact
that carboxylic acids are major products 1solated from fungal
degraded wood. Fourth, the oxidation of phenols is still poorly
understood. In view of the fact that phenols tend to polymerize
under oxidative conditions, the mechanisms which prevent
polymerization should be addressed. As one possible mechanism
we have proposed that fungal uptake of small degradation
products like quinones and muconic ester derivatives will shift
a putative polymerization- depolymerization 'equilibrium’
towards degradation as depicted in scheme 9. Obviously, other
mechanisms will also be operative. In this context the role of
all sorts of carbohydrates (cellulose, hemicelluloses, fungal
cell wall polysaccharides etc.) should be investigated further
(Lelsola and Garcia, 1989).

Fifth, in scheme 9 the role of reductive enzymes is depicted.

In addltlon to aromatic aldehyde and acid reductases present in
ligninolytic cultures of white-rot fungi, quinone reductases
and possibly ’‘hydroquinone reductases’ should be investigated.
Sixth, it has been suggested that spatlal separation and
charge—transfer are important factors in the depolymerization
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process (Harvey et al, 1989a; Harvey and Palmer, 1990).
Finally, a unique conversion of quinones and hydroquinones to
the corresponding 4-hydroxy-cyclohex-2-enones has been
discovered. This unprecendented reaction in itself merits
further investigation.

In conclusion, in view of the extreme complexity of the systems
involved, much research remains to be done in this challenging
area, before the potential technological applications of lignin
biodegradation can become economically feasible.
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INTRODUCTION

The plant kingdom has provided literally thousands of natural
products with widely diverse chemical structures and a vast array of
biological activities many of which have seen subsequent application in
the pharmaceutical, agrochemical and related industries. Extensive
efforts have been expended toward structure elucidation of such
compounds and subsequent laboratory syntheses. Due to their structural
complexity, these compounds are generally amenable only through multi-
step syntheses and/or direct isolation from the living plant. Both
processes are often fraught with difficulties. Multi-step syntheses
although providing obvious challenges in development of synthetic
strategies and training for young synthetic chemists, are rarely useful
in any practical production of such natural products often required in
large scale for their use as drugs, etc. In a similar manner, isolation
of the target compounds by extraction from the plant can be associated
with various problems (Figure 1).

We felt that appropriate solutions to at least some of these
problems could be addressed by the use of plant cell cultures in
combination with chemistry. The advantages of plant cell cultures over
the living plant, in terms of natural product (secondary metabolites)
production are obvious (Figure 2). Successful development of cell lines
from plant tissue allows, hopefully, a superior route to target
compounds particularly when such studies are coupled with basic research
directed toward the understanding of biosynthetic pathways of the
compounds under investigation. Clearly knowledge of such pathways
readily derived from studies with enzymes, more easily isolated from
cell cultures than plants, can, in turn, allow more efficient routes for
development in a synthetic chemical laboratory. Several examples of
this strategy are provided from our extensive studies with cell cultures
derived from Catharanthus roseus. A brief mention of studies with cell
cultures of the Chinese herbal plant, Tripterygium wilfordii, will be
mentioned at the end of this discussion.
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1. Active agent often in minute amounts.

2. Separation from other co-occurring substances
difficult and costly.

Seasonal variation.

4. Plants grow in inaccessible regions.

(9]

Figure l. Medicinal Agents from Plants- Problems.

STUDIES WITH CELL CULTURES OF G. ROSEUS - THE VINBLASTINE FAMILY

Detailed accounts of our studies in this area involving
development of cell lines, alkaloid production, isolation of enzymes
from cell cultures, immobilization of such derived enzymes and
biotransformation of synthetic precursors with cell cultures and/or
enzymes form t?e3subject of approximately 20 publications but several
recent reviews® ° summarize these studies for the interested reader.
The present discussion will emphasize only those aspects which
illustrate the interplay between cell culture methodology and synthetic
chemistry and to present the most recent, as yet, unpublished results.

Biotransformation and Biosynthetic Studies: Enzymatic
Reactions versus Laboratory Syntheses

In earlier studies® and prior to the development of our cell
culture program, we had completed a partial chemical synthesis of the
bisindole family (Figure 3). The coupling of catharanthine N-oxide (2)
with vindoline (3) under the influence of trifluoroacetic anhydride
affords the highly unstable dihydropyridinium intermediate (4) which,
without isolation, is then reduced to anhydrovinblastine (5). This
process, also studied independently by others”, afforded an attractive
route to the bisindole series but not to the clinical drugs vinblastine
(6, R = Me, Figure 5) and vincristine (6, R = CHO, Figure 5). However,
as our cell culture program developed, approximately four years later,
it was logical to investigate whether the cell cultures of C. roseus,
the plant from which catharanthine (1) and vindoline (3) as well as the
bisindole alkaloids were isolated, were capable of performing the above-
noted coupling reaction but under enzymatic conditions. The questions
whether 1 and 3 were the biosynthetic building units for the bisindole
family and whether there was a relationship between the mechanistic
pathways for the "chemical" and "biological" processes leading to the
bisindole system, became of considerable relevance to our future
studies. With a stable cell line on hand, the preparation of a crude

1. Growth conditions are laboratory controlled, therefore,
reproducible.

2. Growth parameters (media, pH, temp. etc.) optimized
to provide agent in yields higher than in plant.

3. Cloning provides selected cell lines for optimum
production of desired agent.

4. Excellent media for biosynthetic studies.

5. Isolation and studies of enzymes.

Figure 2. Plant Cell Cultures- Advantages over Living
Plants.
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Figure 3. Mechanism for coupling of catharanthine and vindoline.
Chemical versus biological route.

enzyme mixture was developed, as summarized in gigure 4, and then
utilized in a biosynthetic experiment with [Ar-“H]-catharanthine and
C-labelled vindoline (label at acetate carbonyl carbon). The study
revealed that' 1 and 3 were indeed coupled under the influence of the
enzyme mixture to the same intermediate 4 obtained several years earlier
in our synthetic studies. Subsequent refinement of these conditions
(see later) allowed the coupling of the precursor alkaloids 1 and 3 to 4
in high yields (up to 90%) and in short time periods (15-30 min, for
example). Longer incubation times revealed that 4 is converted, in
part, to anhydrovinblastine (5) through a reductive process, suggestive
of NADPH-like enzyme systems. When catharanthine N-oxide (2), the
important intermediate in the chemical coupling reaction was utilized as
precursor in the enzyme-catalyzed process, no coupling was observed.
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C. roseus Tissue Culture

homogenized in 0.1M potassium phosphate
buffer, pH 6.3

| centrifuged at 30,000 x g for 20 min

v

Crude Enzyme

‘ ammonium sulfate precipitation (70%

\j saturation) dialysis

% DEAE-cellulose chromatography

{ Sephadex G-200 chromatography

Partially Purified Enzyme

Figure 4. Isolation of enzymes from cell culture
of C. roseus,

Clearly the enzymatic process involved in an activation of the
catharanthine unit, as required for the subsequent reaction with
vindoline (3), did not involve an N-oxide. The most plausible mode of
activation, well known for cleavage of indole systems, for example,
tryptophan to kynurenine by peroxidases, is conversion of 1 to the
hydroperoxyindolenine (8) which then fragments to the same highly
reactive intermediate (9) obtained from the Polonovski-type
fragmentation in the chemical process.

Further studies with the crude enzyme system (Figure 4) were then
conducted with anhydrovinblastine (5) as precursor and very interesting
results were obtained. The alkaloids leurosine (10), catharine (11) and
the clinical drugs vinblastine (6, R = Me) and vincristine (6, R = CHO),
normally isolated from C. roseus plants, were obtained. The major
product was leurosine (10) being formed initially with short incubation
times followed by catharine (1l1), vinblastine and vincristine. In a
separate experiment, leurosine (10) is enzymatically transformed to
catharine (ll) thereby establishing its role as a biosynthetic precursor
to 11. Clearly the crude enzyme preparation obtained from the cell
culture consisted of a multi-enzyme complex capable of selective
epoxidation of 5 to 10, cleavage of 10 to 11, and finally overall
"hydration" of the olefinic linkage to the clinical drugs (6).

The enzymatic conversions summarized in Figure 5 were immediately
reminiscent of our earlier chemical studies concerned with selective
functionalization of 5 as summarized in Figure 6. This interesting com-
parison revealed that t-butylhydroperoxide, the chemical "equivalent" of
peroxidases, was capable of similar conversions. Indeed, subsequent
assay of the crude enzyme preparation established that significant
levels of peroxidase enzymes are present. Additional information
concerning the course of the biosynthetic pathway leading to the various
bisindole alkaloids found in C. roseus plants and/or biotransformation
of the precursors catharanthine (1), vindoline (3) and anhydrovin-
blastine (5) was obtained from a large series of experiments involving
different ages of cells and enzymes derived therefrom. An overall
summary is provided in Figure 7. With incubation times for varying time
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enzymes from

OH
N
— | I
N7
H oM
(8)

Figure 5., Enzyme-catalysed synthesis of leurosine (10), catharine (11),
and vinblastine (6; R = Me), employing cell-free extracts
from C. roseus.

periods (15 min to 15 h), anhydrovinblastine (5) via the dihydropyri-
dinium intermediate 4, transforms as noted above to 10, 11, 6 (R = Me)
and finally into the known alkaloids vinamidine (12, R = H), and
hydroxyvinamidine (12, R = OH), also found in C. roseus plants. In
separate experiments, with vinblastine (6, R = Me) and vincristine (6, R
= CHO) as precursors, the enzyme preparation as obtained above, yields
vinamidine and hydroxyvinamidine as major products. Here again, we have
a close parallel between these enzymes-catalyzed conversions and earlier
chemical studies in which it was shown that 5, its reduction product
deoxyleurosidine (14) and leurosine (10) are converted to 12 (R = H) and
12 (R = OH) by means of KMnO, (Figure 8).

Enzyme Immobilization

Utilizing enzymes isolated from the plant cell cultures (Figure
4), it was possible to immobi%ize enzymes employing the technique of
affinity gel chromatographyl’ and it was shown that with the enzyme
system, immobilized on 2',5'-ADP Sepharose 4B, a 90% yield of coupling
of catharanthine (1) and vindoline (3) to bisindole alkaloids can be
achieved. Details of these studies are published elsewhere® ",

Biomimetic Studies - Biosynthetic Information Provides Route to
Efficient Synthesis of Vinblastine

The above discussion has indicated that the iminium intermediate &
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I——— Bu'OOH, 1X TFA, THF, 24 h (18%)

H COMe~ THF, O
1% TFA
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1% A, THF
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catharine 8u'00H
(0-5%) ?kﬁ?
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N *
leurosine

dark, THF . .
* leurosine leurosine N—oxide
radical inhibitor
ButOOH

Figure 6. Synthesis of leurosine (10) and catharine (11) from anhydro-
vinblastine (5).

(Figure 7) plays a pivotal role in the biosynthesis of the various
bisindole alkaloids and its enzymatic conversion to the clinical drugs
vinblastine and vincristine became of central importance in our
program. 1In consideration of a possible pathway to 6 (R = Me) and
recognizing the possible bioconversion of 4 to 6 (R = Me) with NADH-
type enzyme systems, as noted above, it was plausible to consider an
initial regio-specific 1,4-reduction to enamine 15 (Figure 9), oxidation
of 15 to 17 and finally reduction to 6. Laboratory experiments to
evaluate this hypothesis were now developed. Employing the enzyme
systems discussed above for the coupling of 1 and 3 to 4, it was noted
that FMN (or FAD) and MnCly were effective cofactors in this process.
Consequently the conversion of 5 to 4 was undertaken under enzyme-free
conditions but with the flavine coenzyme FMN and excellent yields of 4
were obtained’. For the subsequent reductive process, 4 - 15, a Tris-
HCl buffer solution of S-NADH (8 equiv.) was added to a methanol-Tris
HCl buffer solution of FMN-generated 4 and the reduction allowed to
proceed for 4.5 h. The result was an overall conversion (85% yield) of
4 to the desired enamine 15 (1,4-reduction) and 5 (1,2 reduction) in a
4:1 ratio respectively. With 15 in hand, it was possible to demon-
strate that in the enzyme-catalyzed coupling of 1 and 3 to 4, the
initial intermediate 4 (15-30 min incubation) is indeed reduced to 15
(major product) and 5 (minor product). Employing HPLC monitoring, 15
was generally observed in a 45 min incubation time and then on further
incubation (> 1 h) it was converted, presumably by an oxidative process,
to intermediate 17. The latter is finally reduced to 6. Support for
the presence of 17 in the enzymatic process was again available from
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chemical experiments. When 15 was reacted with various oxidants (0y
H909, FeCl3), it was converted to an intermediate postulated as 17,
identical (HPLC monitoring) with that obtained in the enzyme-catalyzed
process. Sodium borohydride reduction of 17 provided vinblastine (6, R
= Me) and the isomeric alkaloid leurosidine (19, Figure 9), the latter
being derived from the iminium intermediate 18 (Figure 9). In summary,
the combination of synthetic chemistry and enzyme-catalyzed conversions
of 5 and/or 1 and 3 established the overall process for the biosynthesis
of vinblastine (6, R = Me) from the starting alkaloids as shown in
Figure 9.

