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The f i nd i ng of new catalysts and of molecules that rival ~ atural enzymes in 
their subst r at e spe c ificity and catalytic turnover is of a majar importance 
in the production o f c ompounds for use in pharmaceuticals , in the development 
of nove l b iosenso r s, and in the actual in vivo use o f s uch molecules to treat 
human disease. Besides these practical considerations , the insights furnished 
by suc h ef forts i n t o the functioning and organization of catalytic 
biomol ecules in cellular development and reproducti on contribute t o answering 
key cont e mporary quest i o ns in biology . 

The present approaches to the creation o f no vel catalysts fall into two 
general c a tegor ies : the de n ovo design and synthes i s of ca talysts fr om o rganic 
molecu les such as macrocycles, polymers, cyc l odext r ins and peptides; and the 
modifica ti on of e xist ing catalysts such as enzymes o r r ibozymes by genetic or 
chemical methods. Ab zymes can be considered a hy b ri d o f the two that uses 
design and synthesis to create a transitio n state a na l ogue which in turn is 
used to t ap t he immuno logical response for putative proteinaceous catalysts. 
Advances in these a reas include the cons tructi on o f r ibozymes capable of 
cleav ing a viral DNA target ; the induction of catalytic antibodies that 
promote stereospeci fic ester and peptide synthesi s o r disfavored chemi c al 
reac ti o ns ; t he formula t ion of enzymes to function in o r g anic solvents; and the 
modificat i on of e nz ym ic activity to broaden substra t e s pe c ificity to mention 
seve ral . Thes e advances ha ve been associated with e qual ly valuable "spin-off " 
technology: for e xamp l e the cloning and expression o f antibody f r agments i n 
bacteri a, impro vements in s o l i d state pep t ide synthe sis, and compu t er modeli ng 
o f struc tures . 

These and other recen t a dvance s set the stage for examining ke y i s s ues such 
a s : min ima l cata lyst size, the importance of long range molecular forces for 
s ubstrate spe ci ficity and optimal turnover, the development of computer 
methods wit h predic ti ve capabilities, the definit i on of novel medi c al targets 
within t he scope o f available catalysts and the appl ica ti o ns of such catalyst s 
to organi c synthes i s. 

The present Workshop provided an opportunity for interdi s c iplinary re s earchers 
to discuss many of t hese issues: 

Sess i o n s on en zymes prov ided an opportunity f o r examining the cataly tic 
e ffi ciency of enzymes relative to the spontaneo us reaction f o r a given 
p rocess . The range of catalytic efficiencies of enzymes ha s proven to 
be e normous, f r om a factor of 10 6 to one as high as 10 24

• Interestingly, 
t he enzyme c atalyzed rates for all of these proc esses fall in the same 
t i me domai n as would be required b y the netwo rk of reactions in a 
li v ing o r g an i sm. How these marvelous machines evolved from ancestral 
f a mili es a ppears to be within our grasp, since powerful algorithms 
all o w one to reconstruct the primordial gen e s and through modern 
r ecombinant t echniques to express these proteins and to s tudy their 
c a t al y t ic fu nct ion. There are still a large number of organisms that 
ha ve no t b een examined for their ability to catalyze specific 
reacti ons, but with the growing genomic databases the range of 
reactions catalyzed by enzymes will certainly expand . Consequently, 
powerful s c reening techniques need to be developed for not only 
exploring the nature of enzymes in various organisms but also the 
properties of recombinant enzymes that are members of large 
combinato rial libraries. Moreover, enzymic catalysis is no longer 
restricted to aqueous media, there is considerable evidence that 
enzymes f unction in nonaqueous media where their catalytic ~s well as 
stereospecificity can be manipulated. 
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• The engineering of enzymes either by recombinant methods or chemical 
means holds considerable promise for extending the stereospecificity 
and regioselectivity of many enzymes . Recognizing that enzymes can 
often be divided up into discreet domains, the possibility of swapping 
these domains to create novel catalysts with changed cofactor 
specificity or reaction characteristics seems within reach. Many of 
these changes will be non-rational and cannot be predicted from 
existing structural databases . They will require phage display or other 
forms of combinatoria! libraries. The resulting materials may be 
composites between naturally occurring amino acids and other organic 
reagents that can be introduced either by synthetic or recombinant 
methods . In fact, at one extreme molecular imprints can be created from 
polymeric materials that allow the formation of artificial binders and 
biocatalysts with altered substrate specificity . 

A fundamental tenet of enzymic catalysis is the principle of transition 
state stabilization that underlies many of the explanations for an 
enzyme's superior catalytic efficiency . Reexamination of this issue by 
both model systems as well as computational methods suggest that sorne 
of these beliefs may not be that well founded. For example, 
computational methods suggest that the enthalpic rather than the . 
entropic term might be of paramount significance in the formation of 
the enzyme's substrate complex and its increased reactivity . In fact 
the ground state, enzyme substrate complex may be in a more reactive 
conformation than originally thought providing an impetus for the 
examination of such species by a variety of spectroscopic methods. The 
complexity of enzymic catalysis has always been subjected to dissection 
by a variety of model studies and those involving supermolecular 
complexes which follow enzyme-like kinetics in processing their 
substrates, may provide valuable insights as to the importance of 
rigidity v s . dynamics in the catalytic procesa . 

Ribozymes a~d abzymes have now appeared on the scene as another form of 
biological catalyst, the former naturally occurring and the latter 
manmade. A key question here is to whether these catalysts can be 
crafted to improved catalytic efficiencies , or perhaps more importantly 
what they tell us about enzyme function . Ribozymes and abzymes hold 
great promise as in vivo therapeutic agents . 

Because catalysis cuts across so many disciplines, this meeting was 
particularly important because it brought together a number of practitioners 
that view this subject from different aspects . Sorne were grounded in the 
practicality of finding enzymes or catalysts for specific application, others 
were more interested in the fundamentals of how enzymes function, how they 
were designed , how they evolved, and still others were making a strong effort 
to build catalysts through synthetic or combinatoria! methodologies . All 
agreed that the experience of finding a common language for communication as 
well as the opportunity to discuss issues in depth made this meeting most 
valuable and memorable . 

Stephen J . Benkovic 
Antonio Ballesteros 
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EVOLUTION OF ENZYMES 
Steven A. Benner 

Department of Chemistry, ·university of Florida, Gainesville FL 32605 

With thc completion of the human genome project, together with al!ied genome 
projects from other organisms, chemistry as a science will move into its "post-genornic" 
phase. Organic chernistry has always been driven by the discovery of new natural 
products, elucidation of their structures, and exploration of their behaviors. Viewed from a 
chemical perspective, genome projects simply provide an enormous new col!ection of 
natural product structures to study. These display every behavior of interest to chernists: 
confotmation, supramolecular organization, combinatoria! assembly, photochemistry, and 
cata! ysis are j ust a few . The challenge of post -genomic chemistry is to infer information 
about conformation, reactivity, and physiological role of biological macromolecules from 
this massive amount of sequence data. 

Evolutionary analyses are the keys to solving this challenge in a post-genomic world. 
Biological catalysts from contemporary organisms are the products of severa! billion years 
of biological evolution. Much of this evolutionary history can be reconstructed from the 
sequences of the descendent proteins, and ancient sequences írom extinct organisms can 
then be prepared in the laboratory and studied. This permits us to follow in detail the origin 
and dcvelopment of new physical and catalytic behavior in biomolecules. This facilitates 
"cvolution-based" manipulation of protein structures. Further, it leads to the discovery of 
ncw mechanisms by which biological systcms crcatc ncw chcmical function via natural 
··combinatoria! chemistry .". 

Thi s tal k will discuss three examplcs whcrc an cvolutionary analysis has been used to 
sol ve problcrns in the chemistry and physiology of hiological catalysis: ribonuclease, 
alcohol dchydrogenase, and ribonucleotide rcductase. Thi s evolutionary analysis draws on 
thc following tools: 

(a) Mcthods for rnanagement of gcnornc-sizcd databasc, dcvcloped in these laboratories 
in colla!Joration wilh Prof. Gastan Gonnct. 

(b ) Tcchniques for predicting the conformation of protcins starting frorn a set of aligncd 
homologous protcin sequences, techniqucs tested mosl rcccntly in the "Critica! Assessment 
of Structurc Prediction" (CASP) projcct consumrnatcd in Asilornar in Dccember, 1996. 

(e) Palcontological information that, whcn couplcd toan undcrstanding of molecular 
cvolu ti on, allows one lo assign physio logical function to opcn rcading frarnes in a gcnomic 
data base. 

Somc rcfcrcnccs in this area: 
Gonnct, G. H., Cohen, M. A., Benner, S. A. Exhaustive matching of the entire protein 

scqucncc data base. Science 256, 1443- !4L1'i ( 1 09:2) 
Jcrrnann, T. M., Opitz, J. G., Stackhousc, J. , Bcnncr, S. A. Reconstructing the evolutionary 

history of the artiodactyl ribonuclcase supcrfarnily. Na tllre 374,57-59 (1995) 
Bcnncr. S.A., Jermann, T. M., Opitz, J. G., Raillard , S. A. , Zankel, T. R. , Trautwein-Fritz, 

K., Stackhouse, J., Ciglic, M. I., Haugg, M, Trabcsingcr-Rüf, N., Weinhold, E. G. 
Dcvcloping new synthetic catalysts. How Naturc docs it. Acta Chem. Scand. SO, 243-
248 ( 1996) 

Trabesinger-Rüf, N., Jermann, T. M., Zankel , T. R , Durrant , 8. , Frank, G., Benner. S. A. 
Pscudogencs in ribonuclease evolution. A sourcc of ncw biomacromolecular function? 
Fr:J3S Lell. , 382,319-322 (1996) 



Instituto Juan March (Madrid)

16 

SCREENING FOR NOVEL BIOCATALYSTS 
BY 

Dr Peter S J Cllcetha.m 

The need to discover novel biocatalysts with new and improved activitiea provides interesting 
challenges for the dcsign of effcctive screening methods with a bigh chance of succcsa, together with 
a good likelihood of discovering exciting new biocata!ysts of great adentitic and commercial value. 
These opportunities arise bcawae the enzyme or microorganiam uscd to malee a new or improved 
bioproduct is usually the lyncbpin of the process, without which the product could not be rnade. 

This is despite the bioc.atalyst being only a relatively sma1l element of the total cost of most of the 
processes that h.ave achieved commercial success. Also new producta demllld new catalyats, and 
our current range of readily available and cost effective biocatalysta ia still quite limitcd both in 
number and the range of reactions that it Í! possible to carry out achieved commercial succcss 

Onc of thc moat effective waya of ñnding new and useful biocatalyata ia by_acreening. Screening ¡5 

by no means a new approach. but it has the merita of a successful track-record lllld capacity to 
benefit from new complementary technologjes such as gene cloning, robotica and infurmation 
technology. Al so the earth's microbial diversity ia still substantially under exploitcd so that there are 
excellent prospects for finding the biocatalyst onc requires. Screening is also panicularly valuablc 
because, by the use of relativcly simple scientific methods, entirely new and/or substamially 
improvcd biologjcal activiries with eminently patentable features can be discovercd that would not 
obviously have resulted from other scienti.lic approaches that tend to rely on the rational 
improvernent of already known and available enzymes and microorganisma. Targru for scrccning 
can include enzymes and roicrobial strains that carry out nc:w reactíons; h.ave extended substrate 
specificitics and superior reaction selectives, enable the use of preferred raw materials, and that 
originate from more convenient source microbial strains. 

1 widl to define a Biocatalyst as an enzyme or cell that is both sufficiently aaive, lllld that has 
enough of the other characteristics necessary for successful and cost-effective use on an industrial 
scale. For instance, aelection of an enzyme or rnicrobial strain that providea Jittle side-products, 
achieves a high degree of conversion of submates into products and operatea effectively at high 
substrate concentrations greatly aids downstrea.m processing that can oftcn connitut" SO% of 
overall procesa costs. Therefore any biocatalyst screen ha.s two types of critcria that have to be met 

in order to answer the question of 'what cxactly should we screen for'l' Theae are fintly Thc Market 

Need, sucb as a lipase that is resistan! to protease action fur use in enzyme detergent products. and 
secondly The Performance Criteria, for instllllce when a new glucose oomerase source was being 

sought it had to ha ve a much superior productivity to displace existing commcrcial G 1 products 
from the market. 

1 will ernphasise the following kcy pointa and try to : · . 

Take an industrial perspedive, and therefore touch on patent and engincering aspects that are 
very important in achieving real succcss and on sorne of the economic bcnefits that can b~ 
obtained. 

Demonstrate that much excellent work t&lces place in arcas other thln pharmaceuticals. such as 
agrochemicals and especially my own area of interest of food and penonal can: ingrcdients . 

Concentrate on enzyme activities othcr than simple hydrolaaea and isomen.ses; refening to lyues, 
cycl.ases, hydrolaaes and oxido-reductases and including eJCAmples of cofactor dependent 
activities and catabolic pathways. 
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Preve the value of ratíonal sclc:ctive low-throughput acreening as opposed to Ie~s selectívc high

throughput acreening 

Illustrate the type5 of problems that can be solved, the technícal aids requíred, how to va.lídate 

screening methods and the benefits th.a.t can rerult, but also mention sorne conapicuous fuilures 

wbere despite coruiderable efforta no rruitable biocatalyst has yet been found . 

Oive ClWllples, including sorne indícatíon of ncw developments, ranging from the use of simple 

commercially available enzym~, through to activitiea requíring integrated metabolic pathways 

and involving a good understanding of rnicrobial physiology and the use of índucers to arder to 

dcsign cffcctive screening methods. 

Lastly, and most importantly to convince people that screening involv~ solving cha!Jenging 

problems, creates interesting new science, and most importan! plays an importan! role in 

iocreasi.ng the numbcr of valuable and novel biotcchnology products so that thc real value of 

screening is in the new enzymes and microbial strains that are made available for study and 

especially the new industry proccsaca and commercial products that can be creatcd using them. 

Cheetham, P SJ (1987) Scrcening for Novel Biocatalysts (A report for the EFB Work.ing Party on 

Applied Biocatalysts) Enzymc and Microbial Technology, 9, 193-213 . 

Cheetham P.SJ (1997) Combíning the Tecbnical Push and the Business Pull for Natural F1avours 

in Advances in Biochemical Engincering, 55, 1-49 
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Molecular Aspects of Newly Discovered D-Stereospecific Peptide 
Hydrolases, D-Aminopeptidase and Alkaline D-Peptidase 

Y asuhisa Asan o 

Biotechnology Research eenter, Toyarna Prefectura! University 
5180 Kurokawa, Kosugi, Toyarna 939-03 Japan 

Two recent exarnples of our screening approach for obtaining novel biocatalysts will be presented. 
We.found peptide hydrolases with D-stereospecificity, D-Aminopeptidase and Alkaline D-Peptidase, 
with synthetic substrates and categorized them as members ofthe "penicillin-recognizing enzymes" 
(1). Their uses in organic solvents and other applications will be also discussed. 

l. D-AmjnQpeptidase (2,3). An enrichment culture in a medium containing D-Ala-NH2 as the sole 
nitrogen source led to an isolation of a bacteria! strain Ochr9bactrum anthropi. Since the enzyme 
exhibited a mode of action typical of arninopeptidases which liberate an N-terminal D-arnino acid 
residue with a free arnino group, the enzyme was narned as "D-arninopeptidase", which was 
recognized by IUBMB (Ee 3.4.11 .19) in 1994. There has been no report of an arninopeptidase 
catalyzing the stereospecific hydrolysis of D-arnino acid containing peptides, although the peptides do 

exist in nature. Sirnilarities in the primary structures arnong D-arninopeptidase, class e P-lactarnase 
and Stre.ptomyces DD carboxypeptidase were found. The enzyme is a new member of the "penicillin
recognizing enzymes" (1), because of: (i) sirnilarities in the primary structure by gene sequencing, (ii) 
sirnilarities in the reactions catalyzed in water and organic solvents, and (iii) the findings obtained by 

kinetic studies of the mutants generated by the site-directed mutagenesis and (iv) the inhibition by P

lactarn compounds. The enzyme does not appear to be a selective target of the P-lactam compounds. 

