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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however
lished papers are no
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

BIOCATALYSIS AND BIOMIMETICS presents a cross section of recent 
advances in catalytic science and biotechnology. The chapters that follow 
will serve to illustrate how many of the key challenges in biotechnology 
can only be addressed by bringing together traditionally "separate" 
disciplines within chemistry and biology. 

A subtitle for this volume might read  "A View of Biotechnology 
Through the Eyes of a Catalysi
an all-encompassing view of chemical opportunities for biotechnology, 
nor will it cover the recombinant-DNA or monoclonal antibody methods 
normally associated with modern biotechnology. Many such reviews are 
already available. Rather, it is meant to focus on emerging enabling 
technologies at the interfaces of catalysis and biology that will provide 
new opportunities for the chemicals industries. Key aspects to be 
presented within this major theme of catalysis and biotechnology are 
biomimetics and hybrid catalysts, biocatalytic applications of computers 
and expert systems, enzyme solid-state structure and immobilization, 
enzyme structure-activity relationships, and the use of enzymes under 
novel conditions. 

The editors have been fortunate to have assembled contributions 
from world-class authorities in this field. We sincerely thank all who 
participated to make this not only a successful symposium, but an 
important contribution to the literature as well. We also thank the 
Biotechnology Secretariat for coordination of the symposium cluster on 
Biocatalysis and Biomimetics and the sponsoring Divisions of Petroleum 
Chemistry, Inc., and of Industrial and Engineering Chemistry, Inc. We 
greatly appreciate the contributions from Ε. I. du Pont de Nemours and 
Company, Monsanto Company, Eastman Kodak Company and B.P. 
America. The gracious support and understanding of our wives, Cindy 
Burrington and Molly Clark, and that of our families is most warmly 
acknowledged. 

J A M E S D. B U R R I N G T O N 
B . P . America Research 

and Development 
Cleveland, OH 44128 

November 11, 1988 

D O U G L A S S. C L A R K 
Department of Chemical 

Engineering 
University of California 
Berkeley, CA 94720 
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Introduction 

Biotechnology: Chemistry Is at the Heart of It 

by Mary L. Good 

Biotechnology is the stud
techniques to improve the value of such things as crops, livestock, and 
pharmaceuticals. It is the adaptation of living systems to produce higher 
value-added products and processes. Planned are applications in 
medicine and agriculture that were considered impossible only 15 years 
ago. They include: 

1. genetically altered bacteria for producing medicinals 

2. alfalfa engineered to produce valuable proteins 

3. livestock as factories for a human blood-clotting protein 

4. cleanup of industrial wastes by bacteria 

5. bacteria engineered as diagnostic tools 
Chemistry is at the core of this fantastic new science of 

biotechnology. Jacqueline K. Barton of Columbia University has said, 
"You may notice that neither the words 'chemical' nor 'molecular' is 
incorporated into 'biotechnology', but the heart of what I think is 
exciting about this area is indeed chemical." Biotechnology depends on 
our ability to manipulate chemical structure in biological systems on the 
molecular level. We are learning how the structures of large biological 
molecules determine their functions. By altering chemical structure, we 
are learning how to design molecular properties with increasing 
precision and predictability. 

We have also begun to understand that how well we manipulate these 
chemical structures may ultimately determine our nation's status in the 
global economy. 

xi 
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Several pharmaceutical and diagnostic products produced using 
recombinant DNA techniques are already on the market and more are 
on the way. It has been estimated that by the year 2000, the 
biotechnology market could reach $100 billion. The predictions are that 
high value-added specialty products are likely to appear first, followed by 
production of chemicals and feedstocks, and later, biomass conversion. 

The U.S. chemical industry has been quick to recognize the potential 
of this new technology and invest in it. Howard E. Simmons of DuPont 
tells us that his company spends one-third of its billion-dollar research 
budget for biotechnology-related research. In the company's Central 
Research & Development Department, for instance, half of the scientists 
working on biotechnology programs are chemists. Dow, Monsanto, 
American Cyanamid, and Eastman Kodak are a few of the other 
companies following suit

The U.S. lead in mos
challenged by West Germany, Great Britain, Switzerland, Sweden, and 
France, but most aggressively by Japan. In the United States, although 
large companies are forming or acquiring their own biotechnology 
divisions, the biotechnology development effort is led by small start-up 
firms that derive early technology from government-sponsored research 
at the universities. In Japan, large firms such as brewing companies with 
extensive bioprocess experience lead in biotechnology R&D. Their time 
scale for strategic planning is 10-15 years, a long-term view compared 
with the usual 3-5-year planning period in the United States. The 
National Science Foundation has concluded that the quality of 
biotechnology research performed in Japan matches that done in the 
West. 

A study commissioned by the U.S. Department of Commerce predicts 
that Japan will offer the United States stiff competition in biosensors for 
the medical market. According to the study, Japan already is 
competitive in cell culture technology; is now fourth in the world and 
gaining in protein engineering; and is scaling up its lagging effort in 
recombinant DNA technology. 

What is the role of the American Chemical Society? We have the 
capabilities and resources, and in terms of our charter an obligation, to 
make a positive contribution toward solving our nation's economic 
problems and to lead the chemical profession into new areas. 
Biotechnology will be one of the significant areas for the employment of 
chemists in the future and will greatly affect our standard of living. The 
establishment of this Biotechnology Secretariat, which presented its first 
technical program two years ago, is one proof of ACS* commitment. We 
have also: 
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1. presented a Select Conference on Advances in Biotechnology 
and Materials Science to many of those who make and interpret 
national science policy. 

2. considered launching a new journal in biotechnology. 

3. developed CA Selects in several areas of biotechnology. 

4. considered a definition for a new certified B.S. degree with 
an emphasis on biochemistry. 

These initiatives, because they have broken new ground, presented a 
challenge to the Society, one that we have met. Quite frankly, a driving 
force for change has been the recognition that many trained as chemists 
are already working in biotechnolog
initiatives in biotechnology will go through more easily. All we have to 
do is dream them up. 

Allied-Signal, Inc. 
Morristown, NJ 07960-1021 

October 19, 1988 
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Chapter 1 

Biocatalysis and Biomimetics 

New Options for Chemistry 

James D. Burrington 

B.P. America Research and Development, Cleveland, O H 44128 

As a dominant technology in the chemicals indust r ies , 
c a t a l y s i s provide
target for biotechnology
most e f f i c i e n t ca ta ly t ic systems known, their impact on 
the chemicals industry relative to tradi t ional catalysts 
is still small. Developments at the interface of biology 
and chemistry w i l l be key to overcoming the major 
b a r r i e r s to broad i n d u s t r i a l a p p l i c a t i o n of enzyme 
catalysis. 

The Impact of Catalysis 

The overwhelmingly dominant technology in c h e m i c a I s - r e I ated 
industries is catalysis. Commercial catalyt ic processes account for 
over half of a l l fuels production and for 60% of the 135 MM metric 
tons of organic chemicals produced annually in the U.S. In fact 20% 
of the nation's GNP can be at tr ibuted to c a t a l y t i c processes (1) . 
Thus, from a technical standpoint, advances in the chemicals industry 
are strongly linked to advances in catalysis . 

A key property of catalyt ic processes is se lect iv i ty . Catalysis 
has revolut ionized process chemistry by replacement of wasteful , 
unselective ( i .e . multiple-product-forming) reactions with e f f ic ient , 
selective ( i .e . one-product-dominating) ones. For example, selective 
cata ly t ic methanol carbonyI a t Îon (practiced by BP, BASF Monsanto, 
Eastman) has to a large extent substituted unselective non-catalyt ic 
η-butane oxidation (Celanese, and Union Carbide processes). 

Control of react iv i ty by cata lys is provides the capab i l i t y to 
shi f t to lower cost feedstocks. In the twentieth century, advances 
in catalysis have allowed the substitution of acetylene with o le f ins 
and subsequently with synthesis gas as primary feedstocks . For 
example, production of acry l ic ac id , t rad i t iona l ly produced by the 
Reppe process from acetylene and CO, has now been rep laced by 
cata ly t ic oxidation of propylene. The emergence of para f f ins , the 
hydrocarbon feedstock of the future, wil l depend on development of 
catalysts for selective alkane C-H activation (2). 

0097-6156/89/0392-0001$06.00/0 
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2 BIOCATALYSIS AND BIOMIMKTICS 

Cata lys is has also had a major impact on the funct ional and 
specia l ty chemicals businesses, providing lower cost routes and 
higher performance materials than would have otherwise been possible. 
Major examples are from polymer syntheses including Ζieg Ier-Natta, 
a n i o n i c , c a t i o n i c po lymer i za t ion p r o c e s s e s , fo r format ion of 
polyolef ins , ABS resins, polyesters and other synthetic mater ia ls . 
Future m a t e r i a l s areas inc lude high temperature c o m p o s i t e s , 
electronic materials and conducting organics. 

The role of catalysis in the petroleum industry has been equally 
revolutionary. Meta I-supported systems (e.g. of Topsoe and Shel l ) 
f o r c a t a l y t i c r e f o r m i n g , h y d r o d e s u l f u r i z a t i o n and 
h y d r o d e n i t r i f i c a t i o n , a l k y l a t i o n c a t a l y s t s and shape s e l e c t i v e 
systems (e.g. zeol i tes and p i l l a r e d clays) for c a t a l y t i c cracking 
(FCC) and production of gasol ine from methanol (Mobil MTG) a l l 
represent signif icant technical and commercial achievements. 

Thus, the impact of new technologies on the chemicals industries 
can be assessed to a larg
practice of catalysis . 

Nature's Catalysts 

At the molecular level, nature's catalysts, the enzymes (isolated or 
as microbial systems) provide tremendous rate increases over the 
corresponding uncatalyzed react ions and v i r t u a l l y quant i t a t i ve 
se lect iv i ty . The capability to both improve se lec t iv i ty to a single 
product and u t i l i ze alternate feedstocks is well documented (3-4). 

A major s e l e c t i v i t y advantage of b i o l o g i c a l c a t a l y s t s over 
t rad i t iona l systems includes the a b i l i t y to form s ing le products 
(chemical s e l e c t i v i t y ) as wel l as s i n g l e o p t i c a l isomers 
(stereoselectivity) . Speci f ic examples where biological routes are 
preferred commercially include fermentative processes for the amino 
acids monosodium glutamate (MSG), lysine, aspartic ac id , c i t r i c acid 
and phenylalanine (5). Many other chemicals have also been produced 
by fermentative processes (6). 

Enzymes also provide a potential means to u t i l i z e a l te rna te 
feedstocks which cannot be se lec t i ve ly act ivated by conventional 
catalysts, or to improve se lec t iv i ty over t radi t ional systems. For 
example, the hydroxylase enzymes convert paraff ins to alcohols with 
v i r t u a l l y 100% s e l e c t i v i t y , a reaction which has no analogue in 
t radi t ional cata lys is (7). The Nitto aery I o n i t r i I e to acrylamide 
process is an example o7 how b ioca ta lys is can improve s e l e c t i v i t y 
over traditional catalysis (8-10). 

Coaxing Nature to Work Harder 

The exciting technical opportunities in biocatalysis are tempered by 
the major barr iers to commercialization which s t i l l e x i s t . Most 
notably, these include low s t a b i l i t y of an expensive ca ta lys t , and 
the high separation and capital costs associated with low concentra
tions of reactants and products. 
These s ign i f icant barr iers are largely responsible for the lack of 
substantial commercial impact of enzyme and microbial ca ta lysts on 
the chemicals-related industries. High fructose corn syrup and amino 
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1. BURRINGTON New Options for Chemistry 3 

acids by fermentation remain the only s igni f icant chemicals produced 
by biotechnology and represent only a tiny f rac t ion of industr ia l 
chemicals output. 

Prospects 

Advances in the l i f e sc iences over the past 30 years have 
produced the new enabling technologies normally associa ted with 
modern biotechnology, namely genetic engineering and monoclonal 
antibody methods. While these w i l l sure ly be key to many new 
products, particularly in health care and agricultural markets, these 
methods alone are not l i k e l y to permit a major impact on the 
chemicals industries. 

Along with the development of these enabling biological methods, 
c a t a l y s i s and other technologies (such as computer modeling and 
expert systems) , which a l ready have a major i n f l u e n c e on the 
chemicals industries, hav
integrat ion of biotechnolog
represents a means to capture the technical advances across a number 
of chemicals-related d iscip l ines. 

For example, the importance of the complimentary r o l e s of 
surface, bulk and interfacial structure in heterogeneous c a t a l y s i s 
(11-13), a l s o i n d i c a t e s the need to address these i s s u e s in 
expI a i η i ng and predicting ca ta ly t i c behavior of enzyme systems as 
wel I . 

From this cross-d isc ip l inary approach a number of new enabling 
technologies are now emerging. The combination of b io log ica l and 
chemical c a t a l y s t s to produce hybrid c a t a l y s i s or "biomimetic" 
systems has shown some promise in capturing the high se lec t iv i ty of 
enzymes with the favorable processing character ist ics of t radi t ional 
catalysts (see D. Clark, R. H. Fish, R. DiCosimo contr ibutions, this 
publication). The growing body of information on structure/function 
r e l a t i o n s h i p s of enzymes is being a c c e l e r a t e d by advanced 
crystaIlographic methods and the use of computer modeling and expert 
systems (see G. A. Petsko, G. Klopman, W.A. Goddard contr ibut ions, 
th is p u b l i c a t i o n ) . New methods of enzymology, inc lud ing novel 
immobilization and reaction conditions (see T. A. Hatton, N . H e r r o n , 
R. S i p e h i a c o n t r i b u t i o n s , t h i s publication) have demonstrated 
the potential to improve c a t a l y t i c performance. 

These advances can co l lec t ive ly be viewed as the growing f i e l d 
of b i o c a t a l y s i s and biomimetics. Along with the b i o t e c h n i c a l 
developments, these provide another opt ion f o r e x p l o i t i n g the 
potent ia l of enzyme c a t a l y s i s in the chemicals i n d u s t r y . The 
fo l I owing chapters present representat ive examples of cur ren t 
advances in this emerging f i e l d . 
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Chapter 2 

Biomedical Science and Technology 

The Interdisciplinary Challenge 

Paul B. Weisz 

Departments of Chemical Engineering and Bioengineering, University 
of Pennsylvania, Philadelphia, PA 19104-8393 

Interdisciplinary bridges across chemistry, 
chemical engineering science and medicine are 
compelling challenges
insights and solutions
the l i f e sciences and technologies. An 
analysis of the molecular spectrum identifies 
some trends, basic phenomena and skills 
involved, and examples of basic focal points 
for the joining of existing but largely 
segregated s k i l l s . 

I n t e r d i s c i p l i n a r y Research - Vogue or R e a l i t y ? 

" I n t e r d i s c i p l i n a r y " i s a word used f r e q u e n t l y these days. 
Perhaps some of us t h i n k -or even hope- t h a t i t i s a vogue 
t h a t w i l l p a s s . I t i s a f a c t , however, t h a t o u r 
i n s t i t u t i o n s , communications and a c t i v i t i e s i n the s c i e n c e s 
have become i n c r e a s i n g l y s u b d i v i d e d i n t o " s p e c i a l t i e s " . As 
r e s e a r c h e r s , we g e n e r a l l y keep d r i l l i n g deep i n our own 
s p e c i a l t y p a r c e l s , w i t h b ut o c c a s i o n a l e x c u r s i o n s t o 
ad j a c e n t f i e l d s . Our i n s t i t u t i o n s ( o r g a n i z a t i o n a l u n i t s , 
d e p a r t m e n t s , c o u r s e s t r u c t u r e s , j o u r n a l s , f u n d i n g 
o r g a n i z a t i o n s , "peer" groups, etc.) are n e a t l y s u b d i v i d e d , 
c a t e g o r i z e d , o r g a n i z e d . A l l t h e s e f a c t o r s , by 
interdependence and mutual p e r p e t u a t i o n , mold the c h a r a c t e r 
o f e d u c a t i o n , a t t i t u d e s , p r o f e s s i o n a l language, and the 
o p p o r t u n i t i e s as w e l l as c o n s t r a i n t s i n the c h o i c e , t y p e 
and e x e c u t i o n o f r e s e a r c h , c a r e e r , t h e s t r u c t u r e o f 
knowledge, e t c . 

Perhaps the word " i n t e r d i s c i p l i n a r y " w i l l go away. 
But the concept w i l l not, because s o c i e t y needs i t . There 
i s a growing awareness t h a t r e a l problems i n our s o c i e t y 

NOTE: This chapter was presented as the plenary address of the symposium, Impact of Surface 
and Interfacial Structure on Enzyme Activity. 
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2. WEISZ Biomédical Science and Technology 7 

are not optimally served by the convenience (and comforts) 
of orderly compartmentation. We r e c a l l (1) a 197 9 meeting 
i n Princeton,attended by leading s c i e n t i s t s from diverse 
f i e l d s , i n c l u d i n g Nobel Laureates, i n which the keynote 
speaker, Ashly Montagu, observed that 

"The present degree of s p e c i a l i z a t i o n has r e s u l t e d i n 
a c o n d i t i o n of i n t e l l e c t u a l i s o l a t i o n i s m . This manifests 
i t s e l f i n .... i n a b i l i t y to see . . . relevance of content, 
methods and models of other ... d i s c i p l i n e s , existence of 
an inbred . . . philosophy . . . l a r g e l y i r r e l e v a n t to ... 
problems of modern l i f e . " 

Ten years before that, an observation, outspoken but 
humorously true, was that of E. Haskell (2.) (Connecticut 
Review, p. 84, A p r i l , 1969): 

"The m u l t i v e r s i t y has now become the modern tower of 
Babel, each of whose departmental language  les
understandable to member

The e v o l v i n g f i e l
technology appears to be one that recognizes from the 
outset t h a t i t must deal w i t h " r e a l " and " r e l e v a n t " 
problems of health, l i f e , and, l i t e r a l l y , w ith s u r v i v a l ; 
t h a t there i s l i t t l e time or value to engage i n moral 
debate over what i s "pure", b a s i c , or a p p l i e d research. 
Louis Pasteur, whom we could w e l l c a l l the f a t h e r of 
biomedical science and technology, stated nearly a century 
ago "There i s only one science: A basic science and i t s 
a p p l i c a t i o n . " 

As we address biomedical problems, as Pasteur d i d , we 
sur e l y deal with " r e a l " problems, "relevant" to so c i e t y , 
and we are forced thereby to look to the s k i l l s of a l l the 
d i s c i p l i n e s . I t i s s i g n i f i c a n t that many of these most 
important pieces of knowledge to be embraced and used e x i s t 
already at a quite basic l e v e l of the sciences, not buried 
i n great depths of sp e c i a l i z e d s o p h i s t i c a t i o n . 

In that s p i r i t , l e t us examine some very basic science 
concerning the nature and behavior of the molecules that 
are the actors i n a l l of l i f e . From whatever we touch to 
the mechanisms of l i f e i t s e l f , we deal with molecules and 
molecular processes. F i g u r e 1 d i s p l a y s molecules, 
molecular complexes, and molecular systems of our world, i n 
the order of t h e i r molecular weights (M.W.). From l e f t to 
r i g h t we have molecular e n t i t i e s of ever i n c r e a s i n g s i z e s 
and complexities. 
Molecular E n t i t i e s . Phenomena. S k i l l s 
Moving from simple gases, through i n o r g a n i c and organic 
compounds, somewhere we get to peptides, oligomers and to 
polymers, macromolecules l i k e proteins or polysaccharides; 
we move on to complexes or i n t e r a c t i n g systems of 
molecules, l i k e neurons or c e l l organelles; to systems of 
systems f l i k e c e l l s , organisms, organs, people, and 
s o c i e t i e s , each an associative, dynamic molecular system of 
ever i n c r e a s i n g order. Mathematically and a c t u a l l y , 
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Figure 1. Molecules and Molecular Systems. Their size (molecular 
weights); increasing complexity; the relevant, major 'location' 
of activity of traditional disciplines. 

d i v e r s i t y i n creases even more r a p i d l y than molecular 
weight. One of us, as a molecular system, would correspond 
to a M . W . of about 1 0 2 8 , and obviously, no two of us w i l l 
have the same "molecular weight". Of course, we have yet 
ignored the immense d i v e r s i t y of p o s s i b l e v a r i a n t s i n 
chemical composition and (e,g, isomeric) s t r u c t u r e , within 
any given molecular weight. 
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Under t h i s spectrum, I have indicated where the center 
of g r a v i t y , or focus of i n t e r e s t has been of a few of our 
named d i s c i p l i n e s . 

S t a r t i n g on the l e f t (Figure 1), chemistry has f i r s t 
d ealt with the realm of chemical (atomic) composition and 
s t r u c t u r e of molecules, and focused on r e a c t i v i t y of 
molecules (or i t s p a r t s ) , progressing from simple toward 
more complex structures. At the other end of the spectrum, 
m e d i c i n e has always d e a l t w i t h the vast b i o l o g i c a l 
complexity of people. 

E a r l y i n t h i s century, a few chemical and medical 
s c h o l a r s of a few u n i v e r s i t i e s i n Austria-Hungary and 
southern Germany crossed the co n s t r a i n t s of d i s c i p l i n a r y 
boundaries. I t l e d to the beginnings of biochemistry Q ) , 
to at l e a s t four Nobel P r i z e s (4.), and to vitamins. I t was 
a d e c i s i v e step toward b r i d g i n  th  betwee  th
r i g h t and the l e f t
chemical s k i l l s of compositio
b i o l o g i c a l e n t i t i e s of r e l a t i v e l y small t o f a i r molecular 
complexity, with a growing and, f i n a l l y , a major emphasis 
on the complexity of proteins. 

Molecular biology i s c e r t a i n l y a prominent outgrowth 
of that trend and d i s c i p l i n e , with i t ' s center of g r a v i t y 
h e a v i l y i n the realm of s t r u c t u r a l d e t a i l of protein s , and 
the s i g n i f i c a n c e and r e l a t i o n s h i p of that s o p h i s t i c a t i o n to 
i n f o r m a t i o n a l phenomena ( r e c o g n i t i o n , immune response, 
r e p l i c a t i o n , genetics, e t c ) . 

We face the challenge of i n c r e a s i n g l y b r i d g i n g the 
lar g e remaining gaps. We might say that we know many 
piece s , but we know too l i t t l e of how they e f f e c t the 
whole. What are some of the phenomena that are fundamental 
to a successful march across t h i s bridge? 

As we progress from l e f t t o r i g h t , we move from 
problems of composition, s t r u c t u r e and r e a c t i v i t y of 
compounds to those of the dynamics of i n t e r a c t i n g 
processes and process systems ; general l y we move from 
i n d i v i d u a l e n t i t i e s to systems, and these become d i r e c t e d 
to very s p e c i f i c missions to be achieved, with mandatory 
efficiency, and within the constraints of many phy s i c a l and 
chemical parameters a c t i n g upon the process system as a 
whole. 

During the l a s t few decades, the study of processing 
systems, t h e i r c o n s t r a i n t s , behavior and performance f o r 
s p e c i f i c missions has centered l a r g e l y i n the compartments 
of chemical engineering science. I t i s important to discard 
any image of 100 foot towers that may a r i s e at the word 
"engineering". Fortunately, the fundamentals of chemical 
engineering science are e q u a l l y a p p l i c a b l e t o chemical 
process systems of any dimension. 

Chemical Engineering and Bio-Medicine 
For example, chemical engineering science has evolved much 
basi c knowledge, q u a l i t a t i v e and q u a n t i t a t i v e guidelines 
f o r the understanding and design of porous, heterogeneous 
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c a t a l y s t s for chemical processes. They deal with c r i t e r i a 
that define how large the c a t a l y t i c materials or regions 
may be to support a desired conversion r a t e ; how t h a t 
r e l a t i o n s h i p depends on the concentration of the molecules 
undergoing conversion; how the s i z e and geometry of 
c a t a l y t i c regions can e f f e c t i v e l y accomplish a sequence of 
reactions, i n h i b i t i t , or side-track i t . 

A l l these c o n s i d e r a t i o n s are b a s i c and e q u a l l y 
a p p l i c a b l e to the broad v a r i e t y of biochemical r e a c t i o n 
systems. We can use them to determine the optimal s i z e of 
c a t a l y s t p a r t i c l e s i n a giant petroleum cracking process; 
but they have i n t e r d i s c i p l i n a r y , i . e . u n i v e r s a l 
a p p l i c a b i l i t y to any molecular process systems (X) 
i n c l u d i n g the biochemical transformation processes at the 
dimensions of organs, c e l l s , o r g a n e l l e s , and smaller 
molecular u n i t s . 

By way of an exampl
"chemical engineering
between the maximum allowable dimensions of the i n t r a 
c e l l u l a r enzymatic r e a c t i o n systems, or the minimum 
concentrations of metabolic intermediates they are to 
process, required to achieve c e r t a i n desired magnitudes of 
turnover numbers (££.) . At the time of t h i s p u b l i c a t i o n , 
a p p l y i n g chemical engineering science u s e f u l i n the 
chemical process industry to c e l l u l a r processes was an 
excursion with a very small audience, i n s p i t e of the 
u n i v e r s a l a p p l i c a b i l i t y of i t s c r i t e r i a . Only 
o c c a s i o n a l l y , the biochemist has a p p l i e d the concepts, 
often a f t e r independent e f f o r t s ; f o r example, Nevo and 
Rikmenspoel showed that such an "engineering" c r i t e r i o n 
l i n k s the optimal (and actual) physical length of the t a i l 
of spermatozoa f i r m l y to the concentration of the ATP 
generated at i t s base (6c). 

Today, chemical engineering science i s l o g i c a l l y able 
to apply i t s s k i l l s t o phenomena of the m o l e c u l a r 
processing systems c h a r a c t e r i s t i c of bio-medicine and to 
t h e i r "modelling" to develop rigoro us and q u a n t i t a t i v e 
foundations. The basic need for the bridges i n our spectrum 
of knowledge (Figure 1) to span the t e r r i t o r y of chemical 
systems, promises f r u i t f u l r e s u l t s from an i n c r e a s i n g 
p a r t n e r s h i p between the sciences of medicine, chemical 
engineering and chemistry. 

Quite i n l i n e w i t h the above quoted comment by 
H a s k e l l , such pa r t n e r s h i p w i l l mainly r e q u i r e courage, 
e f f o r t and patience to overcome a d i v i s i v e language 
b a r r i e r . I t i s , I believe, the only b a r r i e r that stands i n 
the way to a meeting of minds, and t o an e x p l o s i v e 
acceleration towards major insights and revelations. 

The d e t a i l e d i n t e r a c t i o n and dynamics of s e v e r a l 
molecular e n t i t i e s and parameters i n an e n t i r e process 
system., i s of c r u c i a l importance throughout biology and 
medicine. I t i s w e l l i l l u s t r a t e d by the b a t t l e of an army 
of macrophage, seeking, meeting and a n n i h i l a t i n g invading 
pathogens. A recent study of my chemical engineering and 
m e d i c a l c o l l e a g u e s (JL) i s another example of the 
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Figure 2. Bas i c r e l a t i o n s h i p s between maximum dimension o f 
b iochemica l apparatus (e .g . c e l l component), ach ievable turnover 
number, and c o n c e n t r a t i o n o f metabol ic intermediate to be 
processed (see r e f . 7 ) . 
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combination of "chemical e n g i n e e r i n g " m o d e l l i n g w i t h 
medical i n q u i r y (Si) . The success of the v i t a l process 
i n v o l v e s i n v a s i o n r a t e s , pathogen and macrophage 
concentrations, m o b i l i t y behavior e t c . . The r e s u l t s of 
t h e i r a n a l y s i s , sketched i n Figure 3, demonstrates the 
dramatic importance of the macrophage having a s l i g h t but 
c r i t i c a l chemotactic d i r e c t i v i t y superimposed on i t s 
general m o b i l i t y . Below that c r i t i c a l value, the required 
time of b a t t l e goes to i n f i n i t y , i . e . the war i s l o s t . 

By way of such i n s i g h t s , we can see how, l i k e 
d i f f u s i o n c o e f f i c i e n t s i n chemical technology, c e l l 
m o t i l i t y and chemotactic c o e f f i c i e n t s are becoming 
fundamental parameters with rigorous s i g n i f i c a n c e . Aided by 
a symbiosis between the s k i l l s of chemical process science 
and medicine, they are bound to become ro u t i n e l y accessible 
by experiment, as rigorou  d e s c r i p t i v  parameter  f o  b i o
medical research, an
purposes . 
Trends 

There are c u r r e n t l y at l e a s t three notable and important 
trends observable that work i n the d i r e c t i o n of narrowing 
the gaps between the simple and the complex molecular world 
we described i n Figure 1. 

One i s the i n c r e a s i n g number of demonstrations that 
some l e s s complicated chemical things on the l e f t can do 
some things best known i n the complex medical sector on the 
r i g h t . The best r e p r e s e n t a t i v e s of that t r e n d are the 
researches devoted to chemical mimics f o r molecular 
r e c o g n i t i o n or enzymatic a c t i o n . An example i s the 
demonstration by Myron Bender and co-workers (Ιΰ.) of b-
benzyme, a r e l a t i v e l y simple molecule p i c t u r e d i n Figure 
4A, as an e f f i c i e n t mimic of the enzyme chymotrypsin, a 
p r o t e i n containing 245 amino a c i d residues. The r e a c t i o n 
r a t e equals or exceeds that of the n a t u r a l enzyme. In 
a d d i t i o n , i t s s t a b i l i t y to denaturation i s superior over a 
vast range of pH conditions, as shown i n Figure 4B. 

There i s now a complementary trend q u i e t l y reaching 
from the complex r i g h t to the f a r l e f t of our working 
spectrum (Figure 1). The bulk of biochemical science has 
focused on the n u c l e i c acids and complex macromolecules, 
p r o t e i n s , DNA and RNA. The s k i l l s of sequencing and 
determination of ever i n c r e a s i n g s t r u c t u r a l d e t a i l have 
grown r a p i d l y . We have become accustomed to expect, as a 
matter of r o u t i n e , that a l l or most of such d e t a i l i s 
e s s e n t i a l f o r the f u n c t i o n i n g of any prominent b i o a c t i v e 
e n t i t y , such as growth factor or any other " f a c t o r " . 

Now, the word fragment i s beginning to make a dominant 
appearance. In d i v e r s e i n s t a n c e s , s m a l l e r molecular 
e n t i t i e s d e r i v e d from an i m p o r t a n t and complex 
macromolecule are found to have s i m i l a r b i o c h e m i c a l 
functions as the prominent parent, sometimes d i s p l a y i n g one 
of the parent's s e v e r a l ( d e s i r a b l e and undesirable) 
functions. 
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Figure 3. Clearance of Bacterial Attack by Macrophage on the 
Lung Surface. Success (represented by the time required for 
clearance/ the ordinate) depends c r i t i c a l l y on the coefficient 
of chemotactic motility (abscissa). I n i t i a l macrophage and 
bacterial densisities = 103 cm"2; random motility coeff. = 
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Figure 4. Enzyme mimic for chymotrypsin. (A) Structure and molecular 
weights. (Continued on next page.) 
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Figure 4. Continued. (B) Comparative reaction rates and stability to 
denaturation. 

In Biocatalysis and Biomimetics; Burrington, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



2. WEISZ Biomedical Science and Technology 15 

Soon a f t e r the d i s c o v e r i e s by J . Folkman and h i s 
a s s o c i a t e s , of the powerful r o l e heparin could play i n 
promoting tumor induced angiogenesis (11, 13) , and i t s 
dramatic c a p a b i l i t y , when combined with c e r t a i n s t e r o i d s , 
to i n h i b i t such angiogenesis and thereby a r r e s t tumor 
growth (12 f 13) r the modulating e f f e c t s of the complex, 
10,000 to 40,000 M.W. glycosaminoglycan, were shown to be 
obtainable from a fragment of but f i v e t o seven sugar 
u n i t s (12. 13) . S i m i l a r l y , the a n t i t h r o m b i c a c t i v i t y 
t r a d i t i o n a l l y associated uniquely with heparin was shown to 
be o b t a i n a b l e from a small ( f i v e t o seven glucose 
oligomeric) fragment of heparin (14,15.16). 

We have some fasci n a t i n g analogies i n animal and plant 
biology. We are f a m i l i a r with the release of biochemical 
f a c t o r s (growth f a c t o r s , glycosaminoglycans, etc.) that 
r e s u l t s from t i s s u
subsequent r e p a i r mechanisms
d e s t r u c t i o n of plant c e l l w a l l s also leads to important 
products. They are r e l a t i v e l y small o l i g o - s a c c h a r i d e 
fragments. They have important functions i n plant growth 
regulation and a n t i b i o t i c defense (12). 

Fragments of hyaluronic acid, i n contrast to the whole 
parent compound, have been reported to be promoting neo
v a s c u l a r i z a t i o n (18). Sub-fragments of myosin have been 
shown to be s u f f i c i e n t to cause movement of a c t i n filament 
(12.) · Nicotinamide and nicotinamide group c o n t a i n i n g 
f r a c t i o n s of a tumor derived ethanol extract were reported 
to have angiogenic a c t i v i t y and would represent the f i r s t 
non-proteinic low molecular weight molecules tumor derived 
growth factor (2SL) . 

A t h i r d t r e n d , now f o l l o w i n g the mushrooming 
di s c o v e r i e s of growth f a c t o r s , i s a phase of discovery of 
growth i n h i b i t o r s . This, i n t u r n , leads l o g i c a l l y t o a 
heightened awareness {ZL) t h a t the c o n d i t i o n f o r the 
normal, i . e . the non-pathological state, i s the achievement 
of balance i n a dynamic network of k i n e t i c s i n v o l v i n g a 
number of stimulating and i n h i b i t i n g molecular p a r t i c i p a n t s 
(factors) seeking to act upon one, perhaps more receptors. 
I t i s analogous, i f not equivalent to the systems of 
heterogeneous c a t a l y t i c chemistry, where receptors become 
s i t e s , s t i m u l a t i n g and i n h i b i t i n g factors become promoters 
and poisons, and the r o l e of more than one receptor i n the 
accomplishment of a task becomes known as p o l y f u n c t i o n a l 
c a t a l y s i s (!&) . 
Challenges 
In the f i r s t two trends, we recognize i n d i c a t i o n s of 
ripeness and f e r t i l i t y that awaits us i n exploring the gap 
between "simple" chemistry and "complex" medicine. The 
t h i r d observation re-emphasizes the important r o l e of 
e v o l v i n g rigorous k i n e t i c models which become e s s e n t i a l , 
f i r s t f o r "keeping track" of, and subsequently f o r "making 
sense" out of the many i n t e r a c t i v e events i n a 
multicomponent system, of promoters, i n h i b i t o r s , 
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protagonists and antagonists, i n the r e a l k i n e t i c systems 
of biomedical chemistry. I t underlines the future u t i l i t y 
of the l i n k i n g of s k i l l s between the biomedical and the 
chemical "engineering" sectors. 

Linkages progress i n many ways and instances. Many are 
catalyzed by ever widening c a p a b i l i t i e s of instrumental 
s k i l l s , e x e m p l i f i e d by the study and use of nuclear 
magnetic resonance techniques. The j o i n i n g of i n t e l l e c t u a l 
approaches and s k i l l s between d i s c i p l i n e s w i l l create major 
and basic advances such as to have multiple impacts on many 
branches of biomedical science. 

Angiogenesis i s an example of a basic process i n 
biomedicine: I t impacts on many aspects and branches of 
health and disease: Wound healing, ovulation and menstrual 
a c t i v i t y , inflammatory diseases i n c l u d i n g a r t h r i t i s , tumor 
growth and management  neovascular ophtamological diseases
p s o r i a s i s , to name a
where the b i o m e d i c a
r e s e a r c h e r can apply t h e i r r e s p e c t i v e s k i l l s f o r 
'modelling 1 to advance the understanding of behavior, 
balance, and control of complex k i n e t i c networks (and three 
i n t e r a c t i n g components already s u f f i c e t o produce a 
"complex" network!). Dr. J . Folkman and I w i l l report some 
re s u l t s from such a cooperation i n the following paper. 

I w i l l close with an example of where the pooling of 
knowledge from segregated d i s c i p l i n e s could be of great 
p o t e n t i a l importance: 

S i l i c o n and aluminum oxides and hydroxides are the 
most abundant compounds on our earth. They e x i s t i n rock, 
s o i l , the dust we breathe, and as components or t r a c e 
components i n j u s t about a l l we touch or consume. Over 
decades, they have made t h e i r appearance i n a number of 
segments of medicine such as f i b r o t i c diseases, tumor 
induc t i o n , Alzheimer's disease, and aluminum r e l a t e d bone 
diseases. Of these Alzheimer's disease i s perhaps one of 
the most serious diseases i n our s o c i e t y . Here a s t i l l 
mysterious r o l e of "aluminum" i s observed and acknowledged 
by many researchers. 