KMnO,
gcetone KMnO4
acetone
|
H <
KMnO, acetone COzM

(12)
Figure 8. Overall summary of the synthesis of vinamidine (12; R = H)

and 3R-hydroxyvinamidine (12; R = OH).

Synthetic Studies - A Highly Efficient and Commercially
Important Route to Vinblastine

With the above data in hand, the stage was set for the
development of an efficient chemical synthesis of vinblastine and
vincristine from the readily available alkaloids catharanthine (1) and
vindoline (3) obtained as major byproducts in the plant extraction of
vinblastine and vincristine but, at present, simply discarded.

The first step of the overall process, that is, the coupling of 1
and 3 was already solved through the Polonovski-type fragmentation of 1
and coupling with 3. Major focus on the regiospecific 1,4-reduction of
4, accomplished above by NADH enzyme systems, was required. For this
purpose, NADH chemical models were considered. A large number of
experiments with various 1,4-dihydropyridine systems as reducing agents
were performed and ghe results are summarized in Table 1. Details are
published elsewhere”.

The best reagent in terms of ease of preparation, stability and
yield of 15 was the nicotinamide analogue 26, and the effect of
temperature on the course of 1,2- versus 1,4-reduction of 4 was then
evaluated. The ratio of 2.2:1 in favor of 15, at the reduction
temperature of 20° C (Table 1), could be successively altered to 4.2:1
in favor of 15 and an improved yield (85%) at a lower temperature (-40°
C), thereby revealing that the reductive step, 4 - 15, could now be
achieved with the chemical reductant 26.
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Table 1. NADH models for 1,2- versus l,4-reduction of iminium intermediate
(4) at 20° ¢ @

Reducing ageats Reduction products ® Combined yield
14 1,2 of 1,2 + 1,4
NH (18) (5) reduction product
(%) ®
0
||
N
|
R
(20) R'= 4~ CH,Ph 1 75
(21) = d-cHph, 09 :1 50
COMe
(22) = i 21 65
OR”
R"
(23) = Rem 3¢ 1 70
OR”
R”=Ac
0

24) =S5 Mowe 1411 65

(25) = ”°°“°\j:co,m. 2.3 : 1 70
€Oz Na*
(26) -i 2.2 : 1 70
0O Ph O
(27) EBOTY Y O 0.4 : 1 60
Me” N7 “Me
Me
CN
(28) (]’ 1 40
N
|
CHzPh
CO~—
(29) f]’ 1.4 : 1 60
N CONH,
CH2Ph

(a) Typical procedure: 100 mg (4) in MeOH (6 ml) at 20° ¢ to which
reducing agents (20-29) (1-6 eq.) in MeOH (6 ml) were added.

(b) HPLC quantitation.

(¢) Reduction rate very slow. Prolonged reaction resulted in significant

iurther reduction of (15) to the saturated derivative (14) and (16)
50%) .

The third step in the overall process, that is, oxidation of 15 to
17, was achieved most successfully with FeCl3 as oxidant and 17, without
isolation, was immediately reduced with sodium borohydride.

The final objective, the direct conversion of 1 and 3, to vinblas-
tine, without isolation of intermediates, that is, a "one-pot" process
could be realized. A summary of this process is provided in Figure 10.
The overall sequence involving five distinct and separate chemical
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/

(5) R=COzMe

R = Me) and leurosidine (19) from catharanthine (1) and

vindoline (3).

96

Overall summary of the biosynthetic pathway of vinblastine (6;



reactions, and providing an overall yield of vinblastine (6, R = Me) in

40% yield, demands that each

with yields in excess of 80%.

products, arhydrovinblastine

reaction within the sequence must proceed
When the two additional bisindole
(5, 18%) and leurosidine (19, 17%) are

considered, it is clear that the majority of reactions proceed in almost

quantitative yield.

In conclusion, the above discussion reveals that the combination
of plant cell cultures and synthetic chemistry has provided a highly
efficient and commercially important route to the clinical drugs from
waste by-products presently discarded in the commercial preparation of
these clinical drugs.

STUDIES WITH CELL CULTURES OF C. ROSEUS - THE PODOPHYLLOTOXIN FAMILY

The podophyllotoxin family of natural products (30, Figure 11)9
are a well studied family of compounds from both a chemical and
pharmacological focus. Their medicinal properties have been extensively
evaluated and current importance relates to the clinical efficacy of
etoposide as a clinical agent in cancer chemotherapy. This drug has
shown effective use in the treatment of myelocytic leukemia, neuro-
blastoma, bladder, testicular and small-cell lung cancers. The present
process considered for commercial production starts with podophyllotoxin
which, in turn, is chemically converted to 4'-demethylepipodophyllotoxin
(31) and subsequently converted to etoposide by the sequence shown in
Figure 12. As in the case of vinblastine-vincristine production, the
basic starting material must be derived from a plant source, for
example, Podophyllum peltatum or related species, and the difficulties

(15)

(CF3C0)20

el

1,2—reduction

(15)

Figure 10. A highly efficient 'one-pot' process for the synthesis of
vinblastine (6; R = Me) and leurosidine (19) from catharanthine

(1) and vindoline (3).
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CHL0 \l 7 0CH,8
OH' (30)

Podopnyliotexin : R =H; R' = OH; R" = CHj
Eoipodophyliotoxin : R = OH; R' = H; R® = CHj
Decxypodophylictoxin : R = R' = H; R" = CHj
4-Demethyipodophyilotoxin : RaH; R'a OH; R"aH
&-Demethylepipodophyilotexin : R=OH; R'=s H; R"=s H
Etoposide : R = CHS_EO R=HR"=H

HO c

o N0

Figure 11. The podophyllotoxin family of compounds.

noted earlier (Figure 1) obviously prevail. One possible alternative to
the synthesis of 31 would be to involve a combination of plant cell
culture methodology and synthetic chemistry in an overall strategy
similar to the above.

Consideration of the biosynthetic pathway generally postulated for
the podophyllotoxins (lignans, in general) as shown in Figure 13,
involves phenol oxidative coupling, (originally proposed by D.H.R.
Barton for phenoclic natural products) in the later steps of the pathway
(38 - 39, Figure 13). Such ring closure reactions are considered to be
achieved through peroxidase enzymes present in the plant. Since the
enzyme systems isolated from C. roseus cell cultures (Figure 4) revealed

significant peroxidase activity, it was of interest to determine whether
these enzymes were capable of utilizing "foreign" synthetic precursors
similar in structure to 36 and/or 38 (Figure 13) for such ring closure
reactions. The synthetic pathway developed for this purpose is outlined
in Figure 14.

The readily available aldehydes (R = Rl - H orR - H; Rl = alkyl)
were used for these studies. The sequence, summarized in Figure 14, af-
forded excellent overall yields of the correiponding precursors of 1
general structure 45 (R = R> = H; R =H; R" = CH3 or isopropyl; R, R
= methylenedioxy) and a number of these were evaluated in an enzyme-
catalyzed process. The results for two of these precursors are
presented in Figure 15. The crude enzyme system (CFE), from the C.
roseus cell line (coded AC3) studied above, and prepared according to
the procedure outlined in Figure 4, was incubated with the synthetic
precursor 46, the latter being available via catalytic desulfurization
of 42, in the presence of Hy0p as cofactor, to afford an essentially
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Etoposide

Figure 12. Commercial production of etoposide from podophyllotoxin.

quantitative yield of the desired ring-closed product 47. Extensive
studies were conducted as to age of culture from which the enzymes are
isolated, pH dependency, incubation time, etc. The conditions shown in
Figure 15 are optimum for the cyclization of 46.

In a similar manner, the precursor 48 is cyclized in excellent
yield to 49. We have already developed the selective removal of the
isopropyl group in 49 and converted the corresponding phenolic compound
to the methylenedioxy system thereby completing the interrelationship
between this compound and intermediate 31 (Figure 12), the latter being
employed in the commercial production of etoposide.

In summary, it is clear from the latter study that there is .
considerable versatility in plant cell culture-derived enzymes in terms
of their utilization as "reagents" in organic synthesis. The peroxi-
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Figure 13. Proposed biosynthetic pathway of podophyllotoxin.
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ROUCHO — RO :©, CH(SPh),
——— -
CHCl;, —47 RlO

R0
(40) (41)
CHoBr
3)
PhsS SPh MeO OMe
1) n—Buli RO 0Bz
R0 X
2
) E%o OLi
0
PhS. _SPh Q
RO RO
(J 1o (J X
R0 1) Iz, MeOH, A R0 Hy
0 o 0 —
O 2) 6M HCI, THF, A O 10% Pd—C
MeO OMe MeO OMe
0Bz 0Bz
(42) (43)

1) BCl3, CHyCly, 78, 2h

2) acetone—H,0, CaCOj3, A

(44) (45)

Figure 14. Synthesis of a 4'-demethylepipodophyllotoxin precursor.

dases in C. roseus cultures originally employed and developed for indole
alkaloid production are now of considerable interest in synthetic routes
to the clinical anti-cancer drug etoposide. Again, the combination of
plant cell culture methodology and synthetic chemistry affords an
attractive route to this commercially important compound.
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HO AC3CFE
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MeO I
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O 30 min
MeO OMe
OH

(46) (47)

Conditions: Peroxidase activity in CFE: 1.71 units mL
Protein concentration: 1.1 - 1.6 mg mL~
Buffer: 0.02M phosphate

we

OH

OMe

(48) (49)

Figure 15. Formation of carbon-carbon bonds with enzymes from
Catharanthus roseus cell free extracts (CFE).

STUDIES WITH CELL CULTURES OF T. WILFORDII

Tripterygium wilfordii Hook f is a perennial twining vine of the
family Celastraceae, which is cultivated in many parts of southern China
such as Zhejiang, Anhui, Jiangxi, Fujian and Guangdong provinces and
also in Taiwan. The herb is commonly known in China as Lei Gong Teng
(Thunder God vine) or Mang Cac (rank grass). Its use in Chinese
traditional medicine dates back many centuries, and it is first
mentioned in the Saint Peasant'’s Scripture of Materia Medica™~, written
about two thousand years ago, as being used for the treatment of fever,
chills, ocedema and carbuncle. Chinese gardeners used the powdered root
to protect their crops from chewing insects. Most recently, crude
extracts and refined extracts (a so-called multi-glycoside extract, or
GTW) have been used increasingly to treat such disorders as rheumatoid
arthritis, ankglosing spondilitis and a variety of dermatological
disorders. il

In 1972, Morris Kupchan and co-workers first isolated the novel
diterpenoid triepoxides, tripdio%%de (50) and triptolide (51), from the
roots of Tripterygium wilfordii. These were the first reported
natural products containing the 18(4 - 3)abeo-abietane skeleton and the
first recognised diterpenoid triepoxides. Tripdiolide (50) and
triptolide (51) were shown to have significant antileukaemic activity
and these data generated a great deal of interest in these compounds.
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Figure 16. Natural products isolated from Tripterygium wilfordii cultures.

Since then, much research has been carried out into the production of
the diterpene triepoxides for further biological evaluation. Numerous
compounds have been isolated from Tripterygium wilfordii plants and
their biological properties investigated (vide infra).

Our own interests in this area were stimulated originally by the
cytotoxic properties associate?sy%%h 50 and 51 and the results of our
earlier studies are published. However, the more recent data
concerning biological activities of potential interest in such areas as
rheumatoid arthritis, skin allergies and male contraception encouraged
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(63)

(65) (66)

HO" <A

(71) (72)

Figure 16 (continued)

us to expand our studies in this area. The Tripterygium wilfordii cell
line (coded as TRP4a) has been grown in large bioreactors and several
hundred liters of fermentation broth and cells have been processed. The
structures shown in Figure 16 summarize our studies.