2. Nkaljne D-Peptidase (4). We characterized a novel extracellular D-stereospecific endopeptidase 
"Alkaline D-peptidase" (ADP, D-stereospecific peptide hydrolase (Ee 3.4.11.-)) from a bacterium 
~ ~. which had been isolated with a synthetic substrate (D-Phe)4. The optimal pH for 
activity was around 10.3. The enzyme (Mr: 37,952, monomer) was strictly D-stereospecific toward 

oligopeptides composed of D-phe such as (D-Phe)J and (D-Phe)4 . The enzyme had P-Iactarnase 
activity toward arnpicillin and penicillin G. The enzyme was similar to carboxypeptidase DD from 
S~ptomyces, penicillin-binding proteins from Stn<ptomyces Jactaroduraos and Bacillus subtilis, and 

class e P-lactarnases. Thus, the enzyme was also categorized as a new "penicillin-recognizing 
enzyme" (1). 

l. J. M. Frere et al., Bjochem. Soc. Trans., 16, 934 (1988). 
2. Y. Asano et al., J. Bjol. ehem., 264, 14233 (1989). 
3. Y. Asano et al., BjQchemistry. 31,2316 (1992). 
4. Y. Asano et al., J. Bjol. ehem .. 271, 30256 (1996). 
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Enzymes as Time Machines 

S. L. Bearne, D. C. Carlow, C. W. Carter, A. Radzicka, S. Short and R. Wolfenden 
Biochemistry & Biophysics, Univ. of North Carolina, Chapel Hill, NC 27599, USA 

To appreciate the potential energy barrier faced by an enzyme, or any man
made catalyst, it would be desirable to know the rate of reaction in the absence of 
catalysis. Uncatalyzed reaction rates are presently known for only a few biological 
reactions, although it is widely recognized that biological reactions differ substantially 
in rate, and in the consequent burden that they place on an efficient catalyst. The rate 
of the uncatalyzed reaction can also be used to estimate the minimal affinity of an 
existing enzyme for the alterad substrate in the transition state, and to compare the 
potential susceptibilities of enzymes of different types to inhibition by transition state 
analogue inhibitors ( 1) . 

In the absence of enzymes, most biological reactions proceed at rates that are 
too slow to follow on a human time scale in neutral solution at ambient temperatura . 
Rates of very slow uncatalyzed reactions can be determinad by working at high 
temperaturas in sealed quartz tubes (2). By analyzing the contents at timed intervals, 
and using Arrhenius plots to extrapolate the observad rate constants to ambient 
temperatura, we have examinad the uncatalyzed hydrolysis of peptides, nucleosides, 
glycosides and phosphate esters; the decarboxylation of alanine, proline and orotic 
acid; H exchange from solvent water into alanine, acetate and mandelate ; and the 
dehydration of malate and mandelate (3-5) . 

Uncatalyzed rates observad for three reactions, normally catalyzed by 
enzymes, correspond to hall-times of 78,000,000 years for OMP decarboxylation , 70 
years for cytidine deamination, and 5 seconds for the dehydration of carbonic acid . In 
the presence of enzymes, all three reactions proceed by mechanisms that do not 
involve covalently bound intermediates. Thus, OMP decarboxylase , cytidine 
deaminase and carbonic anhydrase produce rate enhancements (kcatlknon) of 1 .4 x 
1 Q17, 1.2 x 1 Q12 and 1.2 x 1 os, and maximal dissociation constants in the transiti on 
state (knon/[kcatiKm) of 5 x 1Q·24 M, 1.1 x 10-16 M and 1.1 x 1Q·9 M, respectively. 
Substrate Km values are 7 x 1Q-7 M, 1.0 x 1Q-4 M and 8 x 1Q-3 M, furnishing an 
indication of the minimal extent to which the formal affinity of each enzyme for its 
substrate appears to increase in passing from ES to ES;é: at leas! 1.4 x 1 Q17 -fold , 1 .2 
x 1Q12-fold and 1.2 x 108-fold in these three reactions respectively . In each of these 
cases, the ability of the enzyme to enhance the reaction rate arises from its 
remarkable powers of binding discrimination between two species that differ only 
slightly in structure. 

To investigate the structural origins of catalytic binding discrimination , and 
evaluate the apparent contributions of individual groups to transition state affinity, 
groups on either the enzyme or the substrate can be truncated to determine their 
apparent contributions to kcat/Km. In crystal structures of E. coli cytidine deaminase, 
for example, ES;é is distinguished from ES and EP by the presence of a hydrogen 
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bond between Glu-104 and the 4-0H group of the alterad substrate in S;t. This H
bond can be interrupted by mutation of Glu-1 04 to alanine, or by replacement of the 
substrate's 4-0H group by a hydrogen atom. These truncations reduce the binding 
affinity of ES;t by 4 x 1 o6.fold and 1 O 7 -fold, respectively. Large effects are al so 
observad when single groups are truncated in the enzyme or ligand at other 
positions. As a result, the sum of the contributions of individual enzyme-substrate 
interactions appears lo surpass the total binding affinity that is generated in the 
transition state. This apparent dilemma can be addressed by cutting the enzyme or 
the substrate in two pieces, and then comparing the transition state affinities of the 
pieces with the affinity of the whole. That procedure, using the uncatalyzed reaction 
as a standard of reference, furnishes a measure of the binding advantage that is 
gained when two pieces are joined to form a single molecule. In the interactions 
between cytidine deaminase and the alterad substrate in the transition state, the 
results of severa\ such "cuts" indica te an advantage of as much as 1 O 7 -fold. 

The kinetic barriers lo many biological reactions appear lo be extremely high in 
the absence of catalysts, leading one to question how a primitiva catalyst could have 
conferred any selectiva advantage on the organism that produced it. Little would 
seem to ha ve been gained by enhancing the rate of a reaction 1 000-fold, if its hall
time is 78 million years in the absence of catalysts. The slowest of these reactions are 
found, however, to have extremely large heats of activation. Accordingly, these 
barriers would have been much lower at the much higher temperaturas at which the 
earliest organisms are presumed to have appeared. A primitiva catalyst , if it was able 
to generate appreciable binding affinity at elevated temperaturas, could therefore 
have allowed a very slow reaction to proceed at a useful rate . 

References 

1. Transition state stabilization by deaminases: Ratas of Nonenzymatic Hydrolysis of 
Adenosine and Cytidine, L. Frick, J. P. Mac Neela and R. Wolfenden, Bioorganic 
Chemistry ~. 100-108 (1987). 
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transition state affinities of proteases, A. Radzicka and i1 . Wolfenden, Biochemistry 
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4. Hydration of an olefin: the burden born by fumarase, S. L. Bearne and R. 
Wolfenden, J. Amar. Chem. Soc. 112. 9588-9589 (1995). 
5. Mandelate racemase in pieces: effective concentrations of enzyme functional 
groups in the transition state, S. Bearne and R. Wolfenden, Biochemistry 36, 0000 
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ENZYME CATALYSIS IN NONAQUEOUS MEDIA: CONTROL OF ENZYMATIC 

STEREOSELECTIVITY BY THE SOL VENT 

Alcxander M. Klibanov 

Department of Chemistry, Massachusetts lnstitute of Technology, 

Cambridge, MA 02139, U.S .A. 

lt is now well established that many enzymes can function as catalysts even in anhydrous 

organic solvents (in addition to their natural, aqueous reaction media) [ l). Moreover, it has been 

discovered that when placed in such nonaqueous milieus , enzymes exhibit remarkable new 

properties, including enhanced thermostab ility , abil ity to catalyze reacti ons imposs ibl e in water, ami 

radically altered selectivity of action [ 1] . With respect to the last feature, which is of particular 

significance for enzymatic catalysis, it has al so becomc feasible to address cxperimenta lly thc 

question: "Can enzyme se lectivity be substantiall y altered by switching from onc organic so lvcnt to 

another as the reaction medium?" . Recent studies by us and others have answered thi s question 

affinnatively [2] . In particular, we ha ve discovered that both prochiral (3] and cnantiomeric [ 4] 

selectivities, as well as substrate sclectivity [2]. of severa! hydrolytic enzymes can be profoundly 

affected, and even reversed, simply by changing the solvent. In this prescntation, representativc 

examples, the mechanistic rationale, and synthetic implications ofthis phenomenon will be 

discussed . 

[ 1] A.M.P. Koskinen and A.M. Klibanov, Eds., I::nzymalic Reaclions in Organic Media. Blacki e 

Academic & Professional, London, 1996. 

[2] C.R. Wescott and A.M. Klibanov , "The solvcnt dt:pendence of enzyme spec ifi city". Bioch im. 

Biophys. Acla 1206, 1 (1994). 

[3] T. Ke, C.R. Wescott, and A.M. Klibanov, "Pr~!diction ofthe solvent dependence ofenzymatic 

prochiral selectivity by means of structure-based thermodynamic calculations". J. A m. Che m. 

Soc. 118,3366 (1996). 

[41 C.R. Wescott, H. Noritomi , and A.M. Klibanov , "Rational control ofenzymatic 

enantioselectivity through so lvation thcrmodynamics". J. A m. Che m. Soc. 118, l 0365 ( 1996). 
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MOLECULAR MODELLING AS A TOOL IN THE UNDERSTANDING 
OF LIPASE ENANTIOSELECTIVITY 

Karl Hult, Department ofBiochemistry and Biotechnology, Royal Institute of 
Technology, S-1 00 44 Stockholm, Sweden 

Hydrolytic enzymes are commonly used as enantioselective catalysts in the resolution of 
racemic alcohols, acids, esters, amines and amides.l Lipases have been shown to be 
particularly useful with hydrophobic substrates and in applications performed in low 
water media. Lipase catalysis has become one of the most importan! methods in organic 
synthesis for the preparation of optically pure alcohols and acids. 

The fast reacting enantiomer of a special transformation can in many cases be predicted 
from earlier experiments, for example by using sorne kind of box model2 The drawback 
of such an approach is that they do not con tribute to the molecular understanding of the 
interactions involved in the enantioselectivity. 

In recen! years a number of lipase structures have been sol ved. Molecular modelling of 
substrate enzyme interactions is therefore possible to perform. A molecular modelling 
procedure to calculate the enantioselectivity of a serine hydrolase was developed using 
chymotrypsin as a model enzyme.3 This procedure has subsequently been applied to 
lipases, which follow the same reaction mechanism as chymotrypsin. Lipase catalysed 
resolution of two enantiomers of an alcohol will proceed through transition states with 
different energies. If these transition states could be modelled and their energies are 
calculated the enantioselectivity can be estimated according to the relationship MG#= -
RTinE, where MG# is the difference in energy between the transition states and E is the 
enantiomeric ratio. MG# can be obtained from the difference in energy between 
modelled transition states of the two enantiomers, as the ground-state energies are equal 
for enantiomers. For chiral alcohols it is easy to define the transition states that are 
involved in the enantioselective step. On the other hand modelling ofthe resolution of 
racemic acids is more complicated as two different acyl enzymes and four transition states 
are involved. 

Enzymes are Jarge molecules, which makes the energy calculations time consuming. 11 is 
also difficult to find the lowest energies of the transition states. We ha ve used a 
combination of molecular dynamics and energy minimisation methods to find 
representative energies and conformations. The calculations ha ve been performed wi1hou1 
taking into account solvent interactions. The energies obtained from lhe calculations 
represen! enthalpy. The entropic contribution to MG# is therefore not included, bul it has 
been regarded as negligible in resolution reactions, a statement lhat should be re
examined. 

The enantioselectivity of an enzyme catalysed reaction depends on how both enantiomers 
of the substrate bind in the active si te. It is therefore importan! to study both enantiomers 
and not only the fast reacting species, which often is the case in box models. Molecular 
modelling calculations suggest binding modes of both enantiomers, which is very 
importan! in the molecular understanding of the enantioselectivily. Knowing lhe binding 
mode of both enantiomers can be valuable if one wants to go on by increas ing the 
enantioselectivity through substrate or protein engineering. 

Molecular modelling of the enantioselectivity of the hydrolysis of 1-phenylethyl 
hexanoate and 2-octyl hexanoate catalysed by Rhizomucor miehei and Humicola 
lanuginosa Ji pases predicted the right enantiomer and gave a good estímate of the 
enantioselectivity. In addition the modelling suggested how the enantiomers bound in the 

1 K. Faber, Biotransformations in organic chemistry: A textbook; Springer: Bcrlin, ( 1995) 
2 R. J. Kazlauskas, A. N. WeissOoch, A. T. Rappaport, L. A. Cuccia, J. Org. Chem. 56.2656 (1991) 
3M. Norin , K. Hult, A. Mattson and T. Norin, Biocatalysis 1, 131 (1993) 
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active si tes, showing that the large and the small groups of the substrate change places 

between the two enantiomers4 We ha ve found a similar situation for short chain 
secondary alcohols in our present work with Candida antarctica lipase B. With the latter 
enzyme the docking of the fast reacting enantiomer of large alcohol moieties can be 
understood, while the slow reacting enantiomers are not so easy to understand . During 
this work we learnt that the active si te of the Candida antarctica lipase is flexible and 
subst rates expressing low reaction rates often need a conformational change of the active 
site. A si tuation that would be very difficu lt to incorporate in a box model. 

The enantioselectivity of the esterifi cation of 2-metylalkanoic ac ids catalysed by Candida 
rugosa lipase was shown to depend on the concentration and chain length of the alcohol 

used, a result that was not expected from the kinetic models5 By molecular modelling it 
could be shown that the alcohol could bind to the free enzyme and change the binding 
mode of the acid. Two binding modes for the acid were found which resulted in different 

enantioselectivity 6 

4M. Norin, F. Hzffner, A. Achour, T. Norin and K. Hui!, Pmtein Science 3, 1493 (1994) 
~P. Bcrglund, M. Holmquist, K. Hult and H-E. Hogbcrg, Biotech. Letters 17, SS (199S) 

6M. Holmquist, F. Hzffner, T. Norin and K. Hult, Pratein Science 5. 83 ( 1996) 
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' IMPROVING HYDROLASES BY CHEMICAL MODIFICATION 

Antonio BALLESTEROS and Francisco J. PLOU 

Dept Biocatalysis, Inst of Catalysis, Consejo Superior de Investigaciones Cientificas 
(CSJC), 28049 Madrid, Spain 

The in vitro preparation of enzymes chemically modified witb suitable moieties 

offers tbe possibility of obtaining new biocatalysts -semisyntbetic enzymes- with 

better properties (stability, selectivity, new activities, etc.). 

Tbe bydropbilic-lipophilic balance (HLB) of an enzyme seems to be essential 

in many of its properties (recognition of substrates, binding, stability, e tc.). 

i) In this context, the post-translational modification of proteins by cova lent 

attachment of fatty acids and lipids is a widespread phenomenon in nature but not ye t 

completely understood . Myristic and palmitic acid are the predomin an! fatty acid 

residues linked to proteins. Myristic acid is commonly found attached by an amide 

bond toan N-termin al glycine; palmitic acid is bound to tbe protein via an alkali-labile 

ester linkage, usually a thioes ter. 