In t r a d i t i o n a l teaching of chemistry these oxides are 
considered among the stablest materials. On the other hand, 
i n another d i s c i p l i n e , namely i n modern c a t a l y t i c chemistry 
and technology, we know of and u t i l i z e the c a t a l y t i c 
c a p a b i l i t i e s of t r a c e amount of aluminum associated with 
s i l i c a (22.) · A major p o r t i o n of petro-chemical technology 
depends on these s i t e s ( r e c e p t o r s ) . Yet the p o t e n t i a l 
r e levance of t h a t e x t e n s i v e experience i n c a t a l y t i c 
chemistry of the rugged hydrocarbons, remains l a r g e l y 
unrecognized and segregated from the world of d e l i c a t e and 
diverse biochemical e n t i t i e s and processes. 
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Angiogenesis is
of capillary blood
angiogenesis is the basis to many diseases. 
Heparin administered together with certain 
steroids can inhibit angiogenesis. In 
investigations guided by a "simplest possible" 
chemical kinetic model for the interaction in 
the heparin/steroid/cell system, we 
demonstrate that low molecular weight 
molecules of minimal chemical complexity can 
take the function of heparin. A polysulfated 
seven membered cyclopyranose is shown to be 
nearly a hundred times more effective than 
heparin. 

We w i l l b r i e f l y d i s c u s s the meaning, r o l e and importance of 
a n g i o g e n e s i s , and r e p o r t r e c e n t p r o g r e s s c o n c e r n i n g 
a n g i o g e n e s i s i n h i b i t i o n , i d e n t i f y i n g chemical s t r u c t u r e s of 
minima l c o m p l e x i t y i n the r o l e o f h e p a r i n , but e q u a l l y or 
more e f f e c t i v e i n a n t i a n g i o g e n i c a c t i v i t y . 
A ngiogenesis 

In t h e a d u l t , new c a p i l l a r y b l o o d v e s s e l s are n o r m a l l y not 
formed except i n females, d u r i n g o v u l a t i o n , m e n s t r u a t i o n 
and pregnancy. Otherwise b l o o d v e s s e l s remain q u i e s c e n t . 
E n d o t h e l i a l c e l l s which c o n s t i t u t e the l i n i n g o f the v e s s e l s 
d i v i d e s l o w l y , i f a t a l l . T h e i r t u r n o v e r time may be as 
much as t e n y e a r s . By c o n t r a s t , o t h e r c e l l systems 
p r o l i f e r a t e r a p i d l y . For example, t h e r e are some 10 1 0 c e l l 
d i v i s i o n s p e r hour i n bone marrow, and t h e whole bone 
marrow mass i s r e p l a c e d i n some f i v e days. 

D u r i n g a n g i o g e n e s i s (1) , however, e n d o t h e l i a l c e l l s 
can change t h e i r r e s t i n g c o n d i t i o n i n t o r a p i d c e l l 
p r o l i f e r a t i o n w i t h s i m i l a r l y f a s t t u r n o v e r times of a few 
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days. Angiogenesis i s the phenomenon of inducing sprouting 
and p r o l i f e r a t i o n of e n d o t h e l i a l c e l l s from an e x i s t i n g 
vascular component, r e s u l t i n g i n the generation and growth 
of new c a p i l l a r i e s and vessels; see Figure 1 . 

Angiogenesis i s an a c t i v e , d e s i r a b l e and necessary 
phenomenon during healing processes a f t e r i n j u r y or a f t e r 
myocardial i n f a r c t i o n , i . e . a f t e r heart attack. On the 
other hand, there are more than f i f t y diseases i n which 
angiogenesis turns on abnormally, continues out of c o n t r o l , 
and causes d e v a s t a t i n g t i s s u e damage. T h e r e f o r e , 
angiogenesis i s a basic p h y s i o l o g i c a l process, with wide 
ranging consequences i n l i f e and biomedicine. 

For example, i n ophthamology, angiogenesis i s the most 
common, b a s i c p h y s i o l o g i c a l phenomenon t h a t causes 
b l i n d n e s s . The c a p a b i l i t y of adequate c o n t r o l of that 
condition would have enormously b e n e f i c i a l consequences  In 
another realm of medicine
angiogenesis by releas
i s becoming i n c r e a s i n g l y evident that progressive tumor 
growth and metastasis i s dependent on angiogenesis f o r i t s 
maintenance and growth, due to i t s dependence on the 
e n d o t h e l i a l network fo r nutrient transport (3 .4). In view 
of t h i s l i n k a g e of tumor c e l l and e n d o t h e l i a l c e l l 
p r o l i f e r a t i o n , s u c c e s s f u l agents f o r a n g i o g e n e s i s 
i n h i b i t i o n would impact importantly on oncology. Targeting 
the c o n t r o l of the e n d o t h e l i a l process, as compared to 
tumor c e l l biochemistry, o f f e r s an a t t r a c t i v e and general 
s t r a t e g y (5.) , e s p e c i a l l y s i n ce tumor species r e l e a s e 
d i f f e r e n t and often several angiogenic molecules. At l e a s t 
four angiogenic polypeptides have been analyzed f o r t h e i r 
complete amino a c i d sequence (4.) / but many more f a c t o r s 
e x i s t . 
I n h i b i t i o n of Angiogenesis 
I n h i b i t i o n of angiogenesis has been demonstrated to be 
p o s s i b l e by the unique, simultaneous a c t i o n of two 
compositions, a s t e r o i d of s p e c i f i c s t r u c t u r e and heparin 
( 6 . 7 . 8 . 9 ) . The s t e r o i d by i t s e l f has l i t t l e or no e f f e c t ; 
h e parin a l s o has no i n h i b i t i n g e f f e c t , and at some 
c o n c e n t r a t i o n s may promote a n g i o g e n e s i s . Only the 
simultaneous a p p l i c a t i o n of both agents can r e s u l t i n 
successful i n h i b i t i o n . 

Hydrocortisone has been used most f r e q u e n t l y i n 
studies of antiangiogenesis. In view of the w e l l known 
c l i n i c a l side e f f e c t s of hydrocortisone i t i s of i n t e r e s t 
that the a n g i o s t a t i c function can be separated from these 
other s t e r o i d a l a c t i v i t i e s by moving the 11-OH group from 
i t s b e t a - p o s i t i o n to the a l p h a - p o s i t i o n ( i . e . below the 
plane of the molecule), to produce 1 1-alpha e p i c o r t i s o l . 
Such variants of that s t e r o i d structure are now p o t e n t i a l l y 
a v a i l a b l e to serve as "angiostatic steroids" ( 7 . 8 . 9 ) . 

A n g i o g e n e s i s i n h i b i t i o n i s most c o n v e n i e n t l y 
demonstrated and measured i n the chick embryo bioassay (CAM 
assay, see further below). I t sets i n upon in t r o d u c t i o n of 
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about 10 μg of heparin (in 10 μΐ so l u t i o n , containing 50 
μg of hydrocortisone), f o r a "good" heparin or heparin 
f r a c t i o n . Increasing heparin concentration leads r a p i d l y to 
an optimal e f f e c t , followed by a decline. 

On the other hand, the a t t a i n a b l e effectiveness and 
usefulness of the heparin varies g r e a t l y with i t s source 
(6r10). I t i s usually manufactured from p i g i n t e s t i n e . The 
product i s a heterogeneous, polydisperse composition, i t s 
molecular weight i n a range from some 10,000 to 40 ,000, 
varying among manufacturers, and from batch to batch. 
F u rthermore, s t u d i e s w i t h h e p a r i n a d m i n i s t e r e d 
subcutaneously t o mice have shown t h a t heparin's 
an t i c o a g u l a n t a c t i v i t y i s s u f f i c i e n t l y c l o s e to i t s 
antiangiogenic dose requirement to r i s k bleeding as a 
serious side e f f e c t . 

In view of thes
been the only sourc
anti-angiogenic p a i r e f f e c t , and the general importance of 
achieving r e l i a b l e i n h i b i t i o n , we have examined p o t e n t i a l 
mechanisms and stru c t u r e s f o r an e f f e c t i v e a l t e r n a t i v e 
molecule. 
The "Simplest Model" Approach 
Heparin i s a material of the family of glycosaminoglycans. 
Heparins contain some 20 to 60 sugar units bearing many and 
various substituents (O-sulfate, N-sulfate, glucuronic, N-
a c e t y l , epimers of uronic a c i d residues) ( l l a r b r c) . The 
po l y i o n i c substituents render the molecule h y d r o p h i l i c and 
water soluble. 

A customary approach t o research concerning the 
b i o l o g i c a l a c t i v i t y of a macromolecule focuses on i t s very 
d e t a i l e d chemical structure. I f smaller portions of such a 
molecule e x h i b i t the desired a c t i v i t y , one can more 
e a s i l y duplicate i t s d e t a i l e d structure or vary and examine 
the s i g n i f i c a n c e of one or the other s t r u c t u r a l d e t a i l . 
Heparin fragments of 5 to 7 sugar units have indeed been 
shown to be active (£) . However, the str u c t u r a l / c h e m i c a l 
complexity i s s t i l l so larg e t h a t the c r e a t i o n of 
s t r u c t u r a l v a r i a n t s or duplicates by chemical synthesis 
requires an e x t r a o r d i n a r i l y large number of synthetic steps 
(11+11) . 

We have undertaken an approach d i f f e r e n t but f a m i l i a r 
i n s c i e n t i f i c system's ana l y s i s : I n i t i a l construction of a 
"simplest model" g e n e r a l l y c o n s i s t e n t w i t h observed 
behavior and current knowledge, i n terms of the smallest 
number of parameters and most b a s i c (elementary) 
properties; i n our case, the chemical system involves three 
p a r t i c i p a n t s , two molecular species and the c e l l . Adequacy 
of such "simplest" working model i s tested experimentally, 
f o r e i t h e r c o n f i r m a t i o n or added i n f o r m a t i o n f o r 
modification; but complexity i s added only as required. 

The n e c e s s i t y of simultaneous a c t i o n of the two 
molecular components suggests involvement of a bimolecular 
complex. While the saccharide i s h i g h l y h y d r o p h i l i c i n 
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nature, the anti-angiogenic s t e r o i d s , hydrocortisone or 
s t r u c t u r a l v a r i a n t s , are hydrophobic s t r u c t u r e s . (This 
s t i l l a p p l i e s to the bulk of the s t e r o i d s ' molecular 
s t r u c t u r e , even when water s o l u b i l i t y i s a t t a i n e d f o r 
pharmaceutical p r a c t i c e by i n t r o d u c t i o n of a c e t a t e , 
phosphate or other s i n g l e p o l a r group i n 2 1 - p o s i t i o n ) . 
S u p e r f i c i a l l y , t h i s d i f f e r e n c e may discourage the thought 
of mutual i n t e r a c t i o n . However, an o l i g o m e r i c chain of 
glucose r i n g s , can and w i l l a t t a i n a s p i r a l ( h e l i c a l ) 
c o n f i g u r a t i o n , e s p e c i a l l y with polar substituents d i r e c t e d 
outward to i n t e r a c t with the aqueous medium. Such h e l i c a l 
configuration i s observed for heparin (18 f19). I t o f f e r s an 
a p o l a r , h y d r o c a r b o n - l i k e r e g i o n f o r hydrophobic 
i n t e r a c t i o n (14) within the configurational loops. This i s , 
i n f a c t , the b a s i s f o r the strong i n c l u s i o n of non-polar 
molecules by the cycloamyloses (cyclodextrins) where such a 
conformation i s permanentl

A simple workin
assumptions: 

1. Complex formation takes place between the s t e r o i d 
(the "angiostat') and p o r t i o n s of the saccharide. The 
saccharide thus f a c i l i t a t e s f l u i d (aqueous) s o l u b i l i t y and 
functions as the c a r r i e r ; 

2. The c a r r i e r saccharide adsorbs strongly at the c e l l 
s u r f a c e by h y d r o p h i l i c ( i o n i c ) bonding, and thereby 
presents a high surface concentration of the active s t e r o i d 
( e i t h e r to surface receptors d i r e c t l y or f o r f a c i l i t a t e d 
channel d i f f u s i o n ) . 
Experimental Approach 

The c y c l o d e x t r i n s (CD's) have a proven c a p a b i l i t y f o r the 
formation of complexes w i t h many hydrophobic s t r u c t u r e s 
(14.15.16) . The α, β, and γ c y c l o d e x t r i n s are c y c l i c 
oligomers of 6, 7, and 8 glucose (anylose) r i n g s , 
r e s p e c t i v e l y . The center c a v i t y of the β form can e a s i l y 
include a large p o r t i o n of a s t e r i o d molecule. The α 
c y c l o d e x t r i n c a v i t y can capture at best a small p o r t i o n . 
Each cyclodextrin sugar unit has three hydroxyl groups, and 
no other substituents. These materials are not known, by 
themselves, to have any p a r t i c u l a r b i o l o g i c a l functions. 

S t a b i l i t y constants (equilibrium constants for complex 
f o r m a t i o n , K c) f o r many s t e r o i d s i n α-, β- and γ-
c y c l o d e x t r i n have been reported (17); f o r hydrocortisone 
and simple s u b s t i t u t i o n s , they t y p i c a l l y have magnitudes of 
K c = 2000 to 4000 M"1 f o r β- and γ- CD's, and K c - 50 to 200 
fo r a - C.D. They are h y d r o p h i l i c and water s o l u b l e . We 
t e s t e d them f o r angiogenic a c t i v i t y i n combination with 
hydrocortisone, with negative success. 

Although, they should s a t i s f y the f i r s t c r i t e r i o n , of 
complexing with the c y c l o d e x t r i n of our "simplest model", 
bonding to the c e l l surface would have to r e l y e n t i r e l y on 
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hydrogen bonding with hyroxyls of the cy c l o d e x t r i n . On the 
other hand, i t has been shown t h a t i n s u l f a t e d 
glycosaminoglycans, l i k e heparin, s u l f a t e plays a major role 
i n strong c e l l adhesion (211) ; t h e i r importance i s 
p a r t i c u l a r l y w e l l demonstrated by the observation that 
adsorbed s u l f a t e d species such as heparan s u l f a t e i s 
disp l a c e d by a s i m i l a r species of s t i l l higher s u l f a t e 
density, namely heparin (20). 

We therefore proceeded to examine two po l y s u l f a t e d β-
cy c l o d e x t r i n s , one with ca. 7 s u l f a t e s u b s t i t u t i o n s per 
molecule (fi-CD-7S), and another with about 14, i.e with two 
t h i r d s of the a v a i l a b l e hydroxyl groups s u l f a t e d ; t h i s 
product i s r e f e r r e d to as P~CD-14S, f o r β-cyclodextrin 
tetradecasulfate. 

A l l of the angiogenesis i n h i b i t o r s discovered have 
been found by using th
the c h o r i o a l l a n t o i c
chicken eggs, the i n i t i a l development and growth of blood 
vessels can be v i s i b l y observed and measured. On day 6, the 
a n g i o g e n e s i s i n h i b i t o r , c o n t a i n e d i n 10 ml of 
methylcellulose, i s placed on the vascular membrane (the 
c h o r i o a l l a n t o i c membrane). Normally,its diameter doubles 
each day and new ves s e l s grow with i t . However, an 
angiogenesis i n h i b i t o r causes r e g r e s s i o n of growing 
c a p i l l a r i e s over a period of 48 hours. The new c a p i l l a r i e s 
disappear and leave an avascular zone of about 2 to 4 mm) . 
The avascular zones are l i k e those i n a p e n i c i l l i n assay 
and can be used to generate dose-dilution curves. 
E f f e c t i v e Replacement of Heparin f o r Angiogenic Control 
The r e s u l t s (J. Folkman, P.B. Weisz, M.M. Joullié and W.R. 
Ewing, Science, i n p u b l i c a t i o n ; ) of a n t i a n g i o g e n i c 
effectiveness measured by the CAM- assay (see below), using 
25 mg saccharide with 60 mg hydrocortisone-21-phosphate (in 
10 ml solution) are shown i n the following t a b l e , together 
with the range of r e s u l t s with heparins (20 to 57 eggs per 
assay): 

%Avascular Zones 
Saccharide CAntianaiogenic A c t i v i t y ) 

heparins 
β - CD 
β - CD-7S 
β - CD -14S 
α - CD 
α - CD -12S 

0 to 65 
5 
7 

62 
0 
4 

The fi-CD-14S m a t e r i a l i s not only the f i r s t non-
heparin material we have seen to have a c t i v i t y to promote 

In Biocatalysis and Biomimetics; Burrington, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



24 BIOCATALYSIS AND BIOMIMETICS 

antiangiogenic a c t i v i t y with the s t e r o i d ; i t also produced 
the widest avascular zones i n the chick embryo assay. 

I t i s s i g n i f i c a n t also that the alpha c y c l o d e x t r i n , 
having a smaller hydrophobic c a v i t y f o r complexing, and 
s l i g h t l y smaller s u l f a t e s u b s t i t u t i o n showed very l i t t l e 
a c t i v i t y . 

A dose response study, keeping the hydrocortisone 
constant, but changing the concentration of fi-CD-14S, gave 
the r e s u l t s shown i n Figure 2. The % avascular zones are 
shown (bars represent r e s u l t s from 30 to 50 assays i n each 
case. Five r e p l i c a t e experiments were c a r r i e d out over 10 
months. The shaded area represents the area of past 
experience with various heparins. The data obtained under 
t h i s area i n c l u d e those from many heparins and CHOAY 
heparin pentasaccharide. 

The fi-CD-14S m a t e r i a l i s found to s t i l l maintain 40% 
percent of the a c t i v i t i e
heparins, at two order
An Example Ap p l i c a t i o n : I n h i b i t i n g Corneal Neovascularization 

We have since confirmed the exceptional a c t i v i t y also using 
the r a b b i t corneal t e s t (12.) , i n which endotoxin from a 
corneal implant of a sustained release polymer induces 
neo-vascularization, and a second implant contains the t e s t 
substances. 

Moreover, w i t h the c y c l o d e x t r i n p o l y s u l f a t e , i n 
contrast to heparin, we can obtain adequate transmembrane 
transport i n t o the cornea using t o p i c a l a p p l i c a t i o n (eye 
drops) t o a d m i n i s t e r the a n t i - a n g i o g e n i c p a i r of 
substances. The photographs of Figure 3, taken during the 
study, demonstrate: (a) the unabated c o r n e a l neo
v a s c u l a r i z a t i o n (induced by an endotoxin p e l l e t ) as, i n 
f a c t , i t would be seen i n a pa t i e n t r e j e c t i n g a corneal 
t r a n s p l a n t ; (b) hydrocortisone alone (O.5 mgm/ml drops) 
produces a s l i g h t suppression; (c) both components ap
p l i e d together completely stop a l l angiogenesis; (d)fc-CD-14S 
alone (1.0 mgm/ml) causes some s t i m u l a t i o n . 
Model and Mechanism 

The "simplest model" appears s a t i s f a c t o r i l y a p p l i c a b l e to 
the r e s u l t s . The two steps assumed to be operative are 
f a m i l i a r to chemical and biochemical i n t e r a c t i o n s , subject 
to elementary formalisms: 
The f i r s t step i s the bimolecular e q u i l i b r i u m between the 
a c t i v e component A ( s t e r o i d ) and the c a r r i e r C 
(saccharide), capable of forming the complex CA, 

Κ 
c 

A + C <=> CA 

Κ 
CA CA 

c A χ C ( A 0 - C A ) ( C 0 - CA) ' 

In Biocatalysis and Biomimetics; Burrington, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



3. FOLKMAN AND WEISZ Interdisciplinary Challenges: Control of Angiogenesis 25 

Figure 1. Angiogenesis and i t s Inhibition. Growth factors induce 
blood capillaries (left) to sprout; endothelial cells proliferate. 
Inhibition (anti-angiogenesis) i s effected by the pair H-cortisone 
+ heparin. 

Concentration of Carrier, yg/ 10 yL 

Figure 2. Anti-angiogenesis in the Chick Embryo Bioassay. Dose 
response for saccharide concentration (in yg in 10 pi sol.) with 
H-cortisone (60 yg in 10 y l sol.). For heparins the shaded area 
represents past experience; bars represent results with 
3-cyclodextrin tetradecasulfate. Curve A and B, see text. 
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Figure 3. Inhibition of corneal vascularization by administration of H-
cortisone (HC) with polysulfated 0-cyclodextrin (CDS), by eye drops, (a) No 
intervention, (b) HC alone. (Continued on next page.) 
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Figure 3. Continued, (c) HC + CDS, (d) CDS alone. 
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where each symbol represents molar concentration, and the 
l a s t r e l a t i o n s h i p applies to i n i t i a l concentrations A Q and 
C0. From t h i s follows that the f r a c t i o n ε of c a r r i e r which 
w i l l be complexed as CA ( w i l l "carry" an A) , ε = CA/CQf 

w i l l be given by the r e l a t i o n 

Ε 2 - ε (1 + r + l/CoKc) + r = 0 , (1) 
where r i s the i n i t i a l l y a vailable molar r a t i o r = A Q / C Q . 

The second step involves the surface (adsorption) 
e q u i l i b r i u m between the c a r r i e r concentration i n s o l u t i o n , 
Ct = C + CA, and the concentration of sorbed c a r r i e r 
species CtS, on c e l l u l a r surface s i t e s (receptors) S: 

Ka 
c t +

We assume that K 3 f dependent mainly on p o l a r bonding 
substituents, w i l l be s i m i l a r i n magnitude for the c a r r i e r , 
whether or not i t i s associated with the hydrophobe. For 
the case of excess c a r r i e r i n s o l u t i o n , Ct β oor and 
elementary sorption dynamics (Langmuir, or Michaelis-Menten 
- depending on one's d i s c i p l i n e ) gives the f r a c t i o n of 
t o t a l a v a i l a b l e adsorption s i t e s η as 

η = C 0/d/K a + C0) . (2) 
The t o t a l e f f e c t i v e n e s s w i l l be p r o p o r t i o n a l to the 
f r a c t i o n of c e l l u l a r adsorption s i t e s occupied by complexed 
( i . e . angiostat bearing) c a r r i e r s , 

Effectiveness « ε x η. 
In the CAM assay, the concentrations are i n a dynamic 

s t a t e , i . e . they are not i n a steady s t a t e . They 
u l t i m a t e l y d i l u t e i n t o an i n f i n i t e volume. But the simple 
model can be expected to give at l e a s t s e m i - q u a n t i t a t i v e 
guidance f o r the e a r l y events, where the a c t i v e volume i s 
l i m i t e d by the d i f f u s i o n distance. 

Figure. 4 shows the character of the r e l a t i o n s h i p s (1) 
i n A, and (2) i n B, when p l o t t e d i n terms of the variables 
as they appear i n the CAM assay; the abscissa i s measured 
i n weight concentration of the saccharide. 

To use the proper t r a n s l a t i o n to molar qu a n t i t i e s and 
r a t i o s , we accept that complexing of the s t e r o i d molecule 
w i l l involve a chain of about seven sugar units (as shown 
by molecular model or the performance of the 'preformed' 
cyclodextrins) . Thus the e f f e c t i v e molar saccharide u n i t 
has a molecular weight of about 2500 (a seven-membered, 
sulf a t e d saccharide unit) even though the material used may 
have anominal molecular weight many times g r e a t e r 
(heparin) . T h i s , i n f a c t , i s c o n s i s t e n t w i t h the 
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Figure 4. Basic Model Relationships for Interaction of the 
Steroid/Saccharide/Cell System. The abscissa i s the saccharide 
concentration in yg/ΐθμΐ as used in the Chick Embryo Assay (CAM). 
a) ε i s the fraction of saccharide complexed with (i.e. "carrying") 
steroid; b) η i s the fraction of available c e l l surface sites 
occupied by saccharide (complexed or uncomplexed). Total 
effectiveness i s proportional to the product of ε and η. 

In Biocatalysis and Biomimetics; Burrington, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



30 BIOCATALYSIS AND BIOMIMETICS 

observation that the optimal e f f e c t s of a l l a c t i v e heparin 
materials, whether whole heparins or fragments (6), and now 
with cyclodextrins, appear at s i m i l a r weight concentrations 
of the saccharide! 

Figure 4A shows the course of the complexing phenome
non. A p p l i c a t i o n of too large a saccharide concentration 
can diminish i t s e f f e c t i v e n e s s . Β shows the commanding 
importance of the c e l l - s a c c h a r i d e b i n d i n g e q u i l i b r i u m 
c onstant K a f o r o b t a i n i n g e f f e c t i v e n e s s at very low 
concentration. I t i s consistent with the need for s u l f a t e 
anions and t h e i r observed r o l e i n c e l l u l a r adsorption (20). 

In the experimental CAM p l o t s p i c t u r e d i n Figure 2, 
curve A, the envelop of past experience with the heparins, 
f i t s w e l l the curve obtained from (3), with K c « 1500 M"1, 
and a c e l l adsorption constant of K  « 800 M"1  The 
performance of the Û-CD-14
an increased adsorptio
M"1, i . e . nearly a hundred times greater. (The s h i f t i n K a 

i s inversely proportional to the s h i f t i n concentration for 
the half-way point i n effectiveness, due to formula (2)). 

We can estimate an a d d i t i o n a l binding energy which i s 
e f f e c t i v e i n the case of the cyclodextrin tetradecasulfate 
(consisting of seven sugar units) as compared to a seven-
sugar f r a c t i o n of the heparins from 
ΔΕ = RT In (K a f C D/K a,heparin) = RT In 100 = 2.9 kcal/mol 
This a p p l i e s to a mole of seven-sugar-units and i s a 
reasonable, added c o n t r i b u t i o n shared between some 14 
s u l f a t e bonds s t e r i c a l l y and r i g i d l y p o s i t i o n e d on our 
c y c l i c seven-unit oligomer. 
Conclusions 

The e f f e c t i v e i n h i b i t i o n of angiogenesis by the co-action 
of heparin and a s t e r o i d action depends s e n s i t i v e l y on the 
d e t a i l e d structure of the a n g i o s t a t i c s t e r o i d (7,8 P 9) . On 
the other hand, there i s no need for much of the chemical 
complexity of heparin. The role of the saccharide appears 
to be that of a c a r r i e r of the a c t i v e s t e r o i d to the 
e n d o t h e l i a l c e l l surface. This action depends p r i m a r i l y on 
two o v e r a l l physical/chemical properties: 1. the capacity 
t o complex, i n parts of i t s s t r u c t u r e , a hydrophobic 
portion of the s t e r o i d molecule, and 2. the a b i l i t y to form 
strongly i n t e r a c t i v e bonding with the c e l l surface protein. 
An oligosaccharide structure of seven (generally about 
f i v e to eight) sugar u n i t s i s s u f f i c i e n t t o embrace a 
s t e r o i d for complexing; a minimum number of anionic s u l f a t e 
groups alone s u f f i c e t o provide s u f f i c i e n t l y strong 
s a c c h a r i d e - c e l l bonding.No other saccharide substituents 
appear to be necessary. 

A h i g h l y s u l f a t e d β-cyclodextrin (the 
t e t r a d e c a s u l f a t e ) i s a very e f f e c t i v e , r e l i a b l y 
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synthesizable heparin 'mimic1 f o r angiogensis c o n t r o l , and 
i s , i n f a c t , e f f e c t i v e at nearly one hundredth of the dose 
required of heparin. Its use i n at least one ap p l i c a t i o n , 
the i n h i b i t i o n of c o r n e a l n e o v a s c u l a r i z a t i o n , i s 
demonstrated, while i t s wider therapeutic usefulness seems 
promising. 

The advances i n mechanistic understanding and i n the 
discovery of the he p a r i n - a l t e r n a t i v e s ( J . Folkman, P.B. 
Weisz, M.M. Joullié and W.R. Ewing, Science, i n 
p u b l i c a t i o n ; ) were i n t i m a t e l y coupled i n t h i s 
i n t e r d i s c i p l i n a r y e f f o r t . Further r e p o r t s , on c o r n e a l 
angiogenesis ( J . Folkman, W.W. L i , i n preparation) and 
other studies related to t h i s work are i n preparation. 
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Chapter 4 

Crystallography and Site-Directed 
Mutagenesis of Two Isomerases 

Thomas C. Alber1, Robert C. Davenport, Jr.2, Gregory K. Farber, 
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Masaharu Kanaoka, Elias Lolis, Gregory A. Petsko5, 
Dagmar Ringe, and Gerard Tiraby6 
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Cambridge, MA 02139 

The Ferrar
in a Dra

Suppose you want to travel from Stuttgart to Munich on the 
Autobahn. The distance is about 200 km, the road is excellent and 
there are no speed limits. The journey could be made in one hour 
if one were driving a Ferrari Testarossa, the fastest production 
automobile in the world. Its top speed of over 180 mph allows one 
to cruise comfortably at 125 mph, which is over 200 km/hr. In 
addition, the Ferrari is beautiful: it has a chassis designed by 
the great Italian carrozeria Sergio Pinninfarina, and its 12 
cylinder engine is the product of decades of development from the 
original superb designs of Enzo Ferrari himself. 

Of course, if you can't afford a Ferrari (one costs about as 
much as some medium-field NMR spectrometers), you could drive a 
Fiat. Some of the better Fiats were also designed by the 
Pinninfarina organization, and since Fiat owns Ferrari now anyway, 
one might hope that some of the Ferrari engineering would rub off. 
But you get what you pay for. A Fiat Spyder costs 1/10th of what a 
Ferrari costs, it has a four-cylinder engine, and its top speed is 
under 100 mph. The trip from Stuttgart to Munich would take twice 
as long. 

Now suppose you want to get from an aldehyde to a ketone. 
That is a race-course called isomerization (Figure 1), and it is 
the simplest reaction in all of chemistry. One proton moves from 
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one carbon atom to the a d j a c e n t one, a d i s t a n c e of 1.5 Â . You can 
t r a v e l t h a t d i s t a n c e v i a the enzyme t r i o s e phosphate isomerase 
( F i g u r e 2 ) , and you w i l l cover i t i n about 1/10,000 t h of a second. 
Or you can t r a v e l i t v i a the enzyme g l u c o s e isomerase ( F i g u r e 3 ) , 
and i t w i l l take you more than a s e c o n d . 

T r i o s e phosphate isomerase i s a F e r r a r i , g l u c o s e isomerase i s 
n o t . J u s t as one can understand the d i f f e r e n c e between a F e r r a r i 
and a F i a t i n terms of t h e i r d e s i g n s , i t s h o u l d be p o s s i b l e to 
understand the d i f f e r e n c e between t r i o s e phosphate isomerase (TIM) 
and g l u c o s e isomerase (GI) i n terms of t h e i r s t r u c t u r e s and 
c h e m i c a l mechanisms. Ve have s e t out to do e x a c t l y t h a t , u s i n g the 
t e c h n i q u e s of p r o t e i n e n g i n e e r i n g . Ve have a p p l i e d X - r a y 
c r y s t a l l o g r a p h y and s i t e - d i r e c t e d mutagenesis to both enzymes and 
have d i s c o v e r e d some of the reasons why t h e i r c a t a l y t i c r a t e s a r e 
so d i f f e r e n t . T h i s has i n t u r n l e d us to ask the q u e s t i o n whether 
we might be a b l e to a l t e r GI so t h a t i t approaches the speed of 
TIM. 

G l u c o s e isomerase i s one of the most important i n d u s t r i a l 
enzymes. A l l of the h i g h - f r u c t o s e c o r n syrup used to sweeten s o f t -
d r i n k s , c a n d y - b a r s , and most o t h e r foods i s made u s i n g g l u c o s e 
i s o m e r a s e . A r e e n g i n e e r e d GI t h a t had the c a t a l y t i c r a t e of TIM 
would not o n l y be i n t e r e s t i n g , i t might be very p r o f i t a b l e . I n any 
c a s e , the f a c t t h a t t h e r e a r e two enzymes t h a t run the same course 
w i t h v a s t l y d i f f e r e n t speeds p r o v i d e s the e n z y m o l o g i s t w i t h a 
s p l e n d i d o p p o r t u n i t y to understand the o r i g i n s o f the c a t a l y t i c 
potency of enzymes. 

The F i r s t Lap; The K i n e t i c Parameters 

T r i o s e phosphate isomerase enzyme c a t a l y s e s i n t e r c o n v e r s i o n o f the 
3 - c a r b o n t r i o s e phosphate d i h y d r o x y a c e t o n e phosphate (DHAP) and 
D - g l y c e r a l d e h y d e - 3 - p h o s p h a t e (D-GAP). The r e a c t i o n i s j u s t the 
t r a n s f e r of the pro-R hydrogen from carbon 1 of DHAP 
s t e r e o s p e c i f i c a l l y to carbon 2 to form the D-isomer of GAP ( F i g u r e 
2 ) . A l t h o u g h the e q u i l i b r i u m c o n s t a n t on the enzyme i s not known, 
Keq f o r the o v e r a l l r e a c t i o n i s 300 to 1 i n f a v o u r o f DHAP. The 
l a r g e magnitude of t h i s number a r i s e s from the c o m b i n a t i o n of an 
apparent Keq of 22 w i t h a h y d r a t i o n e q u i l i b r i u m o f 29 f o r the 
h y d r a t e d and unhydrated forms of D-GAP (Trentham et al., 1 9 6 9 ) ; o n l y 
the unhydrated forms of the t r i o s e phosphates a r e s u b s t r a t e s f o r or 
even b i n d to the isomerase (Webb et al., 1 9 7 7 ) . 

The s i m p l i c i t y of the TIM r e a c t i o n a l l o w e d A l b e r y and Knowles 
and t h e i r coworkers to determine the complete f r e e energy p r o f i l e 
of the c a t a l y t i c p r o c e s s (summarized i n A l b e r y and Knowles, 1976a). 
These d a t a showed t h a t the h i g h e s t f r e e energy t r a n s i t i o n s t a t e was 
t h a t f o r the d i f f u s i o n - l i m i t e d b i m o l e c u l a r a s s o c i a t i o n of GAP w i t h 
the enzyme. 

The f r e e energy p r o f i l e showed t h a t TIM has reached 
e v o l u t i o n a r y p e r f e c t i o n as a c a t a l y s t ( f o r d e t a i l s see A l b e r y and 
Knowles, 1976b). I n a d d i t i o n , the a v a i l a b i l i t y of the complete 
f r e e energy p r o f i l e f o r the T I M - c a t a l y s e d r e a c t i o n meant t h a t the 
mechanism c o u l d be understood i n g r e a t d e t a i l . I n p a r t i c u l a r , i f a 
mutant made by s i t e - d i r e c t e d mutagenesis caused a major change i n 
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CH2OH H \ ^ / 0 H H \ ^ ° 
C=0 t=r 

r r 
base V base V I yC v H—C—OH 

7 XOH I 

Figure 1. The isomerization of a ketone to an aldehyde. 
The reaction in aqueous solution is base-catalysed and is 
thought to proceed through a cis-enediol intermediate

Figure 2. The isomerization reaction catalysed by 
triosephosphate isomerase. The enzyme takes the ketone 
dihydroxyacetone phosphate to the aldehyde D-glyceraldehyde-
3-phosphate. Evidence for an enediol intermediate comes in 
part from the side-reaction that also occurs: the enzyme 
produces methyl glyoxal and inorganic phosphate. 
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HOCH 2 ο 

(OH, CH 2OH) 

»H Η 

at- or β-D-Fnictosc 
(n- or /?-D-Fructofiiranose) 

Figure 3. The reaction catalysed by glucose isomerase. The 
enzyme takes the ketone fructose to the aldehyde glucose. 
The sugars exist in ring forms in solution, and there are 
two anomers for each. There is good evidence that glucose 
isomerase only acts on the alpha anomers. 
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b i n d i n g or i n the r a t e o f c a t a l y s i s , the f r e e energy p r o f i l e of 
t h a t mutant c o u l d be d e t e r m i n e d , and the s p e c i f i c m i c r o s c o p i c 
s t e p ( s ) t h a t were a l t e r e d by the m u t a t i o n c o u l d be i d e n t i f i e d . 