CONCLUSION

It is hoped that the above discussion has illustrated the inter-

esting avenues of research that can be derived from such an interdisci-
plinary program.
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NMR STUDIES OF COMPLEXES OF L. CASEI DIHYDROFOLATE REDUCTASE WITH
ANTIFOLATE DRUGS: MULTIPLE CONFORMATIONS AND CONFORMATIONAL SELECTION OF
BOUND ROTATIONAL ISOMERS

J. Feeney

Laboratory of Molecular Structure
National Institute for Medical Research
Mill Hill, London NW7 1AA, U.K.

INTRODUCTION

Dihydrofolate reductase (DHFR) catalyses the reduction of
dihydrofolate (and folate with lower efficiency) to tetrahydrofolate using
NADPH as a coenzymel. The enzyme is of considerable pharmacological
interest being the target for several clinically useful ‘antifolate’ drugs
such as methotrexate (anti-neoplastic) 1, trimethoprim (anti-bacterial) 2
and pyrimethamine (anti-malarial) 3.

NHo ?Hs thqoo-
N I j QHQ
H2N \N Z C.HZ
CO0~

Methotrexate 1

In each case the drug acts by inhibiting this essential enzyme in invasive
cellsl-3, a great deal of effort has gone into structural studies
involving the enzyme from various sources and numerous X-ray
crystallographic‘*'9 and NMR10-54 styudies have been reported for a wide
range of inhibitor complexes formed with the enzyme. These studies are
aimed at obtaining an improved understanding of the factors which control
the specificity of ligand binding. Such information could help in the
design of new antifolate drugs. Much of the work has been directed at
defining the conformations of the bound inhibitors and in characterising
specific interactions between the ligands and the protein. Chemical
modifications of the ligands or single-site modifications of the protein by
site-directed mutagenesis have been used to investigate important
interactions between ligand and proteinl3,46-48,51,52  From available X-
ray structural data it is possible to identify sites on the protein with
possible binding potential and then to design inhibitors containing groups
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capable of interacting with these additional binding sites. For example,
several analogues of trimethoprim, modified such that they could interact
with binding sites normally only used in substrate binding, have been
prepared and investigated8v48. Several tightly binding inhibitors of DHFR
were obtained using this approach and some of the modified inhibitors have
binding constants three orders of magnitude larger than that of the parent
molecule#8. Such binding studies always need to be accompanied by
structural investigations to determine whether the predicted interactions
have taken place and also to see if any additional conformational changes
accompany the binding. Both X-ray crystallography8 and NMR spectroscopy48
have been used for this purpose. While the X-ray studies provide very
detailed structural information they do require the samples to be studied
as crystals. NMR examines the complexes in the solution state and can
provide much useful information about specific interactions (particularly
those involving charged residues), conformational states and dynamic
processes within the complexes. Because of the rapid developments in
methods of assigning resonances in complex protein spectra’3,57 and in
methods of interpreting NOE data in structural terms it seems likely that
NMR will become increasingly used for providing detailed conformational
information in the solution state.

ASSIGNMENT OF LIGAND AND PROTEIN SIGNALS

To obtain any detailed structural information from NMR spectra of
protein complexes it is first necessary to make specific resonance
assignments for ligand and protein signals. Ligand resonance assignments
are relatively easy to achieve either directly by using selective isotopic
labelling (13c, 15N, 2y)11-15,17,19 or indirectly from transfer of
saturation or 2D exchange experiments which connect signals in bound and
free ligand speciesl6,18,19,54

Until recently it was much more difficult to obtain protein resonance
assignments for moderately sized proteins. For example our early
assignment studies on L. casei DHFR relied on correlating X-ray structural
data with NOE data from protons in close proximity. This method assumes
that the crystal and solution conformations are similar. Since 1989
technical developments have allowed the sequential assignment method
pioneered by Wuthrich and coworkers38 to be applied to proteins of the size
of L. casei DHFR (My 18,300). This method does not rely directly on
crystal structure data but obtains the complete resonance assignments by
correlating NMR data with sequence information. The various spin systems
are first identified in the NMR spectrum and the spin systems of adjacent
residues are then connected to each other by using NOE data: in this way a
number of continuous stretches of assigned residues are obtained and
matched to the known sequence of the protein. The most important NOE
connections for making sequential assignments are those between amide NH
protons and protons in adjacent residues (NH{-NHj4j, @CHj.-1-NHi and
BCHj.1-NHj NOEs). This method works very well for small proteins but for
medium sized proteins such as DHFR the considerable overlap of cross-peaks
in the 2D NOESY and COSY spectra make the method difficult to apply
directly. Some simplification can be obtained by examining selectively
deuterated proteins. For example by examining a DHFR sample in which all
the aCH protons of the 16 valine residues have been replaced by deuterium
one could easily detect the removal of the corresponding crosspeaks in the
QaCH-NH region of the COSY spectrum. This not only allows immediate residue
assignment of these valine resonances but also makes the assignments of
other, previously overlapped, cross-peaks much simpler to interpret.
However b{ far the most powerful and generally applicable methods for
removing ‘H chemical shift degeneracy involves examining isotogically
labelled proteins (130 or 15N) with various 3D and 4D methods33-57, Ve
have prepared a uniformly 15N-1abelled DHFR (90% labelled) and subjected it
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to NOESY.HMQC and HOHAHA.HMQC 3D experiments (HMQC is a heteronuclear
multiple quantum coherence experiment which detects Brotons directly bonded
to 15N and characterises them by their appropriate 15N chemical shift).
These experiments give the NOESY and HOHAHA crosspeaks involving the
relevant NH protons edited in slices according to the 15N chemical shifts
of each particular amide nitrogen. For example in the NOESY.HMQC spectra,
each 15N edited slice contains only NOE connections involving the NH
protons from amide groups where the nitrogens have the particular 155
chemical shift for that slice. Each slice represents a small-subset of the
total number of NOE connections and therefore the chance of overlap is much
reduced. If two NH protons have the same (or nearly the same) chemical
shift then the NOESY.HMQC experiment does not allow detection of the NOE
connection between such protons. This problem has been resolved by using a
HMQC .NOESY.HMQC 3D experiment60 which causes the NH protons in the NOESY
slices to be characterised by their 15N chemical shifts rather than their
lH shifts: since it is unlikely that NH protons with degenerate IH chemical
shifts will be associated with 19N nuclei with degenerate chemical shifts,
the lH shift degeneracy is removed60 By applying these various methods to
the DHFR.MTX complex we have been able to obtain backbone resonance
assignments for 147 of the 162 residues in DHFR and side-chain assignments
for more than 80 residues. An analysis of the data (NOE patterns,
intrastrand NOEs and non-exchanging NH protons) revealed that the f-sheet
and most of the helical secondary structure seen in the crystal is
essentially retained intact in solution. The small deviations noted are
discussed elsewhere®d. It is worth noting that assignments made previously
using the crystal structure/NOE data correlation method were all in
agreement with those obtained using the sequential assignment method. This
indicates that the solution and crystal structures are fairly similar.

Now that we have a large body of securely assigned protein 14
resonances these can be used as reporter groups for detecting NOEs with
protons on interacting ligands and for monitoring conformational changes
within the protein.

NMR CHARACTERISATION OF PROTEIN-LIGAND COMPLEXES

Information relating to ionisation statesll-15, protein-ligand
interactionsll,12,46,48,5 ,54’ conformation515:19r21, multiple
conformations25-33 and dynamic processes3%,35 within complexes has been
obtained from NMR studies. A brief survey of the results obtained for the
well-studied complex trimethoprim.DHFR will provide a guide to the type of
information available. These studies were facilitated by having available
a series of isotopically labelled (13¢ and 15N) trimethoprim analogues as
indicated in Figure 1.

For example, the 13C chemical shift of 13¢-2-labelled trimethoprim in
its complex with DHFR is characteristic of the shift expected if the
adjacent N1 is protonated within the complexll,l4. This protonation was
later confirmed by examining DHFR complexes formed with a trimethoprim
analogue labelled with 15N at the N-1 position where the observed ESN
chemical shift is again characteristic of a protonated nitrogenlz. In this
case the lH signal from the proton directly attached to 15N could easily be
detected in the lH spectrum of the complex with DHFR since it features a 90
Hz doublet characteristic of scalar coupling between directly bonded 14 and

5N atomsl?. 1In earlier studies, Cocco et al.%3 used 13C NMR measurements
to demonstrate that the N1 of methotrexate is also protonated in its
complex with DHFR. From the crystal structure studies® it is known that
the N1 position is near to the conserved Asp 26 residue (L. casei
numbering). Thus the N1H group forms a charge-charge interaction with the
negatively charged carboxylate group of Asp 26.



Several dynamic processes have been characterised within the

DHFR. trimethoprim complex35. From 1H line-width measurements made on the
N1H signal of bound trimethoprim over a range of temperatures it was
possible to estimate the rate of breaking and reforming of the hydrogen
bond between the N1H proton and the Asp 26 carboxylate group (34 s-1 at 298
K)35. 13¢ relaxation measurements on the 13C-[7, 4'-OMe] -trimethoprim
analysed in its complex with DHFR suggest that the benzyl ring is librating
rapidly (>10105'1) over angles of * 30°35, Finally, a 13¢ 1ine shape
analysis of the 13C-[3'-0Me]-trimethoprim DHFR complex as a function of
temperature indicates that the benzyl ring is flipping between two
equivalent environments (250 s-1 at 298 K)35. Such ring flipping about the
C7-Cl' bond would be sterically impossible if the trimethoprim retained its
bound conformation as measured previously: ring flipping can only occur if

()
NH, 6 5,0CH3
7 - °
N 5 P> C.:HQ 1 4’OCH3
12 2 3'OCH
[ ]
HoN SN Ol

Trimethoprim 2

Fig. 1. Trimethoprim structure labelled (® ) to indicate the sites at
which 13¢ and 15N have been introduced in a series of
selectively-labelled compounds.

there is a momentary fluctuation in structure where the torsion angle about
C6-C7 bond changes by at least 30° to remove the steric hindrance between
the benzyl and pyrimidine ring. This will also be accompanied by a
fluctuation in the protein structure. At 298 K the dissociation rate
constant for the complex is 2 s°1 (measured from transfer of saturation
experiments): thus the various dynamic processes mentioned above take place
within the lifetime of the complex. Thus the breaking and reforming of the
N1H interaction with Asp 26 and the ring flipping with its accompanying
fluctuations in conformation within the complex both involve the breaking
of interactions between protein and ligand many times within the lifetime
of the complex35.

With regard to conformational studies, while some limited information
about the solution conformation of trimethoprim bound to DHFR has already
been obtainedl3,19,20 (from ring current chemical shift calculations and
intramolecular NOE measurements) more detailed conformational studies must
await analysis of NOE data between protons on the trimethoprim and recently
assigned protons in the protein. NMR has proved to be particularly useful
for studying multiple conformational states in protein-ligand complexes in
solution. In the ternary complex of DHFR with trimethoprim and NADP* the
presence of two almost equally populated conformations (designated Forms I
and II) that give rise to separate NMR spectra have been detected30-32,

For example, it was observed that all 7 His C2 proton resonances appear as
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doublets in the spectra of this complex: a line shape analysis on these
doublets as a function of temperature allowed the rate of interconversion
between Forms I and II to be estimated (e.g. at 304 K the rate is 16 s-1).
The two conformations have been characterised by examining isotopically

labelled (13¢ and 15N) ligands in the ternary complex: the labels at each
position all give rise to separate signals corresponding to Forms I and II.
One can change the populations of the two forms by examining modified
analogues of trimethoprim or NADP*. The simplest way of quantitating the
two conformational states is to measure the relative intensities of the two
sets of 31lp signals observed for the pyrophosphate phosphorus nuclei in
each form. The main difference between the two forms is in the binding of
the nicotinamide ring of NADP*: in Form I this is in a binding pocket
within the protein with its glycosidic bond fixed in an anti-conformation
while in Form II the conformation of the pyrophosphate moiety is altered
such that the nicotinamide ring extends away from the protein in a mixture
of syn- and anti-conformations.

Clearly it is important to be aware of any conformational equilibria
of this type if one is undertaking structure-activity studies. In such
cases, one needs to take into account that two independent structure-
activity relationships, one for each bound form, must be considered if a
proper understanding of the ligand binding is to be achieved.