Severa! methods of in vitro acylation of proteins witb fatty acids have been 

described . Therapeutical applications of these acyl-proteins and acyl-antibodics are 

very promising, since hydrophob izat ion imparts transmembrane propc rties to water·· 

soluble proteins or makes poss iblc their inscrti on into lipid bilayers. 

ii) Polycthylcnc glycol (PEG) is a synthetic polymer with amphipathic 

properties. Tbe hydrophilic nature of PEG makes possible to modify e nzymes m 

aqueous solution, and its hydrophobic character enables the modifi ed cnzymes to 

function in lipophilic environments. Indeed, PEG-modified enzymes ("pegylated" 

enzymes) have been reported to be soluble and active in organic solvents . Interestingly, 

the plasma half-lives of severa! enzymes of therapeutical use have been notably 

prolonged by conjugation with PEG. 
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We have carried out in our laboratory the chemical modification of a protease 

from Bacillus (subtilisin) and lipases A and B from Candida rugosa (formerly C. 

cylindracea) with fatty acids and PEG of different size. The properties of the new 

biocatalysts (activity in aqueous aod organic media, stability toward different 

denaturants) will be presented. 

References 

l. F.J. Plou & A. Ballesteros. Acylation of subtilisin with long fatty acyl rcs idues affects its 
activity and thermostability in aqueous medium. FEBS Lett. 333 (1994) 200-204. 

2. M.V. Calvo, F.J. Plou, E. Pastor & A. Ballesteros. Effect of chemical modi fica tio n o f 
isoenzymes A and B from C. rugosa on their activity and stability. Biotechnol. Lett. 11 
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3. M. V. Calvo, F.J. Plou & A. Ballesteros. Effects of surfactants on activity and stability o f 
native and chemically modified lipases A and B from C. rugosa . Biocatal. Biotransf U. 
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Semisynthetic Proteins 

R.E. Offord 

Département de Biochimie Médicale, CMU, 1 Michel-Servet, 1211 Gene va 
4, Switzerland (permanent address) and Gryphon Sciences, 250E. Grand 

Avenue, Suite 90, South San Francisco, CA 94080, USA. 

Like severa! olher conlributions lo lhis Workshop, lhis leclure will deal wilh prolcin 
engineering methods which can give access lo new macromolecular struclures, difficult 
or impossible lo obtain by biosynlhetic methods. 

Since any given polypeptide chain will have only one a-amino group and one a
carboxyl group, irrespective of lhe number of side-chain groups, the abilily lo conducl 
reaclions exclusively at lhe chain termini permits us to build up novel slruclurcs in a 
complelely controlled way. 

Methodology 

We normally aclivalc lhc amino lerminus of a prolein or a fragment for further 
chemical reaction by exlremely mild periodate oxidalion. The amino-terminal res idue 
musl be threonine or serine since the reaction in queslion is the oxidalion of thc l
amino, 2-ol structure firsl suggested for prolein-chemical use by Dixon (Ref. 1) c.g. 

H2N-CH(CH20H)-CO-NH-protein ~ O=CH-CO-NH-prolein. 

Serine and threonine residues lhat are within the sequence, and lhereforc lack thc 
necessary free -NH2 group, do not react in any way. The restriclion to Ser ami Thr at 
the N-terminus is not very burdensome since these residues are quite often naturally 
present in thal posilion, or can be inlroduced there by genetic manipulation. N-terminal 
cysteine might also work in lhis rcaction, bul we ha ve no experience with it. 

The reaction is much faster than the much belter known periodate oxidation of thc 1,2 
diols in carbohydrates and, in lhe cases that we have studied, the oxidalions can be 
carried out al sufficiently low conccntrations of periodate for a sufficiently shon lcngth 
of lime thal the oxidation of side-chain mcthionine and lryptophan does not interfe rc. 

For lhe carboxyl lerminus, wc use mosl frequenlly rcverse proteolysis, in thc prcscm:c 
of the dihydrazide of carbonic acid, to place a hydrazo group at the carhoxyl tcrminus 
(e.g. Refs. 2 and 3) 

prolein-CO-NH-CH(R)-COOH + H2N-NH-CO-NH-NH2 ~ 

prolein-CO-NH-CH(R)-CO-NH-NH-CO-NH-NH2. 

ll will be explained during thc leclurc why this compound is particularly usdul in lhis 
conlext. 
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Examples 

We have been able to use the above methods, and others related to them, to reconstruct 
proteins from severallarge fragments, while replacing an interior segment with a total! y 
non-biological structure (e.g. Ref. 2.) . The same methodology permits us to make 
chimeric fusion constructions between two proteins, head-to-tail, head-to-head, or tail
to-tail (e.g. Refs. 3, 4). Fusion constructions with other categories of macromolecules 
are also possible (e.g. Ref. 5). Smaller non biological structures can also be placed at 
one end or other of the polypeptide chain, often giving access to derivatives of practica! 
or experimental value (e.g. Re f. 6). 

The above ideas will be illustratcd by a description of chimeric proteins in which one 
segment is an enzyme, but also of chimerae and other analogues taken from thc 
immunoconjugate, cytokinc, and chemokinc ficlds . Thc methodology in these !alter 
examples could justas well be applied Lo enzymic problems. 
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Finding Novel Catalytic Activities of Enzymes: 

Acylase as a Catalyst for the Selective Synthesis of Esters and Amides 

Elisa Arroyo, Juan Faraldos, Anabel Morcuende, Marta Ors, Elisa Pérez-Sacau, and 

Bernardo Herradón* 

Instituto de Qufmica Orgánica, C. S. l. C., e/ Juan de la Cierva 3, 28006, Madrid, Spain 

We have recently found [Herradón, B.; Valverde, S. Synlett 1995, 599] that the readily 

available enzyme Acylase I from Aspergillus species (AA-!) is able to catalyze the acylation of 

alcohols and amines, if a low water-content media and a acylate agent (i. e., a vinyl ester) are 

provided (Scheme 1) 

X • O. NR 

Scheme 

AA-1 o 

--------I~ R, )l X·R 
so!vent 

This novel ca tal yt ic activity of AA-1, which was not prev iously reported in the 

literature, is interesting from both synthetic and bioorganic points of view. Thc synthetic 

implications (stability, activity and selec ti vity in organic solve nt s, the influence of th e nature 

of the acylating agent and the structure of the substrate on the selectivity) will be discussed in 

detail. 

On the other hand, the fact that this enzyme catalyze this "unnantural" reaction opens 

severa! questions from a bioorganic point of view: what is the mechanism?, the active centre 

of this reaction is the same as in the "natural" (amide' hydrolysis of N-acylamino acids) 

reaction or is there a second active centre?, is there any evolutive implication on this fact?. 

Work is in progress to try to answer these questions. 
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LIPASE-CATALYZED ENANTIOSELECI1VE SYNIHESIS 

OF METHYL (R) AND (S)-2-TE'IRADECYLOXIRANECARBOXYLATE 
'IHROUGH SEQUENCIAL KINETIC RESOLUTION 

Osear Jiménez and Angel Guerrero 
Department of Biological Organic Chemistry, C.I.D. (CSIC) 

Jordi Girona 18-26. 08034 Barcelona. Spain 

Methyl 2-tetradecyloxiranecarboxylate (1) (rnethyl palmox.irate, methyl 2-
tetradecylglycidate) is a poten! oral hypoglycemic and antiketogenic agent in mammal s 
including humans (1]. The compound has been reported to be specific inhibitor of long-chain 
fatty acid oxidation by irreversible active-site d.irected inactivation of carnitine palmitoyl 
transferase A, after conversion into the corresponding acyl-coA thioester (2]. Enzyme
catalyzed reactions constitute a great potential for the synthesis of enantiomerically pure 
compounds through kinetic resolution of the racemic precursors or by asy=etrization of 
prochiral substrates (3] . Continuing our efforts directed to the enzyme-mediated chiral 
resolution of secondary alcohols ( 4,5], we present herein a new, short and straightforward 
enantioselective synthesis of both enantiomers of 1 by sequen ti al kinetic resolution catalyzed 
by Pseudomonasfluorescens lipase. l11e procedurc in vol ves as the key step transesterification 
reaction of racemic (R,S)-3 in ten-butyl methyl ether as solvent, and affords both enantiomers 
i.n good chernical and optical yields. The process offers si milar results than !hose obtained by 
Sharpless asymmetric dihydroxylation of diol 3. 

(R)-(+)-1 

OH 

(R,S)-3 

[ l] Tutwiler, G. f ., Kirsch, T., R.J ., M. Ho, W 1978. Metabo/ism 27:1539. 
(2] Mohrbacher, R. J., Ho, W. Tutwiler, G. 1980. US Patent 4196300. 
(3] Faber, K. 1992. Biotranbsformations in Organic Chemistry . Heidelberg, Spri.nger-Yerlag 
(4] Gaspar, J. Guerrero, A. 1995 . Tetrahedron : Asymmetry 6:231-8. 
(5] Petschen, l., Malo, E. A., Bosch, M. P. Guerrero, A. 1996. Tetrahedron: Asymme/ly 
7:2135-43 . 
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Engineering the coenzyme specificity of 2-oxo acid dehydrogenase 

multienzyme complexes: the role of protein domains 

Richard N. Perham 

Cambridge Centre for Molecular Recognition, Deparunent of Biochemistry, University of 
Cambridge, Tennis Court Road, Cambridge CB2 lQW, U.K. 

The three-dimensional structures of many proteins extant toda y suggest that they ha ve 
e volved by permutation and combination of a relatively small number of domains or modules 
that became adapted lo perforrn different functions in different settings. The imponance of 
superfamilies and domain superfolds is increasingly evidcnt (Orenga et al., 1994). Sorne are 
sclf-evident, given the high leve! of amino acid sequence similarity that they exhibit in different 
proteins (Brandén & Tooze, 1991). In other instances, however, the relationship may have 
beco me obscured by a long period of divergent evolution, and been limited only by a need for 
ccnain ami no acids to occupy particular si tes in arder to ccmply with a set of structural 
constraints that defines the particular fold. For example, the lipoyl domain (Ricaud et al ., 
1996) of the dihydrolipoyl acyltransferase (E2) chain of 2-oxo acid dehydrogenase complcxes 
(Perham, 1991) and the biotinyl doma in of hiotin-dependent carhoxylases exhihit only vc~tigi a l 

sequence similarity, yet have similar three-dimensional structures (B rocklehurst & Perham , 
1993; Athappilly & Hendrickson, 1995). Likewise, a 30-residue sequence motif predicted 
(Hawkins el al ., 1989) to participate in the hinding of the cofactor thi am in diphosphate in the 2-
oxo acid decarhoxylase (E 1) componen! of the same 2-oxo ac id dehydrogenase complexes, has 
hcen round to adopta common fold in the crystal structurcs of three different and otherwise 
unrelated enzymes that require this cofactor for catalysis (Muller et al. . 1993). 

Folding domains are generally at their most obvious in multifunctional proteins, from 
which they can often be released hy limited proteo! ys is (Bork. 199 1; Perham, 1991 ). The 
hiological function associated, in wholc or pan . with a gi1•cn domain is then easy to assess. 
With many proteins, however, the domains ha ve hcc01m: intimately incorporated into the three
dimensional structure of the protein, making imponant contacts with other component pans of 
the overall structure. In such instances, the doma in cannot be released by limited proteolysi s 
and the autonomy of the domain is inferred from the frec¡uency of the occurrence of its 
characteristic folding topology in different proteins. A typical example is one of the first 
domains to be described: the dinucleotide-binding domain (Rossmann fold) found in most 
dchydrogenases (Rossmann et al., 1975; Wicrcnga et al. , 19RS) . This is a prominent feature in 
thc stntctures of thc flavoprotein disulphide oxidoreductases (Williams, 1992), which include 
glutathione reductase (Karplus & Schulz, 1987) and dih yllrolipoyl dehydrogenasc (Mattevi et 
al. , 1993). Thc latter enzyme is found as the last (E3) or the three enzymes that aggregate in 
multiplc copies to forrn the 2-oxo acid dehydrogenase multienzyme complexes (Perham, 
1991) 

In biological systems, reductive endergonic reactions are generally catalysed by enzymes 
that utilize NADPH as cofactor, whereas oxidative exergo nic reactions are almost always 
catalysed by enzymes that exhibit a marked preference for NAD. The relevan! enzymes must 
therefore discriminate between these structurally similar coenzyme molecules, which differ 
only by the presence of a phosphate group esterificd to thc 2'-hydroxyl group of the AMP 
moiety of NADP. Systematic replacement of a set of ami no acids in the ~a~-fold of the NAD
binding domain of Escherichia coli dihydrolipoyl dehydrogenase has been used to conven its 
cocnzyme spccificity from NAD to NADP. After comparison with the homologous enzyme, 
glutathione reductase (Scrutton et al., 1990), Glu 203 was replaced with a valine residue, 
thereby eliminating the potential to forrn hydrogen bonds with the 2'- and 3'-0H groups of the 
adcnine ribose in NAD. Similarly, Met 204, Pro 210, Phc 205 and Asp 206 were replaeed by 
an arginine, an arginine, a lysine anda histidinc residue, respectivcly, to provide a nest of 
positivc eharge to accommodate the 2'-phosphate group of the incnming NADP. In addition, 
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Gly 185 and Gly 189 in !he ¡3ap-motif were replaced with a1anine residues to facilitate the 
positioning of !he newly introduced Val 203 by allowing a flip of !he peptide bond between 
residues G1y 180 and Gly 181 (Mitt1 et al., 1993). Wi1d-type dihydro1ipoyl dehydrogenase is 
inactive with NADP but the mutant enzyme disp1ayed high levels of activity with this 
coenzyme, !he values of Km. kcat and kauiKm comparing favourab1y with those found for the 
wild-type enzyme operating with NAD (Bocanegra et al. , 1993). 

E3 is bound to E2 in 2-oxo acid dehydrogenase complexes by interaction with a small 
(35-residue) domain in !he E2 polypeptide chain (Perham, 1991). The binding site on !he E3 
dimer is located close to its 2-fold axis, thereby permitting !he binding of a single E3 dimer per 
E2 chain (Hipps et al., 1994; Lessard et al. , 1996). The binding site is confined to !he well 
delineated interface domain that provides most of !he subunit interface in the E3 dimer, as 
indicated by the X-ray crystallographic structure of the E3-binding domain comp1ex (Mande et 
al., 1996). The ability to manipu1atc the dinucleotidc-binding domain without interfering with 
thc othcr domains in thc prolcin is rcflcctcd in !he ability of thc mutanl cnzymc lo participatc in 
vitro in thc asscmbly of an active pyruvatc dchydrogcnasc multicnzymc complcx, the coenzymc 
specificity of which reflected that of its dihydrolipoyl dchydrogcnase component (Bocanegra et 
al. , 1993). These mutalions constitute the basis of a general set or rules for manipu1ating the 
coenzyme specificity of NAD(P)-dependcnt oxidorcductases. 

REFERENCES 

Athappilly, F.K. & Hendrickson, W.A. (1995) Structure 3, 1407-1419 
Bocanegra, J.A., Scrutton, N.S. & Perham, R. N. (1993) Biochemistry 32, 2737-2740 
13ork, P. (1991) FEBS Lett. 286,47-54 
13rtindcn, C.!. & Toozc, J.E. (1991) lntroductiontn Protein Structure . Garland Publishing, 

Ncw York . 
13rocklchursl, S.M. & Perham, R.N. (1993) Protein Science 2, 626-639 
Hawkins, C.F., Borges, A. & Perham, R.N. ( 19R9) FEBS Lett. 255, 77-82 
Hipps, D. S., Packman, L. C. , Allen, M. D., Fuller, C. , Sakaguchi , K., Appclla, E. & 

Perham, R. N. (1994) Biochem. J. 297, 137- 143 
Karplus, P.A. & Schu1z, G.E. (1987) J. Mol . Biol. 145. 70 1-729 
Lcssard, l.A.D., Fuller, C. & Perham, R.N . (1996) Biochemisrry 35, 16863-16870 
Mande, S.S., Sarfaty, S. Allen, M.D., Pcrham, R.N. & Hol, W.G.J. (1996) Structure 4, 

277-286 
Mattcvi, A., Obmolova, G., Ka1k, K. H., van Bcrkcl , W J. H. & Ho1, W. G. J. (1993) J. 