R i c h a r d (1984) has determined t h a t TIM a c c e l e r a t e s the r a t e of 
GAP to DHAP i s o m e r i z a t i o n by almost 10 o r d e r s of magnitude over the 
r a t e enhancement p r o v i d e d by a s i m p l e base c a t a l y s t such as the 
a c e t a t e i o n . Moreover, as i n d i c a t e d by the f r e e energy p r o f i l e , 
the enzymatic r e a c t i o n r a t e i s very f a s t i n p h y s i c a l - c h e m i c a l 
terms. kcat/Km ( t h e pseudo f i r s t - o r d e r r a t e c o n s t a n t f o r the 
r e a c t i o n of enzyme w i t h s u b s t r a t e ) i n the thermodynamical ly 
f a v o u r a b l e d i r e c t i o n GAP to DHAP i s 4 0 0 , 0 0 0 , 0 0 0 M'V 1, which i s 
c l o s e to the expected d i f f u s i o n - c o n t r o l l e d l i m i t . A F e r r a r i 
indeed ! 

G l u c o s e isomerase i s a l s o known i n the b i o c h e m i c a l l i t e r a t u r e 
as x y l o s e i s o m e r a s e , and t h e r e i s some e v i d e n c e t h a t x y l o s e i s the 
p h y s i o l o g i c a l s u b s t r a t e . N e v e r t h e l e s s , we a r e concerned i n t h i s 
paper w i t h i t s a c t i o n o
v a l u e s we s h a l l r e p o r t . (Eve
w i t h x y l o s e , the numbers a r e not very d i f f e r e n t from those f o r 
g l u c o s e ; i t i s l i k e the d i f f e r e n c e i n r u n n i n g your F i a t on h i g h -
t e s t v s . r e g u l a r g a s o l i n e . I t i s s t i l l a F i a t . ) The r e a c t i o n i s 
the t r a n s f o r m a t i o n of the alpha-anomer of g l u c o s e i n t o the a l p h a -
anomer of f r u c t o s e ; t h e r e i s NMR e v i d e n c e t h a t the beta-anomers, 
even though predominant i n s o l u t i o n , do not b i n d to the enzyme. 

The t u r n o v e r number f o r g l u c o s e a t optimum pH i s about 1 per 
s e c o n d , and the s u b s t r a t e i s not very t i g h t l y bound. kcat/Km i s 
over 6 o r d e r s of magnitude lower than t h a t f o r TIM, f a r from the 
d i f f u s i o n - c o n t r o l l e d l i m i t . U n l i k e TIM, the c a t a l y t i c r a t e of GI 
i s not governed by a p u r e l y p h y s i c a l s t e p . Chemistry i s r a t e -
d e t e r m i n i n g . 

There a r e two c o m p l i c a t i o n s w i t h t h i s c o m p a r i s o n . G l u c o s e 
isomerase r e q u i r e s a d i v a l e n t m e t a l i o n f o r c a t a l y s i s , whereas TIM 
uses no m e t a l s o r c o f a c t o r s . The p h y s i o l o g i c a l m e t a l f o r GI i s 
thought to be magnesium. The second c o m p l i c a t i o n a r i s e s from the 
d i f f e r e n t s t r u c t u r a l c h a r a c t e r i s t i c s of the two s u b s t r a t e s . DHAP 
and GAP a r e o p e n - c h a i n sugars and have charged phosphate groups 
a v a i l a b l e f o r b i n d i n g , w h i l e g l u c o s e and f r u c t o s e , which l a c k these 
convenient "handles", e x i s t c h i e f l y i n the c l o s e d form. Y e t , 
i s o m e r i z a t i o n r e q u i r e s t h a t the r i n g be open, so GI a c t u a l l y has a 
more complex problem to f a c e than i t would appear on f i r s t 
a n a l y s i s . 

The Second Lap: The Assumed B a s i c Chemical Mechanism 

E l e g a n t i s o t o p e l a b e l l i n g s t u d i e s by Rose and coworkers ( R i e d e r and 
Rose, 1959; Rose, 1962) e s t a b l i s h e d the g e n e r a l m e c h a n i s t i c 
f e a t u r e s of the TIM r e a c t i o n . P r o t o n t r a n s f e r i s mediated by a 
s i n g l e enzymatic base, and the r e a c t i o n proceeds v i a an 
i n t e r m e d i a t e t h a t i s e i t h e r a cis e n e d i o l phosphate ( F i g u r e 2) or 
one of the two p o s s i b l e s y m m e t r i c a l e n e d i o l a t e s . The e v i d e n c e f o r 
enzyme-mediated p r o t o n t r a n s f e r i s the c a t a l y s i s by the enzyme of 
l o s s of r a d i o a c t i v e l a b e l from s u b s t r a t e to s o l v e n t w a t e r , o r of 
e x c h a n g e - i n of l a b e l from d e u t e r a t e d or t r i t i a t e d water to 
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s u b s t r a t e . Chemical l a b e l l i n g by O f f o r d , V a l e y , Knowles, and 
Hartmann ( e . g . , V a l e y et al., 1970) has i d e n t i f i e d the base as the 
s i d e - c h a i n c a r b o x y l a t e o f g l u t a m i c a c i d 165. 

Knowles has p o i n t e d out t h a t the pKa o f the t r a n s f e r r e d 
hydrogen c o u l d be lowered by p o l a r i z a t i o n of the a d j a c e n t c a r b o n y l 
group (Vebb and Knowles, 1 9 7 4 ) . E l e c t r o n w i t h d r a w a l to the oxygen 
atom would weaken the carbon-hydrogen bond and promote e n o l i z a t i o n . 
Two p o s s i b l e p o l a r i z a t i o n mechanisms suggest t h e m s e l v e s : hydrogen 
bonding to the c a r b o n y l oxygen by a n e u t r a l donor, and 
e l e c t r o s t a t i c i n t e r a c t i o n by a c a t i o n , which may or may not a l s o 
d i r e c t l y hydrogen-bond. Here a t once a r o l e f o r the magnesium i o n 
i n g l u c o s e isomerase suggests i t s e l f : the p o s i t i v e charge on the 
m e t a l c o u l d a c t as an e l e c t r o p h i l e and f a c i l i t a t e base a t t a c k a t CI 
of the s u b s t r a t e . Use of h i g h l y d i r e c t i o n a l c o o r d i n a t i o n to a 
m e t a l c a t i o n has the advantage of p r o v i d i n g e l e c t r o s t a t i c 
s t a b i l i z a t i o n f o r i n c i p i e n t n e g a t i v e charge development on the 
c a r b o n y l oxygen, which i
t r a n s i t i o n s t a t e . Thes
the r e a c t i o n r u n s . And i n d e e d , f o r TIN, t h e r e i s d i r e c t e v i d e n c e 
f o r p o l a r i z a t i o n of the s u b s t r a t e c a r b o n y l from i n f r a red 
s p e c t r o s c o p y ( B e l a s c o and Knowles, 1 9 8 0 ) , a l t h o u g h the r e l e v a n t 
e l e c t r o p h i l e i n the TIM case must be an amino a c i d . 

There i s o n l y one problem w i t h t h i s s c e n a r i o : i t may be wrong 
f o r g l u c o s e i s o m e r a s e . When the c r i t i c a l experiment of l o o k i n g f o r 
e x c h a n g e - i n of r a d i o a c t i v i t y from s o l v e n t to product i s done f o r 
t h i s enzyme, no exchange i s seen (Rose, 1 9 8 1 ) . The same h o l d s f o r 
exchange-out of l a b e l from s u b s t r a t e i n t o w a t e r : i t does not o c c u r 
f o r t h i s enzyme. Thus, t h e r e i s no d i r e c t e v i d e n c e f o r the 
p a r t i c i p a t i o n of an enzymic base, o r f o r the e x i s t a n c e of an 
e n e d i o l - l i k e i n t e r m e d i a t e . 

The T h i r d Lap: The S t r u c t u r e s of the Enzymes 

T r i o s e phosphate isomerase i s a homodimer w i t h an e x t e n s i v e , m o s t l y 
hydrophobic s u b u n i t i n t e r f a c e . Monomers have a s t r i k i n g l y 
s y m m e t r i c a l b e t a / a l p h a f o l d i n g p a t t e r n t h a t has come to be termed 
the "TIM b a r r e l " . The c o r e of the monomer c o n s i s t s of e i g h t 
s t r a n d s of p a r a l l e l t w i s t e d b e t a - p l e a t e d s h e e t , wrapped around the 
s u r f a c e of an imaginary c y l i n d e r . Each s t r a n d i s connected to the 
n e x t , i n the expected r i g h t - h a n d e d c r o s s - o v e r manner ( R i c h a r d s o n , 
1 9 8 1 ) , by one ( o r o c c a s i o n a l l y two) a l p h a h e l i c a l segment. To a 
f i r s t a p p r o x i m a t i o n , the s t r u c t u r e can be r e p r e s e n t e d as 
( b e t a , a l p h a ) χ 8 ( F i g u r e 4 ) . The c o n n e c t i o n s between sheet and 
h e l i x a r e not smooth, and s h o r t segments of p o l y p e p t i d e n o r m a l l y 
b r i d g e the two r e g u l a r secondary s t r u c t u r e e l e m e n t s . In some 
c a s e s , these segments a r e c l a s s i c a l b e t a - t u r n s , but o f t e n they a r e 
i r r e g u l a r i n c o n f o r m a t i o n and a r e s i m p l y termed " l o o p s " . Two of 
them a r e q u i t e l o n g (>7 r e s i d u e s ) and deserve s p e c i a l a t t e n t i o n . 
R e s i d u e s 72 to 79 p r o t r u d e from the s u r f a c e of the monomer but a r e 
c o m p l e t e l y b u r i e d i n the d i m e r ; they form an i n t e r d i g i t a t i n g l o o p 
t h a t l e a v e s one monomer, forms e x t e n s i v e c o n t a c t s w i t h a pocket on 
the o t h e r monomer, and then r e t u r n s ( F i g u r e 4 ) . A l t h o u g h t h i s l o o p 
does not g e n e r a t e a l l of the i n t e r s u b u n i t c o n t a c t s , i t does form 
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most of them. The o t h e r l o n g l o o p i s comprised of r e s i d u e s 168 to 
177. T h i s l o o p s t i c k s out i n t o the s o l v e n t . C u r i o u s l y , the amino 
a c i d sequence of t h i s l o o p i s h i g h l y conserved throughout the 
e v o l u t i o n a r y h i s t o r y of the enzyme, from b a c t e r i a to p e o p l e . Y e t , 
the apex of the l o o p i s about 10 Â from the a c t i v e s i t e g l u t a m a t e 
165 and i s even f a r t h e r from the s u b u n i t i n t e r f a c e , the o n l y o t h e r 
two r e g i o n s of h i g h amino a c i d sequence c o n s e r v a t i o n i n TIM ( A l b e r 
and K a w a s a k i , 1 9 8 2 ) , so i t i s hard to see immediately what i t s 
f u n c t i o n i s . 

The a c t i v e s i t e of TIM i s a pocket c o n t a i n i n g G l u 165. T h i s 
pocket i s l o c a t e d near the c e n t r e of the c i r c u l a r - l i k e s t r u c t u r e 
shown i n F i g u r e 4, a t the C - t e r m i n a l end of the b e t a - s h e e t 
c y l i n d e r , the end where a l l of the a l p h a h e l i c a l segments b e g i n . 
H o i et al. (1978) have p o i n t e d out t h a t the d i p o l e moment of the 
p e p t i d e bond g i v e s r i s e to an a p p r e c i a b l e macro d i p o l e f o r an a l p h a 
h e l i x . The p o s i t i v e end of the h e l i x d i p o l e i s the amino t e r m i n a l 
end, so the TIM a c t i v e s i t
e l e c t r o s t a t i c p o t e n t i a l produce

More than a dozen enzymes have now been found to have domains 
that possess the c h a r a c t e r i s t i c T I M - b a r r e l . Some of the o t h e r s a r e 
pyruvate k i n a s e , KDPG a l d o l a s e , g l y c o l a t e o x i d a s e , Taka amylase, 
muconate l a c t o n i z i n g enzyme, r i b u l o s e ^ p h o s p h a t e c a r b o x y l a s e 
oxygenase, t r y p t o p h a n synthase a l p h a s u b u n i t (C. Hyde, p e r s o n a l 
communication), e n o l a s e , muscle a l d o l a s e , f l a v o c y t o c h r o m e b2, 
t r i m e t h y l a m i n e dehydrogenase, a l p h a amylase, and the two components 
of the b i f u n c t i o n a l enzyme p h o s p h o r i b o s y l - a n t h r a n i l a t e 
i s o m e r a s e / i n d o l e - 3 - g l y c e r o l p h o s p h a t e s y n t h a s e . The TIM f o l d i s the 
most common s t r u c t u r a l m o t i f i n b i o c h e m i s t r y , a t l e a s t so f a r . And 
g l u c o s e isomerase has i t too ( F i g u r e 5 ) . The GI p o l y p e p t i d e c h a i n 
f o l d i s s t r i k i n g l y s i m i l a r to t h a t of TIM, w i t h two e x c e p t i o n s . 
The l o o p from r e s i d u e s 168-177 i s m i s s i n g i n G I , and the 
i n t e r s u b u n i t l o o p has been r e p l a c e d by a l o n g C - t e r m i n a l domain 
t h a t wraps around an a d j a c e n t s u b u n i t to form a d i m e r . Thus, the 
monomer of GI i s b i g g e r than t h a t of TIM ( 4 0 , 0 0 0 MV), and the dimer 
i n t e r f a c e i s c o m p l e t e l y d i f f e r e n t . G l u c o s e isomerase has a much 
l a r g e r i n t e r s u b u n i t c o n t a c t r e g i o n ; i n f a c t , i t seems to be the 
l a r g e s t hydrophobic monomer-monomer i n t e r f a c e yet o b s e r v e d . The 
a c t i v e s i t e of GI i s a deep pocket c o n t a i n i n g h i s t i d i n e 219, 
g l u t a m i c a c i d 180, and a s p a r t i c a c i d 286. Any of these r e s i d u e s 
c o u l d s e r v e as the c a t a l y t i c base i n an e n e d i o l - t y p e mechanism, 
a l t h o u g h one might expect t h a t a t l e a s t one of the two c a r b o x y l a t e s 
would be needed to b i n d the m e t a l . U n f o r t u n a t e l y , the c r y s t a l 
s t r u c t u r e of the n a t i v e enzyme a t pH 7 does not r e v e a l which one, 
f o r no m e t a l i o n i s o b s e r v e d , even i n the presence of h i g h 
c o n c e n t r a t i o n s of c o b a l t or magnesium. I n the absence of 
s u b s t r a t e , the c a t i o n i s not t i g h t l y bound by Streptomyces 
ol ivochromogenes G I . 

The F o u r t h Lap: The S t r u c t u r e s of the Enzyme-Substrate Complexes 

The w o n d e r f u l t h i n g about both GI and TIM, from a s t r u c t u r a l 
e n z y m o l o g i s t ' s p o i n t of v iew, i s t h a t f o r these enzymes i t i s 
a c t u a l l y p o s s i b l e to determine the s t r u c t u r e of the p r o d u c t i v e 
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Figure 4. The structure of triose phosphate isomerase. A) 
Stereo view of one monomer down the axis of the eight-
stranded alpha-beta barrell. B) Stereo view orthogonal to 
the f i r s t view. C) A view of one dimer looking down the 
two-fold axis relating each subunit. In both B) and C) the 
loop that moves when substrate binds is indicated by an 
arrow. 

Figure 5. The structure of glucose isomerase. This is a 
stereo view of one subunit down the axis of the eight-
stranded alpha-beta barrell. 
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e n z y m e - s u b s t r a t e complex by X - r a y c r y s t a l l o g r a p h y . That i s not 
p o s s i b l e f o r most enzymes. For a h y d r o l a s e , f o r example, an 
attempt to do the c r y s t a l s t r u c t u r e of a N i c h a e l i s complex a t room 
temperature by c o n v e n t i o n a l c r y s t a l l o g r a p h y would be f u t i l e : 
s u b s t r a t e c o u l d be d i f f u s e d i n t o the s o l v e n t - f i l l e d c h a n n e l s i n the 
c r y s t a l , but i t would r a p i d l y be h y d r o l y s e d to p r o d u c t s , which 
would d i f f u s e away ( u n l e s s product b i n d i n g was t i g h t ) . Averaged 
over the time r e q u i r e d f o r d a t a c o l l e c t i o n (days to a week o r more) 
the occupancy of the ES complex would be n e g l i g a b l e . But TIM and 
GI c a t a l y s e a s i m p l e s i n g l e - s u b s t r a t e / s i n g l e - p r o d u c t 
e q u i l i b r a t i o n : i f s u b s t r a t e i s soaked i n t o the c r y s t a l , i t w i l l be 
c o n v e r t e d to p r o d u c t , but product i s j u s t the s u b s t r a t e f o r the 
back r e a c t i o n . So the c r y s t a l l i n e enzyme system w i l l s e t t l e to 
e q u i l i b r i u m , and as l o n g as the s u b s t r a t e c o n c e n t r a t i o n i n the 
mother l i q u o r around the c r y s t a l i s kept i n excess of Km, the 
t h e r m o d y n a m i c a l l y - f a v o u r e d complex w i l l dominate what i s observed 
i n the c r y s t a l . The f r e
(1976a) i n d i c a t e s t h a t , f o
enzyme-DHAP complex. We do not have these d a t a f o r the GI 
r e a c t i o n , so we must expect t h a t a t e q u i l i b r i u m we c o u l d see an 
e q u a l l y - o c c u p i e d m i x t u r e of Ε - g l u c o s e and Ε - f r u c t o s e . Whether the 
r e s u l t i n g averaged s t r u c t u r e c o u l d be i n t e r p r é t a b l e w i l l depend on 
the r e s o l u t i o n of the d a t a as w e l l as the s i m i l a r i t y of the two 
complexes c o n f o r m â t i o n a l l y . We prepared t h i s complex 
(TIM-DHAP) by d i f f u s i n g 10 mM DHAP i n t o a c r y s t a l o f TIM mounted i n 
a f l o w c e l l ( P e t s k o , 1985) on the d i f f r a c t o m e t e r a t - 1 5 C . Data 
were c o l l e c t e d to 3 . 5 A r e s o l u t i o n and a d i f f e r e n c e e l e c t r o n 
d e n s i t y map was c a l c u l a t e d u s i n g n a t i v e a m p l i t u d e s and phases 
( A l b e r el al., 1 9 8 1 ) . The map showed the s u b s t r a t e bound i n the 
pocket c o n t a i n i n g G l u 165. The phosphate group, c l e a r l y i d e n t i f i e d 
by i t s h i g h e l e c t r o n d e n s i t y , l a y n e a r e s t the s o l v e n t . However, 
most d r a m a t i c was a l a r g e d i f f e r e n c e d e n s i t y f e a t u r e i n d i c a t i n g a 
c o n f o r m a t i o n a l change i n the conserved l o o p , r e s i d u e s 1 6 8 - 1 7 7 . 
T h i s l o o p had moved over 6 À through space to f o l d down l i k e a 
g i a n t f l a p or l i d onto the phosphate end of the s u b s t r a t e , thus 
c l o s i n g o f f the a c t i v e s i t e ( F i g u r e 4 ) . 

T h i s c o n f o r m a t i o n a l change on s u b s t r a t e b i n d i n g i s c o n s i s t e n t 
w i t h the f a c t t h a t product r e l e a s e i s r a t e - l i m i t i n g f o r TIM: the 
l o o p must move back out of the way to a l l o w GAP to escape from the 
a c t i v e s i t e p o c k e t . I f t h e r e i s a d i s o r d e r - t o - o r d e r t r a n s i t i o n as 
w e l l , i t may c o n t r i b u t e d i r e c t l y to c a t a l y s i s by r a i s i n g the f r e e 
energy of the e n z y m e - s u b s t r a t e complex ( A l b e r , 1 9 8 1 ) . We have 
e x p l o r e d the r o l e of the f l e x i b l e l o o p by s i t e - d i r e c t e d 
m u t a g e n e s i s . The y e a s t TPI gene was c l o n e d and sequenced by A l b e r 
and Kawasaki ( 1 9 8 2 ) , and has been expressed i n E. c o l i ( P e t s k o et 
β/., 1984; Davenport, 1 9 8 5 ) . S i t e - d i r e c t e d mutagenesis was c a r r i e d 
out by the two-primer o l i g o n u c l e o t i d e method of Z o l l e r and Smith 
(1983) u s i n g s i n g l e - s t r a n d e d b a c t e r i o p h a g e M13 as a v e c t o r . We 
e l e c t e d to change Thr 172, which i s the s i d e - c h a i n i n the l o o p 
n e a r e s t the c o n t a c t p o i n t between the l o o p and the phosphate group 
of the s u b s t r a t e , to a s p a r t i c a c i d on the assumption t h a t charge 
r e p u l s i o n between the Asp c a r b o x y l a t e and s u b s t r a t e phosphate would 
prevent c l o s u r e of the l o o p . We a l s o d e l e t e d the c e n t r a l f i v e 
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r e s i d u e s of the l o o p g e n e t i c a l l y so t h a t t h e r e would no l o n g e r be a 
f l a p to c l o s e over the s u b s t r a t e . Ve expected t h a t both o f these 
mutants of TIN would s t i l l c a t a l y s e i s o m e r i z a t i o n but show 
i n c r e a s e d methyl g l y o x a l p r o d u c t i o n . P r e l i m i n a r y k i n e t i c a n a l y s i s 
of both mutants from crude E. c o l i e x t r a c t shows t h a t kcat/Km f o r 
the d i r e c t i o n GAP t o DHAP i s reduced by a p p r o x i m a t e l y t e n f o l d over 
t h a t f o r the w i l d - t y p e enzyme. Assuming t h a t c l o s u r e has indeed 
been p r e v e n t e d , the l o o p would appear to p l a y a r o l e i n o r i e n t i n g 
as w e l l as b i n d i n g the s u b s t r a t e . Ve have not y e t q u a n t i t a t e d 
methyl g l y o x a l p r o d u c t i o n f o r e i t h e r mutant. 

DHAP i s bound i n an extended c o n f o r m a t i o n . No p o s i t i v e l y -
charged r e s i d u e s make c o n t a c t w i t h the phosphate; i t i s h e l d i n 
p l a c e by hydrogen bonds from s e v e r a l g l y c i n e - c o n t a i n i n g l o o p s , 
p a r t i c u l a r l y 209-212 and 2 3 2 - 2 3 4 . N a i n - c h a i n hydrogen bonding to 
phosphate i s a common mode o f b i n d i n g i n p r o t e i n s , e s p e c i a l l y those 
t h a t do not c a r r y out c h e m i s t r y on the phosphate group ( f o r an 
example, see Smith et ai, 1 9 8 3 )
charge on the phosphate i
d i p o l e s t h a t a r e o r i e n t e d towards the a c t i v e s i t e . The c a t a l y t i c 
s u b - s i t e c o n s i s t s o f G l u 165, Cys 126, H i s 9 5 , Ser 9 6 , G l u 9 7 , Asn 
10, and Lys 12. Only G l u 165 and Cys 126 a r e on the s i d e of the 
s u b s t r a t e where p r o t o n t r a n s f e r o c c u r s . The remainder o f the 
r e s i d u e s i n t e r a c t w i t h the s u b s t r a t e ( o r each o t h e r ) on the 
c a r b o n y l s i d e of the s u g a r . The c a r b o x y l a t e group of G l u 165 i s 
p e r f e c t l y p o s i t i o n e d f o r n u c l e o p h i l i c a b s t r a c t i o n o f the p r o - R 
p r o t o n from CI o f DHAP and subsequent d i r e c t t r a n s f e r to C - 2 . To 
t e s t the importance o f the p o s i t i o n o f t h i s r e s i d u e , S t r a u s , etal. 
(1985) have c a r r i e d out s i t e - d i r e c t e d mutagenesis of the c l o n e d 
gene f o r c h i c k e n TIN, and changed G l u 165 to Asp. The fundamental 
k i n e t i c parameters k c a t and Km have been determined i n both 
d i r e c t i o n s f o r t h i s mutant, as has the complete f r e e energy p r o f i l e 
( R a i n e s era/., 1 9 8 6 ) . Km i s o n l y s l i g h t l y a f f e c t e d , but k c a t i s 
reduced by s e v e r a l o r d e r s of magnitude i n both the forward and 
r e v e r s e d i r e c t i o n s . The f r e e energy p r o f i l e f o r the mutant shows 
t h a t o n l y the t r a n s i t i o n - s t a t e f r e e e n e r g i e s have been s e r i o u s l y 
a l t e r e d . G l u 165 to Asp s u b s t i t u t i o n has slowed each of the 
e n o l i z a t i o n s t e p s by a f a c t o r of about one thousand. Ve undertook 
to c a l c u l a t e the s t r u c t u r e o f the mutant enzyme i n i t s complex w i t h 
DHAP. Our s t a r t i n g p o i n t was the c o o r d i n a t e s e t f o r w i l d - t y p e 
y e a s t TIN w i t h s u b s t r a t e bound. The method of s t r u c t u r e p r e d i c t i o n 
was the minimum p e r t u r b a t i o n approach developed by K a r p l u s and 
coworkers ( S h i h eta!., 1 9 8 5 ) . Ve r e p l a c e d G l u 165 by Asp i n the ES 
complex, u s i n g computer g r a p h i c s to p o s i t i o n the a s p a r t a t e s i d e -
c h a i n . Ve then cranked the two s i d e - c h a i n t o r s i o n a n g l e s of the 
new Asp 165 through a l l p o s s i b l e v a l u e s i n i n c r e m e n t s , k e e p i n g the 
r e s t o f the p r o t e i n f i x e d . At each p o i n t i n the t o r s i o n a n g l e 
s c a n , the i n t e r a c t i o n p o t e n t i a l energy between Asp 165 and the 
s u r r o u n d i n g p r o t e i n atoms was computed. The r e s u l t i n g energy map 
was i n s p e c t e d f o r low energy r e g i o n s and each o f these low energy 
s t r u c t u r e s was then s u b j e c t e d to f u l l energy m i n i m i z a t i o n , w i t h a l l 
atoms i n a 7 Â sphere about the a l p h a carbon o f the mutant r e s i d u e 
a l l o w e d to move f r e e l y , w h i l e atoms o u t s i d e t h i s sphere were 
r e s t r a i n e d w i t h harmonic r e s t r a i n t s . An a d a p t e d - b a s i s Newton 
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Raphson m i n i m i z e r was u s e d . A v a r i a t i o n of t h i s procedure has been 
used w i t h s u c c e s s by Snov and Amzel (1986) to model immunoglobulin 
v a r i a b l e r e g i o n s . 

The minimum p e r t u r b a t i o n approach y i e l d e d two minima s e p a r a t e d 
by l a r g e energy b a r r i e r s . One minimum energy s t r u c t u r e p l a c e s the 
s i d e - c h a i n c a r b o x y l a t e oxygens of Asp 165 over 5 Â from the n e a r e s t 
s u b s t r a t e atom, an i m p o s s i b l e p o s i t i o n f o r c a t a l y s i s . The o t h e r 
s t r u c t u r e , which i s the lowest energy s t r u c t u r e found i n the 
c a l c u l a t i o n , has one c a r b o x y l a t e oxygen 2 . 9 A from CI of DHAP, j u s t 
as observed i n the w i l d - t y p e TIM-DHAP c r y s t a l s t r u c t u r e . But 
a l t h o u g h the d i s t a n c e of Asp 165 to the s u b s t r a t e i n t h i s model i s 
the same as the d i s t a n c e of the oxygen of G l u 165 to DHAP i n the 
w i l d - t y p e ES complex, the o r i e n t a t i o n of the c a r b o x y l a t e group i s 
q u i t e d i f f e r e n t i n the mutant. Replacement of g l u by asp i s not a 
s t r u c t u r a l l y c o n s e r v a t i v e m u t a t i o n : i t moves the b u l k y c a r b o x y l a t e 
group c l o s e r to the s u r f a c e of the p r o t e i n . I n the TIM a c t i v e 
s i t e , t h i s movement cause
backbone of the p r o t e i n aroun
crowding the c a r b o x y l a t e must r o t a t e ( t h i s i s the minimum energy 
p o s i t i o n f o u n d ) , and when i t does i t can o n l y r e a c h the s u b s t r a t e 
i n a c o n f o r m a t i o n i n which the o u t e r ( a n t i ) o r b i t a l of the oxygen 
atom a c t s as the p r o t o n a c c e p t o r ( F i g u r e 6 ) . I n the w i l d - t y p e TIM-
DHAP s t r u c t u r e , where the l o n g e r s i d e - c h a i n of g l u t a m a t e pushes the 
c a r b o x y l a t e beyond the 209 l o o p , the syn o r b i t a l ( t h e o r b i t a l on 
the same s i d e of the C-0 bond as the C=0 bond) i s the p r o t o n 
a c c e p t o r . Gandour (1981) has p o i n t e d out t h a t the a n t i o r b i t a l i s 
1 0 , 0 0 0 - f o l d l e s s b a s i c than the syn o r b i t a l . I f t h a t e q u i l i b r i u m 
d i f f e r e n c e i s used i n the B r o n s t e d f o r m u l a t o g e t h e r w i t h a b e t a of 
about O.7, a r a t e r e d u c t i o n of 1 , 0 0 0 - f o l d f o r p r o t o n t r a n s f e r i s 
c a l c u l a t e d f o r the mutant enzyme. T h i s i s the same v a l u e as 
observed e x p e r i m e n t a l l y . 

A l t h o u g h these c a l c u l a t i o n s do not e s t a b l i s h t h a t the 
d i f f e r e n c e i n o r b i t a l usage i s r e s p o n s i b l e f o r the reduced a c t i v i t y 
of the Asp 165 mutant, they do p r o v i d e a t e s t a b l e h y p o t h e s i s . The 
t h r e e - d i m e n s i o n a l s t r u c t u r e of the mutant enzyme, complexed w i t h 
s u b s t r a t e , w i l l i n d i c a t e whether the a n t i o r b i t a l i s i n f a c t the 
o n l y one a v a i l a b l e f o r p r o t o n t r a n s f e r . 

There a r e t h r e e r e s i d u e s t h a t a r e i n c o n t a c t w i t h the c a r b o n y l 
and h y d r o x y l oxygen atoms of the t r i o s e phosphates. One of t h e s e , 
which i s uncharged and may be p u r e l y i n v o l v e d i n s u b s t r a t e b i n d i n g , 
i s Asn 10. M u t a t i o n of t h i s r e s i d u e to v a l i n e or a l a n i n e would be 
of i n t e r e s t . The o t h e r two r e s i d u e s may have more complex r o l e s . 
Lys 12 i s p o s i t i v e l y charged a t n e u t r a l pH and i s c l o s e to the C2 
oxygen of the s u b s t r a t e . Ve s p e c u l a t e t h a t i t s r o l e may be to 
s t a b i l i z e the t r a n s i t i o n s t a t e by c h a r g e - c h a r g e i n t e r a c t i o n . A 
mutant TIM w i t h g l u t a m i n e r e p l a c i n g the l y s i n e has been made but 
not y e t c h a r a c t e r i z e d : i n crude c e l l e x t r a c t i t shows l i t t l e or no 
TIM a c t i v i t y . The p o s i t i v e charge on Lys 12 w i l l a l s o a f f e c t the 
oxygen a t C I , s i n c e e l e c t r o s t a t i c i n t e r a c t i o n s remain s t r o n g a t 
r e a s o n a b l y l o n g d i s t a n c e s , and the d i e l e c t r i c of the a c t i v e s i t e 
w i l l be very low when the f l e x i b l e l o o p i s i n the c l o s e d p o s i t i o n , 
so t h e r e s h o u l d be l i t t l e s c r e e n i n g . H i s 95 i s the most complex of 
the p u t a t i v e e l e c t r o p h i l e s . I t i s hydrogen-bonded to the CI 
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F i g u r e 6. A) The a c t i v e s i t e of TIM i n the 
c r y s t a l l o g r a p h i c a l l y determined e n z y m e - s u b s t r a t e complex. 
Some of the important c a t a l y t i c r e s i d u e s a r e i n d i c a t e d . 
Note t h a t the a c t i v e - s i t e base, G l u 165, i s p o s i t i o n e d to 
use i t s more b a s i c syn o r b i t a l f o r p r o t o n a b s t r a c t i o n . B) 
The a c t i v e s i t e of TIM mutant E165D i n the m o d e l - b u i l t 
e n z y m e - s u b s t r a t e complex. Note t h a t the a c t i v e - s i t e base, 
Asp 165, i s p o s i t i o n e d to use i t s l e s s b a s i c a n t i o r b i t a l 
f o r p r o t o n a b s t r a c t i o n . 
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s u b s t r a t e oxygen through i t s e p s i l o n NH. I f i t has the normal 
h i s t i d i n e pKa of about 6, i t c o u l d f u n c t i o n as an a c i d , p r o t o n a t i n g 
the s u b s t r a t e c a r b o n y l to form the c/5-enediol i n t e r m e d i a t e ( i f H i s 
95 does not do t h i s , the p r o t o n needed to form the e n e d i o l may come 
from w a t e r , o r the i n t e r m e d i a t e may always be the charged 
e n e d i o l a t e ) . The c r y s t a l s t r u c t u r e i s ambiguous on t h i s p o i n t . 
P r o t e i n c r y s t a l l o g r a p h y cannot o r d i n a r i l y d e t e c t p r o t o n s , so the 
i o n i z a t i o n s t a t e of the h i s t i d i n e must be i n f e r r e d from i t s 
environment and i n t e r a c t i o n s . I n the r e f i n e d n a t i v e c r y s t a l 
s t r u c t u r e s o f y e a s t and c h i c k e n TIM, H i s 95 appears to be hydrogen-
bonded through i t s d e l t a n i t r o g e n to the m a i n - c h a i n -NH of r e s i d u e 
97 a t the b e g i n n i n g of a s h o r t , i r r e g u l a r a l p h a h e l i x . S i n c e the 
backbone amide must be p r o t o n a t e d , the s t r u c t u r e s u g g e s ts t h a t the 
d e l t a n i t r o g e n of the h i s t i d i n e i s u n p r o t o n a t e d . T h e r e f o r e , the 
e p s i l o n n i t r o g e n must c a r r y the p r o t o n , and the h i s t i d i n e , by t h i s 
a n a l y s i s , i s n e u t r a l . I f i t i s , i t s two p o s s i b l e r o l e s a r e as an 
a c i d (though t h i s i s u n l i k e l
would become a n i o n i c ) o r
E l e c t r o p h i l i c c a t a l y s i s c o u l d be a c c o m p l i s h e d s o l e l y by the n e u t r a l 
h i s t i d i n e hydrogen-bonding to the s u b s t r a t e oxygen a t C I , but i t i s 
a l s o p o s s i b l e t h a t the h i s t i d i n e c o u l d a c t as a r e l a y f o r the 
p o s i t i v e d i p o l e o f the s h o r t i r r e g u l a r h e l i x . I n t h a t c a s e , i t 
would a l s o have a t h r o u g h - s p a c e e l e c t r o s t a t i c r o l e . 

Ve have i n v e s t i g a t e d the f u n c t i o n of t h i s r e s i d u e by r e p l a c i n g 
i t w i t h a s i d e - c h a i n t h a t i s uncharged and i n c a p a b l e of f u n c t i o n i n g 
as an a c i d , namely, g l u t a m i n e (Davenport, 1985; N i c k b a r g etal., 
1 9 8 8 ) . G l u t a m i n e i s a b e t t e r c h o i c e than a s p a r a g i n e because i t 
r e t a i n s hydrogen bonding a t a p o s i t i o n comparable to t h a t of the 
e p s i l o n n i t r o g e n . I f o n l y hydrogen bonding to the s u b s t r a t e were 
i m p o r t a n t , the g l u t a m i n e mutant s h o u l d be f u l l y a c t i v e . I f a c i d 
b e h a v i o r i s e s s e n t i a l f o r c a t a l y s i s , g l u t a m i n e 95 would i n a c t i v a t e 
the enzyme. I f a t h r o u g h - s p a c e e l e c t r o s t a t i c a f f e c t i s o c c u r i n g a t 
t h i s p o s i t i o n , the mutant TIM might have reduced a c t i v i t y . 