CONFORMATIONAL SELECTION OF ROTATIONAL ISOMERS OF PYRIMETHAMINE ANALOGUES
BOUND TO DHFR

If a flexible ligand can exist in more than one rotameric state this
also provides the possibility of multiple conformations when bound to the
protein. For example, pyrimethamine analogues which have a biphenyl like
structure can give rise to rotational isomers resulting from hindered
rotation about the pyrimidine-phenyl bond29,54,  Such restricted rotation
has been well-characterised in ortho-substituted biphenyls and one would
expect ortho-substituted phenyl pyrimidines to behave in a similar manner.
We have used NMR spectroscopy to investigate complexes of DHFR with
pyrimethamine and several of its analogueszgxs4

NH2 R,
N R,
HoN~  N“SE
Ry Ry
3 Pyrimethamine Cl H
4 Fluoropyrimethamine F H
5 Fluoronitropyrimethamine F NO2

113



An analogue such as fluoronitropyrimethamine 5 containing an asymmetrically
substituted aromatic ring can exist as mixtures of two rotational isomers
(an enantiomeric pair, see Fig 2). One might expect some conformational
selection of these rotamers on binding to DHFR. The 19F NMR spectrum of
the fluoronitropyrimethamine.DHFR complex reported by Tendler and
coworkersl9 illustrates clearly that two different conformational states
exist since two separate 19F signals are detected for the bound ligand.
Tendler et al.29 reported that the populations of the two forms (designated
A and B) are different, the A/B intensity ratio being 0.6/0.4 in the binary
complex. Addition of NADP* to this complex caused the preference for
binding to be reversed with the A/B ratio in the ternary complex being
0.3/0.7. These results in themselves do not provide direct evidence that
the two observed conformations are related to different rotameric states
involving the pyrimidine-phenyl bond although they are strongly suggestive
of this. In order to characterise fully these binary and ternary complexes
it was necessary to examine the different bound forms using 1§ NMR studies
of the complexes. All three pyrimethamine analogues (3-5) bind tightly to
L. casei DHFR (Ka > 5 x 103 M-1) and the exchange between the bound and
free species is slow on the NMR chemical shift time scale resulting in
separate NMR spectra for the bound and free species. Birdsall et al.5%
have used 2D exchange 1§ NMR spectroscopy to connect the signals from bound
species with their corresponding signals in the free ligand for complexes
involving all the ligands (3-5). In the complexes where there is a
symmetrically substituted phenyl ring, such as pyrimethamine 3 and
fluoropyrimethamine 4 four signals are observed for the four non-equivalent
aromatic protons. This clearly indicates the presence of hindered rotation
about the phenyl-pyrimidine bond with the phenyl ring taking up a fixed
position within its binding site such that the four phenyl protons are now
in separate shielding environments on the protein. Had there been rapid
interconversion between the different rotamers then only a single averaged
signal would have been detected for the pairs of protons on opposite sides
of the ring (H2', H6' and H3', H5') as a result of the ring flipping. In
the case of the other symmetrically substituted pyrimethamine analogue,
fluoropyrimethamine, again 4 non-equivalent aromatic proton signals were
detected and these have very similar shielding contributions resulting from
the binding. This indicates that the phenyl ring is binding in a similar
environment in the two complexes. DHFR complexes containing pyrimethamine
analogues with asymmetrically substituted phenyl rings such as
fluoronitropyrimethamine 5 showed two complete sets of signals (Form A and
Form B) for the phenyl protons in the bound ligands. By comparing the 1H
chemical shifts of these bound protons with those in the pyrimethamine.DHFR
complex it was possible to show that the phenyl ring protons in the two
Forms A and B are experiencing the same protein environment in each of the
two forms as that experienced for the corresponding protons in the
pyrimethamine .DHFR complex. This can only be true if Forms A and B
correspond to two rotational isomers which result from a ~180° rotation
about the pyrimidine-phenyl bond with the 2,4-diamino pyrimidine ring being
bound similarly in the two forms.

Baker et al.9 have examined the crystal structure of a complex of
pyrimethamine with E. coli DHFR and found that the 2,4-diaminopyrimidine
ring binds in essentially the same binding site as that occupied by the
corresponding part of the methotrexate ring it its complex with E. coli
DHFR (Bolin et al.6) and has its phenyl ring orientated at approximately
90° to the plane of the pyrimidine ring. Based on this information,
Birdsall et al.,>* built a model of L. casei DHFR.pyrimethamine complex and
noted that a pair of aromatic ring protons on one side of the phenyl ring
of bound pyrimethamine are oriented towards Phe 30. Two of the phenyl
protons of bound pyrimethamine have substantial upfield shielding
contributions which would be consistent with these being on the side of the
ring oriented towards Phe 30 (assuming that Phe 30 has a similar
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conformation in the DHFR complex formed with pyrimethamine and
methotrexate). Subsequent NOE measurements 4 confirmed these assignments
by showing connections between an ortho proton on the phenyl ring of bound
pyrimethamine and the H4 and H3,5 aromatic protons of Phe 30.

MULTIPLE CONFORMATIONS AND ROTATIONAL ISOMERISM IN TERNARY COMPLEXES OF
DHFR WITH PYRIMETHAMINE AND NADP*

It was mentioned earlier that in the complex DHFR.trimethoBrim NADP+
two different conformations (Forms I and II) have been detected30,3l, The
different conformations have the nicotinamide ring of NADP* bound
differently in the two forms. Recently Birdsall et al.>* have found that
similar conformations are present in ternary complexes of DHFR with
pyrimethamine analogues and NADP*. The two forms can be characterised
quantitatively by measuring the relative intensities of the two different
sets of pyrophosphate 31p signals corresponding to Forms I and II. For the
complex of fluoronitropyrimethamine.NADP* DHFR such measurements indicate
65% Form I and 35% * 10% Form II. For this complex it was also possible to
measure the populations of the rotational isomeric bound Forms A and B (30%
and 70% * 10% respectively). These results raise the intriguing
possibility that the two types of conformational states could be strongly
correlated with only forms IB and IIA being populated. This would be

a F49 b

Fig. 2. Model of the binding site in the fluoronitropyrimethamine.DHFR
complex for (a) Form A, (b) Form B. (c) Model of the complex
indicating the position of the NADP* nicotinamide ring binding
site as a broken-line structure. (Modified from Birdsall et
al., 1990 Biochemistry, in press).
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consistent with a model with the NO2 substituent oriented towards the
vacant site for the nicotinamide ring binding in Form IIA and oriented away
from the nicotinamide ring binding site in Form IB (Fig. 2). However one
cannot exclude the alternative explanation that all four forms exist but
that none of the detected NMR signals is affected by more than one of the
different conformational states.

The conformational preference for binding Form A in the binary
complex is fluoronitropyrimethamine with DHFR can also be considered in
terms of the model of the complex shown in Fig. 2. 1In Form A the NO2
substituent would be directed towards the vacant nicotinamide ring binding
site and this could assist in favourable binding. Addition of NADP* to
form the ternary complex which reverses the preference for Form A would be
consistent with the unfavourable steric interaction between the bulky NOj
group and the nicotinamide ring of bound NADP* in Form I of the complex.

CONCLUSION

The availability of numerous assigned ligand and protein resonances
in the NMR spectra of complexes of DHFR with antifolate drugs allows
detailed studies of interactions and conformational states within the
complexes. It is clear that the protein-ligand complexes in solution can
exist as mixtures of conformational states. NMR provides a unique method
for studying multiconformational equilibria in a quantitative manner.
Clearly, structure-activity studies must take into account such multiple
conformations if a proper understanding of the binding is to be achieved.
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STRUCTURE-FUNCTION RELATIONSHIP OF GASTRIN HORMONES:
A RATIONAL APPROACH TO DRUG DESIGN
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INTRODUCTION

The gastrins are a family of gastro-intestinal peptide hormones performing a
wide range of biological functions in the digestive process. The sequences of the most
common forms of gastrins are the following:

pGlu-Leu-Gly-Pro-Gln-Gly-His-Pro-Ser-Leu-Val-Ala-Asp-Pro-Ser-Lys-Lys-GIn-Gly-
Pro-Trp-Leu-(Glu),-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH, (big gastrin);

pGlu-Gly-Pro-Trp-Leu-(Glu),-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH, (little gastrin);
H-Trp-Leu-(Glu),-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH, (minigastrin).

They exist with a free tyrosine side chain (form I), or with a O-sulfate tyrosyl
side-chain (form II). The most abundant form of the hormone is little gastrin.

From extensive structure-function relationship studies performed in several
laboratories it is presently well established that the message sequence responsible for
the biological activity of gastrins rests on the C-terminal tetrapeptide amide
-Trp-Met-Asp-Phe-NH,. More than 600 analogs and derivatives of this sequence have
been synthesized and their biological activity investigated in detail.! From these studies
the requirements in terms of chemical structure essential for hormonal activity are
known in detail. However, the C-terminal sequence alone exhibits only 10 % of the
biological potency of little gastrin. Thus, the N-terminal portion of the molecule plays
arole in optimizing the hormonal message.

In general, the determination of the conformational features required to
perform a biological function of small, linear peptides is a very difficult task. In fact,
linear peptides do not show a strong conformational preference (like enzymes and
proteins), they do not crystallize and, in solution, they exist as a population of rapidly
interconverting conformers. All these features make the determination of the
conformational aspects responsible for biological activity more difficult.

In aqueous solution all natural gastrin peptides and their synthetic analogs,
either active or inactive, exhibit CD patterns in the far UV typical of a random
conformation.? In the absorption region of the aromatic chromophores there are very
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weak signals indicating the absence of any significant constrain of the aromatic side
chains. These results led to the hypothesis that, if a "bioactive structure” does exist, it
must be formed in the lipophilic environment at the receptor binding site. In the
attempt to contribute to a better understanding of structure-function relationship
gastrin hormones , and ultimately to determine the bioactive structure of gastrins, a
systematic investigation was undertaken by our group on a series of gastrin fragments
of increasing chain length. In this paper the most recent results will be briefly reviewed.

RESULTS AND DISCUSSION
The following peptides were synthesized and studied:

pGlu-Gly-Pro-Trp-Leu-(Glu),-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH, (Nle'-little gastrin);
H-Leu-(Glu),-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH, (des-Trp', Nle?-minigastrin);
pGlu-(Glu),-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH, (gastrin dodecapeptide);
pGlu-(Glu),-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH, Egastrin undecapeptide);
pGlu-(Glu),-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH,, (gastrin decapeptide);
pGlu-Glu-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH, (gastrin nonapeptide);
pGlu-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH, (gastrin octapeptide).

In all these products methionine was replaced by norleucine, which offers the
advantage of preserving full biololgical activity, while preventing inactivation via
oxidation of the thioether group.' The peptides were first characterized by CD
spectroscopy in trifluoroethanol (TFE).3 From CD results in the near and far UV
(figure 1) we note first that the structure of the shortest fragment gastrin octapeptide is
not random. There is in fact a double minimum at 215 nm and 200 nm and a positive
band at 190 nm. This pattern is completely different from the one observed in water,
where the structure is completely random. The extent of structural order increases
upon chain elongation. This is shown by the strong increase of the intensity of the two
negative CD bands at 216 and 207 nm and also by the enhancement of the positive
band at 192 nm. The increase of the amount of ordered conformation is not linearly
proportional to the length of the peptide chain (Figure 2). Apparently, the larger extent
of conformational change takes place upon elongation of the molecule from the
undecapeptide to the dodecapetide. Parallel biological tests on all fragments revealed
that the potency of their biological action increases from 34 to 87% of that of little
gastrin upon elongation of the chain from the undecapeptide to the dodecapeptide.
Most interestingly, the change in conformation and the increase of biological potency
match the same profile (figure 2). This observation led to the hypothesis that the
conformation assumed by gastrin hormones in TFE is of biological relevance. This
hypothesis was further supported by the observation that both little gastrin and
minigastrin in a membrane-like environment (such as aqueous solutions containing
%(gléa}l;ing detergent micelles) adopt a conformation very similar to that observed in

On the basis of the CD properties of minigastrin, little gastrin and the shorter
fragments, a working hypothesis on the peptide conformation in TFE was made. The
chiroptical properties of little gastrin and minigastrin led Fromageot and coworkers to
suggest the presence of an a-helical segment at the N-terminus, comprising the
sequence Leu-(Glu);Ala.S In a subsequent work we suggested that the helical segment
should not involve more than 4-5 residues and the possibility of a 8-bend was not ruled
out.3 The chiroptical properties of the fragments with 3 and 4 Glu residues in the
sequence proved to be extremely useful to clarify the conformational features of mini
and little gastrin. Both these fragments exhibit the characteristic double minimum CD
pattern with the same shape as that of the longer hormones (Figure 1). Quite
surprisingly, the CD spectra of these fragments are insensitive to the extent of
ionization of the glutamic acid side chains. It follows that these residues cannot be
comprised into an a-helical segment, since addition of KOH should cause the collapse
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of this structure. Since the rest of the sequence is hardly compatible with an a-helix we
concluded that the observed CD spectrum is not that of an a-helix. Actually, CD
spectra very similar to those of the undeca and dodecapeptide have been reported for
well documented examples of type I and type III B-bends. We therefore proposed that
in the structure of these two fragments there is a bend. According to the analysis of
Chou-Fasman,’ the chain reversal should be located in the central sequence Ala-Tyr-
Gly-Trp.