Mol. Biol. 230, 1200-1215 
Milll , P.R.E., Bcrry, A., Scrutton, N.S., Pcrham, R.N. & Schulz, G.E. (1993) J. Mol. Biol. 

231 , 191-195 
Mullcr, Y.A., Lindqvisl, Y., Furey, W., Schulz, G.E .. Jordan , F. & Schneidcr, G. (1993) 

Structure 1, 95-103 
Orcngo, C.A., Jones, D.T. & Thomton , J.M. (1994) Noture 372, 63 1-634 
Perham, R.N. (1991) Biochemistry 30, 8501-8512 
Ricaud, P.M., Howard, M.J., Robcrls, E.L., Broadhurst , R.W. & Pcrham, R.N. (1996) J. 

Mol. Biol. 264, 179-190 
Rossmann, M.G., Liljas, A. , Branden, C. l. & Banaszak. L.J . (1975) The Enzymes 11, 61-

102 
Scrutton, N.S., Berry, A., & Perham, R.N. (1990) Narure 343, 38-43 
Wicrcnga, R.K., de Maeyer, M.C.H., & Ho1, W.G.J . (1985) Biochemistry 24, 1345-1357 
Williams, C.H., Jr. (1992) in Chemistry and Biochemistrv of Flavoproteins (Müller, F. Ed.) 

vol. Ill, pp. l21-211, CRC Press, Boca Raton 



Instituto Juan March (Madrid)

39 

Engineering Enzymes and Abzymes by Rational and Non-rational Means, 
James A. Wells, Marcus Ballinger, Thomas S. Scanlan• and Manuel Baca, 
Department of Protein Engineering, Genentech Inc. and •Department of 
Pharmaceutical Chemistry, University of California at San Francisco. 

Subtilisin BPN' is a simple bacteria! serine protease which is ideal for protein 
engineering studies (for review see 1). It can be over-expressed in Bacillus 
subtilis; it is simple to assay; the lúgh resolution structure is known. We have 
had a long-standing interest in engineering subtilisin as a too! for specific 
cutting (2) and splicing (3) o{ proteins. 

Here, we present work to design subtilisin as a sequence specific protease (4, 
5). Recent studies have uncovered a family of subtilisin-like protease from 
eukaryotes that recognize poly-basic sequences (for review see 6). Yeast 
produces a dibasic-specific enzyme, KEX2, involved in processing mating 
factor; mammalian cells produce tri-basic specific enzymes, furin and PC-1, 
involved in processing of a number of proteins and small peptide hormones. 
We wished to impart the specificity properties of these two enzymes into 
subtilisin BPN', which has broad specificity although preference for sequences 
containing hydrophobic residues. 

Based solely on sequence alignments we were able to identify acidic residues 
in KEX and furin predicted to be in the specificity pockets that are not present 
in subtilisin. When sorne of these from KEX2 were installed we observed a 
large shift in catalytic efficiency toward di-basic residues (4). An additional 
acidic residue from furin was added and pushed specificity toward tri-basic 
sequences (5). These changes in specificity (over S orders of magnitude) 
accumulated in a modular but non-additive faslúon. Thus, it is possible to 
recruit specificity changes even from very distan! homologues. These newly 
engineered subtilisins may be useful for site-specific proteolysis . 

Antibodies raised against a variety of transition-state analogs have produced 
catalysts (7). However, the rate enhancements seldom rival enzymes for the 
same reactions. We wondered if they could be improved by selecting for 
tighter transition-state analog binding using phage display (for recent review 
see 8). For this we focused on a mouse monodonal antibody raised against a 
methionyl-phenyl-phosphonate designed to mirnic the transition state (ts) tor 
hydrolysis of methionyl-phenyl ester (9). This antibody has good activity and 
the structure has been solved with the ts analog bound. 

Initial recombinant work on this project was hampered by poor expression of 
the antibody in E. coli. We solved this problem by grafting the ts analog 
binding regions (the CDR's) onto a human antibody scaffold that is well 
expressed in E. coli (10). The "humanized" catalytic antibody bound the ts 
analog and catalyzed ester hydrolysis just as well as the parent mouse 
antibody (11). Moreover, the Fab derived from this could be displayed on 
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phage at levels >200-times higher than the mouse antibody, making it 
suitable for affinity selections. 

We randomized all residues in the antibody that made direct contacts with 
the ts hapten (11). After six rounds of sorting for binding to the ts analog, 
phage were isolated that bound the ts analog 2- toS-times tighter than the 
parent Fab. Sorne of these were combined to create variants that bound up to 
8-times tighter. However, al! of these variants had activities much !ower ( 
sorne more than 20-times lower) than the parent antibody. We then !ooked at 
sorne isolates with weaker ts analog binding and indeed found one that 
produced a 2 to 4 fold improvement in activity. !nterestingly, this mutant was 
altered at a site just outside the hapten binding site. Thus, improving ts 
analog binding did not correlate with increased activity. An activíty 
ímprovement could be made but at a síte not directly contacting the hapten. 
Given these uncertainties, in the short term it seems more likely that 
substantial improvements in catalytic antibody function will be made not 
through rational means but via random mutagenesis and selection. 
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Engineering of protein inhibitors of metallocarboxypeptidases 

F.X. Avilés 
Institut de Biologia Fonamental and Dpt. Bioquímica (Fac. Ciencies), Universitat 
Autónoma de Barcelona, 08193 Bellaterra (Barcelona), Spain. 

Only a few protein inhibitors of metallo-carboxypeptidases have been 
described. The patato carboxypeptidase inhibitor (PCI) is the best known . 
Because of its small size (39 residues), globular character, and the knowledge of 
its crystal structure in complex with bovine carboxypeptidase A. it is a good 
model for the development of simple and specific inhibitors of carboxypeptidases 
through engineering. 

With this aim we have developed a very efficient expression system for 
PCI and side-directed mutants in E. coli. This allowed us to systematically 
analyze the determinants for the folding and function of the inhibitor. Thu s, 
differential mutagenesis of the six cysteine residues of PCI prevent its 
heterologous expression and indicate that they are essential for the proper folding 
of the protein. Studies starting from fully reduced PCI indicate that refolding 
proceeds through a packing and formation of, at least, five defined S-S scrambled 
species, followed by a slow consolidation by reshuffling. Studies with trimmed 
molecules indicate that the tail s intluence folding . Point mutation and dcletion 
studics wcrc pcrformed on the C-terminal tail (G iy35- Pro36- Tyr37- Yal3ll
Giy39), the region that docks with carboxypeptidase. They indicate that Yal38 is 
essential for the inhibitory function and binding, that Tyr37 plays a role in the 
allocation of the C-tail in the active site, and Pro36 in the folding mechanism of 
PCI. Molecular dynamics (MD) simulations complemented the view obtained by 
mutagenesis and clarified the constrains of the C-tai l. Deletion experiments at this 
region further complemented this view. 

With the above information in mind, we have tried to "minimize" PCI to 
smaller molecules keeping the inhibitory capability. These minimized molecules 
could have biotechnological interest to modulate the activity of pancreatic-like 
carboxypeptidases, sorne of them with importan! physiological action . With thi s 
goal, peptide derivatives mimmicking the C-tail of PCI were syntesized and 
analyzed. In most of these derivatives the N-terminus was capped to mimmic a 
stopper-like action and to facilitate their productive interaction with the enzyme. 
Capping groups of very different nature and size were assayed : small to large 
organic, polimeric organic, branched polypeptidic, oligosaccharide ... etc. A few 
of the derivatives keep a substantial fraction of the inhibitory capability of PCI. 
They are used as lead compounds for the obtention of more powerful inhibitors 
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Analysis and design of ion channel proteins: 

W. 1 '· DeGrado 

Prutein ion channds nre essential fur lhe generation and 
propagation of electrical activily in a varicty uf cells . Two fcaturcs 
imporlanl for thcir activities are ion sclectivity and rcc.:tific.:ation 
(asymmetry in current/voltage relalionships). De nuvu Llesign is an 
atlractive approuch lo probc the mínima] fcaturcs rcquircd fur these 
functions. Recently, wc designed two simple alpha-helical modcls for 
ion channel proteins using unly Leu and Ser rcsidues . One forms 
pruton-selcctive channcls whilc the second forms channels selectivc 
fur cations smaller than 8 Á. in diumeter . Thcsc pcptides are 
bclicved to fonn helical hundlcs with 11 central corc thal Cll!1duus 
ions across membranes . Dcrivatives Llf thesc pcptidcs have bet:n 
prcparcd lo determine how clcctrostatic.: and sleric intcractions affed 
ion sclcctivity and rcctific.:ation. 

Thc principnls learncd fmm the study of dcsigned channels 
hnve also been applicd to the analysis nf a prulun-selectivc channcl 
protein (M2) from thc influnza A virus . M2 is 97-residues in lcngth 
ami has a singk transmemhranc hclix clomain, which forms alpha
hclical telramcrs in membrancs. lt is essential for ccll infcction ami 
is thc tnrget of the unly approvcd anti-influenza drugs . Bascd on a 
comhinalion of sitc dire~.:teu mutagcncsis. cumputer modcling, and 
spectroscopic studics. the slructure of this transmembranc hclical 
bundle has been structurally t.:hnracleri7.cd . The proposed structurc 
predicts a mechnnism for the selective translocation llf prutons 
through thc pare. 
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DESIGN OF FUNCTIONALIZED PROTEIN-LIKE STRUCTURES 

USING SYNTHETIC CONFORMA TIONALLY -DEFINED LIBRARlES 

Enrique Pérez-Payá (l ,2), Richard Houghten (2) and Sylvie Blondelle (2). 

(l).Dept. Bioquímica i Biologia Molecular, Universitat de Valencia, E-46100 Burjassot, 

Valencia, Spain. E-mail: paya@uv.es (2) Torrey Pines Institute for Molecular Studies, 

3550 General Atomic Ct, San Diego, CA 92121, USA. 

Synthetic combinatoria! libraries (SCLs) are broadly recognized as having the 

capability of greatly accelerating the discovery of new lead compounds. SCL approaches 

have primarily been focused on the generation of small molecule diversities. The 

generation of molecular diversities based on defined structural motifs can be expected to 

broaden the use of SCLs for those applications requiring the presence of a well defined 

secondary and/or tertiary structure. For example, the de novo design of artificial 

receptors and catalysts in most cases requires the generation of protein-like molecules 

having the general structural and functional properties found in natural enzymes. Thus, a 

productive strategy can be seen in the selection-based design of well defined secondary 

and tertiary structures, which maintain sufficient flexibility to allow the accessibility of the 

functionalities required for catalysis to occur. An approach will be described for the de 

novo design of protein-like structures in which SCLs were incorporated into an 

amphipathic a-helical scaffold to generate conformationally defined SCLs. In particular, 

the SCLs in which the "combinatorialized" positions were on the hydrophilic face 

permitted the identification of conforrnation-dependent decarboxylation catalysts. 
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Analogues of Dihydrofolate Reductase and Firefly Luciferase Containing 

Synthetic Amino Acids at Defined Positions 

S. M. Hecht, V. Karginov, S. Marnaev, T . Arslan, M. Lodder, A. Laikhter, H. An and C. 

Crasto 
Departrnents of Chernistry and Biology, University of Virginia, Charlottesville, Virginia 

22901 

We have prepared analogues of E. coli dihydrofolate reductase and firefly luciferase 

containing unnatural arnino acids at predeterrnined sites. This was accornplished by the use 

of genes encoding these enzyrnes and containing engineered nonsense codons at key 

positions. Misacylated suppressor tRNAs activated with the unnatural arnino acids of 

interest were prepared and used in in vitro translation systerns to perrnit the elaboration of 

the desired protein analogues by suppression of the nonsense codons. The derived 

proteins have been purified, and characterized by their rnobility on polyacrylarnide gels in 

cornparison with the wild-type proteins. Representative proteins containir.g arnino acid 

analogues have also been analyzed by defined proteolysis to afford peptides containing the 

un natural arnino acids; the structures of the peptides ha ve been verified through direct 

cornparison with authentic synthetic peptides. 

The preparation of analogues of E. coli dihydrofolate reductase (DHFR) containing 

rnodified arnino acids was accomplished by the use of the DHFR gene containi ng an 

engineered nonsense codon (TAG) atthe posi tions corresponding to Val-lOor Asp-27. 

The aspartic acid analogues erythro-carboxyproline, cysteic acid, ~ . ~-dimethylasparti c 

acid, a-rnethylaspartic acid, erythro- and thr eo- ~-methyla s partic acid, N-methylaspartic 

acid and phosphonoalanine were incorporated into one or both of the aforernentioned 

positions. Individual DHFR analogues were assayed for their abilities to bind to the 

substrate analogue rnethotrexate, and to convert dihydrofolate to tetrahydrofolate. DH FR 

analogues containing erythro- and thr eo- ~-m e thylaspartic acid and ~.~-dirn e th y l as p artic 

acid were all shown to rnediate tetrahydrofolate production 74-86% as efficiently as wi ld

type DHFR under conditions of multiple substrate turnover. Analysis of the rates of 

tetrahydrofolate production in the presence of NADPH and NADPD at two pH values 

sugges ts that this was dueto rate-Jimiting hydride transfer from NADPH bound to DHFR 

analogues whose active sites had become distorted. 

Serine was replaced at position 286 of firefly Juciferase (Lucio/a mingrelica) with a series 

of natural and un natural ami no acids. The effect of these substitutions on the properties of 

Juciferase such as therrnostability, pH dependence, and color of light emitted were 

investigated. lncorporation of Leu , Lys, Tyr, or Gln at position 286 reduced the 

therrnostability of the mutated luciferases and changed the color of emi tted light from 

ye llow-green (Amax 582) for the wild-type enzyme to red (Amax 622) for luciferase 

con taining Leu 286. The biologically importan! amino acid phosphotyrosine and the 

phosphatase resistant analogue (phosphonomethyl)phenylalanine were prepared using 2-

nitrobenzyl as the phosphate protecting group. This new protecting group strategy allowed 

the incorporation of the phosphorylated ami no ac ids at position 286 of luciferase. Also 

incorporated was a glucosylated serine derivative. The light emitted by the modified 

luciferases was measured. While serine phosphonate and glucosylated serine do not 

change the Amax of emitted light , the incorporation of phosphotyrosine and 

(phosphonomethyl )phenylalani ne do alter the wavelength of emitted light. The dependence 

of ""nax of light emitted from the negatively charged phosphorylated Tyr mutant was 

anal yzed further by assaying the luciferase at different pH values. 
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Molec:ular and Blo-Imprintlng • new tec:hnlques allowlng formatlon of artlfic:lal 
"binders" and bloc:atalysts or of enzymes wlth altered substrate spec:lfic:ity 

Klaus Mosbach 

Department of Pure and Applied Biochemistry, Center for Chemistry and Chemical 
Engineering, Lund University, P.O. Box 124, S-221 00 Lund, SWEDEN 

The technique of molecular imprinting allows the formation of specific recognition and 
catalytic si tes in macromolecules by the use of templates . Molecular! y imprinted polymers 
have been applied in an increasing number of applications where molecular binding events 
are of interest. These include (i) the use of molecular! y imprinted polymers as tailor-made 
separation materials, (ii) antibody and receptor binding si te mi mies in recognition and assay 
systems, (iii) enzyme mimics for catalytic applications, and (iv) recognition elements in bio
sensors. The stability and low cost of molecular! y imprinted polymers make them 
advantageous for poten tia! use in analysis as well as in industrial sea! e production and 
application. 