H i s 95 to G i n TIM i s an a c t i v e enzyme. K i n e t i c measurements 
i n d i c a t e t h a t Km i s unchanged, but k c a t i n both d i r e c t i o n s i s 
reduced by a f a c t o r of about 200. T h i s o b s e r v a t i o n i s i n k e e p i n g 
w i t h the h y p o t h e s i s t h a t H i s 95 i s not e s s e n t i a l as an a c i d but 
does a c t to s t a b i l i z e the t r a n s i t i o n s t a t e e l e c t r o s t a t i c a l l y . 
Support f o r t h i s view comes from i n h i b i t i o n s t u d i e s of the mutant 
enzyme: s i m p l e c o m p e t i t i v e i n h i b i t o r s a r e bound e q u a l l y t i g h t l y by 
w i l d - t y p e TIM and the H95Q mutant, but the t r a n s i t i o n - s t a t e a n a l o g 
i n h i b i t o r PGH b i n d s to the mutant over 5 0 - f o l d l e s s w e l l than to 
the w i l d - t y p e enzyme ( N i c k b a r g etal., 1 9 8 8 ) . U n f o r t u n a t e l y , l a b e l 
e x c h a n g e - i n and exchange-out e x p e r i m e n t s , c a r r i e d out by E l l i o t 
N i c k b a r g and Jeremy Knowles a t Harvard to determine the f r e e - e n e r g y 
p r o f i l e o f t h i s mutant, show t h a t i t has undergone a s u b t l e change 
i n mechanism. The d a t a a r e complex, but the best i n t e r p r e t a t i o n of 
them seems to be t h a t , i n the mutant enzyme, G l u 165 a b s t r a c t s the 
p r o t o n from CI and then p r o t o n a t e s the C2 c a r b o n y l oxygen to form 
the e n e d i o l i n t e r m e d i a t e ( N i c k b a r g etal., 1 9 8 8 ) . I t then a b s t r a c t s 
a p r o t o n from the CI h y d r o x y l and d e l i v e r s i t to the C2 carbon to 
form p r o d u c t ! These d a t a c o u l d be i n t e r p r e t e d to i n d i c a t e t h a t 
t h e r e must be d i r e c t p r o t o n d o n a t i o n to the s u b s t r a t e oxygen to 
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form the intermediate, and that His 95 normally f i l l s that role. 
Alternatively, there could have been a conformational change in the 
mutant that allowed this two-base pathway to become favoured for 
steric reasons. Mutating His 95 has proven that an acidic residue 
is not necessary at that position, but i t has not settled the 
question of the actual protonation state and role of His 95 in the 
normal enzyme. There is a caveat for a l l protein engineering in 
this result: i t is dangerous to assume that simple mutations leave 
the catalytic mechanism unchanged. 

Our findings on TIM, though incomplete, are consistent with 
the following picture: 
1. The TIM-catalysed isomerization of DHAP to GAP proceeds via 

base-catalysed proton abstraction and formation of an enzyme-
bound enediol or diolate intermediate. The organic chemistry 
analog of this reaction is the Lobry de Bruyn-Alberda van 
Ekenstein transformation
fructose when glucos

2. Desolvation of the active site maximizes a l l electrostatic 
effects by reducing the effective dielectric. 

3. Glu 165 acts as the catalytic base. Steric desolvation of the 
active site increases the pKa of Glu 165 when substrate binds. 
The structure of the enzyme orients the carboxylate group so 
that proton abstraction is carried out by the more basic syn 
orbital. 

4. The likely catalytic electrophiles are Asn 10, Lys 12 and His 
95. 

5. Acid catalysis by His 95 is not essential for isomerization. 
6. Rather than a unique electrophile for each substrate oxygen, 

the enzyme seems to provide a positive electrostatic potential 
by means of a combination of side-chains and alpha helix 
dipoles. Thus, i t is more accurate to speak of a catalytic 
surface than a specific site for electrophilic catalysis. 

7. Substrate specificity is chiefly provided by helical dipole 
and backbone hydrogen bonding to the phosphate group. 

8. The active site of triose phosphate isomerase is 
complementary, in both stereochemistry and charge 
configuration, to the transition state of the reaction i t 
catalyses. This fact, combined with very efficient general 
base catalysis, is largely responsible for the high efficiency 
of TIM. 
Glucose isomerase has not yet been investigated in anything 

like the same detail. In particular, the results from molecular 
biology are just beginning to come in. However, structural studies 
have been carried out on several enzyme-substrate complexes, and 
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a l t h o u g h t h e i r r e s u l t s a r e s t i l l o n l y a t medium r e s o l u t i o n , the 
p r e l i m i n a r y i n d i c a t i o n s a r e t h a t the GI mechanism i s much more 
complex. 

S i n c e GI i s a s i n g l e - s u b s t r a t e / s i n g l e - p r o d u c t enzyme, the 
s t r c u t u r e of the G I - g l u c o s e - M g adduct can be observed d i r e c t l y . 
There a r e two a l t e r n a t i v e e x p e r i m e n t a l methods: j u s t s o a k i n g the 
c r y s t a l i n s u b s t r a t e s o l u t i o n s p r i o r to mounting and d a t a 
c o l l e c t i o n , or c o n t i n u o u s l y f l o w i n g s u b s t r a t e and m e t a l over the 
c r y s t a l . The former i s an e q u i l i b r i u m e x p e r i m e n t , but the l a t t e r 
i s a k i n e t i c one. Continuous f l o w of g l u c o s e might be expected to 
r e v e a l the s t r u c t u r e of the s p e c i e s t h a t accumulates p r i o r to the 
r a t e - d e t e r m i n i n g s t e p of the r e a c t i o n . U n f o r t u n a t e l y , s i n c e the 
r e a c t i o n has not been d i s s e c t e d m e c h a n i s t i c a l l y , we have no i d e a 
what t h a t s t e p i s . 

The c r y s t a l s t r u c t u r
c o n t i n u o u s f l o w c o n d i t i o n
The p o s i t i o n of the bound m e t a l atom has been c o n f i r m e d by a 
s e p a r a t e experiment i n which the h e a v i e r c a t i o n manganese was 
s u b s t i t u t e d f o r magnesium. The e n z y m e - s u b s t r a t e complex i s a 
g l u c o s e - m e t a l - e n z y m e b r i d g e d system, w i t h both p r o t e i n and sugar 
p r o v i d i n g l i g a n d s to the magnesium atom. T h i s r e s u l t e x p l a i n s why 
magnesium b i n d s so weakly i n the absence of s u b s t r a t e . The a c t i v e 
s i t e g l u t a m a t e and a s p a r t a t e r e s i d u e s a r e both c o o r d i n a t e d to the 
m e t a l , making them u n a v a i l a b l e to s e r v e as the c a t a l y t i c base. 
G l u c o s e i s bound i n a compact manner, a l t h o u g h a t 3 A r e s o l u t i o n i t 
i s i m p o s s i b l e to determine i f the r i n g has been opened. H i s t i d i n e 
286 i s not p o s i t i o n e d to f u n c t i o n as the base i n p r o t o n 
a b s t r a c t i o n : i t appears to be on the wrong s i d e of the s u g a r . 
There a r e no o t h e r r e s i d u e s i n the v i c i n i t y t h a t can s e r v e to 
a b s t r a c t the p r o t o n , and no e l e c t r o p h i l i c groups p o s i t i o n e d f o r 
p o l a r i z a t i o n of the oxygens. 

The mystery deepened when we examined the s t r u c t u r e of the 
enzyme-glucose complex i n the absence of m e t a l s . The enzyme i s 
known to be c a t a l y t i c a l l y i n a c t i v e under these c o n d i t i o n s . T h i s 
experiment was done i n an e q u i l i b r i u m f a s h i o n , t h a t i s , by s o a k i n g 
the d e m e t a l l i z e d GI c r y s t a l i n a s o l u t i o n of g l u c o s e and then 
mounting i t i n a s e a l e d q u a r t z c a p i l l a r y tube f o r d a t a c o l l e c t i o n . 
The 3 A r e s o l u t i o n s t r u c t u r e of the complex r e v e a l e d t h a t the sugar 
r i n g had been opened and the s u b s t r a t e was bound i n a f u l l y -
extended c o n f o r m a t i o n . T h i s r e s u l t seemed to c o n f i r m an e a r l i e r 
o b s e r v a t i o n by one of us ( G . K . F . ) , t o g e t h e r w i t h Mary F. R o b e r t s of 
B o s t o n C o l l e g e , t h a t the enzyme was a b l e to c a t a l y s e the opening of 
the r i n g . There was s t i l l no obvious c a n d i d a t e f o r a p r o t o n -
t r a n s f e r base i n t h i s new c o n f o r m a t i o n . 

The m e c h a n i s t i c p i c t u r e most c o n s i s t e n t w i t h these p r e l i m i n a r y 
d a t a i s a m u l t i - s t e p sequence i n which sugar and m e t a l b i n d to the 
enzyme w i t h the sugar i n a c l o s e d , r i n g form c o o r d i n a t e d to 
magnesium v i a i t s CI and C2 oxygen atoms. An enzymic base, 
p r o b a b l y the i m i d a z o l e s i d e - c h a i n of H i s 286, then c a t a l y s e s the 
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opening of the ring. Subsequent steps are less clear structurally, 
but i t is possible that a large rearrangement of the sugar then 
takes place, with an extended sugar conformation then binding, with 
metal, in the active site. In this scheme, the rate-limiting step 
is probably ring opening, as that would explain why the closed form 
was observed in the flow-cell experiment. 

How is the actual isomerization catalysed? Failure to observe 
exchange-in or exchange-out of label, combined with the lack of an 
obvious basic amino acid side-chain in the right position, forces 
us to consider the possibility that the mechanism is fundamentally 
different from that of TIM. To return to the possibly overworked 
automotive analogy, the difference in top speed between the Ferrari 
and the Fiat is chiefly due to the differences in their engines, 
but both are s t i l l internal combustion engines of the same general 
principles. The mechanistic differences between GI and TIM appear 
to be more fundamental tha
looked under the hood o
internal combustion engine at a l l , but a pair of squirrels in a 
cage. A race between such a car and a Ferrari would be unsporting 
indeed. TIM and GI may differ in a similarly radical way: the 
isomerization step of GI may not be a base-catalysed proton 
transfer via an enediol. It may be unfair to compare the speed of 
the two enzymes because GI may not be doing the same chemistry 
after a l l . 

What chemistry is i t doing? There is one other obvious 
mechanism for interconversion of a ketone and an aldehyde, a 
hydride transfer pathway. Such a mechanism would not lead to any 
exchange, since there is no hydride in solution to exchange with. 
Direct hydride transfer from CI to C2 would require no enzymic base 
and would produce no intermediate. Direct hydride transfer would 
explain the requirement for a metal ion: in addition to providing 
binding for the sugar, the metal would polarize the sugar oxygen 
atoms and, in so doing, help generate the hydride ion. This 
mechanism would f i t a l l of the observed data for GI. And i t would 
be almost without enzymatic precedent. 

There are, however, numerous organic precendents. The 
Cannizzaro reaction, in which two equivalents of a nonenolizable 
aldehyde such as bezaldehyde are reacted with hydroxide to form a 
primary alcohol and the salt of a carboxylic acid, is thought to 
involve hydride transfer to one aldehyde carbonyl from the 
carbonyl-addition product of the other aldehyde and hydroxide. The 
Leuckart reaction, formation of a tertiary amine from formic acid, 
a primary amine and either a ketone or an aldehyde, seems to 
procède via hydride transfer from formate to an iminium ion. And 
the Meerwein-Ponndorf-Verley-Oppenauer reaction, the reversible 
transfer of hydrogen between ketones and secondary alcohols in the 
presence of excess aluminum isopropoxide, is almost certainly a 
hydride-transfer reaction. This latter process is of particular 
interest to us because i t requires a metal, just as GI does. The 
aluminum acts as a Lewis acid, coordinating the carbonyl oxygen and 
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b r i n g i n g the h y d r i d e donor ( t h e carbon atom a t t a c h e d to the 
h y d r o x i d e of the a l c o h o l ) a d j a c e n t to i t by s i m u l t a n e o u s l y 
c o o r d i n a t i n g t h a t oxygen as v e i l . The magnesium o r manganese i n GI 
c o u l d be p l a y i n g an i d e n t i c a l r o l e i n an i n t r a m o l e c u l a r h y d r i d e 
t r a n s f e r . The mechanism of GI may have always been d i f f e r e n t from 
t h a t o f TIH because of the n e c e s s i t y o f f i n d i n g a way to b i n d a 
sugar c o r r e c t l y . The s u b s t r a t e s f o r TIM have c o n v e n i e n t h a n d l e s : 
the phosphate gro up. TIM can use the phosphate to b i n d i t s 
s u b s t r a t e s t i g h t l y and then do c h e m i s t r y on a d i f f e r e n t p a r t o f the 
m o l e c u l e . G l u c o s e and f r u c t o s e have no h a n d l e s ; the enzyme must 
use every a v a i l a b l e p o r t i o n of the sugar to h o l d i t i n the a c t i v e 
s i t e , i n c l u d i n g the p o r t i o n of the sugar where the i s o m e r i z a t i o n i s 
to take p l a c e . Once a m e t al i o n was used to grab the CI and C2 
oxygane atoms, the c h e m i s t r y of the r e a c t i o n may have been 
u n a v o i d a b l e . A h y d r i d e t r a n s f e r path was the lowest f r e e - e n e r g y 
r o u t e to product w i t h the s t r o n g Lewis a c i d a t t a c h e d to the 
s u b s t r a t e . 

S t r u c t u r e can never prove mechanism. There i s no d i r e c t 
e v i d e n c e that GI uses a h y d r i d e t r a n s f e r mechanism, and we do not 
w i s h to a s s e r t t h a t i t does. Our r e s u l t s , however, do suggest t h a t 
a l t e r n a t i v e s to the t r a d i t i o n a l e n e d i o l mechanism s h o u l d be 
c o n s i d e r e d f o r t h i s enzyme, and t h a t c a r e f u l m e c h a n i s t i c s t u d i e s 
s h o u l d be c a r r i e d out to e v a l u a t e the p o s s i b i l i t y t h a t a h y d r i d e 
t r a n s f e r c o u l d be i n v o l v e d . U n t i l such s t u d i e s have been 
c o m p l e t e d , we b e l i e v e that the r a c e s h o u l d be postponed. I f the 
r a t e - d e t e r m i n i n g s t e p f o r GI r e a l l y i s r i n g - o p e n i n g , i t would be 
u n s p o r t i n g to match i t a g a i n s t TIM, which f a c e s no such problem. 
And i t may a l s o be i m p o s s i b l e ever to e n g i n e e r the TIM mechanism 
i n t o G I , i f the requirement of a m e t al atom to b i n d the sugar 
mandates a d i f f e r e n t mechanism f o r p r o t o n t r a n s f e r . N e v e r t h e l e s s , 
comparison of these two enzymes has l e d to g r e a t e r u n d e r s t a n d i n g , 
and a p p r e c i a t i o n , f o r b o t h . A F i a t i s not a F e r r a r i , but i t i s 
s t i l l a b e a u t i f u l machine. 
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Chapter 5 

Computer-Automated Sequence Evaluation 
of Peptides 

Application to the Study of Snake Venom Toxicity 

Gilles Klopman and Ruben E. Venegas 

Department of Chemistry, Case Western Reserve University, 
Cleveland, OH 44106 

A modified version
Evaluation (CASE)
applied to the study of the neurotoxic and cytotoxic 
activity of the snake venom toxins. The program 
identified the sites that seem to be the most relevant 
to the activity of these two classes of peptides. The 
knowledge of the three dimensional structure of these 
peptides together with the relevant fragments selected 
by the CASE program helped to clarify the differences 
between the activity of each type of toxin. 

T r a d i t i o n a l Q u a n t i t a t i v e S t r u c t u r e - A c t i v i t y s t u d i e s a r e p r e t t y much 
l i m i t e d to the study of the b i o l o g i c a l a c t i v i t y of r e l a t i v e l y s m a l l 
O r g a n i c M o l e c u l e s . Ve have i n t r o d u c e d , some time ago, the CASE 
program, a Computer Automated S t r u c t u r e E v a l u a t i o n program that can 
be used to i d e n t i f y m o l e c u l a r fragments d i r e c t l y r e s p o n s i b l e f o r the 
b i o l o g i c a l a c t i v i t y of such o r g a n i c molecules ( 1 - 1 0 ) . V i t h t h i s 
paper, we wish to i n t r o d u c e an expanded v e r s i o n of CASE, c a p a b l e to 
i d e n t i f y the r e l a t i o n between p e p t i d e sequences and b i o l o g i c a l 
a c t i v i t y . The e x p e c t a t i o n i s that such a program c o u l d h e l p 
d e l i n e a t e the a c t i v i t y of p e p t i d e s and p r o v i d e a b e t t e r 
u n d e r s t a n d i n g of the r e c e p t o r s i t e ' s geometry. For t h i s i n i t i a l 
study we have s e l e c t e d a d a t a base c o n s i s t i n g of snake venom t o x i n s 
( Π , 1 2 ) , f o r which e x t e n s i v e s t u d i e s have been made and whose 
t e r t i a r y s t r u c t u r e has been w e l l e s t a b l i s h e d ( 1 3 ) . 

Snake venom t o x i n s are u s u a l l y c l a s s i f i e d i n t o t h r e e 
c a t e g o r i e s : s h o r t n e u r o t o x i n s , l o n g n e u r o t o x i n s and c y t o t o x i n s . 
Short n e u r o t o x i n s c o n t a i n 60-62 amino a c i d r e s i d u e s and 4 d i s u l f i d e 
b r i d g e s . Long n e u r o t o x i n s have 60-62 amino a c i d r e s i d u e s and 5 
d i s u l f i d e b r i d g e s . C y t o t o x i n s a l s o c o n t a i n 60-61 amino a c i d r e s i d u e s 
and 4 d i s u l f i d e b r i d g e s . I t i s known that s h o r t and l o n g n e u r o t o x i n s 
a c t on p o s t s y n a p t i c n i c o t i n i c c h o l i n e r g i c r e c e p t o r s ( 1 3 ) , but the 
mode of a c t i o n of c y t o t o x i n s i s u n c l e a r . 
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E l u c i d a t i o n of the a c t i v e s i t e of t o x i n s would be of enormous 
importance f o r the u n d e r s t a n d i n g of both the mechanism of a c t i o n of 
the t o x i n s and of the s t r u c t u r a l o r g a n i z a t i o n of the r e c e p t o r . A 
c o n s i d e r a b l e amount of work has been done to that e f f e c t ; t h i s 
i n c l u d e s the study of many snake venom's sequences (11) and t h e i r 
t h r e e d i m e n s i o n a l s t r u c t u r e s ( 1 4 , 1 5 ) . The t o x i c i t y and b i n d i n g of 
c h e m i c a l l y m o d i f i e d t o x i n s ( 1 1 , 1 6 , 1 7 ) have a l s o been r e p o r t e d as 
w e l l as that of s m a l l e r p e p t i d e s w i t h r e s i d u a l t o x i c i t y ( 1 8 , 1 9 ) . I n 
s p i t e of a l l t h i s work, the s p e c i f i c r e g i o n s and the minimum number 
of f u n c t i o n a l amino a c i d s needed to b i n d to the r e c e p t o r and to 
produce t o x i c i t y have not been e n t i r e l y c l a r i f i e d . N e v e r t h e l e s s , a 
number of c o n c l u s i o n s have been reached from p r e v i o u s s t u d i e s . Thus, 
from a comparison of n e u r o t o x i n sequences w i t h that of s i m i l a r l y 
s t r u c t u r e d p r o t e i n s but w i t h o u t t o x i c a c t i v i t y , the r e s i d u e s T r p - 2 5 , 
A r g - 3 3 , and G l y - 3 4 (numeration a c c o r d i n g to K a r l s s o n , r e f . 11) were 
thought to be necessary f o r n e u r o t o x i c i t y ( 1 1 ) . From c h e m i c a l 
m o d i f i c a t i o n s s t u d i e s ( 1 1 » 1 6 )
A r g - 3 3 , G l y - 3 4 , and L y s - 4
two n e u r o t o x i n s showed that a few p a i r s of amino a c i d s appeared to 
mimic the s t r u c t u r e of a c e t y l c h o l i n e ( 2 0 ) . F i n a l l y , i t was a l s o 
observed that the f o u r d i s u l f i d e b r i d g e s appear to p l a y an important 
p a r t i n m a i n t a i n i n g the a c t i v e c o n f o r m a t i o n of the t o x i n s and t h a t 
complete r e d u c t i o n (21) or o x i d a t i o n (22) t e r m i n a t e t o x i c i t y w h i l e 
d é n a t u r a n t s such as urea have l i t t l e or no e f f e c t on the t o x i c i t y of 
non-reduced t o x i n . 

From a comparison of the primary s t r u c t u r e of the n e u r o t o x i n s , 
K a r l s s o n (11) and Ryden et a l . (12) observed that c e r t a i n i n v a r i a n t 
amino a c i d p o s i t i o n s i n the s t r u c t u r a l c h a i n a r e important f o r the 
g e n e r a l f o l d i n g of the m o l e c u l e , w h i l e o t h e r s are important f o r the 
n e u r o t o x i c a c t i v i t y . The former are c a l l e d s t r u c t u r a l l y i n v a r i a n t 
r e s i d u e s , whereas the l a t e r are c a l l e d f u n c t i o n a l l y i n v a r i a n t 
r e s i d u e s . 

Host p r e v i o u s s t u d i e s a r e based on the assumption t h a t the 
t o x i c i t y of snake t o x i n s i s induced by a narrowly d e f i n e d a c t i v e 
r e g i o n . As a consequence, s i n g l e amino a c i d r e s i d u e s were c h e m i c a l l y 
m o d i f i e d and the e f f e c t s of the m o d i f i c a t i o n assayed by i n v i v o 
t o x i c i t y t e s t s ( 1 1 > 1 4 » 1 8 ) . However, i t was found t h a t the 
d e r i v a t i v e s m o d i f i e d at a l l those p o s i t i o n s b e l i e v e d to be important 
s t i l l have s i g n i f i c a n t a c t i v i t y . I n s t e a d , as has been p r e v i o u s l y 
shown by K a r l s s o n ( 1 1 ) , t h e r e i s a g r a d u a l decrease o f , but never a 
complete r e d u c t i o n i n t o x i c i t y ( a f f i n i t y of b i n d i n g ) . 

A d e t a i l e d a n a l y s i s of these r e s u l t s seem to i n d i c a t e t h a t 
u n l i k e most of the enzymes, there i s not a s i n g l e amino a c i d r e s i d u e 
or s m a l l r e g i o n i n the t o x i n s t r u c t u r e that i s e s s e n t i a l f o r 
b i o l o g i c a l f u n c t i o n . I n s t e a d , the s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s 
of t h i s important group of b i o l o g i c a l l y a c t i v e p o l y p e p t i d e s may be 
governed by more g l o b a l p r i n c i p l e s of o r g a n i z a t i o n . 

Methodology 

The CASE methodology has been m o d i f i e d to be u s a b l e f o r the 
e v a l u a t i o n of the amino a c i d sequences r e q u i r e d f o r a c t i v i t y . The 
procedure c a l l s f o r f r a g m e n t a t i o n of the p e p t i d e c h a i n i n fragments 
of 3 to 10 c o n s t i t u e n t u n i t s . These f o r m e r l y c o n s i s t e d of heavy 
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atoms with their hydrogens and, in the new context, are made up by 
small sequences of linked amino acids. For this purpose the 
molecular entry program (23), formerly KLN, has been modified so 
that each letter of the alphabet now represents an amino acid (see 
Table I). Each of these amino acid is only permitted one neighbor i f 
i t exists at the beginning or end of a chain and two neighbors i f i t 
exists within the bulk of the peptide. Furthermore, fragment 
inversion is not permitted anymore since, in contrast to ordinary 
molecules, peptide termini are not interchangeable. Once the 
fragments have been identified and collected along with a numerical 
representation of the biological activity of the peptides, the CASE 
analysis begins. Fragments coming from active peptides are labeled 
activating, while fragments arising from biologically inactive 
peptides are labeled as deactivating. 

Tabl
Letter Abbreviation Amino Acid 

A Ala ALANINE 
R Arg ARGININE 
Ν Asn ASPARAGINE 
D Asp ASPARTIC ACID 
Β Asx ASPARTIC ACID/ASPARAGINE 
C Cys CYSTEINE 
Ζ Glx GLUTAMIC ACID/GLUTAMINE 
Q Gin GLUTAMINE 
Ε Glu GLUTAMIC ACID 
G Gly GLYCINE 
H His HISTIDINE 
I He ISOLEUCINE 
L Leu LEUCINE 
Κ Lys LYSINE 
Ν Met METHIONINE 
F Phe PHENYLALANINE 
Ρ Pro PROLINE 
S Ser SERINE 
Τ Thr THREONINE 
V Trp TRYPTOPHAN 
Y Tyr TYROSINE 
V Val VALINE 

The symbols used for amino acids are those recommended by the 
IUPAC-IUB Commission on Biochemical Nomenclature, as published 
in J. Biol. Chem. 1972, 247, 977. 

The fragmentation of the peptide data base generates thousands of 
fragments consisting of short amino acid sequences. In order to 
establish which fragments are relevant to activity, a binomial 
distribution is assumed and any significant deviation from a random 
distribution of a fragment among the active and inactive categories 
indicates its possible contribution to the biological activity. At 
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t h i s p o i n t of the procedure the program i s capable to d i s t i n g u i s h 
between a c t i v e and i n a c t i v e t o x i n s on the b a s i s of the presence or 
absence of these fragments. A d d i t i o n a l l y , the program s e l e c t s a 
subset of m o l e c u l a r fragments to be c o n s i d e r e d f o r m u l t i v a r i a t e 
l i n e a r r e g r e s s i o n . F i r s t , the program searches f o r a fragment which 
can e f f e c t i v e l y d i s c r i m i n a t e between a c t i v e and i n a c t i v e p e p t i d e s . 
Subsequent fragments a r e then chosen to account f o r the r e m a i n i n g 
v a r i a n c e . The program executes a forward s t e p w i s e r e g r e s s i o n 
a n a l y s i s on these independent v a r i a b l e s to d e r i v e a q u a n t i t a t i v e 
e s t i m a t e of each p e p t i d e ' s a c t i v i t y . The F p a r t i a l s t a t i s t i c (95X 
c o n f i d e n c e l e v e l ) i s a p p l i e d to a s s u r e s t a t i s t i c a l v a l i d i t y of the 
i n c o r p o r a t e d v a r i a b l e s . The measure of the a c t i v a t i n g / i n a c t i v a t i n g 
c o n t r i b u t i o n made to the o v e r a l l b i o l o g i c a l a c t i v i t y by the 
fragments i s r e p r e s e n t e d by the magnitude of the r e g r e s s i o n 
c o e f f i c i e n t s . 

Once the a n a l y s i s i s completed, the program has the c a p a b i l i t y 
to e v a l u a t e the p r o b a b i l i t
to a n t i c i p a t e the exten

R e s u l t s 

Short N e u r o t o x i n s . The 58 snake venom s h o r t n e u r o t o x i n s s u b m i t t e d 
to a n a l y s i s a r e presented i n Table I I . T h i s d a t a base, which 
c o n t a i n s 27 i n a c t i v e and 30 a c t i v e t o x i n s , was b u i l t from d a t a 
r e p o r t e d by K a r l s s o n (11) and Dufton et a l . ( 1 2 ) . 

F I : S S Q F n : D Η R G 

F I I I : S y n e r g i s t i c 
Τ Τ Κ and 

presence of fragments 
R G T I I E R G C G C P 

F I V : V S D F y : C Ρ Τ V Κ 

F V I : S C Υ Κ Κ F v n : V R D 

F 
r V I I I 

: C Ν L 

F i g u r e 1. The most important fragments s e l e c t e d by the 
CASE program from the s h o r t n e u r o t o x i n s d a t a base. 

A f t e r the t r a i n i n g s e t was entered i n the computer, the program 
generated a l l the fragments b e l i e v e d to be r e l a t e d to the observed 
a c t i v i t i e s of each t o x i n . I n t h i s c a s e , 20 fragments (10 
i n a c t i v a t i n g and 10 a c t i v a t i n g ) were s e l e c t e d as p o t e n t i a l 
d e s c r i p t o r s of the e x p e r i m e n t a l l y observed t o x i c i t y . Based on t h e s e , 
a s t e p w i s e r e g r e s s i o n a n a l y s i s was performed. The a c t i v i t y of the 
t o x i n s were r e p r e s e n t e d as 0 i n d i c a t i n g no a c t i v i t y , 1, i n d i c a t i n g 
m a r g i n a l a c t i v i t y and 2 , s u b s t a n t i a l a c t i v i t y . E i g h t d e s c r i p t o r s 
were s e l e c t e d to be o f p a r t i c u l a r s i g n i f i c a n c e to the a c t u a l 
t o x i c i t y o f the s h o r t n e u r o t o x i n s . They a r e shown i n F i g u r e 1; 
the f o l l o w i n g Q u a n t i t a t i v e S t r u c t u r e A c t i v i t y R e l a t i o n s h i p (QSAR) 
was g e n e r a t e d : 
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Table I I . The a c t u a l and predicted value of the short toxins 
submitted to the CASE program 

Neurotoxins Actual C a l c * 

1 NAJA HAJE ANNULIFERA: CM-10 _ _ 
2 NAJA HAJE ANNULIFERA: CM-12 _ _ 
3 DENDROASPIS JAMES0NI KAIM0SE: S5C10 _ _ 
4 DENDROASPIS JAHESONI KAIMOSE: S4C1 - _ 
5 DENDROASPIS JAMESONI KAIMOSE: S4C4 _ 
6 DENDROASPIS JAMESONI KAIMOSE: S4C8 
7 DENDROASPIS ANGUSTICEPS: C10S2C2 _ _ 
8 DENDROASPIS ANGUSTICEPS: C13S1C1 _ _ 
9 DENDROASPIS POLYLEPSIS: C _ 
10 DENDROASPIS POLYLEPSIS: FS2 _ _ 
11 OPHIOPHAGUS HANNAH: DE-1 _ _ 
12 NAJA HAJE HAJE: CM-2 _ _ 
13 DENDROASPIS JAMISONI KAIMOSE: S2C4 _ _ 
14 DENDROASPIS ANGUSTICEPS: C8S2 _ _ 
15 DENDROASPIS ANGUSTICEPS
16 NAJA MELANOLEUCA: S4C1
17 NAJA HAJE ANNULIFERA
18 NAJA HAJE HAJE: CM-11 _ _ 
19 NAJA NIVEA: CM-10 _ _ 
20 NAJA NAJA SIAMENSIS (KA0UTHIA): CM-9A - -
21 HEMACHATUS HEMACHATES: CM-IB - -
22 NAJA HAJE ANNULIFERA: CM-2A _ _ 
23 NAJA HAJE ANNULIFERA: CM-3 _ 
24 DENDROASPIS VIRIDIS: TOXIN TA2 _ -
25 DENDROASPIS VIRIDIS: TOXIN 4.9.6 - -
26 HEMACHATUS HAEMACHES: TOXIN 9B _ -
27 DENDROASPIS ANGUSTICEPS: TOXIN TAl(F-VII) - -
28 NAJA NIVEA: B,(BETA) ++ ++ 
29 NAJA MOSSAMBICA MOSSAMBICA: I ++ ++ 
30 NAJA MOSSAMBICA MOSSAMBICA: I I I ++ ++ 
31 NAJA HAJE HAJE: CM-10A ++ ++ 
32 NAJA HAJE HAJE: CM-6 ++ ++ 
33 NAJA HAJE ANNULIFERA: A,(ALPHA) ++ ++ 
34 NAJA HAJE ANNULIFERA: CM-14 ++ ++ 
35 NAJA MELANOLEUCA: D ++ ++ 
36 NAJA NIGRICOLLIS: A,(ALPHA) ++ +++ 
37 NAJA NAJA ATRA: COBROTOXIN •+ ++ 
38 NAJA NAJA ΟΧΙANA: I I ++ ++ 
39 HEMACHATUS HEMACHATES: I I ++ +++ 
40 HEMACHATUS HEMACHATES: IV ++ ++ 
41 DENDROASPIS VIRIDIS: 4.11.3 ++ ++ 
42 DENDROASPIS JAMESON: VN'I ++ ++ 
43 DENDROASPIS POLYLEPIS ++ ++ 
44 LATICAUDA SEMIFASCIATA: ERABUTOXIN A ++ ++ 
45 LATICAUDA SEMIFASCIATA: ERABUTOXIN Β ++ ++ 
46 LATICAUDA SEMIFASCIATA: ERABUTOXIN C ++ ++ 
47 LATICAUDA LATICAUDA: LATICOTOXIN A ++ ++ 
48 LATICAUDA LATICAUDA: LATICOTOXIN A' ++ ++ 
49 LATICAUDA COLUBRINA: I I ++ ++ 
50 LATICAUDA SCHISTOSA: 5 ++ ++ 
51 ENHYDRINA SCHISTOSA: 4 ++ ++ 
52 AIPYSURUS LAEVIS: A ++ + 
53 AIPYSURUS LAEVIS: Β ++ ++ 
54 AIPYSURUS LAEVIS: C ++ + 
55 HYDROPHIS CYANOCINCTUS: HYDROPHITOXIN A ++ ++ 
56 HYDROPHIS ORNATUS: 75A ++ ++ 
57 ASTROTIA STOKESII: A ++ ++ 
58 ACANTHOPIS ANTARCTICUS: C +• ++ 

* - in d i c a t e s i n a c t i v i t y , + in d i c a t e s marginal a c t i v i t y 
++, s u b s t a n t i a l a c t i v i t y and +++, extremely high a c t i v i t y . 
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A c t i v i t y = O.240 + O.637 F j + O.586 F n + O.266 F m 

+ O.750 F I V + O.358 F y + O.533 F V I (1) 

+ O.917 F v n - O.543 F v m 

Fragments I to V I I a r e a c t i v a t i n g whereas Fragment V I I I i s 
d e a c t i v a t i n g . The F - t e s t f o r r e g r e s s i o n i s s a t i s f i e d at the O.05 
c o n f i d e n c e l i m i t ; F ( 8 , 4 9 , O . 0 5 ) = 2 0 1 . 7 9 , w i t h a c o r r e l a t i o n 
c o e f f i c i e n t r 2 of O.97 and a s t a n d a r d d e v i a t i o n of r e s i d u a l s of 
O.217. The c o r r e l a t i o n i s s i g n i f i c a n t s i n c e the F - t e s t i s 
s u b s t a n t i a l l y b e t t e r than r e q u i r e d by our c r i t e r i a to e l i m i n a t e 
f o r t u i t o u s c o r r e l a t i o n s ( 2 4 ) . 

I t can be seen from Table I I that the p r e d i c t i o n s ( u s i n g 
E q u a t i o n 1) were q u i t e s a t i s f a c t o r y . A l l the i n a c t i v e s n e u r o t o x i n s 
a r e accounted f o r c o r r e c t l y . Among the a c t i v e s , two were p r e d i c t e d 
to be m a r g i n a l l y a c t i v e (5
3 9 ) . I t has been observe
indeed very potent ( 2 0 ) . 

Ve a l s o submitted 6 s h o r t t o x i n s that were found i n the 
l i t e r a t u r e (25) a f t e r the t r a i n i n g d a t a base had been e n t e r e d to the 
computer. Table I I I shows the r e s u l t s of the p r e d i c t i o n f o r these 
n e u r o t o x i n s ; 4 out of the 6 compounds were c o r r e c t l y p r e d i c t e d to be 
a c t i v e . The o t h e r two were p r e d i c t e d to be m a r g i n a l l y a c t i v e . To u s , 
t h i s i n d i c a t e s s a t i s f a c t o r y p r e d i c t i v e c a p a b i l i t y . 

Table I I I . The a c t u a l and p r e d i c t e d v a l u e s ^of the 
t e s t compounds u s i n g E q u a t i o n 1 

N e u r o t o x i n s A c t u a l C a l c u l a t e d 

1 D . j . k a i m o s a e Toxin V n - I l ++ ++ 
2 L . c o l u b r i n a c ++ + 
3 L . c o l u b r i n a d ++ + 
4 L . l a t i c a u d a t a c ++ ++ 
5 L . c r o c k e r i c ++ ++ 
6 Hcyan Hyd Β ++ ++ 

See f o o t n o t e i n Table I I . 