The increase of ordered structure when the chain is elongated from the
dodecapeptide to des-Trp!,Nle!?-minigastrin suggests the onset of an helical segment at
the N-terminus. In agreement with this interpretation, ionization of the Glu side-chains
causes a decrease of the intensity of the CD bands and a spectrum is obtained which is
very close to that of the dodecapeptide. The sequence H-Leu-(Glu),-Ala-Tyr-OH
alone is not able to fold into the a-helical structure in TFE. Therefore an interaction
of the N-terminus, possibly with the C-terminus should provide the stabilization energy
allowing the proper folding of the N-terminus.

Finally,, when the peptide chain is elongated to little gastrin, there is an
additional increment of ordered structure. We interpreted these data by assuming that
the }ength of the N-terminal helical segment is further increased, possibly starting from
Trpl.

With these results we started the characterization of minigastrin by proton
NMR. Our goal was to verify the proposed U-shaped conformational model of
minigatrin and little gastrin with an helical segment at the N-terminus.

The achievement of reliable NMR data in TFE is complicated by the strong
tendency to aggregation of gastrin peptides at concentration levels of the order of
10°molar or higher. Aggregation is easily revealed by typical concentration-dependent
and temperature-dependent CD patterns. For instance, in the near UV there is an
extraordinarily intense CD signal probably due to stacking interactions among indole
chromophores. These features disappear in the presence of 10% water. In such a
system solubility increases substantially and it was possible to reach mM
concentrations without intermolecular association. The assignment of all proton
resonances in TFE containing 10% water proved to be extremely difficult because of
the large OH peak and the methylene quartet of the solvent. Thus we chose to assign
the spectrum in water and follow the shift of resonance peaks by solvent titration from
100% water to 90% TFE.® Homonuclear 2D NMR experiments were performed in the
usual way using standard procedures. From the 2D Hartmann-Hahn spectrum (figure
3) the proton resonaces in water were nearly fully assigned. The following ambiguities
remained: 1) only 4 of the 5 Glu-NH peaks were visible; 2) the 4 amide protons of the
Glu residues could not be distinguished from one another. The amide proton of Glu?is
expected to have a very broad resonance peak, as frequently observed in a peptide
when the adjacent N-teminal group is a free amine. Thus, the very broad NH peak at
9.2 ppm in 90% TFE (see below) was assigned to this residue. The other ambiguities
were clarified by synthesizing the following minigastrin analogs containing a-
deuterated Glu residues at positions 6, 7, and S and 7, respectively:

H-Leu-Glu-Glu-Glu-*Glu-Glu-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH,
H-Leu-Glu-Glu-Glu-Glu-*Glu-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH
H-Leu-Glu-Glu-*Glu-Glu-*Glu-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH,
(* denotes a-deuteration sites)

From the collapse of amide doublets into singlets, the assignment of Glu>-NH,
Glu$-NH, and Glu’-NH was unambiguously achieved.” During the water-TFE titration
experiments we were able to follow all amide resonances except though the
intersection of Tyr, Asp, and Phe at approximately 20% water (figure 4). These
ambiguities were clarified by a Hartmann-Hahn experiment in 94% TFE with a

123



multiple peak saturation of the methylene quartet. Numerous connectivities were
found which confirmed our previous assignments (figure 5). Furthermore, we were able
to distinguish the amide peaks of Asp, Tyr, and Phe.® The assigned one-dimensional
spectrum of the minigastrin analog in 90% TFE is shown in figure 6. Because of the
particular nature of the system, we have been unable to obtain reliable results from
NOESY experiments in 90% TFE, which would have allowed a more complete
description of the peptide conformation. However, some conclusions can be drawn
from the temperature coefficients of amide protons (Table 1). There are two sets of
low temperature coefficients at the two ends of the molecule. The presence of an
helical segment at the N-terminus implies that the amide protons of Glu residues in
position 6 and 7 should be hydrogen bonded to the carbonyl groups of Glu residues in
position 3 and 4, respectively. The results of Table 1 indicate that Glu® NH only is
clearly solvent shielded, and therefore the helical segment should end with this residue.
Surprisingly, Glu-NH in position 5 also exhibits a very low and positive temperature
coefficient. This point remains an open question and will be discussed below. From
table 1 it appears that the amide protons of the C-terminal portion of the molecule are
also solvent shielded. According to our conformational hypothesis the Trp-NH should
be hydrogen bonded to Ala-CO to form a 8-bend. Again the results of table 1 are
consistent with this hypothesis. The new features emerging from the NMR data are the
low temperature coefticients of the amide protons at the C-terminus. A conformation
compatible with the H-bonds suggested by NMR data and also consistent with the
conformational preference of the sequence starting from Ala®and with the CD results
comprises a series of concatenated type I or III B-bends.® This corresponds to a short
segment of 3, -helix at the C-terminus starting from Ala®.

Taken together, both CD and NMR results are consistent with the hypothesis of
a U-shaped conformation comprising helical segments at both ends, separated by a
flexible region in the central sequence. In this structure the Gly residue in position 10
appears to play a key role in determining the conformational preference of the entire
molecule. A simple sequence analysis according to the Chou-Fasman method’ shows
that replacement of Gly with an helix forming residue changes completely the
conformational preference of the molecule, extending the a-helix thoughout the entire
molecule. If the U-shaped structure represents the bioactive conformation of the
gastrins, this sequence modification should affect substantially the biological potency of
the hormone. We therefore synthesized the Alal%-analog of minigastrin and studied in
detail its conformational and biological properties.'?

The CD results in the far UV (data not shown) indicate that there is an increase
of the helical content with respect to that observed in minigastrin in TFE. The CD
spectrum becomes almost identical to that of little gastrin which should contain at the
N-terminus an helical segment longer than minigastrin. In the near UV the CD
properties reveal that the environment of the aromatic chromophores in the two
minigastrin analogs is different. Proton NMR studies were carried out in the usual wa
using standard 2D techniques. The Ala!%-analog is more soluble than des-Trp!,Nle!*-
minigastrin, and in 90% TFE it was possible to reach a concentration of the order of 5
mM without zi_%gregation. The resonace assignment was accomplished with a 2D
homonuclear Hartmann-Hahn experiment and by using the assignment of the Gly°
analog as a reference.!” The main features of the TOCSY spectrum are reported in
Figure 7 and the chemical shifts of the two analogs are compared in Figure 8. The
resonance positions of the amide protons of the two analogs are all very different, with
the exception of Trp-NH, the C-terminal cis-amide, and all but one of the Glu NH’s.
The Nle NH is the most different one, with a downfield shift of 0.29 ppm. This residue
also shows considerable differences in the resonances of its aliphatic protons. All these
findings indicate that the structural differences between Alal’-minigastrin and Gly'-
mingastrin, visible in the CD spectrum, are mainly located in the C-terminal portion of
the molecule. The temperature coefficients of the amide protons of the two analogs
are compared in Table 1. With the exception of Nle NH and Tyr NH all temperature
coefficients of the Alal®-analog range from -1.6 to -4.3 ppb/K and are of the same
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Table I. Position at T = 296 K (ppm) and Temperature Coefficients
(Appb/K) of Amide Resonances in 90% TFE*®

des-Trp',Nle!2- des-Trp',Ala'%Nle'2-
minigastrin minigastrin

Glu! 9660 -89+14 9660 6702
Glu® 8681 +09x13 8659 +08+04
Glu® 7934 0708 8.071 -1.6+04
Ghu’ 8126 4509 8196 -37%x02
Ala® 7934 -48+09 7858 4306
Tyr 7879 -7.1£07 17.767 —-6.3%+0.6
Gly 8.063 -5.3%£0.7
Ala'"® 7.858 -4.3 £ 0.6
Trp 7.651 -23+£06  7.668 -42+0.2
Nie 7.373 -1.6+08 7659 -52%07
Asp 7710 -18x09 7844 40x06
Phe 7689 -3.0+£07 7.787 -3.1+04

amide (cis) 6.269 4414 6286 4302
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order of magniture as those reported by Ribeiro et al.! for oligoglutamates in TFE
containing about 30% a-helix. These results again suggest that in this analog there is an
extension of the N-terminal helical segment toward the C-terminus. This conclusion is
also supported by the results of a ROESY experiment showing cross-peaks between
Tyr C®H and Nle CP  protons,'®and such interaction is diagnostic for a helical
structure. Connectivities of the type i - §i+3) are also found between the methyl
protons of Ala and the gamma protons of Glu. The Tyr ring protons are also close in
space to Nle side chains. These data show that both Tyr and Ala’® are part of a helical
segment which extends at least to Nle.

The presence of a clearly shielded amide proton corresponding to the Glu’
residue in both minigastrin and in its Ala'® analog is an unsolved problem. An
hydrogen bond with a proton acceptor within the C-terminal sequence, brought about
by an U-shaped structure is ruled out by the fact that the Alal® analog does not assume
a hairpin conformation. Model studies suggest the possibility of hydrogen bonding of
this proton to the side chain carboxylate moiety of a Glu residue, but we do not have
direct experimental evidence for this.

In conclusion, CD and NMR results indicate that in the Alal'®-analog of
minigastrin there is an extension of the helical segment from the N-terminus to the C-
terminus. The replacement of Gly with Ala not only changes completely the
conformational preference of the molecule but also affects substantially its biological
potency. In vivo biological tests (gastric acid secretion in rats) showed that the potency
of this gastrin analog is only 10% of that of des-Trp',Nle!?-minigastrin.!® This residual
activity corresponds, within the limit of error of the assay system, to that of the C-
terminal tetrapeptide fragment. The impact of the change of conformation of the Alal®
analog on the hormonal potency provides further support to the hypothesis of the U-
shaped conformation as the optimal bioactive state of the hormone. When the
preference for this conformation is reduced, only the intrinsic potency of the C-
terminal tetrageptide amide is present. On the other hand, we have also shown that
replacement of the -(Glu),- sequence with -(Asp),- sequence prevents the formation of
the a-helix at the N-terminus and also reduces to a large extent the biological potency
of the hormone.??
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INTRCDUCTION

The rapid progress in the area of molecular biology has
provided us with the primary structures of a large variety of
receptor proteins, many of which belong to the G-protein
coupled receptor super family (e.g., dopamine (DA) D7 and Dj
receptors, serotonin (5-HT) 5-HTjp, 5-HTjc and 5-HT,
receptors, and muscarinic mj-mg receptors).l'4 These receptor
proteins are believed to form seven transmembrane helixes
which associate to generate a hydrophilic pore (or groove).
The binding site for the ligand is thought to be located
within this hydrophilic environment. However, experimental
evidence on the 3D-structures of various G-protein coupled
receptors is still lacking. Therefore, it is not possible to
design ligands for these receptors based on receptor/ligand
complementarity. Instead, one has to rely on indirect design
methods. These may be based on (a) classical QSAR-technigques,
which efficiently describe lipophilic and electronic
properties, (b) methods related to the active analogue
approach, which in a qualitative sense, takes into account
topology and certain other molecular features, and (c) the
more recent 3D-QSAR method,® which may provide quantitative
information on the relation between biological activity and
steric as well as electronic properties. In the present
review, we will highlight the use of the active analogue
approach in studies of structure-activity relationships.
Examples will be given from the two areas: centrally active DA
D, and 5-HT)p-receptor agonists. In both areas, it has been
essential to have access to information on the
stereoselectivity of the receptor/ligand interaction.
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INDIRECT MODELS FOR RECEPTOR/LIGAND INTERACTIONS

Traditionally, models involving three attachment points
between drugs and receptors have been used to rationalize
biological stereoselectivity. According to such models the
more potent enantiomer (the eutomer) can develop three bonds
to the receptor surface whereas the less potent enantiomer
(the distomer) only is able to form two bonds. This is a
consequence of the idea that the drug has to adopt one
particular orientation in relation to the receptor site. If we
consider less abstract models, such as possible structures of
receptor sites, it becomes apparent that the distomer also may
be able to develop three intermolecular bonds to the receptor
provided that it approaches the receptor site in a different
manner or in a different conformation. In addition, a three
point attachment is not at all neccessary to explain
stereoselectivity. In fact, three interactions, repulsive or
attractive, are sufficient. It should be noted, however, that
numerous contacts between the receptor and the ligand are
possible when docking e.g. a substrate with the active site of
an enzyme. An additional factor to consider is that a mutual
structural rearrangement of receptor and ligand may occur
during complex formation. Thus, not only stereochemistry but
also conformational mobility has to be considered when
evaluating possible modes of binding of drugs.