The concept of molecular imprinting in vol ves that the template or the molecule to be 
imprinted are first allowed to form bonds with polymerizable entities, which are 
subscquently crosslinked (see ref. 1-5). Following extraction of the print molecule, spccific 
rccognition si tes are left in the polymer where the spatial arrangement of the polymer 
network corresponds to the imprinted moleculc. Thcsc procedures make use of a high 
pcrcentage of crosslinker resulting in the formation of rigid and insoluble maeroporous 
polymers. This template-assisted assembly, lcading toan artificial recognition matrix , is thus 
performcd in a very direct way. 

In the approach developcd in our laboratory and found to be extreme! y versatile as it mimics 
Nature's kind of interactions occurring in molecular recognition, predominantly noncovalent 
interaetions in the recognition of the imprint spccies are utilized. The greater the variety of 
interactions that are available betwccn thc imprint spccies and the functional monomcrs, the 
bettcr thc artificial binding si te becomcs. Typica\ intcraction typcs that havc becn exploited 
are ionic interactions, hydrogen bonds,n-n-intcractions, and hydrophobie interactions. Since 
therc are strongly dependen! on the polarity of the so\vcnt, the best imprints are madc in 
organic solvents such as chloroform or toluene. Whcn these normally weak intcractions have 
bcen established in solution, polymeri7.ation is initiated anda molecular matrix is formed 
around the imprint spccies. Thc formed macromolecular architecture is thus complementary 
to the shape and funetion of thc imprint spccics. Aftcr polymer formation the imprint 
molecu\e can be almost quantitative\y rccovercd by mild extraction from the matrix. 
Association and dissociation of thc original print molecule to the artificial binder takes place 
without requiring any covalent bond formati on or cleavage. The target molecule simply 
diffuses in and out of the complementary si tes . 

Thc fo\lowing predictions asto future applications of the technology will be discusscd: 

Separatlon. There is significan! potential for applications in molecular separation and 
isolation. Since there are presently about 500 optically active drugs on the market racemic 
resolution of drugs is a major poten tia! application. We and other groups working in 
molecular imprinting ha ve concentrated on this aspect since the first work on f3 -blocker drug 
separation (L. Fischer, R. MU\lcr, B. Ekberg and K. Mosbach, J. A m. Chem. Soc. 113,9358-
9360, 1991 (6)). 

lmprinting will allow the prcparation of tailnr-made supports. A potential drawback is that 
the imprint material is rcquired in the initia\ stcp. The obtained polymers, however, can be 
reused more than 100, in many cases compcnsating for initial hardships. However, it has 
bcen shown that when using a smaller pcrcentage of cross-linker, one kind of imprint may 
be used for racemic resolution of relatcd structures making isolation of imprint material 
unnecessary in each case. Pure material is not rcquired for the first imprint, as long as the 
material collccted from the corree! peak is subsequently used. 
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Antibody/receptor blnd.lng mlmlcs. This is an area that we e~pect will experience rapid 
development, notably m tmmunoaffimty chromatography and tmmunoassays. The stability, 
reduced cost, obviation of the need for animals, and in cases where it is difficult or 
impossible to get biological antibodies, are all driving the development of these applications 
(G. Vlatakis, LJ. Andersson, R. MUller and K. Mosbach, Nature 361,645-647, 1993 (7); 
L.I. Andersson, R. MUller, G. Vlatakis and K. Mosbach, Proc. Natl. Acad. Sci. U.S.A. 92, 
4788-4792, 1995 (8)). There is also the potential to use small molecularly imprinted 
polymers in medicine as carriers of (pro)drugs or radioligands. 

Biosensor-llke devlces. The use of molecularly imprinted polymers in biosensor devices 
seems fairly close to hand. In the short term, efforts should be devoted to obtaining 
imprinted membrane structures that can be placed in direct contact with the transducer. 
Biosensor-like devices may eventually be made using imprints that are robust with binding 
specificities not found in biological molecules (D. Kriz, O. Ramstrom, A. Svensson and K. 
Mosbach, Anal. Chem. 67,2142-2144, 1995 (9)). 

In addition to pharmaceutical analysis, other attempts have dealt with the use of molecularly 
imprinted polymers in environmental analysis. Of special concem in this area is the 
development of sensitive analytical assays for determination of various hazardous 
contaminants in water reserves. Very recen ti y, studies conceming the pesticide atrazine, 
chosen as a model system, have been prcsented. From thesc studies, it has become clear that 
this approach has potential for becoming a powcrful tool in environmental analysis and 
beyond that, for clean-up. 

Finally, mention should be made lo the intriguing challenge for the use of molecular! y 
imprinted polymers as enzyme mimics (e.g. J. Matsui, l. A. Nicholls,l. Karube and K. 
Mosbach,J. Org. Chem. 61,5414-5417, 1996 (10)) . 

Somewhat related to the above described technique of molecular imprinting is a technique 
which we like to call bio-imprinting. ll has recen ti y been shown that the specificity and 
activity of enzymes and protcins can be modified whcn used in anhydrous or nearly 
anhydrous media. In one case, chymotrypsin wa~ precipitated by addition of !-propano! in 
the prcsence of N-acetyi-D-tryptophan (M. St5.hl, M.-O. Mansson and K. Mosbach, 
Biotcchnol. Lett. 12, 161-166, 1990; M. St.:ihl, U. Jeppsson-Wistrand, M.-O. M:\nsson and 
K. Mosbach, J. A m. Chem. Soc. 113,9366-9368, 1991; M.-O. M:\nsson, M. St:\hl and K. 
Mosbach, In: Biocatalysis in Non-Conventional Media (J. Tramper et al., eds.), Elsevier 
Science Publishcrs B. V., pp. 321-327, 1992). Aftcr careful drying, the enzyme precipitate 
wa~ able to catalyze, not only the synthcsis of the cthyl estcr of N-acetyi-L-tryptophan, but 
al so the synthesis of the corresponding D-es ter which was not possible with enzyme 
precipitated in the presence of the corresponding L-derivative of tryptophan or precipitated 
without ligand present. A possible explanation for this phenomenon is that the conformation 
of the active si te of the enzyme is changed during the precipita !ion and drying into one that 
is complementary not only to the L-form but al soto the D-form. Addition of water lo the 
conformationally modified enzyme accordingly returned the enzyme lo its original 
conformation active only towards lhe L-form. lt has come lo our attention that by subsequent 
cross-linking it was possible to stabilize the new conformation, such that the enzyme 
chymotrypsin could subsequently express changed lhc stereospecificity also in water (L. 
Fischer, personal communication). In other examples, artificial binding si tes could be found 
after an imprinling procedure in albumin and other natural and synthetic polymers when they 
were used in organic solvents (L. Braco, K. Dabulis and A.M. Klibanov, Proc. Natl. Acad. 
Sci. fr7, 274-277, 1990; K. Dabulis and A.M. Klibanov, Biotechnol. Bioeng. 39, 176-185, 
1992). 

More recen ti y we wcre able lo show that the enzyme horse liver alcohol dehydrogenase, 

when similarly "bio-imprinted" in the presence of NADP+, would subsequently accept not 

only NAD+ but also NADP+ as a coenzymc (A. Johansson, K. Mosbach and M. -O. 
M:\nsson, Eur. J. Biochem. 227, 551-555, 1995). 
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Structural Convergence Seen In The Active Sites 

Of A Family Of Catalytic Antibodies. 

Jean-Baptiste Charbonnier*t, Béatrice Golinelli-Pimpaneau*, Benoit Gigant* , Dan S . 
Tawfik

0 *, Rachel Chap
0

, Daniel G . Schindler
0

, Se-Ho Kim
0

, Bemard S. Green•, Zelig 
Eshhar 

0 
and Marcel Knossow* 

Abstract: The X-ray structures of three esterase-like catalytic antibodies identified by 

screening for catalytic activity the entire hybridoma repenoire, elicited in response to a 

phosphonate transition state analog (TSA) hapten , were analyzed. The high resolution 

structures of Fab D2.3 account for catalysis by transition state stabilization and in all three 

antibodies a tyrosine residue panicipates in the oxyanion hole. Despite significan! 

conformational differences in their combining sites, the three antibodies, which are the most 

efficient among those elicited, achieve catalysis in essentially the same mode, suggesting that 

evolution for binding to a single TSA followed by screening for catalysis lead to antibodies 

with structural convergence. 
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Efficiency in Biocatalysis: Lessons from Model Systems 

A. J. Kirby 

University Chemica/ Laboratory, Cambridge, CB2 IEW, England 

The extraordinary efficiency of enzyme catalysis is the long-term inspiration of 

our work . We want to understand the princip ies underlying this phenomenon 

well enough to be able to "explain" how enzymes make and break covalent 

bonds, in terms that are intelligible to any properly educated chemist. 

Understanding in this context means de fining and as far as possible quantifying the 

differences between the transition state in so lut ion and in the enzyme active site . 1 

These wi ll be greatest, and thus most interesting and most revealing, for 

intrinsically very slow reactions, so we have a special interest in the ways enzymes 

catalyse transfer reactions involving the thc cxtr~o rdinarily stable groups of 

s tructural biology- peptides, glycosidcs ami ph osphodics ters. 

Our chosen experimental too! is the intram olec ul or react ion: we bring functi onal 

groups toge the r on the saml' molecu lc to mude! wh~ t goes on w hen an enzyme 

bri ngs together the same functi ona l groups in its <lCtive s ite . This procedure has the 

unique advan tage that we can see thc r c~ c ti ons nf interest - we do not need 

ac ti va ted and perhaps atypical substrate groups to sc t up a react ion fast enough to 
study in the absence of enzyme. Fo r cxJmple, wc ha ve a speci al interest in nuclease 

m ec h~ni sms. In thc ~ctiv e si te o f the ~ppropr i , 1te nucleo se, w here the attacking 

nu clcophile is a hydroxyl group, this is redu ccd tn ,1 f r ~c ti o n of a second : the same is 

true of the s imple intramolecular model 1 2 This phosphod ies ter was studied in 

det~i l for the methyl ester (R = CH3): thc trif iu mnet hyl es ter (R = CH2CF3, m ode lli ng 

the bette r leaving group o f a nu cleot id e O H) h,1s .1n cs timated half life (at 50°C) o f 

40ms . 

The results from this and related work tell us th ,lt (in thc abse nce of metals) e fficient 

phosphate transfer from a phosphodiester Iwcds (1) a properly placed OH group, 

available as the (full or incipient) anion as thc nucleophile; (2) a properly placed 

general acid to protonate thc leoving group, and (3) ~ prope rly placed ammonium 

cation to stabilise the phosphorane di~nion r~ species thought to have only 
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borderline stability ion water). This sort of study provides a firm basis for informed 
discussion of the mechanisms of enzymes which catalyse phosphate transfer 
reactions of diesters, in active sites which often display these three features. 

A majar current interest is in the efficiency of proton transfer catalysis. (Proton 

transfer being the most common enzyme-catalysed reaction.) Catalysis of 

intramolecular proton transfer reactions was thought until recently to be 
intrinsically inefficient, 3 but it turns out that the reaction is simply much more 
stereoelectronically demanding than group transfers involving heavy atoms. 
Recent results include the development of sma ll molecules catalysing efficient 

intramolecular proton transfers reactions, 4 and sorne relevant results with proteins 
catalysing the Kemp elimination. 5 

r 's 
H 02Nv:;} 

1 ~N 
~ ó~ 

Work in progress is aimed at coupling effi cien t group and proton transfer reactions. 
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GROUND STA TE CONFORMATIONS AND ENTROPIC AND 
ENTHALPIC FACTORS IN THE EFFICIENCY OF INTRAMOLECULAR 

AND ENZYMA TIC REACTIONS 

Thomas C. llruicc 
University of California, Santa Barbara 

Dpt. of Chemistry , Santa Barbara , CA. 93106-9510 
(USA) 

The stndics of intmmolecular reactions ha ve had R !asting influence on how thc 
mochanisms of enzymatic reactions are perceived. lt i s from thesc studics that 
enzymologists have acccpted the conclusions: (i) that thc bringing of reactants togcther, 11s 
m an enzyme-substrate complex, providcs a ratc enhancement of 10' M; and (ii) thal 
enzymatic reactions are entropy driven. The ledure will bcgin by an analysis of a detailed 
serie.~ of intramolecular reactions. The contiibut.ion of ground state conformations to thc 
m te constants will be described by use of molecular mechanics [MM3(92)) which al so 
allows analysis of entropic and enthalpic parametcr6.1 

~car Attack (onformation~ (NACs) 
are identified and, by use of the Bolt1.man cquat.ion, !he mole fradion (P) of conformations 
prcsent as NACs is determined . Va! u es of t>Cl 1 are shown to be a linear function (slopc - 1) 
of log P such thal the fract.ion of conformcrs presC11t as NACs, in !he ground stale, 
determines the mtes of rcad.ions. Purther, hH" rnlher !han t-S•. is a function of log P. 

Transition state formation from NACs have been sludied using ab inirio calculations 
al thc RHF/6-3l ... G(d) level.2 A common transition state (fS) structure is rcached for the 
sCiies of react.ions studicd whosc rates diffcr by as m u eh as 101

. Further, vihrntional 
frequency calculations show that the frequcncies for lhe rclated pairs NAC & TS diffcr in 
number only by the required conversion of one frequency of the NAC toa negative 
frequency in the TS. C'.omparing subslratcs, lhcrc appear to be virtually no change in hS 1• 
Thus, there is no support for the proposals lhat the driving force is entropic; TS 
stahili7..ation by varying TS structurcs and the freezing out of low frequency vibrat.ions. 

We describe two enzymes which pcrsonify differC11t driving forces in thcir 
reactions. In the firsl ground statc conformaliunal changes contri bu le lo lhe lowering of 
t.G 1 [NAD(P)HfNADP' dehydrogenascs].1 The sccond cnzymatic reaction is catalyzed by 
the stabilization of the gas ~hase trensit ion statc [an SN2 displacemcnt of ct· from a primary 
haloolkanc by Asp-C02' ) . 
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Supramolecular Reactivity and Catalysis 

Jean-Marie LEHN 

Université Louis Pasteur, Strasbourg and Col/ege de France, Paris 

Reactivity and catalysis represen! majar features of the functional properties 
of supramolecular systems. Molecular receptors bearing appropriate functional 
groups may bind selectively a substrate, react with it, and release the products . 
Supramolecular reactivity and catalysis thus involve two main steps: recognition 
of the substrate followed by transfonnation of the bound species into products . 

Bond cleavage reactions have been extensively studied in this respect. A 
further step hes in the design of systems capable of inducing bond forrnation, 
rather than cleavage, which would thus effect synthetic reactions as compared to 
degradative ones. 

These two aspects of chemical reactivity and catalysis have been realized and 
will be illustrated mainly through the supramolecular catalysis of phosph01yl 
transfer by macrocyclic polyamines: - bond cleavage in ATP hydrolysis; - bond 
f01mation in pyrophosphate synthesis, A TP synthesis and substrate 
phosphorylation. The processes are respectively of ATPase and kinasc nature 
The catalysis of enolisation and proton exchange will also be discussed . 

Finally, the coupling of an "at1ificial cnzyme" to a natural enzymati c systcm 
has bccn realized. ATP generated in situ from ADP by the macrocyclic 
protokinase is used up in a scquencc of two cnzymatic reaetions to produce 
NA DPH along thc process. 

An approach to thc design of cnzymc inhibitors bascd on the newly proposcd 
concept of"virtual combinatoriallibrancs" will be dcscribcd. 