C y t o t o x i n s . The 58 snake venom c y t o t o x i n s submitted to a n a l y s i s a r e 
shown i n Table IV. The d a t a base, c o n t a i n i n g 35 i n a c t i v e and 23 
a c t i v e t o x i n s , was a l s o b u i l d w i t h d a t a from the a r t i c l e s of 
K a r l s s o n (11) and Dufton et a l . ( 1 2 ) . The same procedure as 
d e s c r i b e d f o r the s h o r t t o x i n s was performed. 15 fragment were 
s e l e c t e d as p o t e n t i a l d e s c r i p t o r s of the t o x i c i t y of the c y t o t o x i n s 
and the s t e p w i s e r e g r e s s i o n a n a l y s i s s e l e c t e d o n l y 3 fragments as 
d e s c r i p t o r s of t h e i r a c t i v i t y . The three fragments a r e shown i n 
F i g u r e 2 . The f o l l o w i n g QSAR e q u a t i o n was g e n e r a t e d : 

A c t i v i t y = O.296 + 1.231 F T + 1.088 F T T - 1.029 F T T T (2) 
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Table IV. The actual and calculated values, of the Cytotoxins 
submitted f o r an a l y s i s 

Cytotoxins Actual Cale. 

1 NAJA MELANOLEUCA: V"3 _ + 
2 NAJA HAJE ANNULIFERA: CM-13A -3 HEMACHATUS HEMACHATES: 9B - -A HEMACHATUS HEMACHATES: 9BB - -5 HEMACHATUS HEMACHATES: 11 - -6 HEMACHATUS HEMACHATES: 11A - -7 HEMACHATUS HEMACHATES: 12A - -8 NAJA NAJA: CM-XI - -9 NAJA NAJA IIA - -10 NAJA NAJA ATRA : CARDIOTOXIN - -11 NAJA MELANOLEUCA : V"2 - -12 NAJA MELANOLEUCA : 3.22 - -13 HEMACHATUS HEMACHATES: 12B - -1A DENDROASPIS JAMESONI KAIMOSE: S2CA - -15 DENDEOASPIS ANGUSTICEPS - -16 NAJA HAJE HAJE
17 DENDEOASPIS ANGUSTICEPS - -18 NAJA NIVEA : CM-10 - -19 NAJA NAJA SIAMENSIS: CM-9A - -20 HEMACHATUS HEMACHATES: CM-1B - -21 HEMACHATUS HEMACHATES: CM-2B - -22 HEMACHATUS HEMACHATES: CM-1C - -23 HEMACHATUS HEMACHATES: CM-12B - -2A NAJA HAJE ANNULIFERA: CM-2A - -25 ACANTHOPIS ANTARCTICUS: P2 - -26 ACANTHOPIS ANTARCTICUS: P3 - -27 ACANTHOPIS ANTARCTICUS: P5 - -28 ACANTHOPIS ANTARCTICUS: P6 - -29 PELAMIS PLATURUS: F6 - -30 PELAMIS PLATURUS: S07 - -31 DENDROASPIS VIRIDIS: A.11.3 - -32 DENDROASPIS JAMESONI: VNII - -33 DENDROASPIS POLYLEPIS: ALPHA - -3A NAJA HAJE ANNULIFERA: CM-13B - -35 NAJA HAJE HAJE CM-11 - -36 NAJA NAJA NAJA: I I COBRAMINE Β ++ ++ 
37 NAJA NAJA OXIANA ++ ++ 
38 NAJA NAJA ATRA: I I ++ ++ 
39 NAJA NAJA NAJA: I COBRAMINE A ++ ++ 
AO NAJA MELANOLEUCA: V I I I ++ ++ 
A l NAJA NAJA ATRA: I ++ ++ 
A2 NAJA HAJE ANNULIFERA: CM-AA ++ +• 
A3 NAJA HAJE ANNULIFERA: CM-2A ++ ++ 
AA NAJA HAJE ANNULIFERA: V I I I ++ + 
A5 NAJA NIVEA: V I I I ++ • 
A6 NAJA NIVEA: VII3 ++ ++ 
A7 NAJA HAJE ANNULIFERA: CM-8 ++ ++ 
A8 NAJA HAJE ANNULIFERA: CM-8A ++ +• 
A9 NAJA HAJE ANNULIFERA: VII2 ++ +• 
50 NAJA NIVEA: VII2 ++ ++ 
51 NAJA HAJE HAJE: CM-10B ++ ++ 
52 NAJA NIGRICOLLIS: CARDIOTOXIN ++ ++ 
53 NAJA MOSSAMBICA MOSSAMBICA: VII2 ++ ++ 
5A NAJA MOSSAMBICA MOSSAMBICA: VII3 ++ •+ 
55 HEMACHATUS HEMACHATES: 12B ++ + 
56 NAJA HAJE ANNULIFERA: CM-13B ++ + 
57 NAJA MELANOLEUCA: 3.20 ++ + 
58 NAJA MELANOLEUCA: CYTOTOXIN 2 ++ + 

* See footnote i n Table I I . 
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The c o r r e l a t i o n c o e f f i c i e n t r 2 of O.90 and a s t a n d a r d d e v i a t i o n of 
r e s i d u a l s of O.479, together w i t h a F - t e s t v a l u e of F ( 3 , 5 4 , O . 0 5 ) -
154.56 seem to i n d i c a t e that the e q u a t i o n i s h i g h l y s i g n i f i c a n t . 

F I : P V K R G C I D V C Ρ Κ 

F I I : C C Ν F m : G C G 

F i g u r e 2. The fragments s e l e c t e d by the CASE 
program from the C y t o t o x i n s d a t a base. 

The p r e d i c t i o n s , u s i n g E q u a t i o n 2 , are d i s p l a y e d i n T a b l e IV. 
The r e s u l t s show that 17 out of the 23 a c t i v e and 33 of the 35 
i n a c t i v e c y t o t o x i n s a r e p r e d i c t e d c o r r e c t l y . The r e m a i n i n g 6 
a c t i v e s and 2 i n a c t i v e
Thus, almost 90% of the v a r i a t i o
w i t h E q u a t i o n 2 . 

D i s c u s s i o n 

Short N e u r o t o x i n s . F i g u r e 1 shows the fragments that were s e l e c t e d 
by the program f o r the QSAR e q u a t i o n . F i g u r e 3 shows the pr imary 
s t r u c t u r e of some of the snake venoms. I n t h e s e , we have u n d e r l i n e d 
the fragments t h a t were s e l e c t e d by the QSAR e q u a t i o n as s i g n i f i c a n t 
to a c t i v i t y . 

RICYIJHLGTKPPTTECTQEDSCYKNIVRNITEDNIRRGCGCFTPRGDMPGPYCCESDKCWL 
MICHNQQSSQRrTIKTCPGETNCYKKRVRDHRGTIIERGCGCPSVKKGVGIYCCKTDKCNR 
MECHNQQSSQPPTTCTCPGETNCYKKQVSDHRGra 
LECHNQQSSQPPTTKSCPGDraCYl̂ WRDHRGTIÎ  
MTCCNQQ S SQPKTTTNCAE S SCYKKTVSDHRGTRIERGCGCPQVKKGIKLECCHTNECNN 

F i g u r e 3 . Examples of the r e l a t i v e p o s i t i o n s of the most important 
fragments s e l e c t e d by the CASE program i n some s h o r t n e u r o t o x i n s . 

Fragment I, SSQ, c o r r e s p o n d i n g to the S e r - S e r - G l n amino a c i d 
sequence, i s present i n almost a l l the snake venoms except those 
from the snake of the f a m i l y E l a p i n a e (mambas). Fragment I I , DHRG 
( A s p - H i s - A r g - G l y ) , c o n t a i n s two of the f u n c t i o n a l l y i n v a r i a n t amino 
a c i d s as d e f i n e d by K a r l s s o n . These a r e Arg and G l y . A c c o r d i n g to 
the QSAR e q u a t i o n , these a r e the two most important f ragments. 
Fragment I I I r e p r e s e n t s the s y n e r g i s t i c presence of the fragments 
TTK ( T h r - T h r - L y s ) , and RGTIIERGCGCP ( A r g - G l y - T h r - I l e - I l e - A r g - G l y -
C y s - G l y - C y s - P r o ) . T h i s d e s c r i p t o r i s the l e a s t p o t e n t , a c c o r d i n g to 
the QSAR e q u a t i o n ( E q u a t i o n 1 ) ; i t s c o e f f i c i e n t i s very s m a l l . I t 
s h o u l d be noted that the RGTIIERGCGCP fragment c o n t a i n s two of the 
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f u n c t i o n a l l y i n v a r i a n t ( A r g - G l y ) and f o u r of the s t r u c t u r a l l y 
i n v a r i a n t ( G l y - C y s , G l y - C y s ) amino a c i d s . F i n a l l y , i t appears that 
fragments 7 and 8 (VRD; T r p - A r g - A s p and WSD; T r p - S e r - A s p ) a r e 
s i m i l a r and occupy s i m i l a r l o c a t i o n s i n the p e p t i d e sequences. Thus 
we conclude that A r g and Ser a r e i n t e r c h a n g e a b l e i n t h i s p o s i t i o n 
w i t h o u t any s i g n i f i c a n t a c t i v i t y change. 

I t i s i n t e r e s t i n g to r e a l i z e that many of these fragments 
occupy the same p o s i t i o n s that O s t h o f f et a l . (26) i d e n t i f i e d as 
s u r f a c e a c c e s s i b l e / i n a c c e s s i b l e r e s i d u e s . In f a c t , f i v e out of the 
s i x a c t i v a t i n g fragments ( I - V ) c o n t a i n s u r f a c e a c c e s s i b l e r e s i d u e s 
o n l y . On the o t h e r hand, the i n a c t i v a t i n g fragment (IV) has an 
s u r f a c e i n a c c e s s i b l e r e s i d u e . Fragment VI seems to be the o n l y 
e x c e p t i o n , i t c o n t a i n s a mixture of s u r f a c e a c c e s s i b l e and 
i n a c c e s s i b l e r e s i d u e s . 

The c o n s i d e r a t i o n of the r e l a t i v e l o c a t i o n of the fragments 
w i t h i n the three d i m e n s i o n a l s t r u c t u r e of the p e p t i d e p r o v i d e some 
a d d i t i o n a l i n s i g h t i n t
F i g u r e 4 shows the 3 - d i m e n s i o n a
( 1 2 ) . I t i s based on the c r y s t a l s t r u c t u r e of the s h o r t n e u r o t o x i n 
e r a b u t o x i n b. We have i n d i c a t e d the p o s i t i o n s of the fragments 
r e l e v a n t to a c t i v i t y w i t h s o l i d l i n e s . 

The f i r s t and most important c o n c l u s i o n comes from the 
o b s e r v a t i o n that the two most important fragments(SSQ and DHRG) a r e 
l o c a t e d at the e x t r e m i t i e s of loops 1 and 2 and that they f a c e 
each o t h e r c o n t r o l l i n g the entrance to the channel between them. 
The o t h e r fragment (WSD/WRD) i s connected to the DHRG fragment and 
completes the o u t e r loop of the t o x i n . These three fragments c l e a r l y 
d e l i n e a t e a primary i n t e r a c t i o n s i t e w i t h the r e c e p t o r . There i s a 
secondary r e g i o n , a p p a r e n t l y l e s s i m p o r t a n t , but not necessary l e s s 
s i g n i f i c a n t , that needs to be c o n s i d e r e d as w e l l . I t i s the r e g i o n 
where the CPTVK fragment i s l o c a t e d , i . e . i n the t h i r d l o o p . 

One may s p e c u l a t e that the o u t e r r e g i o n , c o r r e s p o n d i n g to the 
fragments SSQ, DHRG, WSD/WRD i s r e q u i r e d i n o r d e r f o r the p e p t i d e to 
be a b l e to a t t a c h to the r e c e p t o r , w h i l e the i n n e r r e g i o n , 
c o n s i s t i n g of the CPTVK fragment c o u l d be l i n k e d to the t o x i c 
a c t i v i t y . T h i s i s supported by the f a c t that the QSAR e q u a t i o n 
( E q u a t i o n 1) r e q u i r e s a minimum of three a c t i v a t i n g fragments i n 
o r d e r to y i e l d an a c t u a l a c t i v i t y v a l u e of 1.9 or l a r g e r and accept 
a p e p t i d e as a c t i v e . 

C y t o t o x i n s . F i g u r e 2 shows the fragments s e l e c t e d by the QSAR 
e q u a t i o n f o r the a c t i v i t y of the c y t o t o x i n s . I t can be seen that the 
most important fragment r e l a t e d to the b i o l o g i c a l a c t i v i t y of the 
c y t o t o x i n s i s much l a r g e r that those i d e n t i f i e d as r e l e v a n t to the 
a c t i v i t y of the s h o r t n e u r o t o x i n s . A c o n s i d e r a t i o n of the t e r t i a r y 
s t r u c t u r e of these c y t o t o x i n s i s even more r e v e a l i n g as to the 
d i f f e r e n c e between t h e i r a c t i v i t y and that of the s h o r t t o x i n s . 

F i g u r e 5 d i s p l a y s the backbone of a c y t o t o x i n showing the 
normal l o c a t i o n of these fragments. The three d i m e n s i o n a l s t r u c t u r e 
i s e x t r a p o l a t e d from the c r y s t a l s t r u c t u r e of the s h o r t n e u r o t o x i n , 
e r a b u t o x i n b ( 1 2 ) . As i n the case of the s h o r t n e u r o t o x i n s , we have 
drawn the d i f f e r e n t fragments w i t h s o l i d l i n e s . 

I t can e a s i l y be seen that the e x t r e m i t i e s of l o o p s 1 and 2 , 
which appeared to be so important i n the case of the s h o r t 
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F i g u r e 4. A t y p i c a l backbone of a s h o r t n e u r o t o x i n . The most 
important fragments s e l e c t e d by the CASE program have been 
i n d i c a t e d w i t h s o l i d l i n e s . 
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Figure 5. A typical backbone of a cytotoxin. The most important 
fragments selected by the CASE program have been indicated with 
solid lines. 
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n e u r o t o x i n s , a r e not r e l e v a n t anymore, thus s u g g e s t i n g t h a t 
d i f f e r e n t r e c e p t o r s a r e i n v o l v e d . I t i s now found t h a t a l l the 
r e l e v a n t fragments a r e c o n c e n t r a t e d i n the secondary r e g i o n between 
l o o p s 2 and 3 . Thus, w h i l e the f o l d i n g of the c y t o t o x i n s i s very 
s i m i l a r to that of the s h o r t n e u r o t o x i n s , i t i s c l e a r t h a t the s i t e 
of a c t i v i t y i s c o m p l e t e l y d i f f e r e n t and d i f f e r e n t s t r a t e g i e s s h o u l d 
be used to e i t h e r i n h i b i t or s i m u l a t e the a c t i v i t i e s of these two 
c l a s s e s of s t r u c t u r a l l y r e l a t e d snake venom components. 

C o n c l u s i o n s 

The CASE a n a l y s i s was a b l e to i d e n t i f y the r e l e v a n t s i t e s of 
a c t i v i t y of two s e r i e s of p e p t i d e s . From an e v a l u a t i o n of the 
l o c a t i o n of the r e l e v a n t fragments, one can conclude t h a t even 
though both types of t o x i n s have s i m i l a r t h r e e d i m e n s i o n a l 
s t r u c t u r e , the s i t e s of n e u r o t o x i c i t y and c y t o t o x i c i t y a c t i v i t y a r e 
c o m p l e t e l y d i f f e r e n t an
p e p t i d e s . 

These c o n c l u s i o n s were made p o s s i b l e by the combined knowledge 
of r e l e v a n t fragments and the three d i m e n s i o n a l s t r u c t u r e of the 
p e p t i d e . In the absence of a three d i m e n s i o n a l s t r u c t u r e , the 
program would h a r d l y be a b l e to r e c o g n i z e the r e l a t i v e l o c a t i o n of 
r e l e v a n t fragments i n w i d e l y d i f f e r e n t p e p t i d e s . T h i s w i l l s t r o n g l y 
l i m i t the use of the CASE program i n attempts to i d e n t i f y a c t i v e 
p e p t i d e s of unknown three d i m e n s i o n a l s t r u c t u r e . On the o t h e r hand, 
i n those cases where the t e r t i a r y s t r u c t u r e of the p e p t i d e s i s known 
and c o n s t a n t , as i t i s h e r e , the CASE a n a l y s i s can h e l p i d e n t i f y 
r e l e v a n t r e g i o n s and g a i n i n s i g h t i n t o the n a t u r e of the r e c e p t o r . 
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Chapter 6 

Application of Simulation and Theory 
to Biocatalysis and Biomimetics 

Adel M. Naylor and William A. Goddard III 

Arthur Amos Noyes Laboratory of Chemical Physics, California 
Institute of Technology, Pasadena, CA 91125 

Examples are given for the role of simulation and theory in bio
catalysis and biomimetics  Simulation  th l Starburst 
Dendrimer polymer
lating and delivering dopamine to the kidney for cardiovascular 
therapies. For Dihydrofolate Reductase (DHFR), the simulations 
(i) indicate why a particular mutation (Phe-31 to Tyr-31) causes a 
significant change in the catalytic rate, (ii) explain the high degree 
of kinetic similarity between two dissimilar forms of DHFR, and 
(iii) suggest that the stable form of the enzyme/substrate complex 
is not the reactive one. 

A goal of our research efforts is to develop the theoretical tools useful i n designing 
art i f ic ial biocatalyt ic systems for the product ion of fuels and chemical feedstocks. 
In the long term, one would envision the development of biocatalysts that could 
convert methane into more valuable (or more transportable) fuels or to convert 
syngas ( C O + H2) into various fuels and feedstocks. In the short term, we 
are focusing on systems capable of selective oxygenations or reductions. We 
would hope to develop art i f icial systems wi th the selectivity of cytochrome P -
450 enzymes that play a role i n selective oxidat ion of long chain alkanes and 
selective epoxidat ion of alkenes (1). A l though selective, the various cytochrome 
P-450 enzymes involve complex assemblies (cofactors, co-enzymes) that would 
be difficult to reproduce and control i n an art i f icial system (see Figure 1). Thus , 
we would hope to incorporate catalyt ic control procedures as effective as those i n 
P-450, yet delete the excess baggage special to biological systems (e.g., cofactor, 
bulk protein necessary to ellicit stabil i ty and to create substrate b inding pockets, 
etc.) 

To that end we have focused our research on two aspects of this com
plex problem: (i) the design of art i f icial systems that possess precision sites 
capable of selectively encapsulating and delivering smaller molecules, and (ii) 
understanding the detailed structural and chemical aspects of enzyme active 
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Figure 1. Schematic representation of cytochrome P-450 indicating the ex
cess baggage carried by many biological catalysts. 
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sites involved i n and affecting the important catalyt ic processes, i.e., substrate 
b inding, product release, rate of catalysis. 

Starburst Dendrimers : Molecular Encapsulat ion 

A recent synthetic development has led to a new class of polymers called "star-
burst dendrimers" (2) that provide the opportuni ty for design of precise encap
sulat ion strategies. These novel materials (i) start w i th an in i t iator unit (termed 
the "core") that possesses mult iple sites for monomer condensation and (ii) use 
monomer subunits terminat ing i n funct ional groups that al low for regularized 
growth and mult ip le branching at the next generation. W i t h the appropriate 
use of protecting groups and synthetic strategies, each generation of monomer 
condensation can be completed before embarking on a new one. Because of the 
unique chemical requirements for dendrimer format ion, these polymers grow i n a 
systematic manner, producin
subunits and a quantized numbe
topology and chemical properties suitable for the encapsulation of specific target 
molecules that could be delivered to part icular organs (by recognit ion of surface 
molecules), one could, i n pr inciple, change the monomer f rom generation to 
generation, developing onion-like molecules where every layer of the onion has a 
different chemical composit ion, thickness, or number of branching sites. Thus , 
one can imagine designing and synthesizing complex polymer structures where 
(i) in ternal layers are suitable for encapsulation of the desired molecule, (i i) 
outer layers are suitable for recognizing binding sites on the organ to which the 
target molecule is to be delivered, and (ii i) intermediate layers protect the target 
molecule i n the b lood stream but release them (a) upon binding of the outer layer 
to recognit ion sites, (b) upon radiat ion w i th external l ight or charged particles 
or (c) upon change i n acidity or solvent associated wi th the target organ. 

β — A lan ine Dendrimers. To i l lustrate this appl icat ion, consider the alanine 
dendrimers where the core unit is ammonia (with three condensation sites) and 
the monomer uni t is an amino amide (wi th two branch sites) as depicted below. 

Η Ο H 

κ Ν χ - C H 2 - C H 2 - C - N - C H 2 - C H 2 - l / 
Η Η Η H 

Core Monomer 

Exper imenta l ly it has been possible to develop complete dendrimers up 
through the tenth generation. However, no experimental st ructural data are 
available (these materials are fractal and do not crystal l ize). We have been 
carrying out molecular dynamics simulations on these /^-alanine dendrimers up 
through generation 9 (3) using the molecular simulat ion facil it ies of P O L Y -
G R A F (from Biodesign, Inc., Pasadena, C A 91101). These investigations ind i 
cate a dramat ic change i n the overall structural properties for the /?-alanine sys
tems as these polymers grow past generation 4. The early generation dendrimers 
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CORE GENERATIO

GENERATION 3 GENERATION 4 
Figure 2. Cascade growth pattern for the /^-alanine type dendrimers from 
the core ammonia unit up to generation 4. 
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(generations 1 through 3) possess very open and well-extended structures. These 
structures are hemispherical disks (with the core nitrogen responsible for the cur
vature) but there is no real inside to the polymer. Th is topology for the early 
generation systems is str ikingly different f rom earlier proposals (4), but these 
hemispheric structures provide a simple interpretat ion of observed nuclear mag
netic resonance relaxat ion times (Naylor, A . M . ; Goddard III, W . Α. ; Kei fer , G . 
E . ; Tomal ia , D. A . J . A m . Chem. S o c , in press 1988). 

We f ind a distinct change in structural properties for those polymers above 
generation 5. The overall structure of the polymers is more sphere-like, w i th 
ample internal hollows connected by channels that run the length of the poly
mer assembly. These interior cavities should be suitable for sequestering guest 
molecules. Thus , i n F igure 3, which l imns a generation 6 dendrimer, we find 
an overall spherical structure containing a channel running through the inte
rior of the polymer f rom on
available i n the interior, w
the polymer (generation 6). [The solvent-accessible surface is constructed us
ing the approach developed by Michae l Connol ly (University of Cal i forn ia , San 
Diego) and is based on the definitions for molecular surfaces proffered by Frederic 
Richards (5). The molecular surfaces are composed of dots located i n terms of a 
probe sphere (radius = 1.4 Â for water) rol l ing along the van der Waals spheres 
of the outer (accessible) atoms of the polymer.] Here we have used graphical 
slabbing to remove f rom view the front and rear port ions of the image. The 
channels and cavities i n this structure are representative of those found i n the 
higher generation β-alanine dendrimers. 

Dopamine — Sequestered Dendrimers. As an i l lustrat ion of the dimensions of 
these channels and of how dendrimers might be used to sequester smal l 
molecules, we have used the molecular simulat ion capabil it ies of POLYGRAF 
to predict the op t imum conformations for several dopamine 1 molecules 

H 2 N - C H 2 - C H 2 - / y ~ O H 

DOPAMINE OH 
1 

inside this starburst polymeric matr ix . Dopamine was chosen because it is a 
good candidate for effective sequesterization i n a /^-alanine type dendrimer. Its 
size and shape are suitable for the cavities and channels found to exist i n the 
higher generation /9-alanine systems. F rom a chemical standpoint, dopamine 
possesses both the hydrogen bond donor and acceptor sites needed for favorable 
b inding interactions to the polymer's carbonyl , amide, and amino substituents. 
We estimate that a generation 6 polymer should be capable of holding 15-20 
molecules of dopamine. Figure 5 i l lustrates a dopamine/dendr imer complex 
w i th examples of the conformations adopted by the sequestered molecules and 
the polymeric mater ia l . 
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Pharmacological ly, the abi l i ty (i) to selectively deliver dopamine to pe
r ipheral k idney receptors without el ici t ing complications due to the presence of 
dopamine receptors i n the central nervous system ( C N S ) and (ii) to mainta in 
a supply of nonmetabol ized dopamine would be advantageous i n cardiovascular 
hypertension therapy (6). The addit ional issues presented by this type of appl i 
cat ion include the dimensions of the dendrimer encapsulated dopamine and the 
target t ing of the unit to the appropriate dopamine receptor sites. 

The dimensions of the higher generation ^-a lan ine dendrimers (see F igure 
6 w i th the min imum diameter plotted as a funct ion of generation) are such that 
these dopamine/dendr imer complexes would not readily cross the C N S blood-
bra in barrier. 

In order to ensure the delivery to kidney dopamine receptors, we suggest 
modi fy ing the terminal amine sites of the polymer wi th catechol fragments, as 
shown i n 2 

DENDRIMER CATECHOL 
2 

Th is leads to surface features resembling dopamine and may lead to selective 
b inding at dopamine receptor sites (Figure 7). The polymer encapsulation ma
t r ix should protect the catecholamine f rom rap id metabol ic inact ivat ion. 

These studies provide structural models that should be useful for analyzing 
the dopamine/dendr imer systems. The next step is to test the effectiveness of 
these modif ied materials for encapsulation of dopamine (and related materials) 
and to determine how effectively they are delivered to the kidney centers. A s 
such experiments proceed, continuing simulat ion wi l l be useful i n provid ing a 
quanti tat ive framework for understanding various results. 

We expect that the judicious selection of a core uni t , internal monomer 
subunits, and terminal monomer fragments w i l l allow the design of dendrimers 
to complex w i th specific guest molecules and to deliver them to specific sites. It 
w i l l , of course, be essential to develop synthetic schemes that allow for chemical 
control and fidelity. 

Dihydrofolate Reductase ; Roles of Precise Structure i n Catalysis 

In designing new catalysts, it is essential to understand how the character of 
the active site ( including cofactor) controls catalyt ic act iv i ty since one w i l l want 
to modify this active site or cofactor. A s a prototype for such studies, we have 
carr ied out a series of molecular simulations on the Dihydrofolate Reductase 
( D H F R ) system. 
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Figure 3. A representative structure for a generation 6 β-alanine dendrimer 
where generations 1 to 4 are colored red, generation 5 is shown in light blue, 
and generation 6 is yellow. . 

Figure 4. A view of a generation 6 dendrimer with its solvent-accessible 
surface displayed and clipped to reveal the nature of the internal cavities 
and channels found in the higher generation β-alanine dendrimers. 
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Figure 5. A view of various dopamine molecules (magenta) bound in the 
inner regions of a alanine dendrimer (generations 1 through 5 in light 
blue; generation 6 in yellow). 

75 ι 1 

60 

M
IN

 

45 
Û 

Ο 
> 30 
< 

30 

15 

0 j——Γ ι ι ι ι 1 1 1 
1 2 3 4 5 6 7 

GENERATION 

Figure 6. A plot of the /3-alanine dendrimers "short" diameter (see text) as a 
function of generation. These diameters were calculated from our molecular 
simulations and based on the average of the smallest principal moment of 
inertia. 
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Introduct ion and Rat ionale. D H F R is an ideal system to study for a number of 
reasons. The catalyt ic properties of D H F R are such that under normal physio
logic condit ions and wi th the N A D P H cofactor bound, 7,8-dihydrofolate ( D H F ) 
is reduced to 5,6,7,8-tetrahydrofolate ( T H F ) (7). Thus D H F R plays an i m 
portant role i n cell metabol ism by maintaining a supply of T H F . T H F is used 
by the cell as both a cofactor and in substrate quantities i n the synthesis of 
deoxy thymidine. B y inhib i t ing the product ion of T H F , deoxythymidine synthe
sis is curtai led, nucleic acid repl icat ion comes to a hal t , and cell prol i ferat ion 
ceases. It is this biochemical cascade which supplies the pharmacological and 
chemotherapeutic applications of inhibitors to D H F R . 

The abundant experimental data on D H F R provide both inspirat ion and 
detailed checks upon theoretical studies. The crystal structures of D H F R f rom 
two bacterial sources have been resolved, reported, and coordinates made avail
able through the Brookhave
enzyme under various condit ion
termined (11,12). The recombinant D N A protocols for the successful study of 
site-directed mutants of D H F R have been reported (13-17). 

D H F 3 is composed of (from left to right, below) a pter in ring, a br idging 
methylene uni t , p-aminobenzoate, and a glutamate fragment. 

H 

THF 
4 

It is the N 5 - C 6 double bond (circled, above) of 7 ,8 -DHF that is reduced to 
5,6,7,8-THF (4) by D H F R . Methotrexate ( M T X ) , an important chemotherapy 
and anti-bacterial agent, is chemically quite simi lar to D H F (differences are 
circled). 
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C 0 2 

I 
Ν — C CH2 CH2 COi 
I I 
Η Η 

MTX 
5 

M T X 5 contains the same benzglutamate fragment as D H F (but w i th a methy
lated amine) and a pteridine r ing wi th an amino subst i tut ion at posi t ion 4. 
Indeed, we find smilar b indin  site  fo  M T X d D H F  D H F R

The crystal structure
that the inhib i tor binds i n the active site i n a k inked fashion (Figure 8). Asp-27 
forms a salt-bridge to the bound pteridine r ing while Phe-31 allows for the bend 
i n the bound inhibi tor . The remainder of the active site cavity surrounding the 
pter in r ing is composed of amino acid residues that create a very hydrophobic 
environment. 

Before embarking on designing improvements into the catalyt ic sequence, it 
is useful to know the detailed kinetics of the system. A profile of the steady-state 
kinetics of the E. coli form of D H F R was recently reported by Fierke, Johnson, 
and Benkovic (12). Th is study used stopped flow fluorescence and absorbance 
spectroscopies to measure the rates of l igand association and dissociation and the 
b inding constants of key intermediates in the catalyt ic sequence, as d iagrammed 
i n Figure 9. Th is study revealed that the catalyt ic step, i.e., the N 5 - C 6 double 
bond reduct ion, proceeds at a steady-state rate of 950 s e c - 1 , whereas the rate 
of T H F product release was only 12.5 s e c ' 1 , making it the rate- l imit ing step. 
Hence, any design modif ications to increase the turnover of this system should 
focus first upon increasing the product off-rate. 

A Synthetic Mutan t : Phe — 31 —» T y r — 31. We now tu rn to using molecular 
simulat ion methods to examine some areas of the bio catalyt ic properties of 
D H F R that are not easily investigated experimentally. The general methods 
used for our studies incorporate computer graphics, molecular force fields, en
ergy min imizat ion, and molecular dynamics. B I O G R A F (from Biodesign, Inc., 
Pasadena, C A 91101) was the molecular simulat ion package used for these in 
vestigations. The A M B E R force field was used for the calculations (18). 

A s an i l lustrat ion of the use of simulat ions, we consider the effect on rate 
of a site mutat ion of D H F R . Benkovic et al. used recombinant -DNA techniques 
to synthesize the protein where Phe-31 was transformed into Tyr-31 (14). P re 
l iminary experimental studies indicated a change i n the p K a of Asp-27 i n this 
mutant form of the enzyme. Molecular simulations were run on both the wi ld-
type enzyme and the Tyr-31 mutant to assess the structural changes produced 
by such a modif icat ion. 
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Figure 7. A catechol-modified, dopamine-loaded ^-a lanine dendrimer where 
the dopamines are displayed in magenta, generations 1 through 5 i n l ight 
blue, generation 6 i n yellow, and the catechol cap in red. 

Figure 8. The active site of E. coli D H F R wi th M T X and N A D P H bound . 
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RELEASE OXIDIZED 
COFACTOR 
FORWARD-200 s-i 
BACKWARD-5 μΜ" 1 S-1 

Figure 9. Steady-state kinetic cycle for the reduction of 7,8-DHF to 5,6,7,8-
T H F v ia D H F R . 
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The start ing structure for our wi ld-type protein complex was based upon 
the crystal lographic data, where the L. casei N A D P H coordinates were used to 
model the cofactor into the E. coli system. To create the Tyr-31 mutant, the 
replace faci l i ty of BIOGRAF was used. For both series of simulat ions, a 10 Â 
solvent shell (containing experimental plus supplemental waters) surrounded the 
protein complexes. Counter ions were posit ioned near charged amino acid side 
chains to achieve electroneutral systems. The structures were then equi l ibrated 
v ia a sequence of molecular dynamics and energy min imizat ion calculations. 

Our calculations show that the pteridine ring is relatively undisturbed 
by the introduct ion of the T y r hydroxyl group, yet the benz-glutamate por
t ion of the bound substrate (or inhibi tor) is markedly displaced (see F igure 
10). We find that the mutant - O H group produces a 'bump ' on the surface 
of the hydrophobic pocket near the benzyl group that disrupts the b inding of 
the benz-glutamate fragment
D H F R / N A D P H / T H F comple
t ion. K ine t i c studies have verified that the product off-rate for the Tyr-31 form 
of E. coli D H F R is 50 times faster than that of wi ld-type protein (14)! 

Natura l Mutants : E. coli and L. casei. Consider now the question of how dif
ferent one can make the active site without affecting the chemistry. The overall 
amino acid sequence homology between the E. coli and L. casei forms of D H F R 
is only 27%. However, as shown in Figure 11, a Gibbs free energy comparison 
of the steady-state data for the E. coli and the L. casei proteins shows that 
the reaction kinetics for these two forms of the enzyme are remarkably similar 
(19). In fact (using the ternary D H F R / N A D P H / D H F complex as the energy 
reference), the energy differences between the two are, at every step, w i th in 1 
kca l /mo l ! Us ing the x-ray crystal structures and reorienting them so that the 
M T X of both complexes are superimposed (by docking one structure w i th re
spect to the other), we see that the conformation of M T X bound to the E. coli 
D H F R is very simi lar to that of M T X in the L. casei ternary crystal complex. 
The orientations of both the pteridine and the benzyl rings are ident ical for the 
two complexes and the backbone atoms of the glutamate substituent also al ign 
quite nicely. The discrepancy i n these two forms of bound M T X occurs at the 
C-δ carboxylate group of the glutamate fragment, a posit ion far removed f rom 
the catalyt ic site. A glance at the two different enzymes reveals that this dif
ference in conformation is due to the positions of posit ively charged amino acid 
side chains on opposite sides of the opening for the active site (Arg-52 for the 
E. coli form and His-28 for the L. casei complex). 

The results of docking the L. casei structure to the E. coli show that 
the overall folds for these two proteins are quite similar. Regions of secondary 
structural elements, i.e., α-helices and /^-sheets, are conserved, while insertions 
and deletions i n the amino acid sequences occur i n loop regions located about 
the exterior regions of the enzyme. The structural domains of the D H F and 
N A D P H binding sites are maintained. In the comparison of the D H F substrate 
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Figure 10. A comparison of M T X bound to wi ld-type D H F R (red M T X and 
Phe-31; blue active site residues) and Tyr-31 mutant protein (yellow M T X , 
Ty r -31 , and active site residues). 

15h 

REACTION COORDINATE 
Figure 11. A Gibbs free energy plot of the kinetic profiles for E. coli (solid) and L. casei 
(dotted) DHFR (adapted from ref. 19). 
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binding pockets, one finds that nature, i n some instances, substitutes l ike for 
l ike by using 

(1) different aromatic side chains [as Trp-30 (E. coli = Ec) —» Tyr-29 (L.casei 
ΞΞ Lc), Tyr-100 {Ec) Phe-103 (Lc), and Phe-153 (Ec) Tyr-155 (Lc) 
indicate] or 

(2) different al iphat ic side chains [as Ile-5 (Ec) —• Leu-4 (Lc), Leu-36 (Ec) -> 
Val-35 (Lc), and Leu-112 (Ec) Val-115 (Lc) demonstrate]. 

Bu t there also are examples where al iphatic is subst i tuted for aromatic (and 
vice versa) as w i th Ile-50 (Ec) Phe-49 (Lc) and Tyr-111 (Ec) -+ Leu-114 
(Lc). S imi lar subst i tut ion patterns are found in the N A D P H cofactor b inding 
site, where, i n addi t ion to those types described above, charged residues are 
maintained [i.e., His-45 (Ec) -> Arg-44 (Lc) and Lys-76 (Ec) -+ His-77 (Lc)]. 