Most qualitative models used to rationalize structure-
activity relationships have been based on the pharmacophore
concept. A pharmacophore may be defined as the 3D-arrangement
of functional groups/atoms that is required in order for a
drug to produce a particular response. Frequently, the
pharmacophore consists of three pharmacophore points/
structural elements. These pharmacophore points are choosen
based on their ability to participate in important
intermolecular interactions. Thus, charged groups, hydrogen
acceptors/donators, polar groups and aromatic rings are
frequently selected as potential pharmacophore points. The
positions and properties of the pharmacophore points are
normally deduced from structure-activity relationship (SAR)
studies of series of analogues.

The possibility to take into account both a pharmacophore
and steric factors has been discussed by Marshall in the
context of the active analogue approach.6 According to this
model, active analogues have a common volume which is part of
the receptor (enzyme) excluded volume, that is, an area in
space which is not occupied by the receptor. On the other
hand, an inactive analogue which is able to produce a
pharmacophore by adopting a conformation of accessible energy,
should, by definition, produce steric bulk which is part of
the receptor (enzyme) essential volume, that is, an area in
space which is occupied by the receptor. The receptor-excluded
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volume is defined as the combined van der Waals volume
produced by the active analogues when superimposed on the
pharmacophore. Parts of the receptor-essential volume may be
defined by superimposing inactive analogues onto the
pharmacophore and identifying common excess volumes. The
active analogue approach is most readily adopted on series of
drugs with limited conformational mobility. However, also
compounds which possess a considerable flexibility may be used
provided that conformational energetics are taken into
account.

A MODEL FOR DA D,~RECEPTOR AGONISTS

We have a long standing interest in compounds being able
to activate DA Djy-receptors, because selective dopaminergic
agents may offer interesting therapeutic alternatives to
present drugs in the treatment of dysfunctions in the central
nervous system (CNS). Our synthetic efforts in this area have
been focussed on phenolic 2-aminotetralins and phenylpiperi-
dine derivatives (for a review, see ref 7). The potent and
selective dopaminergic actions of 5-hydroxy-2-(dipropylamino)-
tetralin (5-OH DPAT) provided us with a lead compound for SAR
studies. To map the steric requirements of the D, receptor we
prepared a number of stereochemically well-defined Cl-, C2-,
and C3-methyl substituted analogues of 5-OH DPAT.8-13 The
introduction of methyl groups in the non-aromatic ring of a 2-
aminotetralin affects the conformational energetics.14'15
Consequently, this set of compounds made it possible to study
steric as well as conformational factors of importance for Dj-—
receptor activation.

It is noteworthy that a pronounced stereoselectivity was
observed in the series of methyl substituted 5-OH DPAT deriva-
tives (Table 1). This appears to be a general feature of
dopaminergic 2-aminotetralin derivatives, e.g. (S)-5-OH DPAT
is a potent DA-receptor agonist whereas the R enantiomer has
been classified as a weakly potent antagonist.16 Similarly,
(1S,2R)-UH-242 is an antagonist whereas (1R,2S)-UH-242 is an
agonist at DA Dy-receptors. This trend simplified the SAR-
analysis considerably.

Since the 2-aminotetralin derivatives are conformatio-
nally flexible, the conformational preferences of the
compounds were studied by a combination of theoretical
(molecular mechanics calculations) and experimental (NMR-
spectroscopy and X-ray crystallography) methods.12,14,15 1
general, an excellent agreement was obtained between the
calculations and the experiments. It was observed, however,
that several of the molecular gecmetries identified by X-ray
crystallography correspond to conformations of fairly high
relative steric energies. This is not a contradiction since
packing forces in the crystal may be quite large. However, our
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Table 1. Dopaminergic potencies and conformational energies
of some phenolic 2- (dipropylamino)derivatives.

Code Structure Dopaminergic  Relative steric energy Ref.
potency of the pharmacophore
conformation (kcal/mol)

OH

o

(S)-5-OH-DPAT very potent 0.5 15
ay (CaH) agonist
OH
(R)-5-OH-DPAT CO\ weakly potent >25 16
antagonist
N(C3Hy) ¢
OH
(1R,25)-UH-242 CO potent 0 1
; "'N(CaH7)2 agonist
CH4
OH
(1S8.2R)-UH-242 weakly potent >25 1
N(C3H5), antagonist
CH,
OH
(15,25)-AJ-116 weakly potent 24 1
"”N(CaHy)z agonist
CH,
OH
(1R2A)-AJ-116 inactive >25 1
Y N(C3Hy),
CHy
OH
«CH;
(2R.35)-AJ-166 very potent 0 12
""N(C3H7)2 agonist
OH
CH,
(25,3R)-AJ-166 inactive >25 12
N(C3H7),
OH
CH4
(2R3R)-AJ-164 weakly potent >25 12
""N(CaH7)2 agonist
OH
(25,35)-AJ-164 weakly potent >25 12
agonist
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results emphasize the problem associated with modelling
studies of flexible compounds in which only X-ray derived
geometries are taken into account.

HO

““N-C3H,

(425,100 S)-7-OH-OHB[f]Q

In order to define a pharmacophore for DA Djy-receptor
agonists, we selected two potent, stereoselective and
conformationally restricted agonists, (6aR)-apomorphine
[ (6aR)-APO] and (4a$,10bS)-7-hydroxy-4-propyl-1,2,3,4,5,6,10b-
octahydrobenzo[f]quinoline [(4aS,10bS)—7—OH—OHB[f]Q],17 as
starting points. The conformational space for each of the
compounds was investigated (using molecular mechanics and
semi-empirical calculations) and low-energy conformations were
identified. When computer-generated superpositions of these
conformations were analyzed we observed that the minimum-
energy conformations produced the best superposition of the
fitted putative pharmacophore elements (the phenolic hydroxyl
group positioned meta to the phenethylamine moiety, the
aromatic ring, and the nitrogen and its lone pair; under
physiological conditions the nitrogen lone pair corresponds to
the N*-H structural element. We believe that a reinforced
electrostatic interaction between the protonated amino group
and a carboxylate ion at the receptor constitutes the primary
interaction between the ligand and its receptor). In the
fitted conformations, the 2-aminotetralin moieties of the two
structures adopt half chairs with pseudoequatorial amino
substituents (Fig 1). Thus, this superposition was used to

define a putative pharmacophore for DA Dy-receptor agonists.15

Fig. 1. Computer-generated best
fit of the 2-aminotetralin
moieties of (6aR)-APO (solid
lines) and (4as,10bS)-7-0OH-
OHB[f]Q. The compounds were
fitted in their lowest energy
conformations. The superpo-
sition defines a pharmaco-
phore for DA Dy-receptor
agonists (see also ref 15).
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The relevance of the putative pharmacophore was then
tested by applying it to the set of methyl-substituted
analogues of 5-OH DPAT derivatives with the gratifying result
that a good correlation was obtained between the ability of
the compounds to adopt a pharmacophore conformation and their
ability to activate DA D, receptors. Thus, the pharmacophore
that was generated from the two tri- and tetracyclic analogues
appears to be relevant.

(S)-5-OH DPAT (2A,35)-AJ-166 (425,10bS)-7-OH-OHBIf1Q

(6aR)-APO

Fig. 2. A partial DA Dy-receptor excluded volume formed by
addition of the van der Waals volumes of potent agonists
in their pharmacophore conformations (see also refs 14,
15, and 19).

By superimposing the van der Waals volumes of the potent
agonists (6aR)-APO, (4aS,10bS)-7-OH-OHB[f]Q, (S)-5-OH DPAT,
(1R, 2S)-UH-242, and (2R,35)-AJ-166, we were able to generate a
partial DA Djy-receptor excluded volume (Fig 2).12 Compounds
which are able to adopt pharmacophore conformations without
producing excess volume (van der Waals volume outside that of
the receptor-excluded volume) should, by definition be able to
activate DA D, receptors. Based on this model it may be
possible to design novel dopaminergic agonists with an atomic
framework different from that in e.g. the 2-aminotetralins. In
addition, compounds may be assigned as inactive without
informations from biological tests. Today, we would neither
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have synthesized nor tested UH-19918 since only conformations
with relative steric energies above 6 kcal/mol fit to the
pharmacophore. In addition, the R-enantiomer produces large
excess volume when compared with the DA Dp-receptor excluded
volume.1?

HO

N(C3H;),
(R)-UH-199

A MODEL FOR 5-HT)a-RECEPTOR AGONISTS

8-Hydroxy-2- (dipropylamino) tetralin, 8-OH DPAT, the C8-
hydroxylated regioisomer of the DA-receptor agonist 5-~OH DPAT,
is a potent 5-HTqip-receptor agonist.21 Such derivatives have
been the subject of an intense interest during the recent
years at least in part due to the fact that the anxiolytic
agent buspirone binds with high affinity to 5-HTjp-
receptors.21 In order to obtain an understanding of factors of
importance for 5-HTjp-receptor activation we have synthesized
and tested a number of derivatives of 8-0OH DPAT (Figure 3).22‘
29 In contrast to the dopaminergic 2-aminotetralin derivatives
discussed above, the 8-0H DPAT derived analogues do not
consistently interact in a stereoselective fashion with 5-
HT|p-receptors. This indicates that the 5-HTjp-receptor/ligand
interaction may be fundamentally different from that between
DA Dy-receptors and its ligands. In addition, the different
stereoselectivities made it much more difficult to deduce a
model for 5-HT{p-receptor agonists than for DA Dp-receptor
agonists.30

The 8-OH DPAT derivatives presented in Fig 3 constitute a
good set for model development since they possess different
conformational characteristics, different steric properties
and a good spread in pharmacological potencies. In order to
describe the observed structure-activity relationships within
the series, we first divided the compounds into three subsets:
(A) potent agonists (with Kj-values 32.3 nM), (B) moderately
potent agonists (Kj-values between 38 and 394 nM), and (C)
compounds which lack agonist properties. In addition, the
potent ligand d-LSD was added to group A. Second, putative
pharmacophore elements were selected: the hydroxyl group, the
aromatic ring, the nitrogen, the nitrogen lone pair of
electrons (the Nt-H bond), and a dummy atom located 2.6 A from
the nitrogen and aligned with the NT-H vector (the dummy atom
was supposed to mimic a carboxylate ion at the receptor).
Third, various putative pharmacophores were evaluated as
follows: the compounds in subset a were fitted to the
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Group A.
wN(C3H7),
(R)-8-OH DPAT

HO
wN-CaHy

(4aR,10bR)-JV-26

Group B.

HO  CH,

wN(C3Hy),

(18.2R)-ALK-3

HO
N(C3H)2

(S)-8-OH DPAT

(4a85,10bS)-JV-26

HO HO HO
N(C3Hy)
wN(C;H), N(C3H7), SR wN-C3H;
CHs CHy
(25.35)-CM-12 (2R.35)-CM-11 (R)-LY-14 (4aR,10bS)-OHBQ
Group C.
HO  CH, HO  CH, HO  CHs
N(C3H7), wN(CH7), A _sN(CaH7), N(CH7
CHy
(1R25)-ALK-3 (1R.2R)-ALK-4 (15,25)-ALK-4 (R)-LY-10
HO HO HO HO
N(Catr)z NiCatrle N(C3HA, N(CsH),
A"‘CHS ., .,
“CH, “CH,
(8)-LY-10 (S)-LY-14 (2A.3R)-CM-12 (25,3R)-CM-11
HO Gk HO CaHy
N N
oy
HO
(4a8,10a5)-CM-47 N-C3H, (4aR,10aR)-CM-47
?3”7 HO CaHy
N

HO
."/IJ

14aR,10aS)-CM-59

(4aS.100R)-OHBQ

(4aS,10aR)-CM 59

Fig. 3. Structures of the compouands used to develop a model
for 5-HT)p-receptor agonists. The three groups consist of
potent agonists (A), moderatly potent agonists (B) and
derivaties that lack ability to stimulate 5-HTp-

receptors (C). The compounds are described in refs 20,
22-29, and 32.
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pharmacophore and a receptor-excluded volume was generated by
adding their pharmacophore conformations. Since (1S5,2R)-ALK-3,
d-LSD and the enantiomers of JV-26 possess a limited
flexibility, few conformations had to be considered in the
fitting procedure. In order for a pharmacophore hypothesis to
be valid the following criteria had to be fullfilled: it
should be able to rationalize the difference between groups A
- C, that is, all compounds in set A should be able to fit to
the pharmacophore in low-energy conformations and none of the
compounds in subsets B or C should be able to fit to the
pharmacophore (in an energetically acceptable conformation)
without generating excess volume. Similarly, the compounds in
subset C should be unable to fit to the pharmacophore without
prggucing volume in excess to that generated by subsets A and
B.