Thc design of efficient and sclccti vc supramolecular reagents and catalysts 
may givc insight into thc elementa ry mechanistic steps, provide new typcs of 
chemical reagents and produce modcls of reaetions effectcd by enzymcs that 
rcvcal factors contributing lo enzymati c cat alysi s. 

General reference 
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DESIGN OF ARTIFICIAL CATALYSTS FROM 
SUPRAMOLECULAR CHEMISTRY PRINCIPLES 

Javier de Mendoza 

Departamento de Qulmica Orgwca, Univcn:idad Autónoma de Mo<kid 
Cantoblanco, 28049 Madrid, Spain. 

Molecular recognition of biomolecules by synthetic receptors requires modular assembly of various components to complement the molecular characteristics (size, topology, functional 
groups) of the substrate. 

R 

r~,(~~ 
RO H H OR 

Cl 

2 

E¡¡¡¡mples on how molecular shapes and complementary hydrogen bonds can be orgaruzed to complement transition states will be provided. Thus, receptor 1, containing simultaneous aromatic stacking and complementary Hoogsteen and Watson-Crick. hydrogen 
bond pattems, was designed for the molecular recognition of adenine phosphates. It can 
efficiently transpon adenine-<:<>ntaining di- or oligonucleotides across model membranes [1) . Simple guanidiniums (1, R = aryl) have demonstrate to catalyze Michael additions to unsaturated lactones. Other derivatives of 1, carrying reactive groups (imidazoles) at the side arms connecting the guanidinium to the adenine-binding modules, may be useful as phosphodiester cleaving agents. Similarly, receptor 2, whose design was inspired by the structure of the phosphocholine - antibody McPC603 complex, showed high affinity for phosphatidylcholine dcrivatives (encapsulation of trimethylammonium cation by the calixarene cavity, and guanidinium-phosphate interaction) [2) . Since the phosphate group is a good modcl for an estcr cleavage transi ti on state, receptor 2 accelerates the aminolysis of acctylcholinc. 

Reversible self-assembly through hydrogen bonds, may rcsult in forrnation of stablc capsules, such as the dimcr of 3 . in whosc interiors reactive spccics can be accomodated. Thesc systems look. promising as reaction vesscls lo accclcratc organic reactions [3] . 

~il~)yJ~}N-H 
~++~ÑY-{)y~+-t_~ 

)(OH O O OH~ o o 
3 

[I]J. Am. Chem. Soc. 1994,116,5501. 
[2] Angew. Chem. lnt. Ed. Engi. 1996, 35, 1712. 

x2 -
[3] Angew. Chem. lnt . Ed. Engl. 1993,32, 1699. Science 1995,270, 1409. 
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FUSION OF PROTEIN MODULES IN THE GENERATION 
OF ACTIVE ENZYMES 

Andrew E. Nixon 

The Pennsylvania State University 
Department of Chemistry 

152 Davey Laboratory 
University Park, PA. 16802-6300 (USA) 

The feasibility of creating new enzyme activities from enzymes o~ known funclion has precedence 

in view of protein evolution based on the concepts of molecular recruitment and exon shufning. 

The enzymes encoded by the E. coli genes purU and purN , N10-formyltetrahydrofo1ate hydrolase 

and glycinamide ribonucleotide (GAR) lransform ylase respectively, catalyse similar yet di stinct 

reactions. N10-form yl-lelrahydrofolale hydrolasc uses water lo cleave N10-formyltelrahydrofolatc 

into tetrahydrofol ate and formale whereas GAR transformylase calalyses the transfer of formy l 

from N10-formyllelrahydrofolale to GAR lo yield formyi-GA R and lelrahydrofol ate. The two 

cnz.ymes show significanl homology (-60%) in the carboxy-terminal region which, from the GAR 

transformylase crys tal slructure and labe ling studies is known lo be the si le of N10
-

formylletrahydrofolate binding. Hybrid protein s wcrc created by joining varying length segmc!1ls 

of lhe N-terminal region of the PurN gene (GAR binding rcgion) and the C-terminal (N 10
-

formyltetrahydrofolale binding) region of Pu rU . Active PurN/PurU hybrids were then selectcd for 

by thcir ability to complcmcnt an auxotrophic L. coli strain . Hybrids able to complement thc 

auxolrophs were purified lo homogeneily and assayed for activily. The specific aclivity of two 

hybrid proteins was within 100-1000 fold of thc nativc ¡mrN GAR lransformylase validating thc 

approach of constructing an enzyme active sitc from functional pa1ts of othcrs . A combinatoria! 

approach to improvemcnl of thc hybrid enzymc stability and c!Ticicncy will be discusscd. 
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Biological Catalysls: Lessons from Comparison of RNA and Proteln Enzymes 

Dan Herschlag, Geeta Narlikar, and Shu-ou Shan, Department of Biochemistry, 
8400 Beckriían Center, Stanford University, Stanford, CA 94305-5307 

A classical approach in biology is to compare morphologies in arder to glean 
structural and functional commonalities. The comparative approach has also 
proven valuable on a molecular leve!. For example, phylogenetic comparisons of 
RNA sequences have led to determination of conserved secondary and even 
tertiary structures, and comparisons of protein structure have led to 
classifications of familias of protein folds. We take this approach in a mechanistic 
direction, comparing protein and RNA enzymes. 

The more recently discovered RNA enzymes, or ribzoymes, provide a distinct 
perspective on long-standing questions of biological catalysis. The differences 
observad between RNA and protein enzymes have taught us about aspects of 
RNA and proteins that are distinct, whereas the common features have helped us 
understand the aspects that are fundamental to biological catalysis. RNA 
enzymes, like protein enzymes, are able to use binding interactions away from 
the site of chemical transformation to facilitate that transformation by posilioning 
substratas and catalytic functional groups and by electrostatic ground state 
destabilization. These observations allow the concept of 'intrinsic binding 
energy', put forth by Jencks, to be extended to RNA enzymes, generalized and 
strengthened . 

RNA enzymes appear lo be highly amenable to energet ic dissection of function. 
These analyses have general implications for understanding the role of 
enzyme•substrate interactions in catalysis and for understanding the evolution of 
catalysts . 

The above results wilt be placed in a conceptual framework for enzymatic 
catalysis. This framework will further be usad to analyze catalytic contributions 
trom enzymatic groups that interact at the site of bond transformation. lt is 
suggested that the enzymatic environment can enhance the ability of hydrogen 
bonds to preferentially stabilize the transition state, thereby providing ratc 
enhancement relative to the corresponding solution reaction. 
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METAL IONS, PHOSPHOROTHIOATES, ANO THE HAMMERHEAD 
RIBOZ\'ME 
O. C. Uhlenbeck, Unlverslty of Colorado, Depaxtrnent of Chemistry and 
BiOChemistry, Boulder, Colorado 80309-0215 USA 

When divalent metal ioru; interact with the harrunerhead rlbozyme, it !s 

usefuJ to dlstinguish at least three types of binding: (1) purel y electrosta tic 

interactions, which can be replaced by monovalent catlons, (2) sites of specific 

binding needed for proper folding of the RNA, and (3) sites of speclfic bind ing 

needed for the catalytic mechanism. The X-ray cry¡¡tal structures of severa! 

hammerheads performed. at high lonlc strengths reveal a nwnber of divalent 

metal ions . O..U goal is to develop solution methods to locate functionally 

important divalent metal ion binding si tes and to relate them to the crystal 

structure. 

Three topics will be discussed.: (1) The !nhibition of the hammerhead 

ribozyme by 1b3+. (2) The results of systematic single lsomer substitution of 

phosphoromonothioates in the hammerhead ribozyrne with an emphasis on the 

divalent metal ion specificity of cleavage. (3) The properties of hammerhead 

cleavage with a phosphorodithioate at the cleavage si te . 

Pan, T., Long, O M. & Uhlcnbcdc., O.C. (1993) Divalent metallons in RNA folding 
and catalysis. In The RNA Warld (Gesteland, R & Atkins, J., ed) pp. 271-302, Cold 

Spring Harbar Laboratory Press, Cold Spring Harbar, New York 
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the internal equilibrium of the hammerhead ribozyme. Bíochemístry 34, 14435-
14440. 
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ENZYMES AND ABZYMES. Stephen J. Benkovic, The Pennsylvania State 
University, Department ofChemistry, University Park, PA 16802 

The development of increasing interactions between the catalytic residues of an 
enzyme and bound substrate follows from the requirement to dirninish the free energy 
difference between the ground and transition state ofthe bound substrate. This 
inference implicates conformational changes in the catalyst throughout the turnover 
cycle. Since transition states have life times on the order of 10"13-10" 14 sec., one may 
imagine elements ofthe catalyst having matching frequencies not only on this time 
scale but possibly other frequencies associated with steps in the tumover cycle. 

Using dihydrofolate reductase as a paradigm beca use of the wealth of structural and 
kinetic data available for the wild-type and mutant forms of the enzyme, we in 
collaboration with Peter Wrighi, have determined the dynamics at the ami de backbone 
ofthe wild-type enzyme·folate complex. After assignment ofthe resonances of >155 
ofthe 159 amino acid amides, the measurement oflongitudinal and transverse relation 
times by 1sN-H NMR found residues in the P-sheet and a.-helical structural 
surrounding the active site moving at frequencies in the millisecond to microsecond 
time range and residues in various loops resonating at frequencies on the nanosecond 
to picosecond time scale. Mutagenesis ofthese latter residues both proximal and 
distal to the active si te, resulted in striking reductions in the rate of hydride transfer as 
well as in the appearance of steps involving conformational changes not encountered 
in the kinetic scheme for the wild-type enzyme. One may speculate that there is a 
causal relationship between these motions and the path chosen to traverse the free 
energy surface for the reaction. 

The nature ofthe substrate, dihydrofolate, in the ground state E· S complexes was 
investigated by a Poisson-Boltzman treatment permitting the assignment ofthe 
electrostatic potential within the active site cavity. The more favorable electrostatic 
potential occurred when the enol form of the substrate was bound so that the active 
site carboxyl derived from Asp27 would be in a neutral form in the hydrophobic 
environment ofthis cavity. It appears that in this case the enzyme preorganizes the 
substrate into a configuration optimal for further reaction. 

lt is a useful and rewarding exercise to attempt catalyst construction not only for 
practica( purposes but for better understanding ofthe principies underlying catalysis. 
We have developed through a unique hapten designa catalytic antibody able to 
couple a variety of p-nitrophenyl ami no acid esters and a tryptophan ami de to form 
various dipeptides with all possible stereochemistries at Ca. This abzyme also 
catalyzes tri- and tetrapeptide formation and most recently the production of a four 
membered amino acid cyclic peptide. 
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EVOLUTION OF ENZYMES AND ANTIBODIES 

Donald Hilvert 
Departments of Chemistry and Molecular Biology, The Scripps Research Institute, 

10550 North Torrey Pines Road, La Jolla, California 92037 

Natural enzymes have evo! ved over millions of years by a process of Darwinian evolution. Multiple 

cycles of mutation, selection and amplification can also be exploited by scientists in the laboratory to 

create and characterize protein catalysts on a human time scale, providing access to macromolecules 

with tailored activities and selectivities. Recent progress in applying evolutionary approaches to the 

production, study and optimization of enzymes and antibodies with chorismate mutase activity will be 

discussed. 
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CONSTRUCTION OF HYBRID GlmS'S BE1WEEN E.coli AND Thermus 
thermoplrilus: A TOOL TO ENGINEER PROTEINS. 

A.Arraztio"'#, M.A.Badet-Denisot#, B.Badet# and J.Berenguer"'. 

*Centro de Biología Molecular "Severo Ochoa" . 
Departamento de Biología Molecular. 
Universidad Autónoma de Madrid-CSIC. 
28049 Madrid-SP AIN. 

#Institut de Chimie des Substances Naturelles. 
Centre National de la Recherche Scientifique. 
91198 Gif-sur-Yvette-FRANCE. 

GlmS (glucosamine synthase) from T.thermophilus and E.coli have previously been 
cloned and purified . These proteins consist of two domains (amino-terminal and 
carboxy-terminal), ea eh of them having independent catalytic and folding properties. A 
common restriction site in the coding genes between the two domains, which usage 
does not alter protein translation frame, was used to construct the hybrid proteins 
shown in this poster: GlmSNtCe (having amino-terminal domain from Thermus and 
carboxy-terminal domain from E.coli), and GlmSNeCt (having amino-terminal domain 
from E.coli and carboxy-terminal domain from Thermus) . 

To understand the interactions that lead to thermostability, the hybrid proteins wre 
overexpressed and characterised. Their catalytic activity was measured on the crude 
extracts at different temperatures, ranging from 30°C to 60°C The activity peak was 
reached at temperatures intermediate between the growth temperatures of the native 
organisms. Purification of both hybrids was carried out, and here we present sorne 
preliminary results about their biochemical properties. 

This represents a particular case of protein engineering, where constmction of hybrids 
to obtain novel proteins with the same enzymatic activity at different temperatures 
could pro ve to be useful for a variety of applications. 
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Long-distance Control in Stereoselective Reduction of 3-[3-(4'-Bromo [1,1 '

biphenyl]-4-yl)-3-keto-1-phenylpropyl]-4-hydroxy-2H-1-benzopyran-2-one; Relative 

Conf¡guration of Prevailing Diastereomer and Absolute Configuration of its 

Enantiomers 

A. Avdagié, Z. Hamer5ak, E. Ljubovié, A. Suste,V. Sunjié 

"Ruáer Boskovié" lnstitute, P.O.B. 1016, HR-IOOOilAgreb, Croalia 

Depend.ing on the reducing agent and reaction conditions diastereoselective 

reduction of 3-(3-( 4'-bromo[ 1,1 '-biphenyl]-4-yl)-3-keto-l-phenylpropyl]-4-hydroxy-2H-l

benzopyran-2-one (2) proceeds with different stereoselectivity; surprisingly high, ca 90% 

d. e. of 4A is achieved with NaBH. in MeOH at low temperature. Resulting diastereomeric 
racemates 4A and 48 are separated and their respective syn and anti configurations are 

assigned on the bases of mechanistic considerations, supported by the 'H-NMR spectra and 
conformational analysis based on MM2 calculations. The syn diastereomer 7 A. 4-0Me 
derivative of 4A, was partially resolved by acylation at C(3 )-OH with S-(-)-camphanic a cid 

to camphanyl ester 12 of (-)-7 A, leaving ( + )-enantiomer 7 A. The assigJUnent of absolute 
IS,3R-configuration to (-)-7A is based on comparisou ofits CD spectrum with those oftl1~ 

model compounds S-14 aud R-15, which represent partial chromophores 4-hydroxy-2H-I
benzopyran-2-one (4-hydroxycoumarin) A, and 4'-bromo-1 , 1'-biphenyl B; tl1cir excitone 

coupling is suggested. Preparation ofthe homochiral form of R-15 is completed by kinetic 

resolution catalysed by rnicrobiallipases. 
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REGIOSELECTIVITY OF THE 
TRANSGALACTOSYLATION CATALYZED BY (3-

GLYCOSIDASES. 
Esther Montero, Alfonso Fernández-Mayoralas, and L 
.layjer Cañada 
Inst. de Química Orgánica General., CSIC 
Juan de la Cierva 3, Madrid 28006. E-mail: IQOCV69@fresno.csic.es 

Retaining glycosidases are able to catalyze transglycosylation 
reactions when acceptors different from water are present in the reaction 
medium. We studied these processes using o-nitrophenyl (3-D
galactopyranoside as the donor. The acceptors used were: methyl (3-D
glucopyranoside that has primary and secondary hydroxyl groups and 
D-xylose or L-xylose that only contain secondary hydroxyl groups. 
Several (3-glycosidases of various sources were studied: j}-glactosidases 
from Lamb intestine (Lactase-phlorizin-hydrolase LPH), Bovine testes, 
Bovine liver, Aspergillus oryzae, Escherichia coli and Saccharomyces 
fragilis. and a (3-glucosidase from Streptomyces sp. (gift of Drs. E. 
Querol and J. Perez-Pons) In all cases, several regioisomeric 
disaccharides were obtained in variable ratios. Interestingly all the 
enzymes presented different regioselectivities indicating that the 
recognition of the acceptor appears to be different for each enzyme. The 
efficiency of the reaction (transglycosylation versus hydrolysis) was 
also compared in order to determine the potential use of these enzymes 
in the synthesis of disaccharides . In paticular (3-galactopyranosyl
xylopyranoses are interesting because all the regioisomers are substrates 
of intestinal LPH and could be used in the diagnosis of Lactase 
deficiency. 
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Baeyer-Villiger oxidation using Candida antarctica 

lipase. 