Using these superimposed structures w i th the M T X (from both crystal 
structures) and the N A D P
site regions are identif ied fo
be those amino acids containing any atom wi th in 7 À of either of the bound 
substrates. Analyses of the residues i n the active site region determine that the 
amino acid sequence homology i n this port ion of the protein is 35% (see Table 

i ) . 
The two docked active site regions (with M T X bound) are shown in F igure 

12. Examina t ion of the docked active sites reveals that there are three general 
types of amino acid residues involved i n the construct ion of the active site sur
face: 

(1) amino acid residues conserved between the two bacterial forms of D H F R , 
e.g., Phe-31 (Ec) and Phe-30 (Xc); 

(2) amino acid residues that differ between the two sequences and contribute 
chemically different side chains to the construct ion of the active site, e.g., 
Ile-50 (Ec) and Phe-49 (Lc)] and 

(3) amino acid residues that differ between the two sequences but contribute 
only chemically homologous ma in chain atoms to the construct ion of the 
active site, e.g., A la-6 (Ec) and Trp-5 (Lc). 

Thus , by modify ing the definit ion of homology to also include those residues 
in the active site supply ing only backbone atoms, one obtains a generalized 
'chemical homology' of the active site. Indeed, the 'chemical homology' between 
the E. coli and the L. casei substrate binding pockets becomes 60% (19)! 

A comparison of the solvent accessible surfaces [as described above; (5)] for 
these segments of the protein further substantiates these remarkable structural 
similari t ies. The surface areas mapped out for these regions agree w i th in 93%. 
The solvent accessible sufaces for the M T X pteridine and the N A D P H nicot i 
namide rings are essentially interchangeable for the two different sequences, as 
i l lustrated i n Figure 13. 

Hence, we see that nature creates essentially ident ical reactive surfaces for 
these bacter ial D H F R systems f rom different amino acid bui ld ing blocks (19) 
(Benkovic, S. J . ; A d a m s , J . Α. ; F ierke, C . Α. ; Nay lor , A . M . Pter id ines, i n press 
1988). The components necessary for D H F R ' s abi l i ty to catalyt ical ly reduce the 
N5 -C6 double bond of 7 ,8 -DHF to 5,6,7,8-THF are conserved. The carboxylate 
group that supplies a proton to the pter in ring is present i n both the E. coli and 
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Table I. Comparison0 of DHFR Active Site Residues from E. coli and L. casei 

Residue6 4 5 β 7 8 9 10 13 14 15 16 17 18 

E. coli L i A A L A ν V i G M e η 
L. casei F 1 W A Q Ν R L 1 G Κ d g 

19 20 21 22 23 24 25 26 27 28 29 30 31 32 

a m Ρ W η L Ρ A D L a w F k 
h 1 Ρ W 

33 34 35 36 42 43 44 45 46 47 48 49 50 

r η Τ 1 m G R h Τ W E S i 
a q Τ V V G R r Τ Y E S f 

51 52 53 54 55 56 57 61 62 63 64 65 

S R Ρ L Ρ G R i L s s Q 
Ρ k R Ρ L Ρ E R V L t h Q 

66 67 68 74 75 76 77 78 79 93 94 95 

Ρ G t w V Κ S V D V I G 
e D y V V H D V A I A G 

96 97 98 99 100 101 102 103 111 112 113 114 115 

G G r ν y Ε q F y 1 T H i 
G A q i f Τ a F 1 V T R 1 

122 123 124 125 153 

D Τ H f f 
D Τ Κ m y 

β Bold upper case indicates homologous, lower case indicates nonhomologous, and nonbold upper case 
indicates backbone chemical homology, as described in the text. 

Numbered for the E. coli form. 
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Figure 12. A comparison of the docked E. coli (red M T X and enzyme) and L. 
casei (yellow M T X and N A D P H ; blue enzyme) active sites. The conserved 
Phe's are shown to the right of the pteridine rings. The subst i tuted side 
chains [Ile-50 (Ec) and Phe-49 (Lc)] appear i n the 12 o'clock posi t ion above 
the benzyl ring. The chemically homologous main chain contr ibutors [Ala-6 
(Ec) and Trp-5 (Lc)] are shown in the 7 o'clock posi t ion. 

F igure 13. Dot ted surface comparison showing the congruence of the E. coli 
(red) and L. casei (blue) active sites. 
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the L. casei sites as an Asp side chain. The hydrophobic pocket that surrounds 
the reactive pteridine moeity and prevents the aqueous environment f rom dis
turb ing the catalyt ic process is formed by varied amino acids but maps out the 
same surface area and hydrophobic character. The hydride donating N A D P H 
nicot inamide ring is posit ioned adjacent to the reactive center even though the 
N A D P H binding sites are composed of different amino acid sequences. 

Conformat ion of Bound Inhibitor. Another area under investigation focuses on 
the conformat ion s) of the substrate and an inhibi tor ( M T X ) bound to D H F R . 
The form of the D H F R / M T X complex is known f rom the crystal lographic stud
ies of K rau t et al. (8-10). However, the orientation of the bound pter in ring in 
the reactive D H F R / D H F is known to differ dramatical ly f rom the M T X crystal 
structure (20). Basical ly, these differences arise because there are two possible 
orientations of the pter in ring i n the active site; one is flipped by 180° wi th re
spect to the other. Isotope
D H F must be bound in the
M T X . In order to understand these differences, we ran simulat ion studies on a l 
tered forms of bound M T X and D H F to investigate the structural and energetic 
properties of these systems. 

The start ing structures for our binary D H F R / M T X calculations were 
based upon the crystal lographic data. For the experimental form of bound 
M T X we used the coordinates as they were reported. For the pteridine-f l ipped 
form of bound M T X , termed M T X - f l i p p e d , we rotated about the C 6 - C 9 and 
C9-N10 bonds of M T X to produce a start ing conformation wi th the pteridine 
ring posit ioned i n the active site but wi th its face n ipped 180° (Figure 14). 
To be consistent w i th experiment, the bound M T X inhib i tor was protonated 
at N l (21). For both systems we used the experimental ly determined solvent 
plus addi t ional water to create a 10 À solvent shell around the enzyme-inhibi tor 
complex. Electroneutral systems were achieved by posit ioning the appropriately 
charged counter ions near to cationic and anionic side chains. The entire sol-
vated protein and inhib i tor systems were then equil ibrated w i th a sequence of 
molecular dynamics and energy min imizat ion calculations (using B I O G R A F 
and the A M B E R force field). 

These simulations indicate that the active site of D H F R can accommodate 
both forms of the bound M T X . After equi l ibrat ion of both the experimental and 
the flipped forms, the carboxylate group of Asp-27 is found to be involved in 
a salt bridge w i th the pteridine ring of the inhibi tor. The hydrophobic pocket 
surrounding the pter in ring has adjusted adequately to either conformation of the 
bound M T X . The energetic profiles indicate that the experimental ly observed 
form of M T X bound to D H F R is ~ 3 kca l /mo l lower i n energy than the n ipped 
form of the bound inhibi tor. 

Conformat ion of Bound Substrate. Now the question of the conformation 
of bound D H F substrate was addressed. Simulations were run on 
D H F R / D H F / N A D P H ternary complexes to investigate both the structural and 
energetic requirements associated wi th the reactive and nonreactive forms of 
D H F (see Figure 14). As above, the crystal lographic informat ion available for 
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(a) MTX - unfiipped (crystal) (c) DHF - unflipped (non-reactive) 

(b) MTX -flipped (d) DHF - flipped (reactive) 

Figure 14. The orientations of the M T X and D H F pteridine rings i n the 
active site of D H F R . 
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the E. coli b inary and L. casei ternary complexes (with M T X ) was used to gener
ate start ing structures for the molecular simulations. The coordinates for the E. 
coli bound N A D P H were modeled based upon those f rom the L. casei ternary 
complex. The D H F units were posit ioned based upon the coordinates of the 
M T X . For these simulations, the carboxylate group of Asp-27 was protonated 
while the pter in r ing of the substrate was not protonated at the N l posi t ion. 
Aga in , solvent and counterions were included and al l atoms of the structures 
were relaxed and equil ibrated dur ing the calculations. 

The simulations indicate that there are two favorable conformations of 
bound D H F i n the active site of D H F R , each analogous to the favorable con
formations of M T X . The amino acid side chains that create the hydrophobic 
por t ion of the active site reposit ion themselves to allow for either form of the 
pteridine r ing. In the reactive orientation (termed DHF- f l i pped) , the Asp-27 
C O O H prongs the C 4 oxyge
t ion (termed DHF-un f l i pped)
N8 posit ions. The energetic results of the simulations find the unflipped nonre
active form (analogous to the x-ray form in M T X ) of the pteridine ring lower 
in energy than the reactive form by ~ 4 kca l /mo l ! Th is result seems to contra
dict experiment since no radio-labeled product result ing f rom D H F reduct ion 
accommodates this orientation of bound substrate. 

Closer examinat ion of the active site regions reveals that the reducible C - N 
bond of the pter in ring differs substantial ly w i th respect to the posit ions of the 
N A D P H nicot inamide rings. In the low energy nonreactive state, the N A D P H 
C '4 site is 4.1 À f rom the carbon of the pteridine N5-C6 double bond , while i n 
the higher energy reactive form, this interatomic distance is reduced to only 3.2 
Â ! The shorter distance for hydride transfer dur ing catalysis favors the reactive 
conformation even though the energetics sl ightly favor the nonreactive form 
of bound D H F . Th is informat ion clearly suggests a kinetic mechanism for the 
control of D H F reduct ion to T H F v ia D H F R . Figure 15 depicts the relationship 
between the N A D P H nicot inamide ring and the reactive D H F substrate. 

W u and Houk have used ab in i t io calculations to propose a mechanism for 
hydride transfer to the methy l im in ium cation (22). The i r results indicate that 
H ~ transfer proceeds v ia a syn transit ion state structure w i th a C - H - C angle 
of 150-160° and a C - C interatomic distance of 2.6 Â (see Figure 16). W h a t we 
find for the reactive form of bound D H F and N A D P H i n an equi l ibrated ground 
state is a pseudo-syn orientation of the reacting ring systems, a C - H - C angle 
of 155°, and an equi l ibr ium distance of 3.2 À between the two carbon centers 
(19). In contrast to the nonreactive conformer of D H F , simulations suggest that 
the equi l ibr ium distance between the two reacting carbons is 4.1 À . The key 
difference in character is the orientation of the pter in and nicot inamide rings. 
In the product ive conformation, the two-ring systems adopt posit ions that allow 
for H ~ transfer f rom the nicot inamide center to C 6 , while this relat ionship is 
not accommodated by the nonreactive bound conformation of D H F . 

In order to address the reaction rates of these species, we could moni tor the 
C - C distance as a funct ion of t ime. Tak ing the probabi l i ty d istr ibut ion of C - C 
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Figure 15. The catalyt ic pocket of D H F R showing the relationship between 
the N A D P H nicot inamide r ing (left) and the reactive D H F pteridine r ing 
(right). 

Figure 16. Proposed model for hydride transfer from N A D P H to D H F (adapted from rel. 
19). θ is the angle between the C4' of N A D P + , the H " being transferred, and C6 of DHF. 
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wi th the reaction rate as a funct ion of C - C distance, one should be able to predict 
relative reaction rates. However, quali tat ively the large differences in equi l ibr ium 
posit ion certainly suggest a significant difference i n rate. A test of this predict ion 
would be to use N M R N O E experiments to examine conformation. We predict 
that over 90% of the bound complexes are the nonreactive forms. 

Summary 

We have examined several systems chosen to i l lustrate the current role of theory 
and simulat ion i n biomimetics and biocatalysis. It should be clear that the the
ory is not done i n a vacuum (so to speak) but rather that the theory becomes 
interesting only for systems amenable to experimental analysis. However, the 
examples i l lustrate how the theory can provide new insights and deeper under
standing of the experiments. A s experience wi th such simulations accumulates 
and as predictions are mad
experiment, it w i l l become
systems. A s the predictions on such unknown systems are tested w i th exper
iment and as the rel iabi l i ty of the predictions increases, these techniques w i l l 
become true design tools for development of new biological systems. 
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Chapter 7 

Enzymatic Reactions in Reversed Micelles 
at Low Solubilized Water Concentrations 

J. W. Shield, H. D. Ferguson, Κ. K. Gleason, and T. A. Hatton 

Department of Chemical Engineering, Massachusetts Institute 
of Technology, Cambridge, MA 02139 

α-Chymotrypsin has been used as a model enzyme to 
investigate dipeptide
and substrate localization,
composed of cationic surfactants. Synthesis of the 
dipeptide N-benzoxycarbonyl-L-tyrosine glycinamide has 
been demonstrated with a non-optimized yield of 75%. 
Hydrolysis of a synthetic substrate, N-glutaryl-L
-phenylalanine p-nitroanilide, is greatly enhanced in 
reversed micelles versus in aqueous solution, and does 
not demonstrate typical enzyme saturation kinetics. 
Reaction kinetics of a similar substrate, N-benzoyl-L
-tyrosine p-nitroanilide, are not enhanced and do show 
enzyme saturation behavior. NMR free induction decay 
and spin-lattice relaxation measurements suggest that 
these differences are a result of different inter
actions of the substrates with the surfactant inter
face. 

T h e r e a r e many p o t e n t i a l advantages a s s o c i a t e d w i t h conduct ing 
e n z y m e - c a t a l y z e d r e a c t i o n s i n o r g a n i c s o l v e n t s , as opposed to 
t r a d i t i o n a l aqueous r e a c t i o n media (1-2) . A major b e n e f i t i s the 
g r e a t e r s o l u b i l i t y and c o n s e q u e n t l y h igher concentra t ions some 
reac tant s and products have i n an organic s o l v e n t . Secondly, the 
r e a c t i o n e q u i l i b r i a f o r enzymatic r e a c t i o n s i n v o l v i n g water can be 
manipulated to favor product synthes i s i n the low water environment 
o f an organ ic s o l u t i o n ; the low water environment a l s o minimizes 
u n d e s i r e d h y d r o l y s i s s ide r e a c t i o n s . When subs tra te or product 
i n h i b i t i o n i s a s i g n i f i c a n t l i m i t a t i o n , organic so lvents can be used 
to p a r t i t i o n the i n h i b i t i n g molecule away from the enzyme. F u r t h e r 
more, subs tra te s p e c i f i c i t y o f enzymes can be d i f f e r e n t i n organic 
s o l u t i o n s and c a n p o t e n t i a l l y be c o n t r o l l e d by the choice o f 
s o l v e n t s . 

Reversed m i c e l l e s represent one technique o f u t i l i z i n g enzymes 
i n organ ic so lvents (3 -5) . Reversed m i c e l l e s are thermodynamically 
s t a b l e , s p h e r i c a l , nanometer s c a l e a g g r e g a t e s o f a m p h i p h i l i c 
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m o l e c u l e s s o l u b i l l z i n g aqueous d r o p l e t s In an organ ic so lvent 
continuum. The h y d r o p h i l i c head groups o f the s u r f a c t a n t molecules 
surround the aqueous d r o p l e t or "water p o o l " , whi le the hydrophobic 
s u r f a c t a n t t a i l s protrude i n t o the organic medium enve loping the 
m i c e l l e (F igure 1 ) . Enzymes can be s o l u b i l i z e d w i t h i n the reversed 
m i c e l l e w i t h r e t e n t i o n o f t h e i r c a t a l y t i c a c t i v i t y . The parameter 
ω 0 , de f ine d as the r a t i o o f the water c o n c e n t r a t i o n to the s u r f a c 
tant c o n c e n t r a t i o n , i s an i n d i c a t i o n o f the s i z e o f the reversed 
m i c e l l e s . 

T h i s paper has two pr imary o b j e c t i v e s . The f i r s t i s to r e p o r t 
on the use o f an enzyme-containing reversed m i c e l l a r medium f o r 
organ ic s y n t h e s i s : s p e c i f i c a l l y the format ion o f a model d i p e p t i d e . 
The f e a s i b i l i t y o f pept ide synthes i s i n reversed m i c e l l e s has been 
p r e v i o u s l y demonstrated (6) . Small pept ides are used i n a v a r i e t y 
o f a p p l i c a t i o n s , s u c h as a r t i f i c i a l sweeteners, p e s t i c i d e s and 
pharmaceut i ca l s . Since pept ide bonds between an aromatic amino a c i d 
and a h y d r o p h i l i c amin
i n s t a n c e i n p e p t i d e a n a l g e s i c s )
g l y c i n e d i p e p t i d e was chosen f o r the model r e a c t i o n . 

The second o b j e c t i v e i s to examine the i n f l u e n c e o f reversed 
m i c e l l a r s o l u t i o n parameters, i n c l u d i n g the i n t e r a c t i o n o f sub
s t r a t e s w i t h the s u r f a c t a n t i n t e r f a c e , on observed i n i t i a l r a t e 
k i n e t i c s . T h i s i s o f i n t e r e s t because a number o f r e p o r t s have 
i n d i c a t e d that enzymes i n reversed m i c e l l a r s o l u t i o n s e x h i b i t an 
enhanced r e a c t i v i t y , or " s u p e r - a c t i v i t y " (7 -9) . As a model system, 
the h y d r o l y s i s r e a c t i o n s o f s y n t h e t i c subs tra tes o f α - c h y m o t r y p s i n 
were s t u d i e d i n a reversed m i c e l l a r s o l u t i o n . Nuc lear magnetic 
resonance was used to examine the i n t e r a c t i o n s between these sub
s t r a t e s and the m i c e l l a r environment. 

Exper imenta l 

M a t e r i a l s . N - b e n z o x y c a r b o n y l - L - t y r o s i n e g lyc inamide ( Z - T y r - G l y - N H 2 ) 
and N - b e n z o x y c a r b o n y l - L - t y r o s i n e h e x y l e s t e r ( Z - T y r - O H x ) were 
p u r c h a s e d from Bachem, S w i t z e r l a n d . N - b e n z o x y c a r b o n y l - L - t y r o s i n e 
methyl e s t e r (Z-Tyr-OMe) was purchased from Chemical Dynamics, S. 
P l a i n f i e l d , N J . Glycinamide ( G l y - N H 2 ) , tf-glutaryl-L-phenylalanine 
p - n i t r o a n i l i d e (GPANA) and N - b e n z o y l - L - t y r o s i n e p - n i t r o a n i l i d e 
(BTPNA), bovine p a n c r e a t i c ο - c h y m o t r y p s i n , and enzyme grade t r i s 
b u f f e r were a l l obta ined from Sigma, S t . L o u i s , MO. D o d e c y l t r i -
methyl ammonium bromide (DTAB), a l s o from Sigma, was r e c r y s t a l l i z e d 
from d i e t h y l e t h e r and methanol . n-Hexanol and c e t y l t r i m e t h y l 
ammonium bromide (CTAB) were from F l u k a , S w i t z e r l a n d . n-Octane was 
from A l d r i c h , M i l w a u k e e , WI. A n a l y t i c a l grade ch loroform and 
η - h e p t a n e were from M a l l i n c k r o d t , P a r i s , KY and a n a l y t i c a l grade 
methanol was from J . T . Baker, P h i l l i p s b u r g , ΝJ . De ion ized water was 
used throughout . Deuterated water, methanol , ch loro form and octane 
from A l d r i c h were used as so lvents i n the NMR work. 

Methods. Z - T y r - G l y - N H 2 was synthes i zed from Z-Tyr-OMe and G l y - N H 2 

i n r e v e r s e d m i c e l l a r s o l u t i o n s c o n t a i n i n g O.15 M DTAB as the s u r f a c 
tant i n a 1:5 volume mixture of n-hexanol and n-octane . Hexanol 
a c t s as a c o s u r f a c t a n t and a ids i n s o l u b i l i z i n g the Z-Tyr-OMe. 
I n i t i a l r a t e k i n e t i c s tud ie s employed the h y d r o l y s i s o f the syn
t h e t i c subs tra tes GPANA and BTPNA i n reversed m i c e l l e s o f CTAB i n a 
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1:1 vo lume m i x t u r e o f c h l o r o f o r m and η - h e p t a n e . Owing to the 
l i m i t e d commercial a v a i l a b i l i t y of deuterated η - h e p t a n e , deuterated 
n-octane was s u b s t i t u t e d i n the NMR work. A c o n t r o l experiment 
showed that there was no e f f e c t on the observed r e a c t i o n k i n e t i c s 
due to t h i s s u b s t i t u t i o n i n the bu lk organic continuum. Reversed 
m i c e l l a r s o l u t i o n s were made by slow a d d i t i o n o f O.2 M t r i s pH-9.0 
aqueous b u f f e r to a d i s p e r s i o n o f the CTAB s u r f a c t a n t i n the organic 
s o l v e n t . Substrate s o l u t i o n s were made by adding the subs trate 
d i r e c t l y to the reversed m i c e l l a r s o l u t i o n s . 

a-Chymo t r y p s i n d i s s o l v e d i n O.2 M t r i s b u f f e r , p H - 9 . 0 , was 
i n j e c t e d i n t o the s u b s t r a t e - c o n t a i n i n g reversed m i c e l l a r organic 
s o l u t i o n to i n i t i a t e the above r e a c t i o n s . Enzyme s o l u t i o n s were 
prepared f r e s h , s t o r e d on i c e and used w i t h i n four hours o f prepara 
t i o n . Gent le a g i t a t i o n a f t e r a d d i t i o n o f the aqueous α - c h y m o t r y p s i n 
s o l u t i o n would produce an o p t i c a l l y - t r a n s p a r e n t s o l u t i o n . For the 
d i p e p t i d e s y n t h e s i s , O.2 ml a l i q u o t s o f the r e a c t i o n mixture were 
p e r i o d i c a l l y removed an
ml o f methanol. A n a l y s i
HPLC u s i n g a C-18 column (Serva, Westbury, NY) and a g r a d i e n t O.1 M 
a c e t i c a c i d / m e t h a n o l e l u t i o n scheme. C o m m e r c i a l l y a v a i l a b l e 
Z - T y r - G l y - N H 2 and Z-Tyr-OHx were used as a s tandards . 

I n i t i a l r e a c t i o n ra te s were d i s c e r n e d s p e c t r o p h o t o m e t r i c a l l y at 
410 run by measuring the e v o l u t i o n of the chromophoric p - n i t r o a n i l i n e 
on a r e c o r d i n g P e r k i n Elmer Lamda 3B spectrophotometer. E x t i n c t i o n 
c o e f f i c i e n t s were determined f o r every s u r f a c t a n t c o n c e n t r a t i o n and 
ω 0 ; they v a r i e d from 4000 to 6000 A B S - M ' 1 - c m " 1 . Reac t ion mixtures 
and the spectrophotometer c e l l h o l d e r were maintained at 2 5 ° C . 

Proton chemical s h i f t va lues were obta ined on a homebuilt 500 
MHz n u c l e a r magnetic spectrometer at a r e s o l u t i o n o f O.003 ppm; 
s p i n - l a t t i c e r e l a x a t i o n times ( T 1 ' s ) were determined u s i n g 1 to 4 
r e p e t i t i o n s o f the s tandard i n v e r s i o n recovery 1 8 0 ° - r - 9 0 ° pu lse 
sequence f o r e i g h t τ va lues between O.1 and 8 seconds. The T 1 

va lues ranged from 2 to 5 seconds wi th a s tandard d e v i a t i o n o f ± O . 0 6 
s e c o n d s . A de lay o f 30 seconds was used between r e p e t i t o n s to 
ensure that the protons had re turned to e q u i l i b r i u m . To remove 
paramagnetic oxygen, samples were degassed by f r e e z i n g , evacuat ing 
the head space and thawing f o r three c y c l e s . 

Owing to the l i m i t e d aqueous s o l u b i l i t y o f GPANA and BTPNA, i t 
was necessary to use w a t e r - m i s c i b l e organic so lvents to increase the 
subs tra te s o l u b i l i t y i n these s o l u t i o n s . For the i n i t i a l r e a c t i o n 
r a t e s t u d i e s , GPANA was d i s s o l v e d i n 10% by volume methanol and 
BTPNA was d i s s o l v e d i n 20% by volume acetone. For the NMR s t u d i e s , 
GPANA was d i s s o l v e d i n 10% by volume deuterated methanol and BTPNA 
was d i s s o l v e d i n 60% by volume deuterated methanol. 

Resu l t s and D i s c u s s i o n 

D i p e p t i d e Format ion . F i g u r e 2 presents the time course o f the 
d i p e p t i d e format ion r e a c t i o n . The l i m i t i n g r e a c t a n t , Z-Tyr-OMe, i s 
dep le ted r a p i d l y , be ing converted v i a n u c l e o p h i l i c a t t a c k o f the 
g l y c i n a m i d e to the d e s i r e d d i p e p t i d e product , Z - T y r - G l y - N H 2 ; v i a 
t r a n s - e s t e r i f i c a t i o n to a t r a n s i e n t in termedia te , Z-Tyr-OHx; and v i a 
h y d r o l y s i s to the undes i red s ide product Ζ - T y r - O H . D ipept ide y i e l d , 
based on the more expensive amino a c i d s u b s t r a t e , Z-Tyr-OMe, i s 75% 
a f t e r 30 minutes u s i n g an enzyme c o n c e n t r a t i o n o f 1 /iM. Both the 
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F i g u r e 1. Schematic r e p r e s e n t a t i o n o f a CTAB reversed m i c e l l e . 
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F i g u r e 2. Time course o f the d i p e p t i d e synthes i s o f 
Z - T y r - G l y - N H 2 . I n i t i a l concentrat ions were [Z-Tyr-OMe] - 10 mM, 
[Gly-NH 2 ] - 15mM. [DTAB] - O.15 M i n 1:5 n-hexanol and n-octane . 
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y i e l d and p r o d u c t i v i t y obta ined are comparable to s i m i l a r r e a c t i o n s 
i n other media Q Q ) . 

D ipept ide format ion i n the reversed m i c e l l a r medium i s i n f l u 
enced by the l o c a l i z a t i o n and c o n c e n t r a t i o n o f the v a r i o u s spec ies 
i n the r e a c t i o n medium (F igure 3 ) . α - C h y m o t r y p s i n i s a h y d r o p h i l i c 
p r o t e i n and r e s i d e s w i t h i n the water p o o l o f the reversed m i c e l l e . 
Glyc inamide i s a p o l a r molecule and as such p a r t i t i o n s i n t o the 
r e v e r s e d m i c e l l a r w a t e r p o o l s . Consequently , i n the immediate 
e n v i r o n m e n t o f the enzyme, there i s a l o c a l l y h i g h g lyc inamide 
c o n c e n t r a t i o n ( c a . O.8 Μ) , a c c e l e r a t i n g the r a t e o f d i p e p t i d e 
format ion . The d i p e p t i d e product that i s formed i s hydrophobic and 
w i l l p a r t i t i o n away from the water p o o l , i s o l a t i n g i t from back 
r e a c t i o n and thus f o r c i n g the e q u i l i b r i u m towards s y n t h e s i s . 

The w e l l - c h a r a c t e r i z e d mechanism o f α - chymo t ryps i n - c a t a l y z e d 
h y d r o l y s i s o f e s t e r s c a n be expanded to encompass transes t a r i 
f i c a t i o n and pept ide bond s y n t h e s i s . Such a k i n e t i c model has been 
d e v e l o p e d u s i n g the r e a c t i o
h i g h l y r e a c t i v e methy
degrade i r r e v e r s i b l y , whi le the d e s i r e d d i p e p t i d e product and the 
a c i d byproduct form i r r e v e r s i b l y . The t h i r d produc t , Z - T y r - O H x , i s 
a t r a n s i e n t i n t e r m e d i a t e ; thus the model prov ides f o r both i t s 
format ion and subsequent degradat ion to e i t h e r the d i p e p t i d e product 
or the f ree a c i d . Both e s t er s are assumed to be i n e q u i l i b r i u m wi th 
t h e i r M i c h a e l i s complexes, Z-Tyr-OMe-enzyme and Ζ - T y r - O H x - e n z y m e , 
r e s p e c t i v e l y . Best f i t k i n e t i c constants were found and are used to 
g e n e r a t e the c o n c e n t r a t i o n p r o f i l e s shown i n F i g u r e 2. These 
k i n e t i c constants q u a l i t a t i v e l y and o f t en q u a n t i t a t i v e l y descr ibe 
the time course o f the r e a c t i o n conducted under a v a r i e t y o f other 
r e a c t i o n c o n d i t i o n s , i n c l u d i n g d i f f e r e n t hexanol , g lyc inamide , 
enzyme, and w a t e r c o n c e n t r a t i o n s (Ferguson, H . D. , unpubl i shed 
d a t a . ) . 

K i n e t i c s o f Model Subs tra te s . In an e f f o r t to b e t t e r understand 
enzymatic k i n e t i c s w i t h i n reversed m i c e l l e s , α - c h y m o t r y p s i n hydro
l y s i s o f a model s u b s t r a t e , GPANA, was s t u d i e d i n CTAB r e v e r s e d 
m i c e l l e s . The h y d r o l y s i s k i n e t i c s o f subs tra tes by α - c h y m o t r y p s i n 
i s d e s c r i b e d by the Michae l i s -Menten f o r m u l a t i o n 

" t e " " V - κ Μ + [S] ( 1 ) 

I n a r e v e r s e d m i c e l l a r system c o n t a i n i n g s o l u b i l i z e d enzyme 
molecules , i t i s assumed that c a t a l y t i c a l l y a c t i v e enzyme molecules 
are on ly found w i t h i n the reversed m i c e l l e s . Furthermore there i s 
no more than one enzyme molecule per reversed m i c e l l e , s ince the 
enzyme c o n c e n t r a t i o n i s s u f f i c i e n t l y smal l compared to the concen
t r a t i o n o f reversed m i c e l l e s . 

When c o n s i d e r i n g enzyme k i n e t i c s i n a reversed m i c e l l a r system 
i t i s c r i t i c a l to recognize that there are two volumes upon which to 
base c o n c e n t r a t i o n dependent constants and v a r i a b l e s , the t o t a l or 
o b s e r v e d r e a c t i o n volume and the m i c e l l a r or aqueous water p o o l 
volume (UL) . A d d i t i o n a l l y , the p a r t i t i o n i n g o f the subs tra te 
between the b u l k organ ic so lvent mixture and the reversed m i c e l l e s 
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F i g u r e 3. S c h e m a t i c r e p r e s e n t a t i o n o f the p a r t i t i o n i n g o f 
r e a c t a n t s and products i n Z - T y r - G l y - N H 2 synthes i s w i t h i n reversed 
m i c e l l e s . F i l l e d a r r o w s i n d i c a t e d i r e c t i o n o f p r e f e r e n t i a l 
p a r t i t i o n i n g . 

Substrate 

ZTyrOMe + Enz 

ZTyrOHex + Enz 

Transient Intermediate 

ZTyrOMe - Enz 

Λ 

ZTyrOHex - Enz 

Acid Byproduct 

Z T y r O H 

X - H . 
Z T y r - Enz 

^ ^ Q l y N H , 

ZTyrGlyNH 2 

Dipeptide Product 

F i g u r e 4. R e a c t i o n mechanism f o r Z - T y r - G l y - N H 2 synthes i s i n 
DTAB, n -oc tane /n-hexanol reversed m i c e l l e s . 

In Biocatalysis and Biomimetics; Burrington, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



96 BIOCATALYSIS AND BIOMIMETICS 

Pg, d e f i n e d as 
i s important . I t can be c h a r a c t e r i z e d by a p a r t i t i o n c o e f f i c i e n t , 

[S] 
p _ J m i c e l l e s ^ 

S r g ι 
J b u l k organ ic 

I f the s u b s t r a t e i s p r e f e r e n t i a l l y s o l u b l e i n the reversed 
m i c e l l e s ( P s » l ) , a comparison o f the k i n e t i c parameters observed 
f o r the o v e r a l l system and the k i n e t i c parameters I n t r i n s i c to the 
reversed m i c e l l a r r e a c t i o n medium gives 

^ca t ,observed " ^ c a t , m i c e l l e ^ 
and 

^M,observe

where φ i s the m i c e l l e volume f r a c t i o n , and i s d i r e c t l y p r o p o r t i o n a l 
to both the m i c e l l e s i z e and to the number o f m i c e l l e s . The p a r a 
meter e«)0 Is an i n d i c a t i o n o f the m i c e l l e s i z e , whi le the o v e r a l l 
s u r f a c t a n t c o n c e n t r a t i o n i s i n d i c a t i v e o f the number o f m i c e l l e s . 
T h e r e f o r e , φ can be represented as 

φ - Constant • ω 0 • [Surfactant ] (5) 

The Κ), dependence on φ has been shown f o r t r y p s i n and N - b e n z o y l - D , L -
a r g i n i n e p - n i t r o a n i l i d e , but on ly when ω 0 was h e l d constant (12). 

The r a t e o f α - c h y m o t r y p s i n - c a t a l y z e d h y d r o l y s i s as a f u n c t i o n 
o f o v e r a l l GPANA c o n c e n t r a t i o n i n CTAB reversed m i c e l l e s and i n 
aqueous s o l u t i o n are shown i n F i g u r e 5. I t i s apparent that the 
r e a c t i o n r a t e i n the reversed m i c e l l a r s o l u t i o n i s on the order o f 
50 times more r a p i d than i n the aqueous system. Furthermore, i n the 
reversed m i c e l l a r system there i s no i n d i c a t i o n o f enzyme s a t u r a t i o n 
as the r e a c t i o n i s f i r s t order i n subs tra te c o n c e n t r a t i o n . As 
enzyme s a t u r a t i o n k i n e t i c s are not observed, I t i s imposs ib le to 
d i f f e r e n t i a t e between the parameters k c a t and . Ins tead a second 
o r d e r b i m o l e c u l a r r a t e c o n s t a n t f o r both the m i c e l l e i n t e r i o r 
(^micel le ) a n c * ^ o r w n a t *- s exper imenta l ly observed ( k o b s e r v e c j ) i s 
d e f i n e d . 

k k 
c a t , m i c e l l e a n d k c a t , o b s e r v e d 

m i c e l l e ϊ , , ^ ^ observed ^ . o b s e r v e d 

In the case where P s » l , or the subs tra te i s a s s o c i a t e d wi th the 
m i c e l l e s not w i th the b u l k organ ic s o l v e n t , Equations 3 and 4 become 

k - - • k (7) 
observed φ m i c e l l e 

Thus, i f the i n t r i n s i c constant , k m i c e l l e , i s independent o f 
the volume f r a c t i o n o f m i c e l l e s , φ, o b s e r v e d should be a l i n e a r 
f u n c t i o n o f l/φ. Table I g ives maximum s o l u b i l i t y data f o r GPANA 
and BTPNA i n d i c a t i n g that these subs trates are a s s o c i a t e d w i t h the 
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r e v e r s e d m i c e l l e s a n d , c o n s e q u e n t l y , s h o u l d obey E q u a t i o n 7. 
R e s u l t s f o r GPANA i n which φ was v a r i e d by changing the s u r f a c t a n t 
c o n c e n t r a t i o n , h o l d i n g ω 0 constant , show that t h i s i s indeed the 
case (F igure 6 ) . The increase i n the r a t e constant observed wi th 
decreas ing φ i s due to the reversed m i c e l l e s a b i l i t y to concentrate 
the h y d r o p h i l i c subs tra te w i t h i n the reversed m i c e l l e s . However, 
when φ i s v a r i e d by changing ω 0 , h o l d i n g the s u r f a c t a n t concen
t r a t i o n constant , k o b g e r v e e | Is no longer p r o p o r t i o n a l to l/φ, but 
i n s t e a d i n c r e a s e s beyond what i s p r e d i c t e d as ω0 i s decreased 
( F i g u r e 6 ) . T h e r e f o r e , o t h e r phenomenon, i n a d d i t i o n to the 
c o n c e n t r a t i o n o f s u b s t r a t e w i t h i n the r e v e r s e d m i c e l l e s , must 
account f o r t h i s r a t e enhancement at low ω 0 . 

A s e c o n d s y n t h e t i c s u b s t r a t e , BTPNA, was i n v e s t i g a t e d to 
c l a r i f y i f t h i s r a t e enhancement i n CTAB r e v e r s e d m i c e l l e s i s 
observed f o r a l l subs trates (F igure 7 ) . Two major d i f f e r e n c e s are 
o b s e r v e d : f i r s t , that there i s no r e a c t i o n r a t e enhancement i n 
reversed m i c e l l e s versu
s a t u r a t i o n k i n e t i c s are

The o b s e r v a t i o n that d i f f e r e n t subs tra tes behave d i f f e r e n t l y , 
and that there i s an dependence on ω 0 beyond that o f φ, present the 
p o s s i b i l i t y tha t the s p e c i f i c l o c a l i z a t i o n o f the subs tra te w i t h i n 
the reversed m i c e l l e p lays a r o l e i n determining the k i n e t i c s . 