=
N
X :: 26A
D

Fig. 4. A flexible pharmacophore for 5-HTjp-receptor agonists.
D is the dummy atom which corresponds to a carboxylate
ion at the receptor. x and y represent key distances.
Allowed positions for the (protonated) nitrogen are
defined by the top of the cone.

By applying these rules it was possible to reject all but
one of the putative pharmacophores. The procedure may be
examplified by the pharmacophore consisting of a hydroxyl
group, an aromatic ring and a nitrogen. This pharmacophore
could be excluded since the inactive enantiomer of ALK-3 did
not produce excess volume. The only pharmacophore that
fulfills all the criteria stated above consists of an aromatic
binding site and a dummy atom (Fig 4).29 In addition, the
orientation of the N-dummy atom vector was restricted to that
defined by the potent agonists (in the model describing potent
agonists) or by the potent and moderately potent agonists (in
the model distinguishing between all agonists and
"inactives"). Thus, in contrast to the DA Dyo-agonist
pharmacophore, the 5-HTjp-agonist pharmacophore does not
include a hydrogen donating hydroxyl group. Some illustrations
of the model are given in Fig 5.
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Fig. 5. Excess volumes formed by
comparison of the van der
Waals volumes of the inactive
(1R, 28)-ALK-3 (top) and
(25,3R)-CM-11 (bottom) with
the partial 5-HTjp-receptor
excluded volume. The thick
lines represent elements of
the pharmacophore model.

.
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The deduced model for 5-HTjp-receptor agonists may turn
out to be useful in the design of novel agonists. However,
(S)-UH-301, which only differs from the potent agonist (S)-8-
OH DPAT by a C5-fluoro substituent, binds to 5-HTjp-receptors
but appears to lack stimulating ability.31 Based on a steric
analysis, the above 3D-model classifies (S)-UH-301 as an
agonist although it is an antagonist. Apparently, the
intrinsic activity of 8-OH DPAT may be altered by changes in
the electrconic properties of the aromatic ring. Consequently,
the model has to be extended since it does not take into
account electronic properties.

HO
N(C3H7),

(8)-UH-301
CONCLUSION

The two applications presented herein demonstrate some of
the weaknesses and strenghts of the active analogue approach.
It is apparent that the method allows for a strict definition
of pharmacophores and receptor/enzyme excluded volumes even in
cases where sets of flexible analogues are used. However, the
method does not deal explicitly with electronic properties and
will not provide good results in cases where electrostatic
ligand/receptor interactions are important. In such cases it
is likely that 3D-QSAR methods, based on a pharmacophore
generated by use of the active analogue approach, will produce
more useful models.
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PRODUCTION OF BETA-LACTAMS:
A MIXTURE OF ORGANIC SYNTHESIS PROCESSES

AND ENZYMATIC PROCESSES
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Denmark

MARKET OVERVIEW

Penicillin is known to everybody. It is a group of
beta-lactams, which during the last 45 years, have been the
most important antibiotics both regarding quantity and
economy. These beta-lactams are unsurpassed because they are
cheap (i.e. available for poor as well as rich), because
they are efficient, and because they give very, very few
side effects.

As a consequence it is a commercially important class
of compounds and there is a wide interest in improving pro-
duction of the beta-lactams already available on the market
as well as in finding new and even more efficient beta-
lactams.

This lecture will only deal with trends in process im-
provements in production of the well known beta-lactams.

The penicillins consist of a common beta-lactam nucleus
(6-APA) upon which different side chains (R) are attached
(fig. 1).

When the penicillin producing fungi grow in nature they
produce mainly isopenicillin N and penicillin F but only in
very low yield and they have only a limited antibiotic
effect. It was soon realized, however, that a limiting fact-
or in the penicillin production was the availability of the
side chain and that addition of some carboxylic acids to the
fermentation media could increase yields and give new
penicillins.
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Fig. 1. Structure of the most important natural
and semisynthetic beta-lactam antibiotics.

Table 1. Turnover and bulk price indications of the
quantitatively most important beta-lactam
antibiotics and intermediates.

Ampicillin Amoxycillin Cephalexin |[Semi
~5500 t/yr ~ 3500 t/yr ~1000 t/yr |Synthetic
~62 $/kg ~70 $/kg ~160 $/kg |[Products

6-APA 7-ADCA
~7000 t/yr ~1000 t/yr Intermediates
~58 $/kg ~140 S/kg
A
Penicillin V Penicillin G Fermented
~ 7000 t/yr ~ 16000 t/yr Products
~ 30 $/kg ~ 30 $/kg

Comment: Only a few - however the 3 most important - of the
semisynthetic products are shown. All amounts and
prices are based upon the authors knowledge and are
not to be used as company warranties. Prices e.g.
fluctuate all the time.
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Today the only directly fermented penicillins are
penicillin G and penicillin V, produced by adding phenyl-
acetic acid or phenoxyacetic acid, respectively, to the
fermentation tank. They now form the basis for production of
a vast range of semisynthetic penicillins and cephalospo-
rins, among which the far most important are Ampicillin,
Amoxycillin and Cephalexin. The 1latter being a cephalo-
sporin. These second generation antibiotics are more ef-
ficient against a wider range of bacteria and, furthermore,
they are more stable towards degradation than the fermented
penicillins.

In Table 1 is shown an overview of the level of pro-
duction as well as bulk price indications of the most im-
portant beta-lactam antibiotics, which indicates the indu-
strial importance of the different compounds.

Fermentation
Broth Fliltration

Solvent IExtraction
Crystalllization
RedB;omﬁon

Enzymaticl hydrolysis
Decoloration
Crystallizatic;n of 6-APA
Drying c!f 6-APA
Fig. 2. Downstream processing steps involved in the

production of penicillin V and its hydrolysis
to 6-APA.

DESCRIPTION OF PRESENT PROCESSES

Production of penicillin V or G by fermentation

All companies use a mutant of the fungus Penicillium
chrysogenum, for production of both penicillin V and G.

The fungus is grown in large fermentors with a size
typically of more than 100 m® over a week. During that week
a penicillin concentration of more than 30 g/1 is obtained
in the culture broth. It is really remarkable that strain
mutation has increased the yield of +this secondary
metabolite with a factor of more than 500 compared to the
wild type strains found in nature, and apparently yield
improvement is still possible.
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When the penicillin production begins to level off, the
culture broth is pumped from the fermentor to the recovery
section. A typical recovery (fig. 2) begins with a
filtration of the broth to remove the mycelium. Thereafter,
the penicillin in the filtrate is extracted into e.g. butyl
acetate and back into water in order to both concentrate the
penicillin solution and to remove impurities. The resulting
solution is either further purified for the production of
pharmaceutical grade penicillin V or G or used directly for
production of 6-APA.

- — Crystal-
Alkali Static mixer lization

RS
Enzyme
bed

K i

X
Pump

Heat
exchanger

Filter

Fig. 3. Enzymatic hydrolysis of penicillin V.

Production of 6-APA from penicillin V or G

The penicillin solution is typically, as in our plant,
adjusted to a concentration of approx. 10% w/w, and to a pH
of 7.5 - as we use penicillin V as substrate. The pH is a
little higher (around 8) if penicillin G is used. It is then
completely hydrolysed enzymatically into 6-APA and the
carboxylic acid side chain during typically 2 hours.

Even though the same fungus can produce both penicillin
V and G, two different enzymes must be used for the
hydrolysis of the two compounds. As we have penicillin V as
a substrate, we use an immobilized penicillin V acylase in
our 6-APA production.

In our 6-APA plant, shown schematically in fig. 3, we
circulate the penicillin V solution from a holding tank
through a fixed bed column, containing the immobilized
enzyme, back into the holding tank through an in-line pH
adjustment system. As the liberated phenoxyacetic acid is
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a strong acid, an efficient pH adjustment system is neces-
sary to keep a constant pH. The contact time with the enzyme
must be as short as possible in order to eliminate need for
a buffer in the solution. We have been able to reduce this
contact time to less than one minute although our enzyme
reactor is a 1000 litre one bed reactor. When the reaction
is finished, the solution may be purified by decolorizing
systems before the 6-APA is crystallized at its isoelectric
point, pH 4, before being dried. The phenoxyacetic acid is
isolated as well and recirculated to the main fermentor.

Production of Semisynthetic beta-lactams from 6-APA

Most of the 6-APA produced today is used in the pro-
duction of Ampicillin and Amoxycillin. They are produced
from the 6-APA and a D-phenylglycine derivative by one of
two chemical routes: The acid chloride route or the Dane-
salt route, described in the following with Ampicillin as an
example. In the production of Amoxycillin D-p-hydroxy
phenylglycine replaces the D-phenylglycine.

HoN s

et S puh - wah

N (CH,CH,)y

. z
wo|@-ar-cZ

[¢]
Ampiciliin € NH,OH «— H,0 @. - R
trihydrate 10°C,pH 6  0°C pH 13 I \’:‘/ I
. 2
a7 N COOSI (CHy)5

Fig. 4. Synthesis of Ampicillin
by the acid chloride route.

In the acid chloride process, the amphoteric 6-APA is
dissolved in methylene chloride as a triethylamine complex,
the C3-carboxylic acid group is then protected by silylation
after which the D-phenylglycine side chain is added as an
acid chloride at low temperature, around -5°C. The formed
Ampicillin is extracted into water and crystallized by
adjusting the pH to the isoelectric point, around pH 5 (fig.
4).
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In the Dane-salt method the amino group of the side
chain, D-phenylglycine, is protected as an enamine after
which the thus formed Dane-salt is activated by adding me-
thyl chloroformate to form a mixed anhydride. The 6-APA is
dissolved in a separate tank with triethylamine in a mixture
of methylene chloride and water and the condensation
proceeds at -40 °C. The protection groups on the condensa-
tion product are removed and the Ampicillin extracted into
the water phase by lowering the pH to 1.5. The Ampicillin is
crystallized at the isoelectric point, pH 5 (fig. 5).

As can be seen the processes are quite demanding with
regard to organic solvents, temperatures, and silylation,
but these two processes have been used for more than 20
years and have been optimized to give an 87-91% yield and
‘the ratio between the starting concentrations of 6-APA and
the side chain is close to 1.

DISCUSSION OF PROCESS DEVELOPMENTS

Discussion of developments within penicillins to 6-APA

The beta-lactam nucleus itself, 6-APA, was first iso-
lated from a Penicillium chrysogenum fermentation without
added V or G side chain in the late fifties by Beecham. It
has only a very weak antibiotic effect itself, but it proved
to be a convenient starting point for the preparation of new
penicillins by acylation of the aminoc group. Unfortunately,
the yields in the direct fermentation of 6-APA were very low
so this type of production could not be used industrially.

A chemical route to the hydrolysis of penicillin V/G
was, however, soon found and 6-APA became industrially
available in the early sixties.

154



At least one of the chemical processes consist of pro-
tecting the carboxylic group as a silyl ester and then form
an iminoether as an intermediate step in a butanol con-
taining solvent at -40 °C (fig. 6). The yields are high but
the process costs for the low temperature and the rege-
neration of the protecting groups and the solvents are high
too.
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Fig. 6, Chemical hydrolysis of penicillin V/G to 6-APA.

One year after the first publication of the isolation
of 6-APA, four groups simultaneously published the use of
enzymes capable of hydrolysing the fermented penicillins,
but it was not until 1966 that the first enzymatic product-
ion of 6-APA was introduced at Beecham. Within the next
fifteen years nearly all chemical processes were taken over
by enzymatic routes, so more than 95% of the 6-APA produced
today is made by enzymatic processes.

A reason for this rather long exchange phase was that
6-APA production was one of the very first successful com-
mercial applications of immobilized enzyme technology. This
technology development, of course, needed some time to be
optimized.

What was the driving force behind the technology
change? Giacobbe (1) presented at an Enzyme Engineering
Conference in 1977 a table describing 6-APA manufacturing
costs which indicate some answers to the question.
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Table 2. Comparison of the manufacturing costs in the
production of 6-APA by a chemical or an enzymatic

process.