Zbjgniew CHALECKI. Beata PCHELKA, Mitjana GELO-PUJJC, 
Eryka GUIBE-.TAMPEL 
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BHcycr-Villiger ~:hemicHI oxidalion is catalyz.ed by hydroxyperacid 1 providing 

from lipHsc lransf\lrmation (H202 acceplor) of !Hclon 2. Thc hiotransfonnntion products 

(lactonc 2, hydroxyacid 3 and bis-lactonc 4) are cnantiomericnlly cnrichcd . 
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New formulae for folding catalysts make them 

multi-purpose enzymes 

Mireille MOUTIEZ, Régine GUTHAPFEL, Paul GUEGUEN, 

Jean-Baptiste CHARBONNIER and Eric QUEMENEUR* 

* to whom correspondence should be addressed 

CEA, Département d'Ingénierie et d'Etudes des Protéines, Saclay (France) 

Batirnent 152, C.E. Saclay 

F-91191 Gif-sur-Yvette (France) 

tel. (33)1-69.08.76.48 fax. (33)1-69.08.90.71 

e-rnail. eric.querneneur@cea.fr 

Abstract 

Whereas protein disulfide isornerase (PDI) and prolyl isornerase (PPI) are 

considered as efficient protein folding catalysts, very few large scale processes have 

made use of thern, due to econornical and technical lirnitations. Using imrnobilized 

enzyrne could permit a net cost decrease since post-refolding purification could be 

omitted and design of biochernical reactors envisionned. To overcorne the almost 

complete PDI inactivation during coupling process, we investigated two different 

reversible protections of its active site. Specific activity of irnmobilized PDI reached 

then 40-64% that of the soluble enzyrne. PPI lost rnost of its activity but was still 

active enough to be detected. An altemative strategy based on enzyrne biotinylation was 

also studied. Under appropriate conditions, PPI was fully active while 55-66% active 

PDI was obtained. Biotinylated enzyrnes· proved easy to be removed from refolding 

mixtures by a single step procedure. In addition to improving enzyme-assisted protein 

refolding processes, severa! other applications might be developped taking advantage of 

these new formulae of PDI and PPI. 
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Approach to the Synthesis of a hapten for a [1,7]-sigmatropic hydrogen 
shift 

Eva Codesldo, Maria Magdalena Cid and Luis Castedo 

Dt::parlaJnt::nlo lit:: Quírui<:li Or¡;áni.:a, Universillalle de Santiago de Cumpusu:la, 15706 Santiago de 
Cumpuslela anll Dc:partamc:nlu de: Química Purd e Aplicada , Univer.;idade de Vigo, 36200 Vigo. 

We are very inu:resu:d in the dcveloprncnt of eatAbs for the [1.7 J-sigmatropic hydrugen shift in a z. 
hcxatriene. Thc llesignell hapLens indullc an 8-rncrnbercd ring where a methylene group would mimic the 

i.n ·fiighl hyuru¡;en. 

[)uc to thc imponant biological equivalen! , previtD/viLD. we ha ve designed a hapten for such a rcaction 

re.,emhling Lhe ~ame skeletun. 

Bjulugiod J.uu.kl trnnsition stnrc analoguc 

~NH¡ 

{) 
P~ vno v•o OH 

We ha ve starl.t:d the synlhesis uf thc uansition state analogue hy the D ring, using vitD <:hemistry . •s 

shnwn helnw: 

~) i. swern oxid~tion; allylMgBr, TIW, -30C. 70% ; ii. TBDSCI, DMF. 9R%; iii . n-BuLi , THF. 

(CHO)n, ~5% . h) Red-Al, TIIP, I2 , 71%; e) Hecl:: conditions, ~O o/o. 
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S-171 76 Stockholm (Sweden) 

Antibody Catalyzed Cleavage of an Amide Bond Using an External 
Nucleophilic Co-Factor 

Monoclonal antibodies capable of cleaving an amide bond using phenol as an 
auxiliary nucleophile were generated. Two haptens were designed and 
synthesized which are structurally related but display different charged 
functionalities to induce complementary catalytic amioo acid residues in 
the antibody combining sites. These haptens were used as an immunogen pair 
in a heterologous immunization protocol, as well as individually in a 
homologous immunization protocol. One antibody from eacb immunization 
protocol was found to affect tbe bydrolysis of p-nitroanilioe propionate 
only in tbe presence ofpbenol. On tbe otber band, tbe rate oftbe 
uncatalysed reaction is unaffected by tbe addition ofpbenol. Antibody 
14-1 O whicb was generated by tbe beterologous immunization protocol was 
found to be the most efficient catalyst with kcat = 1.33 x 10-4 mio.1 

at pH 8.0. Its Michaelis Menten parameters were ~ = 136 ¡..tM for pbenol 
and ~ = 370 ¡..tM for p-nitro-aniline propionate. These results point to a 
new mode of catalysis for hydrolytic antibodies ; as well as, offer further 
suppmt to the power ofheterologous immunization in generating superior 
antibody catalysts. 
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ENZYMA1'1C REAC'fiONS UNDRR EXTREME CONDITJONS 

Mlrjano Gelo-Pujlc, Zbigniew Clw.Jeclci, Eryka Gui~-Jampcl, Amlré Loupy 

Laboratoirc de~ Réactlotl~ S61cctivcs sur Supporlll, lustitut de Chimie Moléeuluire d'Orsay, 

UA-CNRS 478, Université Puris-Sud, On;ay, Francc 

Enzymes are biocatalytic proteins which control ahno~t all hiological rcactions. Nowaduys, 

thcy w·e rccogni~t:d as u~cful calaly~ts for orgnnic synthc~is lhat have vaJuable industri11l applications. 

Thc use of cnzymes has severa! ndvantages over chcmicul melhods: they are ~uhstrate, n'gio and 

stereosclcctivt:. In nature thcy function iu u mild conditions . The discovery of cnzymc activity in 

org11nic solvenl~ is of greul intcrcst us lhc suhstratcs ure highly soluble in non-a~ueous media, 

products are eusily rccovered, euzymes are more stable and U1c most importunl ts shifting thc 

equilibrium towurds syntl1csis. Moreovcr, lmdcr thcse almosl unhydrous conditions, thcy bccome 

c~tremly them1ostable. 
Ouc of the major limitntions of cnt.ymatic synthcsis is reversible nnlure of the rcactions which 

rcsult in low ratc~ and sclectivilies . A tochnique lo displace the cquilibrium toward thc desir~d 

uircction is to continously rcmove the co-pruducts like water or nlcohol(s) by azcotropic destilation, 

wurking under vacuum, ullding zcolites or l11c very rcccut tt:ehniqucs of u.~ing microwavc irmcliation. 

Microwaves comist in w1 t:lectromagnctic rndiation whose frcqucncy i~ imposed al 2450 MHz 

(l.= 12.2 cm) for industrial, scicntitic, m~dicinal and domeslic applicutions. Light polar molecules are 

stron¡¡ly intcracting with clcc\f(l!llagnctic fiel d. which is nu altemating curren! and cuuses lhc ch u n~~ s 

of orienlation al euch allcmation. Thcsc caractcristics allow intennolccul11r friclion >UJd .< uhscquenl 

dissipMion of cncrgy by heating in lhe corc . Conscgucntly. poiRr molecules will be vcry cfficiently 

heated and eliminatcd from reaction mi~turc . For lhe .~a fety r~asons, this kind of rcactions has tu he 

perforrncd in thc abscnce of urganic solvcnts and udoptcd lo tht: solvcnt-free proccdurcs . Enzymcs 

ha ve tu he supported, immobilized or dispcrsed on sol id suppot1s of udequatc pH. Thus only W~i!k 

interactions with microwaves will occur prescrving the enzyme, 011d only the suhstrate or product(s) 

will be hcatcd . Severaltypes of mineral suppons can be used likc cclile. aluminium oxide, 'ilica, etc . 

or difft:rcnl polymer, . Thc stability of thc biuclilalyst is funhcr increused by udsorption on a sol id 

carrier, which also fucililalcs its scparation from reaction mixture and reuse. Ncw lhem10stablc lipa.,es 

which have bccn developcd for application in laundry dctergcnts tolerntc well thesc condit iuns. 

Anolhcr group of hydrolu.~es which can be applicd in dry mcdium undcr microwavcs w·e glycosida ses 

isolatcd from thermophilic microorganisms . 
We hu ve studied the csterilication und (lrans)glycosidation of sorne mono and disacchurides 

(S~ heme) under microwave irrúdialion and comp:u·cd them with cla.ssical hcnting conditions in tenns 

of yields, rcaction rates nnd purities nf thc proclucls. Fatty ncid e~tcrs of cnrhohydrat~s as wcll HS 

glycosides are of intcrest as biodcgraduhle nouionic emulsifyiug ugents and delcrgcnts. Tbey al so 

exhibit antimicrohial activity. En;,ymcs ore uble lo introduce regioselectively thc functional ilics into 

carhohydrates withoutusc of proteclion-dcprotection tcchniques. 
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Noumcrous support.~ and differcnl methods for enzymc fixation werc lested. The substratcs wcre co-imtnobili<t.Cd ~nd dried on different ways followed by addition offatty acld (estcriftcliUon) 01 dio! (transglycosidation). Reactions were pe1íormed in dry medium without solvent in a snonomode reuctor wilh focused microwuvcs. Thcy wcre short.er then thosc performed by classlcal hcating, products WCI'e mo¡-e pure as thcy wcre shortcr time ul high lcmperature, biocatalilical Rystcm wus successfully reuscd. 
The advantages of enzymatic catalysis in dry mcdium using immohilizcd cnzymcs or wholc cells couplcd with microwave activalion ovcr classical heatcd reactiuns will be di~ussed. 
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Crptal structur~ or catalytic antlbodtes 

Béatricc Oolinelli·Pimpancau, Jcan-Baptiste Cbarbonnicr, Bcnoit Gigam, Bemard Greco•, 
Jean-Picrre Ma!iyll, Maree! Knossow 
Laboratoire d'Enzymologie et de Biochimic Structurales, CNRS UMR 9920, Bat 34 avcnue 
de la Terrassc, 91190 GIF-sur-Yvctte, Francc 
Fax : 33 1 69 82 31 29 
#Laboratoire de Chimle et Biochimie Pharmacoiogiques el Toxicoiogiques. URA 400, 45,ruc 
des Saints·P~res, 75270 París Cedex 06, Fnmce 
*Department ofPharmaceutical Chemistry, Thc Hebrew University School of Pharmacy, 
Jerusalem 91120, lsrai!l 

Since 1986, catalytic antibodies have bccn obtained us a resuit of the immune response 

agninst the transition state analogs uf various reactions. Thc crystal structurc of the ligandcd 

antibody brings fundamental informutions on the mechanism of action of thc~e antibodies as 

weil as on the relation between the strueture of rhc hapten used to induce the synthcsis of 

catalytic antibodics and thc runinoacids presea! in the combioing site and implicated in the 

catalytic function of the antibody. We recentiy determincd the X-rny structure of antibodies 

with esterase activity (1) and havc shown that the muin mechanism of catalysis is the 

stabilisation of the transition state of the rciiCtion. Wc shown the poor diversity of the immune 

system in the ami no acids in volved in the catalysis of u family of antibodies hydrolysing a p

nitro-benzyle ester and generated against the samc hapten. 

In urder to gain a broadcr insight on tbc structure of cataiytic antibodies we are now in volved 

in a new approach : cutalytic antibodies mimicking cofactor enzymcs. These antibodies are· 

designed cithcr to bring into clase proximity thc ca factor and the substratc or to bind tightly 

thc cofactor to cnhancc iL~ reactivity, A target of choice for antibody-cofactor catalysis was 

the modclling of heme proteins such as peroxidascs which cat:tlyze the oxidation of vnrious 

substrates by hydrogen pcroxide and alkylperoxides. We obtaincd crystals of an antibody 

induced against an iron-porphyrin which increases thc reuctivity of the cofactor and protects it 

from degradation allowing it to achievc at least 1000 cycles (2) . We havc coilectcd data at 

2.8 Á resolution of the cryslll] infiltratcd with the ca factor and are now solving thc strueture 

by molecular rcplacemcnt. 

1 B. Golinelli-Pimpaneau et al. (1994), Structure, 2. 175-183; Charbonnicr ct al. P.N.A.S. 
(1995), 22.. 11721-11725; Charbonnier ct al. (1997), Science, in press. 
2 Quilcz et al. (1996), F.E.B.S. Lettcrs, 392.73-76. 
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ENzyMATIC SYNTHFSIS OF POTENTIAL ANTIPSYCHOTIC AGENlS 

N. Lobo, M.P. Bosch and A. Guerrero 
Department of Biological Organic Chemistry, C.I.D. (CSIC) 

Jordi Girona 18-26, 08034-Barce/ona, Spain 

Antipsychotic activity of neuroleptics is exerted by blockade of cerebral dopamine 
(DA) receptors [1] . However, many dopamine antagonists are also responsible for serious 
extrapyrarnidal side effects. Therefore, other neuroleptics containing the 1-(pyrimidin-2-
yl)piperazine pharmacophore have been synthesized to avoid such side effects [2]. In this 
context and in our ongoing program directed to the enzyme-mediated synthesis of 
pharmacologically active compounds, we present the preparation of both enantiomers of a-( 4-
fluorophenyl)-4-(2-pyrimidinyl)-1-piperazinebutanol (1 ), a non-fluorinated analogue of BMS • 
181 100, potent antipsychotic agent in vivo with no DA receptor interaction (2], and a-( 4-
fluorophenyl)-4-methyl-1-piperidinebutanol (2) (FG 5155) (3], a metabolite of melperone, 
known butyrophenone derivative with a wide spectrum of neuroleptic properties. The 
enantiomers of both compounds have been obtained by two ways, i.e. through enzymatic 
resolution of a-( 4-fluorophenyl)-4-chloro-1 -butanol (3) with lipases followed by reaction with 
the appropriate piperazine derivative, and by lipase-mediated resolution of the corresponding 
racemic compounds 1 and 2. 