Table I . Maximum s o l u b i l i t y o f subs tra tes 

S o l u t i o n GPANA BTPNA 

Aqueous < 1 χ 1 0 ' 3 M < 1 χ Ι Ο * 3 M 
1:1 chloroform/heptane 2 χ 1 0 ' 5 M < 2 χ 1 0 ' 5 M 
Reversed m i c e l l a r 

O.1 M CTAB 2.5 χ 1 0 ' 3 M 8 χ 10" 3 M 
ω 0 - 3 

Substrate L o c a l i z a t i o n . To determine how the subs tra te molecules 
are a s s o c i a t e d w i t h the s u r f a c t a n t i n t e r f a c e l a y e r , chemical s h i f t s 
and s p i n - l a t t i c e r e l a x a t i o n ra tes f o r subs tra te molecule protons i n 
r e v e r s e d m i c e l l a r and i n aqueous s o l u t i o n s were measured. Both 
s u b s t r a t e molecules , GPANA and BTPNA, have three subuni t s : the 
pheny la lan ine or t y r o s i n e aromatic r i n g , the p - n i t r o a n i l i d e , and 
the a c y l g r o u p . Because each subuni t has non-over lapp ing NMR 
s p e c t r a l assignments, and assuming p r o t o n - p r o t o n d i p o l a r c o u p l i n g 
between the subunits i s weak due to mot ional averag ing , the s p i n -
l a t t i c e r e l a x a t i o n behavior o f protons on each o f the three subunits 
can be cons idered s e p a r a t e l y . In f a c t , the r e l a x a t i o n r a t e , R, 
( R - l / T 1 ) f o r GPANA protons i n aqueous s o l u t i o n v a r i e s from O.29 to 
1.39 s" 1 , support ing t h i s assumption. In a d d i t i o n , the p - n i t r o 
a n i l i d e protons o f both GPANA and BTPNA i n aqueous s o l u t i o n have 
R - O . 3 0 ± . 0 5 s"1 , demonstrating l i t t l e change upon chemical s u b s t i 
t u t i o n o f the other two subuni t s . A f a s t e r s p i n - l a t t i c e r e l a x a t i o n 
r a t e o f a g iven proton i s i n d i c a t i v e o f increased r o t a t i o n a l and 
t r a n s l a t i o n a l motions o c c u r r i n g at the NMR frequency (500 MHz). 
Such an increase r e s u l t s when h i g h e r frequency motions are r e -
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4 0 0 0 

3000 

= 2000 

Ο 
1000 Bulk Aqueous 

50 100 
1 / φ 

160 200 

F i g u r e 6. Second o r d e r b i m o l e c u l a r r a t e cons tant f o r the 
h y d r o l y s i s o f GPANA by α - c h y m o t r y p s i n i n CTAB reversed m i c e l l e s 
as a f u n c t i o n o f 1/φ. φ - volume f r a c t i o n o f reversed m i c e l l e s . 
( · ) ω 0 - 3 , [CTAB] - . 1 , .2 , . 3 , .4 M 
( Δ ) [ C T A B ] - . l M, w 0 - 3 , 4, 5, 5 .4 , 7, 10, 12, 25 

In Biocatalysis and Biomimetics; Burrington, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



7. SHIELD ET AL. Enzymatic Reactions in Reversed Micelles 99 

s t r i c t e d o r new modes o f low frequency motions are i n t r o d u c e d . 
R e s t r i c t e d motion i s the more probable e f f e c t i n reversed m i c e l l e s 
s i n c e the dimensions o f the aqueous p o o l and the subs tra te are 
comparable and the l a r g e s t increase i n R occurs at the smal l e s t u>O. 

A l s o , s ince R changes d i f f e r e n t l y f o r the v a r i o u s subun i t s , the 
concer ted motion o f the m i c e l l e s i s not the dominant e f f e c t . 

The chemical s h i f t s (Ss) o f subs tra te protons are d i f f e r e n t i n 
r e v e r s e d m i c e l l a r media compared to aqueous s o l u t i o n . The chemical 
s h i f t i s a complex f u n c t i o n o f the environment around a p r o t o n , 
i n f l u e n c e d by the so lvent type , e x t e r n a l e l e c t r o s t a t i c forces and 
the i n t e r n a l e l e c t r o n i c s t r u c t u r e o f the molecule . A change i n the 
chemica l s h i f t f o r subs tra te protons between an aqueous and reversed 
m i c e l l a r s o l u t i o n i s an i n d i c a t i o n o f a change i n the l o c a l e l e c t r o 
n i c environment. 

Table I I d e t a i l s the changes i n the chemical s h i f t f o r protons 
on the three subunits o f the subs tra te molecules f o r two d i f f e r e n t 
m i c e l l e s i z e s . The proto
i n F i g u r e 8. Table I I
r e v e r s e d m i c e l l e s to the r e l a x a t i o n ra te s i n an aqueous system. 
These va lues have a s tandard d e v i a t i o n o f ± O . 0 5 u n i t s . 

The protons on GPANA a s s o c i a t e d w i t h the pheny la lan ine benzene 
r i n g (numbers 1 and 2) and those on BTPNA a s s o c i a t e d w i t h the a c y l 
group (numbers 5, and 6) have l i t t l e or no change i n t h e i r a v a i l a b l e 
m o t i o n s i n a r e v e r s e d m i c e l l a r e n v i r o n m e n t v e r s u s i n aqueous 
s o l u t i o n . Furthermore, these protons undergo smal l changes i n t h e i r 
c h e m i c a l s h i f t s , i n d i c a t i n g a minimal a l t e r a t i o n i n t h e i r l o c a l 
e l e c t r o n i c environment. Thus the reversed m i c e l l a r environment of 
these protons i s s i m i l a r to an aqueous environment, suggest ing that 
these two subunits are i n the water p o o l o f the m i c e l l e . 

I n c o n t r a s t , t h o s e p r o t o n s on the o t h e r s u b u n i t s o f the 
s u b s t r a t e m o l e c u l e s do e x p e r i e n c e h i n d e r a n c e i n the reversed 
m i c e l l e s and undergo s i g n i f c a n t changes i n t h e i r e l e c t r o n i c e n v i r o n 
ment . The p - n i t r o a n i l i d e p r o t o n s (numbers 3 and 4) on both 
subs tra tes have increased r e l a x a t i o n ra te s and p r o t o n 4 undergoes a 
l a r g e downf ie ld chemical s h i f t . S i m i l a r e f f e c t s are seen i n the 
GPANA p r o t o n s a s s o c i a t e d w i t h the a c y l group composed o f the 
g l u t a r i c a c i d (numbers 5 and 6) and i n the BTPNA protons l o c a t e d 
near the h y d r o x y l on the t y r o s i n e benzene r i n g (numbers 1 and 2 ) . 

Table I I . D i f f erences i n Chemical S h i f t s 

Reversed M i c e l l e s Aqueous 

GPAPA 3TPNA 
Substrate 
Subunit 

Proton 
Number 

S - 6A ω 0 = 5 Aq 
δ - δΑ δ - δΑ ω 0 = 5 Aq 

δ - 5 A 

amino a c i d 1 O.061 O.067 O.271 O.254 
s i d e group 2 O.273 O.252 O.242 O.222 

p - n i t r o 3 O.172 O.169 O.125 O.125 
a n i l i d e 4 O.650 O.630 O.484 O.464 

a c y l 5 O.285 O.273 O.048 O.086 
group 6 O.428 O.298 -O.021 -O.027 
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12 

10 BTPNA 
in Aqueous 

O.000 

BTPNA in RM 

O.002 O.004 O.006 O.008 O.010 

[Substratejoverall (M) 

F i g u r e 7. C o m p a r i s o n o f BTPNA h y d r o l y s i s r a t e s i n aqueous 
s o l u t i o n and CTAB reversed m i c e l l e s . [CTAB] - O.1 Μ ω 0 - 3 

GPANA BTPNA 
F i g u r e 8. S y n t h e t i c subs trates GPANA and BTPNA. Open arrows 
i n d i c a t e amide bond hydro lyzed by α - c h y m o t r y p s i n . S o l i d arrows 
i n d i c a t e h y d r o p h o b i c r e c o g n i t i o n g r o u p s . Numbers r e f e r to 
protons examined by NMR. 
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Table I I I . R a t i o s o f R e l a x a t i o n Rates 

Substrate 
Subunit 

Proton 
Number 

ÇPAJSA 
R c \ - i o 

BTPNA 

ω 0 - 5 \ - 1 0 
Substrate 
Subunit 

Proton 
Number 

R A 
Aq 

R A 
Aq 

R A 
Aq 

R A 
Aq 

amino a c i d 1 1.04 1.00 2.14 1.83 
s ide group 2 1.10 1.08 1.66 1.59 

p - n i t r o 3 1.48 1.38 1.48 1.60 
a n i l i d e 4 1.49 1.37 1.46 1.43 

a c y l 5 1.47 1.47 1.18 1.15 
group 6 1.61 1.56 1.13 O.99 

C o n s e q u e n t l y , t h e s e f o u r s u b u n i t s may be a s s o c i a t e d w i t h the 
p o s i t i v e l y c h a r g e d s u r f a c t a n t l a y e r h i n d e r i n g t h e i r motion and 
i n d u c i n g a downf ie ld chemical s h i f t . These s u b s t r a t e moie t i e s c o u l d 
i n t e r a c t w i t h the p o s i t i v e l y charged head groups o f the s u r f a c t a n t , 
because the c a r b o x y l i c a c i d c a r r i e s a negat ive charge, the oxygens 
o f the n i t r o group c a r r y a f r a c t i o n a l negat ive charge and the 
h y d r o x y l group i s p o l a r (F igure 9 ) . 

The c o n f i g u r a t i o n o f the subs tra te w i t h i n the reversed m i c e l l e 
may have s i g n i f i c a n t i m p l i c a t i o n s f o r enzyme k i n e t i c s . In nature , 
α - c h y m o t r y p s i n on ly hydro lyzes the pept ide bond o f po lypept ides on 
the c a r b o x y l i c a c i d end o f aromatic amino a c i d r e s i d u e s . Th i s 
s e l e c t i v i t y a r i s e s because the aromatic p o r t i o n o f the amino a c i d 
f i t s i n t o a r e c o g n i t i o n s i t e next to the r e a c t i v e s i t e on the 
enzyme. The comparable amide bond on the s y n t h e t i c subs tra tes i s 
noted w i t h the open arrow i n F igure 8. The aromatic r i n g tha t f i t s 
i n t o the r e c o g n i t i o n s i t e f o r GPANA and BTPNA comes from the amino 
a c i d s ide group i n pheny la lan ine and t y r o s i n e and are noted wi th 
s o l i d arrows i n F igure 8. 

Can the l o c a l i z a t i o n o f the subs tra te molecule w i t h i n the 
reversed m i c e l l a r environment e x p l a i n why there are d i f f e r e n c e s i n 
r e a c t i o n r a t e enhancement f o r d i f f e r e n t subs tra tes? For the 
subs tra te GPANA there i s a s i g n i f i c a n t r a t e enhancement, more so 
t h a n w o u l d be e x p e c t e d from a s imple k i n e t i c treatment due to 
c o n c e n t r a t i o n o f the subs tra tes i n the reversed m i c e l l e s . A s i m i l a r 
s u b s t r a t e , BTPNA, does not show a r a t e enhancement; i n s t e a d , the 
o b s e r v e d r a t e i n r e v e r s e d m i c e l l e s i s l e s s than i n an aqueous 
s o l u t i o n . For GPANA, the molecule i n t e r a c t s w i t h the s u r f a c t a n t 
l a y e r , i n a manner exposing the r e c o g n i t i o n moiety and the amide 
bond to the center o f the m i c e l l e , where the bond can be more e a s i l y 
recogn ized and hydro lyzed by the enzyme c a t a l y s t . For BTPNA, the 
r e c o g n i t i o n p o r t i o n o f the molecule i n t e r a c t s w i t h the s u r f a c t a n t 
l a y e r making i t more d i f f i c u l t f o r the enzyme to hydro lyze the amide 
bond. I t appears that the p o s i t i o n i n g and l o c a l i z a t i o n o f subs trate 
m o l e c u l e s w i t h i n the reversed m i c e l l e has a profound e f f e c t on 
r e a c t i o n r a t e s . F u r t h e r understanding o f the f a c t o r s i n f l u e n c i n g 
t h e s e e f f e c t s wou ld f a c i l i t a t e the des ign o f enzyme-containing 
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BTPNA

F i g u r e 9. Schematic r e p r e s e n t a t i o n o f i n t e r a c t i o n between GPANA 
and BTPNA wi th s u r f a c t a n t head groups w i t h i n c a t i o n i c reversed 
m i c e l l e s . 
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r e v e r s e d m i c e l l a r sys tems h a v i n g the o p t i m a l s e l e c t i v i t y and 
p r o d u c t i v i t y f o r the r e a c t i o n o f i n t e r e s t . 

C o n c l u s i o n s 

R e v e r s e d m i c e l l a r systems have c e r t a i n a t t r i b u t e s which can be 
e x p l o i t e d when c o n s i d e r i n g e n z y m a t i c a l l y - b a s e d synthes i s r e a c t i o n s . 
These systems can s o l u b i l i z e h y d r o p h i l i c and hydrophobic reac tant s 
and, i f the reac tant s i n t e r a c t w i th the s u r f a c t a n t l a y e r , h i g h e r 
concentra t ions can be obta ined than i s p o s s i b l e i n e i t h e r an aqueous 
or an organ ic environment. P a r t i t i o n i n g o f r e a c t a n t s between the 
b u l k o r g a n i c p o r t i o n o f a r e v e r s e d m i c e l l a r s o l u t i o n and the 
m i c e l l a r core can r e s u l t i n l o c a l i z e d h i g h concentra t ions o f p o l a r 
r e a c t a n t s . T h i s can be used to promote d e s i r e d r e a c t i o n s , such as 
the synthes i s o f d i p e p t i d e s

Observed r e a c t i o n
s o l u b i l i z e d w i t h i n a
r e l a t i v e to those observed i n aqueous s o l u t i o n . T h i s enhancement 
c a n be due to s imple c o n c e n t r a t i o n o f the r e a c t a n t s w i t h i n the 
m i c e l l e s , b u t c a n a l s o be i n f l u e n c e d by the l o c a l i z a t i o n and 
o r i e n t a t i o n o f the subs trates be ing used. 
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Chapter 8 

Enzyme Structure and Function 
in Water-Restricted Environments 

Electron Paramagnetic Resonance Studies 
in Organic Solvents and Reverse Micelles 

Douglas S. Clark, Louise Creagh, Paul Skerker, 
Mark Guinn, John Prausnitz, and Harvey Blanch 

Department of Chemica

Structure-function relationships were investigated for 
two water-restricted enzyme systems: immobilized horse 
liver alcohol dehydrogenase (LADH) in organic solvents 
containing varying amounts of water, and tryptophanase 
in reverse micelles of different water contents. 
Electron paramagnetic resonance (EPR) spectroscopy and 
spin-labelling techniques were used to probe the 
effects of low water content on enzyme structure. The 
oxidation of cinnamyl alcohol to cinnamaldehyde using 
LADH was studied in various organic solvents. The 
activity of the enzyme increased dramatically as small 
amounts of water were added to each solvent; however, 
the increase in activity could not be attributed to a 
loosening up of the active-site conformation. 
Tryptophan was produced from indole and serine using 
tryptophanase in reverse micelles. The enzyme became 
less flexible and the water became more rigid as 
reverse micelle size decreased. 

Recent re search has demonstrated that enzymes can f u n c t i o n i n v a r i o u s 
low-water environments (1-4) , and that the p r o p e r t i e s o f enzymes can 
be f a v o r a b l y modi f i ed by nonaqueous so lvents (5-7). Increased 
subs tra te s o l u b i l i t y , r e v e r s a l o f h y d r o l y t i c r e a c t i o n s , and improved 
t h e r m o s t a b i l i t y are among the p r a c t i c a l advantages a f f o r d e d by 
nonaqueous s o l v e n t s . However, the r o l e of water i n enzymatic 
r e a c t i o n s at low water concentrat ions i s not g e n e r a l l y understood, 
and there i s some u n c e r t a i n t y regard ing how much the conformation of 
a p r o t e i n changes as so lvent water i s removed ( 8 . 9 ) . Nonaqueous 
so lvent systems there fore represent important media i n which to 
examine enzyme s t r u c t u r e and f u n c t i o n at the molecular l e v e l . Such 
s tud ie s w i l l prove v a l u a b l e f o r the a p p l i c a t i o n o f enzymes i n low-
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water environments and should a l so prov ide fundamental i n s i g h t s i n t o 
enzymatic r e a c t i o n mechanisms and s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s . 

T h i s paper descr ibes p r e l i m i n a r y r e s u l t s from s tud ie s o f two 
w a t e r - r e s t r i c t e d enzyme systems: immobi l ized horse l i v e r a l c o h o l 
dehydrogenase (LADH) i n organic so lvents c o n t a i n i n g v a r i o u s amounts 
o f water, and tryptophanase i n reverse m i c e l l e s o f d i f f e r e n t water 
contents . In each case, e l e c t r o n paramagnetic resonance (EPR) 
spectroscopy and s p i n l a b e l l i n g techniques were used to probe the 
e f f e c t s o f low water concentrat ions on enzyme s t r u c t u r e . Advantages 
o f EPR and s p i n l a b e l l i n g inc lude t h e i r v e r s a t i l i t y (a wide range of 
s p i n l a b e l s can be purchased or synthes i zed and EPR spectroscopy can 
e a s i l y be a p p l i e d to mult iphase samples) and s e n s i t i v i t y to changes 
i n the m i c r o s t r u c t u r e and i n t e r n a l dynamics o f p r o t e i n s . Moreover, 
the motion o f s p i n l a b e l s can be q u a n t i f i e d wi th the a i d o f computer 
s imula t ions (10.11) . 

Immobil ized LADH i n Organi

Methods. LADH (Sigma Chemical Co . ) was immobi l ized to c o n t r o l l e d -
pore aminopropyl g lass (Sigma, 75-100 À nominal pore s i z e ) a c t i v a t e d 
wi th g lutara ldehyde at pH 7.5 . The a c t i v a t e d g lass (750 mg) was 
r o t a t e d end over end i n 30 ml o f enzyme s o l u t i o n (25 mg LADH, 5 mg 
NAD + i n O.01 M phosphate b u f f e r , pH 7.5) at room temperature f o r 3 
h r . The immobi l ized enzyme was then washed wi th 500 ml o f the 
phosphate b u f f e r , and l y o p h i l i z e d from 5 ml of b u f f e r c o n t a i n i n g 3 mg 
NAD + . Immobil ized LADH was assayed at room temperature i n a v a r i e t y 
o f organic so lvents c o n t a i n i n g 10 mM cinnamyl a l c o h o l and 10 mM 
o c t a n a l ( a l l organic so lvents were d r i e d i n i t i a l l y over molecular 
s i e v e s ) . V i a l s c o n t a i n i n g 10 mg of the immobi l ized enzyme i n 4 ml of 
the r e a c t i o n mixture were r o t a t e d at 60 r e v / m i n , and O.2 ml samples 
were withdrawn p e r i o d i c a l l y . The samples were analyzed by HPLC 
(Hewlett Packard model HP-1090) and the format ion o f cinnamaldehyde 
was monitored at 300 nm. The thermal s t a b i l i t y o f immobi l ized enzyme 
i n d i f f e r e n t so lvents was determined by measuring the a c t i v i t y 
remaining a f t e r i n c u b a t i o n i n the so lvent f o r 30 min at 8 0 e C . 

For EPR measurements, LADH was s p i n l a b e l e d wi th 4-(2-
Iodoacetamido)-TEMPO (abbrev iated as SL-1 and obta ined from A l d r i c h 
Chemical Co . ) p r i o r to i m m o b i l i z a t i o n as d e s c r i b e d i n re ference 12. 
A l l s p e c t r a were c o l l e c t e d at room temperature on a Bruker ER200D-SRC 
EPR spectrometer us ing a microwave power o f 15.9 mW, a modulat ion 
amplitude of 1.0 G, and a scan range of 100 G. 

Resu l t s and D i s c u s s i o n . To examine the behavior o f LADH i n d i f f e r e n t 
organ ic so lvents c o n t a i n i n g v a r i o u s amounts o f water, the o x i d a t i o n 
of c innamyl a l c o h o l to cinnamaldehyde was s t u d i e d (cinnamyl a l c o h o l 
o x i d a t i o n by LADH i n organic so lvents was f i r s t r e p o r t e d by Deetz and 
R o z z e l l (13)) . Reac t ion ra tes were measured i n n e a r l y anhydrous 
organic so lvents and i n so lvents c o n t a i n i n g from O.1 to 10% added 
water. The water content i n the n e a r l y anhydrous so lvents ranged from 
O.01 to O.02%, as measured by K a r l - F i s c h e r t i t r a t i o n . A l l ra te data 
were obta ined wi th enzyme immobi l ized to c o n t r o l l e d pore g lass and 
l y o p h i l i z e d from aqueous phosphate b u f f e r of pH 7 .5 . Immobilized 
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enzyme was used to prevent aggregat ion o f the enzyme i n the o r g a n i c s , 
which c o u l d lower the c o n c e n t r a t i o n o f a c t i v e enzyme and/or increase 
the l i k e l i h o o d o f mass t r a n s f e r l i m i t a t i o n s i n f l u e n c i n g the measured 
r e a c t i o n r a t e s . 

The enzyme's a c t i v i t y i n s e v e r a l n e a r l y anhydrous so lvents 
i n c r e a s e d from t o t a l absence i n a c e t o n i t r i l e to a maximum o f 11 nmols 
(min-g support)"1 i n hexane, and i n genera l the a c t i v i t y increased as 
the water s o l u b i l i t y i n the so lvent decreased. T h i s t r e n d i s b e l i e v e d 
to r e s u l t from more extens ive s t r i p p i n g o f the e s s e n t i a l h y d r a t i o n 
l a y e r from the enzyme molecule by a more h y d r o p h i l i c so lvent l i k e 
a c e t o n i t r i l e than by a l e s s h y d r o p h i l i c so lvent l i k e hexane (1) . 
Furthermore, the a c t i v i t y o f the enzyme increased d r a m a t i c a l l y as 
smal l amounts o f water were added to each s o l v e n t . For example, the 
a c t i v i t y o f immobi l ized LADH increased from 6.3 to 83 nmols (min-g 
support)"1 when the water c o n c e n t r a t i o n i n b u t y l acetate was 
i n c r e a s e d from about O.02% t  1.0%  I t i f i n t e r e s t t t h i  p o i n t 
to i n v e s t i g a t e more c l o s e l
to examine the conformatio

To t h i s end, the s p i n l a b e l i n g technique was used to probe the 
a c t i v e s i t e s t r u c t u r e of LADH i n v a r i o u s so lvent systems. The s p i n 
l a b e l , S L - 1 , a l k y l a t e d c y s t e i n e 46 (12), an amino a c i d i n the a c t i v e 
s i t e o f LADH that normal ly serves as a l i g a n d to the c a t a l y t i c z i n c 
i o n . LADH i s a dimer, and each monomeric subunit conta ins one f i r m l y -
bound c a t a l y t i c z i n c i o n . The p o s i t i o n o f enzyme-bound SL-1 was 
es t imated by the s p i n l a b e l - s p i n probe technique (14 .15) . Cobal t (II) 
was employed as the s p i n probe, and the c a t a l y t i c z i n c i n the 
enzyme's a c t i v e s i t e was r e p l a c e d by C o ^ + a c c o r d i n g to the procedure 
o f Sytkowski and V a l l e e (16). The EPR spectrum o f enzyme-bound SL-1 
was then measured before and a f t e r replacement o f the a c t i v e - s i t e 
z i n c by c o b a l t ; from the decrease i n s p e c t r a l amplitude the average 
n i t r o x i d e - m e t a l d i s tance was determined to be 4.8 ± 1.5 À (17). 

Shown i n F igure 1 are the EPR s p e c t r a o f s p i n - l a b e l e d LADH 
recorded i n v a r i o u s so lvents ranging from water to n e a r l y anhydrous 
hexane, a long wi th the spectrum of the complete ly d r y , l y o p h i l i z e d 
enzyme. A l s o i n c l u d e d are va lues o f l o g P, a q u a n t i t a t i v e measure o f 
the s o l v e n t ' s h y d r o p h o b i c i t y (18). and the mean r o t a t i o n a l 
c o r r e l a t i o n times (r^) o f the s p i n l a b e l determined from s p e c t r a l 
s imula t ions ( 1 0 . I D . Since the EPR s p e c t r a are very s e n s i t i v e to the 
s p i n l a b e l ' s mot ional dynamics and to the conformation o f the 
surrounding p r o t e i n ( i n g e n e r a l , s p e c t r a become broader and more 
asymmetric as the mean r o t a t i o n a l c o r r e l a t i o n time o f the s p i n l a b e l 
slows from about 1 0 " 1 0 to 10" 7 s ec ) , the s p e c t r a i n F i g u r e 1 i n d i c a t e 
that the enzyme's a c t i v e - s i t e conformation became more r i g i d as the 
so lvent became more hydrophobic . Indeed, the EPR spectrum o f s p i n -
l a b e l e d enzyme i n hexane i s v i r t u a l l y i d e n t i c a l to the spectrum of 
l y o p h i l i z e d enzyme i n the absence o f s o l v e n t . However, increased 
r i g i d i t y appears to have had at most a secondary in f luenc e on the 
enzyme's a c t i v i t y . For example, the spectrum i n anhydrous 
a c e t o n i t r i l e shows the greates t f l e x i b i l i t y o f a l l the o r g a n i c -
so lvent s p e c t r a yet the enzyme had no a c t i v i t y i n anhydrous 
a c e t o n i t r i l e . On the other hand, the spectrum i n hexane r e f l e c t s the 
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most r i g i d conformation yet hexane a f f o r d e d the h i g h e s t a c t i v i t y o f 
a l l the organic s o l v e n t s . 

Moreover, adding smal l amounts of water to the so lvent had no 
apparent e f f e c t on the s p i n l a b e l ' s m o b i l i t y , as ev idenced by the 
s p e c t r a i n F igure 2. EPR s p e c t r a recorded i n b u t y l ace tate wi th and 
without 1% water revea led that the a c t i v e s i t e conformation was 
unchanged by water a d d i t i o n even though the enzyme's a c t i v i t y was 
much h igher when 1% water was present . Thus, the increase i n a c t i v i t y 
upon water a d d i t i o n cannot be a t t r i b u t e d to a l oosen ing up o f the 
a c t i v e - s i t e conformation. T h i s r e s u l t d i f f e r s from a proposed model 
o f the s e q u e n t i a l h y d r a t i o n o f dry lysozyme (19), i n which 
r e s t o r a t i o n o f enzyme a c t i v i t y fo l lowed a h y d r a t i o n - i n d u c e d 
f l e x i b i l i t y i n c r e a s e . 

I t i s not p o s s i b l e at present to e x p l a i n why water has such a 
pronounced e f f e c t on the r e a c t i o n r a t e s . Al though s t r u c t u r a l 
d i f f e r e n c e s were not detected as a f u n c t i o n o f water content  a 
s t r u c t u r a l r o l e canno
r e a c t i o n s t u d i e d i s qu i t
cinnamyl a l c o h o l coupled wi th the r e d u c t i o n o f o c t a n a l (to oc tanol ) 
to regenerate NAD + . The r a t e - d e t e r m i n i n g step o f t h i s sequence i s not 
obvious (hydride t r a n s f e r or d i s s o c i a t i o n o f the enzyme-octanol 
complex i s a p o s s i b i l i t y (20), whereas the re l ease o f coenzyme i s 
l e s s l i k e l y s ince NAD(H) i s expected to remain i n the coenzyme 
b i n d i n g s i t e ) . Nonetheless , water apparent ly a c c e l e r a t e d the r a t e -
c o n t r o l l i n g s tep , p o s s i b l y by modify ing the e l e c t r o s t a t i c p r o p e r t i e s 
o f the a c t i v e s i t e and/or by f a c i l i t a t i n g a l c o h o l d i s s o c i a t i o n , 
y i e l d i n g h igher ra tes i n so lvents wi th lower a f f i n i t i e s f o r water. 
E f f o r t s to determine more about the mechanism o f the water- induced 
r a t e enhancement are now i n progres s . 

F i n a l l y , LADH e x h i b i t e d a h igher t h e r m o s t a b i l i t y i n organic 
so lvents (Table 1 ) , which i s c o n s i s t e n t wi th prev ious observat ions o f 
enhanced enzyme t h e r m o s t a b i l i t y i n organic media (5) . However, there 
was no c o r r e l a t i o n between s t r u c t u r a l r i g i d i t y , as measured by EPR 
spectroscopy, and s t a b i l i t y aga ins t i r r e v e r s i b l e d e n a t u r a t i o n at 
8 0 ° C . T h i s r e s u l t i s r e l e v a n t to the prev ious work o f Za le and 
K l i b a n o v (21), which demonstrated that a mechanism expected to 
s t a b i l i z e an enzyme aga ins t r e v e r s i b l e thermal u n f o l d i n g ( for 
example, increased s t r u c t u r a l r i g i d i t y ) w i l l not s t a b i l i z e the enzyme 
aga ins t i r r e v e r s i b l e thermal i n a c t i v a t i o n unless the d e a c t i v a t i o n 
temperature i s below the u n f o l d i n g , or t r a n s i t i o n , temperature o f the 
p r o t e i n . Since a more r i g i d s t r u c t u r e d i d not improve the 
t h e r m o s t a b i l i t y o f LADH at 8 0 e C , e i t h e r increased r i g i d i t y i s not a 
s t a b i l i z e r o f LADH, or 80 e C i s above the t r a n s i t i o n temperature of 
LADH i n organic s o l v e n t s . 

Tryptophanase i n Reverse M i c e l l e s 

Two-phase aqueous-organic systems permit enzymatic r e a c t i o n s 
i n v o l v i n g hydrophobic substrates and/or products to be performed. 
The i n c o r p o r a t i o n o f enzymes i n t o organic so lvents w i th reverse 
m i c e l l e s prov ides a promis ing technique f o r the synthes i s o f many 
organic compounds. The p r o p e r t i e s o f reverse m i c e l l e s have been 
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F i g u r e 1. EPR spec tra of s p i n - l a b e l e d immobil ized LADH i n 
var ious so lvents and i n l y o p h i l i z e d form. The water 
content of each organic so lvent ranged from O.01 to 
O.02%. R o t a t i o n a l c o r r e l a t i o n times are given i n 
nsec . Log Ρ i s the logar i thm of the p a r t i t i o n co
e f f i c i e n t of the so lvent i n an octanol -water mixture . 

F igure 2. EPR spec tra of s p i n - l a b e l e d immobil ized LADH i n b u t y l 
acetate with and without 1% water. 
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reviewed r e c e n t l y by L u i s i and Magid (22). Reports o f enzymatic 
synthes i s u s i n g r e v e r s e - m i c e l l e systems i n c l u d e tryptophan synthes i s 
(3) , pept ide synthes i s (21) ι t r i a c y l g l y c e r o l synthes i s (24) and 
s t e r o i d convers ion (25). 

Reverse m i c e l l e s are formed by the a d d i t i o n o f a smal l volume o f 
an aqueous s o l u t i o n to a s u r f a c t a n t - c o n t a i n i n g organic s o l v e n t . The 
s u r f a c t a n t molecules are o r i e n t a t e d at the w a t e r - o i l i n t e r f a c e wi th 
the p o l a r "head" groups i n the aqueous phase and the nonpolar " t a i l s " 
i n the organic phase. Thus the reverse m i c e l l e can encapsulate an 
enzyme i n the aqueous phase. The s i z e o f the reverse m i c e l l e s can be 
c o n t r o l l e d by v a r y i n g the w a t e r - t o - s u r f a c t a n t r a t i o , w Q . 

The model system i n t h i s study invo lves the p r o d u c t i o n of 
tryptophan from indo le and s e r i n e u s i n g tryptophanase (F igure 3) . 

tryptophanase 
L - s e r i n e + indo le > L - t r y p t o p h a  + H2O 

T h i s system e x p l o i t s th
example, indo le i s hydrophobic and i n h i b i t s tryptophanase at 
concentra t ions above 20 mM (3) . The r e v e r s e - m i c e l l e system acts to 
keep the indo le c o n c e n t r a t i o n i n the aqueous environment o f the 
enzyme low whi le the organic phase maintains a r e l a t i v e l y h i g h indo le 
c o n c e n t r a t i o n . 

Previous work on the use o f a r e v e r s e - m i c e l l e system f o r the 
p r o d u c t i o n o f tryptophan repor ted k i n e t i c data obta ined under v a r i o u s 
c o n d i t i o n s (3) . Both the w a t e r - t o - s u r f a c t a n t r a t i o and the 
c o s u r f a c t a n t used i n f l u e n c e d tryptophan p r o d u c t i o n . The present work 
r e p o r t s r e s u l t s from EPR s tud ies o f the e f f e c t o f these parameters on 
both the water and the enzyme i n the reverse m i c e l l e . EPR s p e c t r a o f 
Mn(H20)g2 + were recorded to i n v e s t i g a t e the s ta te o f the water i n 
reverse m i c e l l e s . A n i t r o x i d e s p i n l a b e l that reac t s wi th l y s i n e 
res idues was employed to probe the m i c r o s t r u c t u r e o f tryptophanase i n 
reverse m i c e l l e s o f d i f f e r e n t w 0 v a l u e s . 

Methods. The p u r i f i c a t i o n o f crude tryptophanase purchased from 
Sigma Chemical Company i s d e s c r i b e d elsewhere (3) . The p r e p a r a t i o n of 
reverse m i c e l l e s i n v o l v e d s e v e r a l steps and v a r i e d s l i g h t l y depending 
on the type o f experiment. The f o l l o w i n g descr ibes reverse m i c e l l e 
p r e p a r a t i o n f o r k i n e t i c experiments. Ser ine was f i r s t t r a n s f e r r e d to 
the organic phase by washing cyclohexane c o n t a i n i n g 5% v / v 
A l i q u a t - 3 3 6 (trleaprylmethylammonium c h l o r i d e , obta ined from the 
Henkel Corporat ion) wi th an aqueous s e r i n e s o l u t i o n (O.20 Μ ) , thus 
exchanging s e r i n e f o r c h l o r i d e as the an ion a s s o c i a t e d wi th A l i q u a t 
i n the organic phase. The aqueous s o l u t i o n was l a t e r analyzed to 
determine the amount o f s er ine t r a n s f e r r e d to the organic phase. The 
n o n - i o n i c s u r f a c t a n t B r i j - 5 6 (Sigma), the c o s u r f a c t a n t 1-hexanol , and 
the subs tra te indo le were then added to the organic phase at 
concentra t ions o f O.15 Μ, 3% v / v , and O.10 M, r e s p e c t i v e l y . F i n a l l y , 
an aqueous phase c o n t a i n i n g 3 mM d i t h i o t h r e i t o l , 10 mM p y r i d o x a l - 5 ' -
phosphate, and O.1 M KC1 and tryptophanase ( freeze d r i e d ) , pH 9, was 
added to the organic phase wi th a m i c r o p i p e t t e whi le gen t ly s t i r r i n g 
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Table 1. Thermal i n a c t i v a t i o n o f immobi l ized LADH i n water and i n 

n e a r l y anhydrous organic so lvents 

(ns) o f SL-1 i n Percent A c t i v i t y 
So lvent A c t i v e S i t e a t 2 5 ° C A f t e r ?Q mjn. a t 8Q°C 

Water 4.3 O.0 

B u t y l Acetate 23 58 ± 7 

Heptane 3

H 

H,N-C -C00-+ 
CH 20H 

SERINE 

ο 
INDOLE 

ENZ 

H N-C-COO"+ 

CH, βΗ 

ο 
TRYPTOPHAN 

AUQUAT-336 

BRIJ 56 

TRYPTOPHANASE 

F i g u r e 3. Tryptophan synthes i s i n reverse m i c e l l e s . 
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the s o l u t i o n . Reverse m i c e l l e s f o r the EPR experiments were prepared 
without s e r i n e or i n d o l e . 

L y s i n e - l a b e l l e d tryptophanase was prepared by i n c u b a t i n g the 
enzyme wi th 1 0 0 - f o l d molar excess o f 2 , 2 , 5 , 5 - t e t r a m e t h y l - 3 - p y r r o l i n -
1 - o x y l - 3 - c a r b o x y l i c a c i d N-hydroxysuccinimide e s t e r (Eastman Kodak 
Company) i n 10 mM b i s - t r i s - p r o p a n e (Sigma), pH 8 (20% v / v 
i - p r o p a n o l ) , f o r 24 hours at room temperature. Free s p i n l a b e l was 
subsequently removed by d i a l y s i s . The r e s u l t i n g l y s i n e - l a b e l e d enzyme 
s o l u t i o n was used to make reverse m i c e l l e s as d e s c r i b e d above. 