$/kg 6-APA Chemical |Enzymatic | Difference |Enzyme P
Components Process | Process Chem P
Penicillin G 43.72 39.65 | - 407 0.91
Chemicals 7.49 135 |- 614 } 0.54
Immob. enzyme - 2.67 + 2.67

Utilities 4.64 0.91 - 373 0.20
Labour 3.12 . 395 [+ 083 1.27
Operating supplies 0.29 0.36 + 0.07 1.24
Depreciation 6.16 3.85 - 231 0.63
Other overheads 2.99 254 | - 045 0.85
Total 68.41 5528 | -13.13 0.81

Basis: Plant size: 40 tons/yr, pen G : 14.35 $/bou

Ref: Glocobbe et al. (1978) (modified)

As seen from the total costs, the enzymatic process is
approx. 20% cheaper than the costs in the chemical process.
The enzymatic process is to be preferred as:

- Utilization of penicillin G is better
(i.e. higher yield).

- Chemical costs are reduced to half.
- Utilities are much less.

- Depreciation is less due to less investments.

The only more costly items in the enzymatic process are
the labour costs and operating supplies.

The process developments during the eighties within the
enzymatic process have been very little commented on in the
literature. We think that most commercial producers of 6-APA
have been busy optimizing the process economy by using less
purified substrates and by introducing new immobilized
enzymes with higher activities - thereby reducing process
time and thus degradation. Perhaps temperature profiles have
become more commonly used in the hydrolysis process.
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Another significant change during the latest years is
that more countries in the third world have started produc-
tion of 6-APA either based on own penicillin V/G or on
imported penicillin.

Discussion of developments within 6-APA to Semisynthetic
Penicillins like Ampicillin

In 1969 Cole (2) from Beecham first described an en-
zymatic synthesis of Ampicillin from 6-APA and a D-phenyl-
glycine derivative. Since then there has been a wide inter-
est in developing this enzymatic route into an industrial
process, in order to avoid the use of, among others, the
chlorinated solvents, but so far no one has been successful.

(1) D-PGM + 6-APA ——> Ampicilin + CH4OH
(2) D-PGM + H,0 —— D-PG + CHZOH

(38) Ampicillin + H,0 ——— 6-APA + D-PG

D 0
(D) P (D) 4?0

©-on-c @-or-c
| ~N 1 ~
NH, OCH, NH, OH

D-Phenylglycine methylester D-Phenylglycine
(D-PGM) (0-PG)

Fig. 7, Enzymatic synthesis of Ampicillin from D-phenyl-

glycine methylester and 6-APA.

The principle, however, is quite simple:

6-APA is dissolved in water together with an activated
form of the side chain (e.g. D-phenylglycine methylester),
the enzyme is added and the reaction is allowed to proceed
at constant pH and at approx. 35 °C, after which the
Ampicillin is isolated by precipitation.

The reaction is catalysed by the same enzyme which is

used for the hydrolysis of penicillin G, e.g. a penicillin
G acylase from E. coli.
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The problem is that a large surplus of the activated
side chain is needed to drive the reaction shown in fig. 7.
Furthermore, the optimal concentrations quoted in the
literature are much to low for any practical purpose and the
yields described are not satisfactory (i.e. approx. 75%,
based on the starting concentration of 6-APA).

The reason for these problems is that the enzymes, be-
sides catalysing the Ampicillin formation (1), also catalyse
the hydrolysis of the activated side chain (2) and hydrolyse
the formed Ampicillin (3).

Furthermore, it is difficult to purify the Ampicillin
from the reaction mixture as the Ampicillin, itself an am-
photeric ion, has to be separated from two other amphoteric
ions, D-PG and 6-APA, which have pK,'s very near each other.

One way to circumvent this problem could be to reduce
the water activity by running the synthesis in an organic
solvent and thus reducing the hydrolysis of both the methyl
ester and the Ampicillin formed. As more and more infor-
mation is being published now regarding the behaviour of
enzymes and amphoteric ions in such environments in general,
I think an industrial process for an enzymatic synthesis of
the semisynthetic penicillins will stand good chances to
become a reality during the next decade. Which brings me to
the last point of my talk, the future of the beta-lactam
industry.

GUESS ON FUTURE PROCESS ROUTES

A guess on process routes year 2000 to Ampicillin

The first question one may ask is: Are there still

incentives to change the existing processes from penicillin
G/V to Ampicillin?

We think, the answer is: Yes.

Especially as chemical processes involving the use
chlorinated solvents are becoming more and more restricted.
It would be nice if this process could be run in a pure
aqueous process.

Another sub-optimal point is the side chain problem.
When penicillin V and G is being produced by fermentation,
the microorganism synthesizes L-alpha-aminoadipic acid and
L-cysteine and L-valine. It combines the three aminoacids to
isopenicillin N (fig. 8).

Phenylacetic acid or phenoxyacetic acid is taken up
from the broth and exchanged with L-alpha-aminoadipic acid,
which is partly reused, and the formed penicillin V or G is
transported into the broth.

Penicillin V/G is isolated as described earlier and
hydrolysed to 6-APA plus liberated side chain which is again
partly reused. Finally, a third side chain (D-phenylglycine)
is coupled to 6-APA and Ampicillin is formed.
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Is the most efficient way to produce Ampicillin really
to work with two 'wrong' side chains before the desired one
is coupled to 6-APA?

Obviously it would be nice to answer: No; however, what
can we do?

To change the existing processes into one more effici-
ent, would necessarily involve modification of the bio-
synthetic pathway in the microorganism. With the success in
mind that genetic engineers have obtained in other segments,
i.e. construction of a pathway to human insulin in yeast, it
is natural that there has been interest in changing the
penicillin pathway too.

L-a-aminoadipic acid + L-cysteine + L-valine

LLD - ACV

phenoxyacetic acid
isopenicillin N

phenoxyacetyl-CoA
a-Aminoadipic acid
penicillin V

Fig. 8, Biosynthetic pathway of penicillin V
in Penicillium chrysogenum

Several companies have, according to their patent acti-
vities, allocated rather 1large resources to solve this
puzzle.

It is too early to say what the outcome will be of
these attempts. We would, however, think that Ampicillin
stands a good chance in being fermented directly in year
2000. If this happens and if the process economy can be
optimized to beat the existing process economy this will
result in a revolution within the beta-lactam industry.

The need for fermented penicillin V and G would di-
minish dramatically! - the need for 6-APA will, in the worst
consequence, disappear completely! and the companies
involved in the new technology - direct fermentation of Am-
picillin - will take over the market shares from the com-
panies utilizing existing technologies.

Today it is difficult to estimate whether, when, or how
fast this revolution will occur, however, we think there is
a good chance that the process engineers within the beta-
lactam area will have years ahead of them with existing
challenges and with nice fruits when the challenges are met.
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INTRODUCTION : B-LACTAM ANTIBIOTICS AND RESISTANCE PHENOMENA

The introduction of penicillins as antibacterial agents probably
represents one of the major breakthroughs of chemotherapy during the
present century. However, the bacterial world did not remain without
reaction and resistance to strains started to appear almost as soon as
penicillin utilisation became popular. This resulted in an endless race
between the chemists and the microbiologists on one side and the bacteria
on the other, the formers discovering and synthesizing new compounds while
the latters found new tricks to escape their lethal action so that the
B-lactam family now comprises molecules of widely different structures of
which the B-lactam ring remains the only common feature (Figure 1A).

The resistance mechanisms which have presently been characterized
rest on three unrelated but sometimes synergistic factors. 1) The appea-
rance of modified target enzymes, the peptidoglycan synthetising DD-trans-
peptidases capable of fulfilling their physiological task, but less
sensitive to the antibiotics®; 2) the secretion of B-lactamases, soluble
enzymes which efficiently hydrolyse the endocyclic amide bond of the
B-lactam (Figure 1B); 3) a decrease of the permeability of the outer
membrane of Gram-negative bacteria, which presents an increased barrier to
the diffusion of B-lactams towards their targets?. It seems that the third
factor only becomes important when it amplifies the effects of the second?
since diffusion generally occurs much faster than the synthesis of new
targets and the following analysis will center on the two types of enzymes
involved in the story : DD-peptidases and B-lactamases.

1. The Target Enzymes : the DD-Peptidases

DD-peptidases catalyse the last step of peptidoglycan biosynthesis“,

the closure of the peptide bridges which confer mechanical strength to
that cell-wall polymer. The reaction can be schematised as

R-D-Ala-D-Ala + R'—NH2—> R-D-Ala-NH-R' + D-Ala

where R is linked to one polysaccharide strand and R' to another. If that
reaction is impaired, the peptidoglycan molecule cannot fulfil its

Bioorganic Chemistry in Healthcare and Technology, Edited by U.K. Pandit and
F.C. Alderweireldt, Plenum Press, New York, 1991 161
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Fig. 1. Some members of the B-lactam family (A) and the action
of B-lactamases (B).

functional role and cell lysis occurs. Most DD-peptidases are membrane-
bound and that does not facilitate the study of their structures and
properties. In many cases, their enzymatic activity has only been indi-
rectly demonstrated by showing that their inactivation resulted in the
formation of non-functional peptidoglycan. In the most favourable cases,
an enzymatic activity could be demonstrated in vitro with the help of the
natural peptidoglycan precursors or of small synthetic peptides. Some
bacteria of the Actinomycetales family even excrete soluble DD-peptidases5
which have served as very useful models for penicillin-sensitive enzymes.
One of them, the Streptomyces R61 DD-peptidase is the only penicillin
target whose 3-D structure is presently being solved at high resolution®.
Although the physiological function of those soluble enzymes remains
mysterious, they can closely mimick in vitro the transpeptidase activity
of the physiological transpeptidases. For instance, they catalyse the
formation of peptide polymers, very similar to the peptide cross-bridges
in peptidoglycan7. The detailed study of those enzymes has allowed the
collection of a large wealth of data and the general principles which
could be deduced were shown to qualitatively apply to the physiological,
membrane-bound enzymes. All those enzymes are inactivated by B-lactam
antibiotics following a three-step model®

K k2 k3
E + C ==EC —>EC*—>E + P(s) (model 1)

where E is the Enzyme, C the B-lactam, EC a non-covalent complex, EC* a
covalent adduct and P(s) an irreversibly transformed antibiotic molecule
which can, in some cases, be degraded into several pieces?. K is the
dissociation constant of EC, k2 and k3 are first-order rate constants.
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Both EC and EC* are unable to carry out the transpeptidation reaction and
the efficiency of the antibiotics does not seem to rely on a small value
of K, but on a large k2 and a small k3 values which results in the
immobilisation of a very large proportion of enzyme as the EC* adduct at
the steady-state. The side-chain of a serine residue was found to be
involved in that adduct!® later characterized as an acyl-enzyme resulting
from the nucleophilic attack of the serine hydroxyl on the carbon of the
-lactam carbonyl

E~0! (—N—>E-0-C N
L I I H
H 0 0
H* +H*

The same serine residue was also identified as the "active serine" of the
enzyme!! involved in the catalysis of the transpeptidation reaction

E-OH + R-D-Ala-D-Ala —»D-Ala + E-O-D-Ala-R

A
R NH2

E-OH + R-D-Ala-NH-R'

The validity of model 1 and of the acylation of an essential serine
residue by B-lactams could also be extented to all DD-transpeptidases and
membrane-bound penicillin-binding proteins.

2. B-Lactamases

The fact that both types of enzymes recognized the same B-lactam-
containing molecules led to the suggestion that f-lactamases were evolu-
tionary related to DD-peptidasesl?. However, the B-lactamases failed to
interact with the peptide substrates of the latter enzymes and the first
attempts to align sequences of members of the two families did not yield
very encouraging results. But in the late seventies, a serine residue was
shown to be acylated by specific inactivators in various B-lactamasesl?.
The subseguent determination of the primary structure of a large number of
B-lactamases, either directly or via the d-nucleotide sequence of the
gene, resulted in the recognition!* of three distinct classes of active-
serine enzymes, labelled A, C and D, class B consisting of a small number
of Zn**-containing proteins which will not be further discussed here.

The inactivators used for labelling the active-site serine residues
all contained a B-lactam ring and behaved as very poor substrates (model 1
with very small k3) or as mechanism-based inactivators!®. The interactions
with the latters can be depicted by model 2 where EC** is a novel acyl-
enzyme where the inactivator molecule has rearranged

K k2 k3
E + C ==EC —>»EC* >E + P

k4 (model 2)
k5
EC**—>FE + P'
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