(1) 

(2) 

OH 

~CI 

F 

(3) 

[1] Carlsson, A.; Lindqvist, M. Acta Pharm. Toxico/. 1963, 20, 140-144. 
[2] Yevich, J.P.; New, 1.S.; Lobeck, W.G.; Dextraze, P.; Bemstein, E.; Taylor, D.P.; Yocca, 
F.D.; Eison, M.S .; Temple, D.L.Jr. J. Med. Chem . 1992, 35,4516-4525. 
[3] Wiesel, F.-A.; Bjerkenstedt, L.; Skett, P. Acta Pharm. Toxico/. 1978, 43, 129-136. 
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A T All...OR-MADE CAT AL YST FOR THE DIELS-ALDER REACfiON 

Xiao-Chuan Liu and Klaus Mosbach 

Department of Pure and Applied Biochemistry, Chemical Center, 

Box 124, 22100 Lund, Sweden 

Abstract 

The molecular imprinting technology (MIT) has been developed rapidly in very 

recent years and shown considerable potential for applications in chromatography, artificial 

antibody andas mimetic sensor. One of the most attractive goals of MIT would be to create 

catalytically active polymers. In this paper, a tailor-made catalytically active polymer 

catalyzing the bimolecular Diels-Alder reaction is desc ribed. The strategy followed was the 

use of a transition state analogue asan imprinting templare, similar to the strategy used 

success fully for catalytic antibodies, toe reate spec ific cavities described as "entropy traps" . 

Kinetic studies carried out in acetonitrile at 82 oc, show a rate acceleration (Kcat/Kuncat) of 

270 fold for the Diels-Aider reaction between tetrachlorothiophene and maleic anhydride. 

The imprinted polymer has an apparent Km of 42.5 mM andan apparent Kcat of 3.82 x 

1 Q·2 min·l, respectively. Substrate selectivity studies showed the imprinted polymer had 

much higher affinities for the print molecules and reactants than the control polymer. 

Frontal chromatography was performed to determine binding si tcs and the di ssociation 

consl<lnt for print molecules. Inhibition studies showcd whcn the print molcculcs were 

acldcd as inhibitors, the rcactivity dccrcascd substantially for the imprintcd polymer; 

whercas for the control polymer there is little innuencc. 
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llse of oligonuclcotidir probcs to isolate dedransucrasc cncoding genes 
from J.euconostoc me.\·enteroides NRRL B-1299.-

MONCHOIS, V., WJLLEMOT, R. W., REMAUO-SIMEON, M. & MONSAN. P. 
Ccn\rc de Bioingénicric Gilbcr1 [)urand, UMR CNkS 5504, LA INRA, INSi\, Compbc Scicntifiqt1c de 
Rangucll, 31077 Toulousc ccd~:J<, Francc. 

Glucosyltransferases from various strains of /.cuconosloc mescntcroidc~' are 
extracellular enzymes that catalysc thc transfer of 0-glucopyranosyl units from su~rosc 
onlo acceptor molcculcs. Two diffcrent products can be ohtained : (i) a high molt:;cular 
wcight polysacch~tridt: or (ii) low molecular wcight oligosaccharides when effi~ienl 
aer.:cpton;, like maltose, are added lo thc reaetion medium. Since the slruc.lure of dc*lran 
and oligosaccharidcs is highly dependen! on dextransucrasc producing strain, we iniuated 
a study of the ¡;lructurc of thcse enz.ymes, in order to elucidate thc structurelfun~tion 
relalionships of thcsc glucosyltransferases. 
As R. c:oli growth eonditions were not compatible with 11n t:f1icient scree11ing 011 ac(ivity 
and because al! glucosyltransfcrascs of which genes have been alrcady cloncd sl)arcd 
numerous conservc.d domains, scrt:t:ning at nucleotidic lcvcl WRs prcfcrred. 
Oligonuclcotidcs were dt:signed upon interna! conscrved scquences or upon conserved 
scql,lcncc in glucosyltransrerases signa] pcptidcs. After PCR reactio11 011 L 1/Jc.\enteroides 
NRRL B-1299 genomic DNJ\ using thcsc different primers, probes werc obtaincd, and 
used to isolate parts of dextransucrase genes. ln fact, two difl'erent dex\ransucrase 
eneoding genes wcrc isoiRtcd . This allowed lo isolatc R novel en1.yme fro1~1 / .. 
me~enteroides NRRT. R-1299 producing only a(l-6) and u{l-3) linkages and being the 
firsl glucosyltransferasc dcscribcd having no signal peptide. 
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Studies on Carbon-Carbon Bond Hydrolyzing Eozymes 

Diana Pokomyl, Walter Steinerl, Douglas W Ribbonsl, 2 

lfnsfltute of Biotechnology and 2Jnstitu/e of Organic Chemistry, Grm University Jj 
Technology, Petersgasse 12, A-8010 Graz. Austria 

Enzymes that hydrolyze carbonyl substrates such as esters and amides have been used f)r 

centuries, just as those for the hemiacetals of combined saccharides . Their essential role in 

organic chemistry for structure detennination of natural polymers is well documented 

Hydrolysis occurs between carbon and hetero-atom bonds lntercst in these enzymes br 

regio- and stercosclcctive synthesis has developcd enormously over the last 2-3 dc::cadc:s . 

Many are produced and used in pharmaccutlcal, agro -chemical, commodity chemical 

mdustric s. In contrast C-C bond hydrolases exemplified by ¡3 -ketolases ha ve been neglect ~d 

for biodegraditive and synthetic purposes, yer are very comrnon enzymes for potential 

exploration. We now describe an acetopyruvate hyd rolase from Pseudomonas putida which 

catalyses the hydrolysis of the C3-C4 bond to give aceta.te and pyruvate . The enzyme is 

1nducc:d during growth on orcinol and has been purified to a homogenous protein The 

enzyme action has been followed by lH-NMR and compkte kinetic and stoicheiomc:tric 

re lnt ionships ofthe hydrolysis are revcalcd with si ngle reacti on mixtures 
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Studies ofthe citric acid production by 2-deoxyglucose

resistant mutant strain of Aspergillus niger using cellulose 

hydrolysate substrate 

Somsak Sarangbin 1, Yuwadee Watanapokasin2
, Kohtaro Kirimura3 

and Shoji Usame 

1Departrnent of Biochemistry, Faculty of Science, Khon Kaen University, 

Khon Kaen 40002, Thailand. 
2Departrnent of Biochemistry, Faculty of Medicine, Srinakarintrawirot 

University, Sukhumvit 23, Bangkok 10110, Thailand. 
3Departrnent of Applied Chemistry, School of Science and Engineering, 

Waseda University, Tokyo 169, Japan. 
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Abstract 

Cellulose hydrolysate was prepared from cellulose powder by 

Meicelase, a commercial cellulolytic enzyme of Trichoderma viride, in 50 

mM acetate or citrate buffer pH 4.5 at 40 °C. After 72 h incubation, 

approximately 65% of cellulose powder was hydrolyzed and converted 

into mainly glucose with a little of cellobiose. Base on the reducing sugar, 

the yield of citric acid produced was maximally 39% by both Aspergillus 

niger Y ang no.2 and C 192, a wild type strain and a 2-deoxyglucose

resistant mutant strain, respectively, in semi-solid culture using bagasse as 

a carrier. Since high level of citric acid production could be obtained at 

the high sugar concentration, therefore cellulose hydrolysate was 

concentrated to 150 g/1 of the reducing sugars by rotary evaporator. In 

addition, the types of hydrolysis buffer were shown to affect citric acid 

production by Y ang no.2 and C 192. Sin ce aceta te buffer seemed to del ay 

citric acid production of A. niger, to shorten the time for production, 

citrate buffer was used instead. Cellulose powder was hydrolyzed in 50 

mM citrate buffer and the concentrated cellulose hydrolysate containing 

150 g/1 ofreducing sugars was prepared. When cultivated in a semi-solid 

culture with the concentrated hydrolysate, within 3d Yang no.2 and C192 

produced 90.5 g/1 and 105 .5 g/1 of citric acid, respectively. It is of interest 

that e 192 exhibited enhanced ~-glucosidase production during the en tire 

cultivation periods in comparison with that Yang no.2. 
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Disease. 
Organizers: B. Frangione and J. Ávila. 

*15 Workshop on Signal Transduction by 
Growth Factor Receptors with Tyro
sine Kinase Activity. 
Organizers: J. M. Mato and A. Ullrich. 

16 Workshop on lntra- and Extra-Cellular 
Signalling in Hematopoiesis. 
Organizers: E. Donnall Thomas and A. 
Grañena. 

*17 Workshop on Cell Recognition During 
Neuronal Development. 
Organizers: C. S. Goodman and F. 
Jiménez. 
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18 Workshop on Molecular Mechanisms 

of Macrophage Activation. 
Organizers: C. Nathan and A. Celada. 

19 Workshop on Viral Evasion of Host 

Defense Mechanisms. 
Organizers : M. B. Mathews and M. 
Esteban. 

'20 Workshop on Genomic Fingerprinting. 
Organizers: M. McCielland and X. Estivill. 

21 Workshop on DNA-Drug lnteractions. 
Organizers: K. R. Fox and J . Portugal. 

' 22 Workshop on Molecular Bases of Ion 

Channel Function. 
Organizers: R. W. Aldrich and J . López

Bameo. 

'23 Workshop on Molecular Biology and 

Ecology of Gene Transfer and Propa

gation Promoted by Plasmids. 
Organizers : C. M. Thomas, E. M. H. 

Willington, M. Espinosa and R. Díaz 
Orejas. 

'24 Workshop on Deterioration, Stability 
and Regeneration of the Brain During 
Normal Aging. 
Organizers: P. D. Coleman, F. Mora and 
M. Nieto-Sampedro. 

25 Workshop on Genetic Recombination 
and Detective lnterfering Particles in 

ANA Viruses. 
Organizers: J . J . Bujarski, S. Schlesinger 

and J . Romero. 

26 Workshop on Cellular lnteractions in 
the Early Development of the Nervous 
System of Drosophila. 
Organizers: J. Modolell and P. Simpson. 

• 27 Workshop on Ras, Differentiation and 

Development. 
Organizers: J. Downward, E. Santos and 
D. Martín-Zanca. 

28 Workshop on Human and Experi
mental Skin Carcinogenesis. 
Organizers: A. J. P. Klein-Szanto and M. 

Quintanilla. 

• 29 Workshop on the Biochemistry and 
Regulation of Programmed Cell Death. 
Organizers: J . A. Cidlowski, R. H. Horvitz, 
A. López-Rivas and C. Martínez-A. 

•.30 Workshop on Resistance to Viral 

lnfection. 
Organizers: L. Enjuanes and M. M. C. 
Lai. 

31 Workshop on Roles of Growth and 
Cell Survival Factors in Vertebrate 

Development. 
Organizers: M. C. Raff and F. de Pablo. 

32 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín, M. Beato andA. P. 

Wolffe. 

33 Workshop on Molecular Mechanisms 

of Synaptic Function. 
Organizers: J. Lerma and P. H. Seeburg. 

34 Workshop on Computational Approa

ches in the Analysis and Engineering 

of Proteins. 
Organizers: F. S. Avilés, M. Billeter and 
E. Querol. 

35 Workshop on Signal Transduction 

Pathways Essential for Yeast Morpho
genesis and Celllntegrity. 
Organizers: M. Snyder and C. Nombela. 

36 Workshop on Flower Development. 
Organizers: E. Coen, Zs. Schwarz
Sommer and J . P. Beltrán. 

37 Workshop on Cellular and Molecular 
Mechanism in Behaviour. 
Organizers : M. Heisenberg and A. 

Ferrús. 

38 Workshop on lmmunodeficiencies of 
Genetic Origin. 
Organizers: A. Fischer and A. Arnaiz

Villena. 

39 Workshop on Molecular Basis for 
Biodegradation of Pollutants. 
Organizers : K. N. Timmis and J . L. 

Ramos. 

40 Workshop on Nuclear Oncogenes and 
Transcription Factors in Hemato

poietic Cells. 
Organizers: J . León and R. Eisenman. 
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41 Workshop on Three-Dimensional 
Structure of Biological Macromole
cules. 
Organizers: T. L Blundell , M. Martínez
Ripoll , M. Rico and J. M. Mato. 

42 Workshop on Structure, Function and 
Controls in Microbial Division. 
Organizers: M. Vicente, L. Rothfield and J. 
A. Ayala. 

43 Workshop on Molecular Biology and 
Pathophysiology of Nitric Oxide. 
Organizers: S. Lamas and T. Michel. 

44 Workshop on Selective Gene Activa
tion by Cell T.ype Specific Transcription 
Factors. 
Organizers: M. Karin, R. Di Lauro, P. 
Santisteban and J. L. Castrillo. 

45 Workshop on NK Cell Receptors and 
Recognition of the Major Histo
compatibility Complex Antigens. 
Organizers: J. Strominger, L. Moretta and 
M. López-Botet. 

46 Workshop on Molecular Mechanisms 
lnvolved in Epithelial Cell Differentiation. 
Organizers: H. Beug, A. Zweibaum and F. 
X. Real. 

47 Workshop on Switching Transcription 
in Development. 
Organizers: B. Lewin , M. Beato and J . 
Modolell. 

48 Workshop on G-Proteins: Structural 
Features and Their lnvolvement in the 
Regulation of Cell Growth. 
Organizers: B. F. C. Clark and J. C. Lacal. 

49 Workshop on Transcriptional Regula
tion at a Distance. 
Organizers: W. Schaffner, V. de Lorenzo 
and J. Pérez-Martín. 

50 Workshop on From Transcript to 
Protein: mANA Processing, Transport 
and Translation. 
Organizers: l. W. Mattaj, J. Ortín and J . 
Valcárcel. 

Out of Stock. 

51 Workshop on Mechanisms of Ex
pression and Function of MHC Class 11 
Molecules. 
Organizers: B. Mach and A. Celada. 

52 Workshop on Enzymology of DNA
Strand Transfer Mechanisms. 
Organizers: E. Lanka and F. de la Cruz. 

53 Workshop on Vascular Endothelium 
and Regulation of Leukocyte Traffic. 
Organizers: T. A. Springer and M. O. de 
Landázuri. 

54 Workshop on Cytokines in lnfectious 
Diseases. 
Organizers: A. Sher, M. Fresno and L. 
Rivas. 

55 Workshop on Molecular Biology of 
Skin and Skin Diseases. 
Organizers: D. R. Roop and J. L. Jorcano. 

56 Workshop on Programmed Cell Death 
in the Developing Nervous System. 
Organizers : R. W. Oppenheim, E. M. 
Johnson and J. X. Comella. 

57 Workshop on NF-KBIIKB Proteins. Their 
Role in Cell Growth, Differentiation and 
Development. 
Organizers: R. Bravo and P. S. Lazo. 

58 Workshop on Chromosome Behaviour: 
The Structure and Function of Tela
meres and Centromeres. 
Organizers: B. J . Trask, C. Tyler-Smith, F. 
Azorín and A. Villasante. 

59 Workshop on ANA Viral Quasispecies. 
Organizers: S. Wain-Hobson, E. Domingo 
and C. López Galíndez. 

60 Workshop on Abscisic Acid Signal 
Transduction in Plants. 
Organizers : R. S. Quatrano and M. 
Pagés. 

61 Workshop on Oxygen Regulation of 
Ion Channels and Gene Expression. 
Organizers : E. K. Weir and J . López
Barneo. 

62 1996 Annual Report 

63 Workshop on TGF-~ Signalling in 
Development and Cell Cycle Control. 
Organizers: J. Massagué and C. Bemabéu. 
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The Centre for Intemational Meetings on Biology 

was created within the 

Instituto Juan March de Estudios e Investigaciones, 

a private foundation specialized in scientific activities 

which complements the cultural work 

of the Fundación Juan March. 

The Centre endeavours to actively and 

sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 

through the organization of Workshops, Lecture 

and Experimental Courses, Seminars, 

Symposia and the Juan March Lectures on Biology. 

From 1989 through 1996, a 
total of 96 meetings and 8 

Juan March Lecture Cycles, all 

dealing with a wide range of 

subjects of biological interest, 
were organized within the 

scope of the Centre. 



The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 10th through the 12th of March 1997, 
at the Instituto Juan March. 

All published articles are exact 
reproduction of author's text. 

There is a limited edition of 450 copies 
of this volume, available free of charge. 