The manganese EPR experiments were performed at room temperature 
without enzyme present . The aqueous phase c o n s i s t e d o f a O.5 mM 
s o l u t i o n o f manganese(II) c h l o r i d e . EPR s p e c t r a were recorded at X-
band wi th a modulat ion amplitude o f 10.0 G and a scan range o f 
2000 G. 

Resu l t s and D i s c u s s i o n . K i n e t i c s tud ie s have shown that tryptophan 
p r o d u c t i o n i n reverse m i c e l l e
m i c e l l e s i z e (3) . F igur
p r o d u c t i o n . Tryptophanase e x h i b i t e d i t s h ighes t a c t i v i t y at a wQ o f 
about 20. 

To determine i f the p r o p e r t i e s o f m i c e l l a r water v a r y wi th the 
water content , the EPR spectrum o f MnCl2 d i s s o l v e d i n reverse 
m i c e l l e s was recorded as a f u n c t i o n o f w n . The r e s u l t s , shown i n 

9 4-
Figure 5, i n d i c a t e that the spectrum o f ΜηζΗ^Ο^^"1" was v e r y s e n s i t i v e 
to changes i n w Q . As the water content decreased, the l inewid ths 
became i n c r e a s i n g l y broad , i n d i c a t i n g a s u b s t a n t i a l change i n the 
nature o f the water. Such broadening i n X-band s p e c t r a i s c o n s i s t e n t 
w i th an increase i n the r o t a t i o n a l c o r r e l a t i o n time o f the manganous 
i o n (26) and hence a more r i g i d water s t r u c t u r e . 

The e f f e c t o f wQ on the enzyme was examined by comparing the EPR 
s p e c t r a o f l y s i n e - l a b e l e d tryptophanase. Al though the s p i n l a b e l i s 
n o n s p e c i f i c , i t can s t i l l prov ide m o l e c u l a r - l e v e l i n f o r m a t i o n about 
the enzyme under d i f f e r e n t c o n d i t i o n s . EPR s p e c t r a o f the s p i n -
l a b e l e d enzyme i n b u l k water and i n reverse m i c e l l e s are shown i n 
F igure 6. Much broader s p e c t r a were obta ined i n reverse m i c e l l e s , and 
the c a l c u l a t e d r o t a t i o n a l c o r r e l a t i o n time o f the a t tached l a b e l (10) 
increased wi th w Q . Thus, the enzyme-bound s p i n l a b e l became more 
c o n s t r a i n e d as the water content o f the reverse m i c e l l e decreased. 
S ince the r o t a t i o n a l c o r r e l a t i o n time o f the e n t i r e p r o t e i n i n b u l k 
water c a l c u l a t e d from the S t o k e s - E i n s t e i n equat ion i s about 200 nsec , 
the motion o f the s p i n l a b e l was s t i l l r a p i d r e l a t i v e to the tumbling 
r a t e o f the enzyme. There fore , broadening o f the spectrum was 
apparent ly caused by a change i n the l o c a l dynamics o f tryptophanase 
r a t h e r than by a decrease i n the enzyme's o v e r a l l r o t a t i o n r a t e . The 
tumbling r a t e o f the enzyme c o u l d have decreased as w e l l , however. 

In summary, EPR has p r o v i d e d evidence that as the water content 
i n reverse m i c e l l e s decreases , the water becomes more r i g i d and the 
enzyme becomes l e s s f l e x i b l e . K i n e t i c s tud ie s have shown that there 
i s an optimum water content f o r enzymatic a c t i v i t y . The l i n k between 
t h i s optimum and the s ta te o f both the water and the enzyme i n the 
reverse m i c e l l e i s the subjec t o f ongoing re search i n t h i s 
l a b o r a t o r y . 
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F igure 5. X-band EPR s p e c t r a of M n C l 2 d i s s o l v e d i n (A) bulk 
water and (B) reverse m i c e l l e s . 
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C L A R K ET AL. Structure and Function in Water-Restricted Environments 

TR= β ns 

F i g u r e 6. EPR s p r e c t r a of l y s i n e - l a b e l e d tryptophanase i n (A) 
bulk water and (B) reverse m i c e l l e s . 
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Chapter 9 

Hydroxylation of C2, C3, and Cyclo-C6 

Hydrocarbons by Manganese Porphyrin 
and Nonporphyrin Catalysts 

Richard H. Fish1, Raymond H. Fong1, Robert T. Price1, 
John B. Vincent2, and George Christou2 

1Lawrence Berkeley Laboratory, University of California, 
Berkeley, CA 94720 

2Department of Chemistry  Indiana University  Bloomington  IN 47405 

Metal complexes that mimic the active site of monooxygenase 
enzymes and convert carbon-hydrogen bonds to carbon-hydroxyl 
in the presence of a monooxygen transfer reagents are called 
biomimetic catalysts. Studies concerning the activation of 
methane, ethane, propane, and cyclohexane to their respective 
alcohols with biomimetic catalysts that encompass manganese 
supramolecule porphyrins and open-faced porphyrins, manganese 
non-porphyrin tri and tetranuclear clusters, and a mononuclear 
manganese-substituted Keggin ion in the presence of monooxygen 
transfer reagent such as iodosylbenzene and t-butyl 
hydroperoxide will be discussed. 

The use of biomimetic catalysts, that mimic monooxygenase enzymes such as 
cytochrome P-450 and methane monooxygenase by converting C-H to C-OH bonds in 
the presence of a monooxygen transfer reagent, is an area of intense research interestCl). 
The monooxygenase enzyme, cytochrome P-450, has a ητβίαηο-ροφηντίη active site(2), 
while methane monooxygenase has a metallo-non-porphyrin active siteQ). These two 
diverse monooxygenases also have different selectivities for hydrocarbon activation. 
For example, cytochrome P-450 will activate hydrocarbons greater than C3, while 
methane monooxgenase will activate C1-C6 and possibly higher homologues. 

While the focus of our research is to utimately activate methane to methanol, as is 
readily done by methane monooxygenase, we also want to understand what types of 
biomimics will activate higher homologues as well (C2, C3, and cycloQ). In addition, 
the bond dissociation energies may play an important role in our ability to activate 
methane at ambient temperature, since methane has the highest C-H bond dissociation 
energy (kcal) of all alkanes, i.e., methane(104); ethane(98); propane(96); and 
cyclohexane (94). 

Thus, we have evaluated several biomimetic catalysts, which encompass manganese 
supramolecule and open-faced porphyrins, manganese tri and tetranuclear clusters, and a 
mononuclear metal active site in a totally inorganic matrix, a manganese-substituted 
Keggin ion, with C1-C3 and cycloQ hydrocarbons in the presence of monooxygen 
transfer agents, iodosylbenzene and t-butyl hydroperoxide. We will also discuss 
solvent, catalyst lifetimes, and monooxygen transfer reagent as they effect the C-H 
activation reaction. 

0097-6156/89/0392-0116$06.00/0 
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RESULTS AND DISCUSSION 

MANGANESE SUPRAMOLECULE AND OPEN-FACED PORPHYRIN 
CATALYSTS, 1 AND 2. 

Table I shows our results with C1-C3 and cycloQ hydrocarbons and manganese 
porphyrin catalysts 1 and 2 (Figure 1), with iodosylbenzene as the monooxygen 
transfer reagent, at room temperature in methylene chloride. It is evident that the 
supramolecule and open-faced porphyrin catalysts have similar reactivities with the 
hydrocarbons studied. Also, it is unfortunate that methane is not activated to methanol; 
however, ethane, propane, and cyclohexane are converted to their respective alcohols. 
Hence, we did not see any special reactivity with the supramolecule catalyst, 1, and 
rationalize that too much flexibility in the "basket handles" does not provide the shape 
selectivity that we hoped for to gain a kinetic advantage with the difficult to react 
methane gas. 

It is interesting to note that the corresponding iron complexes were less reactive than 
their manganese analogues, whil
1-2 hr. Thus, both catalyst appea
competes with the conversion of C-H to C-OH bonds. As well, the C-H activation 
results clearly show a trend of Ce > C3 >C2 and follows the order of the bond 
dissociation energies(4). 

MANGANESE NON-PORPHYRIN CLUSTERS, 1-4 

Table II shows the results with C2, C3, and cycloCe and manganese clusters 1-4 
(Figure 1) with t-butyl hydroperoxide at room temperature in acetonitrile (methane did 
not react under the reaction conditions). The important observation of no catalyst 
decomposition upon continual addition of t-butyl hydroperoxide to again provide the 
initial turnover number is an extremely important characteristic of any biomimetic 
catalyst. It is interesting to note that this increase in catalyst lifetimes occurred in 
acetonitrile and not methylene chloride and shows the dramatic effect of a coordinating 
solvent We did not see any indication of acetonitrile activation. 

The M114O2 clusters were more active than the Μη3θ clusters and the Mn clusters 
also catalyzed t-butyl hydroperoxide decomposition (@ 1%) to acetone and methanol, 
which prevented reliable analysis of methane activation results. We could not compare 
the dinuclear manganese complexes to their tri and tetra analogues because of relative 
solubility differences; however, we were able to do this with several iron di and terra 
clusters and found that the Fe4U2 clusters were more active with the hydrocarbons 
studied. Therefore, higher nuclearity or a variety of ligands may provide the shape 
selectivity we seek for ultimate methane activation with Mn and Fe clusters. 

We also have attempted to inhibit these free radical reactions with 
2,6-di-t-butyl-4-methylphenol and found no effect on the formation of cyclohexanol or 
cyclohexanone using catalyst 4. This latter result strongly suggests that peroxyl, 
alkoxyl, or hydroxyl radicals are not intermediates in these reactions. The intermediacy 
of a putative oxo-manganese complex is further strengthened by the reaction of 1-4 with 
cyclohexene in the presence of TBHP or iodosylbenzene to provide cyclohexene 
epoxide and our proposed mechanism is shown in the Equation (5). 

Mn402 + TBHP — - Mn2OMnOMnOOBu-t — - Mn2OMnOMnO + t-BuOH 

Mn2OMnOMn-0 + R-H — [ Mn2OMnOMn-OH ' R ] —- Mn 40 2 +R-OH 
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Table I. Carbon-Hydrogen Activation of Hydrocarbons 
Using Compounds 1 and 2 as Catalysts and 
Iodosylbenzene as the Monooxygen Transfer Agent* 

Hydrocarbon Product (%)b Turnover no. 

1 2 

CH4 

CH3CH3 

N P D C 

ethanol (1) ethanol (2.7) O.23 O.54 

CH3CH2CH3 isopropanol (9.6)*1 isopropanol (13.5)* 2.1 2.8 

CycloC6Hi2 

propanol (O.6) 

cyclohexanol (72) 
cyclohexanone (5.2) 

propanol (1) 

cyclohexanol(69.4) 
cyclohexanone(l) 

16.7 14 

cyclohexyl chloride (4.5) NPD 

a) Reactions of methane, ethane, and propane were run in a Parr 
kinetic apparatus at room temperature for 24 h at 100-500 psi with a iodosylbenzene to 
catalyst ratio of 20:1. Catalyst concentration was .0025 molar in methylene chloride. 
The cyclohexane reactions were run at room temperature in Schlenk tubes with 
substrate : iodosylbenzene: catalyst ratios of 1100:20:1 in methylene chloride. 
Analysis and quantitation of products was obtained via capillary column GC analysis 
with a 15m · .035 mm DB5 column. 
b) Based on the mmoles of iodosylbenzene 
c) No product detected 
d) Ratioof2° toi 0 C-H bond reactivity on a per H basis is 45:1 
e) Ratio is 42:1 
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Figure 1: Structures of the manganese porphyrin and non-porphyrin catalysts. 
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Table Π. Comparison of the C-H Bond Reactivity of C2, C3, and CycloQ 
Hydrocarbons with Mn3-40i-2LxLy Catalysts, 1-4, Using 
t-Butyl Hydroperoxide as the Monooxygen Transfer Reagenta 

Hydrocarbon Catalyst Productŝ )** Turnover No.c 

CH3CH3 1 ethanol(l) 2 

2 ethanol(<l) <1 

3 ethanol(l) 2 

4 ethanol(<l) 1 

CH3CH2CH3 1 isopropanol(2)

2 isopropanol(<l) <1 

3 isopropanol(5) 9 

4 isopropanol(3) 5 

CycloC6Hi2 1 cyclohexanol(60) 
cyclohexanone(36) 

121 

2 cyclohexanol(50) 
cyclohexanone(33) 

114 

3 cyclohexanol(41) 
cyclohexanone(39) 

126 

4 cyclohexanol(44) 
cyclohexanone(42) 

127 

a Reactions of ethane and propane were reacted in a Parr Kinetic Apparatus at partial 
pressures of 250 and 90 psi, respectively, at room temperature for l-3h in acetonitrile. 
The ratio of t-butyl hydroperoxide (TBHP) to catalyst was 150:1, while the catalyst 
concentration was .0025M. The cyclohexane reactions were run in Schlenk flasks at 
room temperature for l-3h with substrate : oxidant: catalyst ratio of 1100:150: 1 and a 
catalyst concentration of .001M in acetonitrile. TBHP was added as a benzene solution. 
b The analysis and quantitation was accomplished via capillary column GC and GC-MS 
analysis. Yields of alcohol and ketone were based on TBHP consumed (iodometric 
titration). The ketone yields are molar yields multiplied by 2, since two equivalents of 
TBHP arc required to make one equivalent of ketone. 
c Based on the mmoles of oxidizing equivalents/mmoles catalyst 
*Irace amounts of n-propanol («1%) were also formed(GC). As well, trace amounts 
of acetone were also found; however, a control experiment verified its formation from 
the Mn cluster-catalyzed decomposition of TBHP. Additionally, small amounts of 
isopropanol can also be oxidized to acetone under the reaction conditions. 
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MANGANESE SUBSTITUTED KEGGIN IONS, MnPWn039 5" 

Preliminary results with a manganese-substituted Keggin ion catalyst that has an 
extremely stable PWn039^- backbone (Figure 1), shows some promise with small 
hydrocarbons(l). This catalyst can be heated to 65 °C for long periods without 
decomposition(û). An initial experiment with ethane and t-butyl hydroperoxide in 
benzene gave 2 turnovers of ethane to ethanol in three hr at 65 °C, while with propane 
the turnover number was 24 and provided isopropanol and n-propanol in a 5:1 ratio 
(Table ΠΙ). 

Unfortunately, methane did not provide methanol under these conditions. We are 
presently evaluating other metal-substituted Keggin ions as C-H activation catalysts for 
C1-C3 hydrocarbons. 

Table ΙΠ. Carbon-Hydrogen Activation of C1-C3 Hydrocarbons with a 
Manganese-Substitute
Hydroperoxid

Hydrocarbon Product (%) Turnover Number 

CH4 

CH3CH3 ethanol (2) 2 

CH3CH2CH3 isopropanol (30) 24 
n-propanol (6) 

a Reactions of methane, ethane, and propane were reacted in a Parr Kinetic Apparatus 
at pressures of 500,250, and 90 psi, respectively, at 65 °C in benzene. The t-butyl 
hydroperoxide (TBHP) / catalyst ratio was 177:1 with a catalyst concentration of 
2.0 χ ΙΟ"4 M. TBHP was added as a benzene solution. Yields were based on TBHP 
consumed (iodometric titration); ~ 75% in each case. 

CONCLUSIONS 

Although we have not as yet succeeded in our main goal of activating methane using 
iodosylbenzene or t-butyl hydroperoxide as monooxygen transfer agents, we have 
learned how to activate ethane and propane with several manganese mono, tri, and 
tetranuclear complexes. We hope to use these results as a foundation for the future 
utilization of oxygen gas as the monooxygen transfer reagent with iron cluster catalysts 
to give a system that mimics methane monooxygenase enzyme. In fact in a recently 
published paper, we reported on the synthesis and catalytic activity of a biomimic of 
methane monooxygenase enzyme, Fe20(OAc)2Cl2(bipy)2, with t-butyl hydroperoxide 
or oxygen gas as the monooxygen transfer agents®. 
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Chapter 10 

Biomimetic Catalytic Oxidation 
of Lignin Model Compounds 

Robert DiCosimo1 and Hsiao-Chiung Szabo 

B.P. America Research and Development, Cleveland, OH 44128 

The single-electron-transfer
model compounds representative of the 
arylglycerol β-aryl ether and 1,2-
diarylpropane linkages of lignin has been 
examined by using Co(II), Mn(II), or 
Co(II)/Μn(II) as catalysts. Catalytic 
oxidation of 1-(3,4-dimethoxyphenyl)-2-(2-
methoxyphenoxy)propane-1,3-diol (DMMP) in 80% 
acetic acid with 500 psi of 4% oxygen in 
nitrogen and at 170 °C resulted predominantly 
in products of Cα-Cβ bond cleavage when using 
Co(II)/Μn(II) as catalyst. Cα-Cβ bond cleavage 
of DMMP results from an initial single
-electron oxidation to produce an intermediate 
aromatic radical cation; in the absence of 
oxygen and catalyst, acid-catalyzed β-aryl 
ether cleavage was the predominant reaction 
pathway. Dihydroanisoin (DHA) and 1,2-bis(4-
methoxyphenyl)-propane-1,3-diol (BMPD) were 
oxidized by stoichiometric quantities of 
Co(III) to give solely products of Cα-Cβ bond 
cleavage, but produced only acid-catalyzed 
dehydration products under reaction conditions 
necessary for catalytic oxidation. 

The chemical bleaching of paper pulp i s c u r r e n t l y 
performed using chlorine or chlorine dioxide, which for 
k r a f t pulp r e s u l t s i n the production of between 45 and 
90 kg of organic waste/ton of pulp, containing 4-5 kg of 
organically-bound chlorine/ton. (1,2.) Bleaching of paper 

1Current address: Central Research and Development Department, Ε. I. du Pont de Nemours 
and Company, Experimental Station, Wilmington, DE 19880-0328 
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pulp whitens the pulp by removal of l i g n i n or by 
destroying the chromophores of l i g n i n . Lignin i s f a f t e r c e l l u l o s e , the p r i n c i p a l constituent of higher plants, 
and i s a highly-branched, s t r u c t u r a l l y i n t r i c a t e polymer 
comprised of phenylpropanoid u n i t s . (2) The t o x i c i t y of 
chemical bleaching e f f l u e n t s to f i s h and other aquatic 
fauna has been known for some time, ( Α / ϋ ) and regulations 
that w i l l l i m i t concentrations of p o l y c h l o r i n a t e d 
aromatics i n waste streams w i l l make a l t e r n a t i v e s to 
the chemical bleaching of paper pulp with chlorine or 
c h l o r i n e d i o x i d e i n c r e a s i n g l y d e s i r a b l e . L i g n i n -
degrading enzymes are now being examined as bio c a t a l y s t s 
for the bleaching of paper pulp, as well as the pulping 
of wood. "Ligninase" i s o l a t e d from the white-rot fungi 
Phanerochaete chrysosporium u t i l i z e s hydrogen peroxide 
to generate an oxy-heme complex  which degrades l i g n i n 
by o x i d i z i n g the a r y
compounds by a s i n g l
r e l a t i v e l y stable r a d i c a l cations that r e s u l t decompose 
v i a Cα-Cβ bond cleavage (Figure 1). 

One po s s i b l e problem with using l i g n i n a s e as a 
bio c a t a l y s t for the degradation of l i g n i n i n paper pulp 
i s that the protein has an apparent molecular weight of 
41,000, (1Û.) and t h i s may l i m i t i t s a b i l i t y to enter into 
the high molecular weight c e l l u l o s e - l i g n i n polymer. 
Faster rates of l i g n i n degradation might be obtained 
using much smaller "biomimetic" catalysts which function 
v i a a s i m i l a r mechanism.The a u t o x i d a t i o n of 
alkylbenzenes t o aldehydes and c a r b o x y l i c a c i d s , 
catalyzed by a number of d i f f e r e n t t r a n s i t i o n metals, 
also proceeds by an i n i t i a l electron t r a n s f e r , r e s u l t i n g 
i n a one-electron reduction of the metal c a t a l y s t and 
concomitant formation of a substrate r a d i c a l c a t i o n 
(Equations 1 and 2) .(11) 

The ease of e l e c t r o n - t r a n s f e r o x i d a t i o n of aromatic 
hydrocarbons to produce r a d i c a l cations i s d i r e c t l y 
r e l a t e d to the i o n i z a t i o n p o t e n t i a l of these compounds, 
with electron-donating substituents such as methoxyl 
(almost every a r y l group of l i g n i n has one or two 
methoxyl substituents) lowering the oxidation p o t e n t i a l . 
Examination of the i o n i z a t i o n p o t e n t i a l s f or var i o u s l y 
s u b s t i t u t e d aromatic molecules (JL2.) i n d i c a t e s that 
oxidants such as Mn(III) and Co (III) should be quite 
e f f i c i e n t i n cata l y z i n g the autoxidation of l i g n i n and 
l i g n i n model compounds v i a a "biomimetic" mechanism that 
p a r a l l e l s the oxidation of l i g n i n by l i g n i n a s e , and we 

M n + + ArCH 3 — • M(n-1)+ + [ArCH3] · + (1) 

[ArCH3]'+ — • ArCH 2' + H+ (2) 
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Figure 1. Ca-Οβ bond cleavage of a l i g n i n model 
compound by oxidation v i a s i n g l e - e l e c t r o n t r a n s f e r . 
(Reproduced from Ref. 32. Copyright 1988 ACS) 
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now r e p o r t the r e s u l t s of a study of the a u t o x i d a t i o n of 
l i g n i n model compounds by these c a t a l y s t systems. 

Results and Dis c u s s i o n 

The l i g n i n model compounds whose o x i d a t i o n s have now 
been examined by using a u t o x i d a t i o n c a t a l y s t s have a l l 
p r e v i o u s l y been employed as l i g n i n models i n degradative 
r e a c t i o n s u s i n g Phanerochaete chrysosporium, which 
produces the enzyme l i g n i n a s e , or i n r e a c t i o n s t h a t 
examined the e f f e c t of k r a f t p u l p i n g or other chemical 
or m i c r o b i a l o x i d a t i o n s on l i g n i n model compounds. (X2zi 
12.) These model compounds represent the a r y l g l y c e r o l 
β-aryl ether and 1 , 2 - d i a r y l p r o p a n e l i n k a g e s of l i g n i n , 
which make up 30%-50% and ca. 7%, r e s p e c t i v e l y , of the 
major types of bonds c o n n e c t i n g the ph e n y l p r o p a n o i d 
u n i t s o f l i g n i n . Q
model compounds use
products of the Cα-Cβ bond cleavage of these compounds 
by t h e i r s i n g l e - e l e c t r o n - t r a n s f e r o x i d a t i o n : 
d i h y d r o a n i s o i n (DHA), 1 ,2-bis ( 4-methoxyphenyl)propane-
1 , 3 - d i o l (BMPD), 1 - ( 4-hydroxy-3-methoxyphenyl )-2-(2-
m e t h o x y p h e n o x y ) p r o p a n e - 1 , 3 - d i o l (HMMP), and l - ( 3 , 4 -
dimethoxyphenyl)-2-(2-methoxyphenoxy)propane - 1 ,3-diol 
(DMMP) . 

S t o i c h i o m e t r i c Oxidation of L i g n i n Model Compounds. The 
s t o i c h i o m e t r i c o x i d a t i o n of the l i g n i n model compounds 
DHA, BMPD, HMMP, and DMMP was f i r s t performed t o 
deter m i n e the a b i l i t y o f s i n g l e - e l e c t r o n - t r a n s f e r 
oxidants such as Co(III) t o produce Ca-C$ bond cleavage 
of the substrates (Table I ) . The diarylpropane model DHA 
was c o m p l e t e l y o x i d i z e d t o y i e l d 2 e q u i v o f 
anisaldehyde. The diarylpropane BMPD produced at l e a s t 
1 e q u i v of anisaldehyde; f u r t h e r o x i d a t i o n of the Cβ 
fragment ( 1 - ( 4-methoxyphenyl) - 1 ,2-ethanediol) produced 
a d d i t i o n a l anisaldehyde. The a r y l g l y c e r o l β-aryl ether 
model compounds HMMP and DMMP were a l s o o x i d i z e d by 
s t o i c h i o m e t r i c amounts o f Co ( I I I ) , but Ca-C$ bond 
cleavage was only observed f o r DMMP, which produced DBA 
and g u a i a c o l . O x i d a t i o n of HMMP by Co (III) i n a c e t i c 
a c i d produced no products of Cα-Cβ bond cleavage, and no 
othe r low-molecular weight (monomeric) pr o d u c t s were 
o b s e r v e d ; i t i s l i k e l y t h a t once o x i d i z e d t o a 
r e s o n a n c e - s t a b i l i z e d phenoxyl r a d i c a l , d i m e r i z a t i o n t o 
biph e n y l i s the primary r e a c t i o n pathway. The o x i d a t i o n 
of 2-methoxy - 4-alkylphenols i s known to r e s u l t i n ortho-
carbon c o u p l i n g of two monomers t o produce ο,ο'-
dihydroxybiphenyl, which are i n tu r n subject t o f u r t h e r 
oxidation.(20) 
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Table I. S t o i c h i o m e t r i c Oxidation of L i g n i n Model 
Compounds by Co(III) 

cmpd [cmpd] : [Co] solvent T(OC) % conv. % s e l . 

DHA 1: 0 AA 25 nr — 
DHA 1: 2 AA 25 100 100 
DHA 1: 1 AA 25 53 94 
DHA 1: 0 80% AA 25 66 0 
DHA 1: 2 80% AA 25 100 62 
BMPD 1: 0 AA 25 10 0 
BMPD 1: 2 AA 25 100 97 
BMPD 1: 2 AA 50 100 100 
BMPD 1: 2 
HMMP 1: 0 
HMMP 1: 2 AA 25 88 0 
HMMP 1: 0 50% AA 25 7 0 
HMMP 1: 2 50% AA 25 73 0 
DMMP 1: 0 AA 118 2 0 
DMMP 1: 2 AA 118 99 67 
DMMP 1: 0 50% AA r e f l u x 18 0 
DMMP 1: 2 50% AA r e f l u x 40 38 
[cmpd] = 1.0 mM, AA = a c e t i c a c i d 

C a t a l y s t Regeneration Using P e r a c e t i c hoAA. A f t e r 
having used s t o i c h i o m e t r i c amounts of e l e c t r o n - t r a n s f e r 
oxidants f o r the o x i d a t i o n of DHA, BMPD, and DMMP to Ca-
Οβ bond-cleavage products, the gene r a t i o n of c a t a l y t i c 
amounts o f e l e c t r o n - t r a n s f e r o x i d a n t s was f i r s t 
demonstrated by us i n g p e r a c e t i c a c i d t o o x i d i z e Co(II) 
t o Co(III) i n s i t u (Table I I ) . F i v e e q u i v a l e n t s of BMPD 
were o x i d i z e d with 1 equiv of Co(III) i n g l a c i a l a c e t i c 

Table I I . Regeneration of Co(III) with P e r a c e t i c A c i d 

Co(III) (mM) CH3C03H(mM) % conv. % s e l . 

BMPD O.20 1.6 100 100 
BMPD 0 1.0 87 30 
DMMP O.25 1.0 90 48 
DMMP 0 1.0 8 0 

[BMPD], [DMMP] =1.0 mM, solvent = AA, 25 <=>C 
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a c i d at 25 °C by us i n g 8 equiv of p e r a c e t i c a c i d t o 
regenerate C o ( I I I ) . Anisaldehyde was produced with 100% 
s e l e c t i v i t y at 100% conversion of BMPD. The r e a c t i o n of 
1 equiv of BMPD with 1 equiv of p e r a c e t i c a c i d i n the 
absence of added c a t a l y s t gave only 30% s e l e c t i v i t y t o 
anisaldehyde at 87% conversion. The c a t a l y t i c o x i d a t i o n 
of DMMP us i n g p e r a c e t i c a c i d as the cooxidant was a l s o 
demonstrated: 4 equ i v of DMMP was o x i d i z e d i n the 
presence of 1 equiv of c o b a l t ( I I ) a c e t a t e by u s i n g 4 
eq u i v o f p e r a c e t i c a c i d as the c o o x i d a n t . A 48% 
s e l e c t i v i t y t o DMB at 90% conversion was obtained, and 
three turnovers of Co(II) were achieved. DMMP i s very 
s t a b l e i n the presence of p e r a c e t i c a c i d under the same 
c o n d i t i o n s : a 92% recovery was obtained at 25 °C a f t e r 5 
h. Because of the expense of using of s t o i c h i o m e t r i c 
q u a n t i t i e s of p e r a c e t i c a c i d f o r l i g n i n degradation  and 
the l a r g e q u a n t i t i e
f o r the a p p l i c a t i o n
t o a p r o c e s s such as paper p u l p b l e a c h i n g , an 
a l t e r n a t i v e method of c a t a l y s t o x i d a t i o n i s d e s i r a b l e . 
The most e c o n o m i c a l way t o gen e r a t e t he d e s i r e d 
e l e c t r o n - t r a n s f e r oxidants i n s i t u would use oxygen as 
the u l t i m a t e o x i d a n t , and a l k y l p e r o x y or p e r o x y a c i d 
intermediates formed during the r e a c t i o n of oxygen with 
the Ca-C$ bond-cleavage products of l i g n i n ( i n t h i s 
case, l i g n i n model compounds) c o u l d r e o x i d i z e the 
c a t a l y s t . 

A c i d - C a t a l y z e d Dehydration of L i g n i n Model Compounds. 
In a d d i t i o n t o Ca-C$ bond c l e a v a g e , b o t h t h e 
d i a r y l e t h a n e - and d i a r y l p r o p a n e d i o l s and t h e 
a r y l g l y c e r o l β-aryl e t h e r s a re s u b j e c t t o a c i d -
c a t a l y z e d dehydration r e a c t i o n s . DHA and BMPD coul d be 
o x i d i z e d with s t o i c h i o m e t r i c amounts of Co(III) t o give 
good t o e x c e l l e n t s e l e c t i v i t y t o Ca-C$ bond-cleavage 
products under r e a c t i o n s c o n d i t i o n s that would otherwise 
produce o n l y the a c i d - c a t a l y z e d d e h y d r a t i o n products 
d e s o x y a n i s o i n and t r a n s - 4 , 4 1 d i m e t h o x y s t i l b e n e , 
r e s p e c t i v e l y , but these same model compounds were not 
st a b l e at the higher r e a c t i o n temperatures and pressures 
(>150 °C, 500 p s i 4% oxygen i n nitrogen) r e q u i r e d t o 
o b t a i n c a t a l y t i c r e a c t i o n with oxygen and the C o ( I I ) , 
Mn(II), or Μη(II)/Co(II) c a t a l y s t s . HMMP was un s u i t a b l e 
as a model compound si n c e i t d i d not undergo Ca-C$ bond 
cleavage when o x i d i z e d by C o ( I I I ) . In c o n t r a s t , the 
a r y l g l y c e r o l β-aryl ether DMMP co u l d be c a t a l y t i c a l l y 
o x i d i z e d t o g i v e p r e d o m i n a n t l y Ο α ^ β bond-cleavage 
p r o d u c t s under the r e q u i r e d high-temperature, h i g h -
p r e s s u r e r e a c t i o n c o n d i t i o n s , where i n the absence of 
c a t a l y s t and oxygen, a c i d - c a t a l y z e d dehydration and β-
a r y l ether cleavage were a l s o observed.(21) 

The s t a b i l i t y o f the l i g n i n model compound DMMP 
under the r e a c t i o n c o n d i t i o n s and i n the s o l v e n t s t o be 
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used f o r c a t a l y t i c o x i d a t i o n s was f i r s t determined i n 
the absence of added c a t a l y s t . A f t e r heating f o r 3 h at 
170 °C and under 4% oxygen i n nit r o g e n i n g l a c i a l a c e t i c 
a c i d , no DMMP remained, and the p r o d u c t s were the 
d i a c e t a t e l - ( 3 , 4 - d i m e t h o x y p h e n y l ) - 2 - ( 2 -
methoxyphenoxy)propane-1,3-diol d i a c e t a t e (DMPD, 66% 
y i e l d ) , the monoacetate 3-(3,4-dimethoxyphenyl)-3-
hydroxy-2-(2-methoxyphenoxy)propyl a c e t a t e (DHMA, 2.2% 
y i e l d ) ( w h e r e a c e t y l a t i o n of the primary hydr o x y l group 
of DMMP has taken p l a c e ) , 3,4-dimethoxybenzaldehyde 
(DMB, 7.6%), 3,4-dimethoxybenzoic a c i d (DBA, 9.9%), and 
g u a i a c o l (7.3%). A minor product a l s o formed i s the 
monoacetate at the secondary h y d r o x y l group. In 80% 
aqueous a c e t i c a c i d , 5% DMMP remained, and DMPD (5.8%), 
DHMA (12%), DMB (20%), dimethoxybenzaldehyde (DBA, 16%), 
and g u a i a c o l (35%) were produced; s i m i l a r y i e l d s were 
observed i n 50% a c e t i
The p r o d u c t i o n o
observed i n most r e a c t i o n s of DMMP wi t h Co (II) or 
Μη (II)/Co(II) (1: 9), oxygen, and acetaldehyde (added as a 
cooxidant f o r the gen e r a t i o n of Mn(III)/Co ( I I I ) , v i d e 
i n f r a ) . DMPD and DHMA were co n s i d e r e d t o be unreacted 
s t a r t i n g m a t e r i a l when determining conversions of DMMP 
and s e l e c t i v i t y t o products. 

C a t a l y t i c O x i d a t i o n s . The e f f e c t of the a d d i t i o n of 
oxygen and Co, Mn, and Mn/Co (1:9) o x i d a t i o n c a t a l y s t s 
on the r e a c t i o n of DMMP i n 80% a c e t i c a c i d at 170 OC i s 
i l l u s t r a t e d by the examples l i s t e d i n Table I I I . 

Table I I I . C a t a l y t i c Oxidation of DMMPa 

conv. % s e l e c t i v i t y 
c a t a l y s t r e a c t i o n gas (%) DMB DBA gu a i a c o l 

N2 92 4 6 77 
4% 02 in N2 77 26 21 49 

Co(II) 4% 0 2 i n N2 49 34 28 54 
Mn(II 4% 02 in N 2 89 41 33 0 
Mn(II)/Co(II) 4% 02 i n N2 79 29 42 9 
Mn(II)/Co(II) N2 53 6 5 64 

^Reactions were run f o r 3 h i n 80% a c e t i c a c i d at 
170 OC and 500 p s i of nitrogen or oxygen/nitrogen, using 
10 mM DMP and 100 mM c a t a l y s t ; Μη(II)/Co(II) r a t i o was 
1:9. DMB = 3,4-dimethoxybenzaldehyde, DBA = 3,4-
dimethoxybenzoic a c i d . 

Heating a 10 mM s o l u t i o n of DMMP i n 80% a c e t i c a c i d i n 
the absence of c a t a l y s t or oxygen r e s u l t s i n a c i d -
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catalyzed β-aryl ether cleavage to produce guaiacol and 
3-(3,4-dimethoxyphenyl)-2-oxo-l-hydroxypropane,(21) with 
very l i t t l e Οα-Οβ bond cleavage. Adding oxygen but no 
cata l y s t leads to an increase i n Ca-C$ bond cleavage and 
decrease i n β-aryl ether cleavage, while adding both 
oxygen and ca t a l y s t produces the highest s e l e c t i v i t i e s 
(60-70% combined s e l e c t i v i t i e s for DMB and DBA) to Ca-C$ 
bond cleavage. Running the reaction with c a t a l y s t but 
no oxygen leads to acid-catalyzed β-aryl ether cleavage 
as the predominant reaction pathway, but conversions 
(related to the rate of reactions) are much lower than 
i n the absence of c a t a l y s t , i n d i c a t i n g a p o s s i b l e 
s t a b i l i z a t i o n of DMMP to acid-catalyzed reactions by 
chelation to the cata l y s t . 

Acetaldehyde was added to the reaction mixtures as 
a cooxidant f o r ca t a l y s t regeneration; acetaldehyde i s 
oxi d i z e d under thes
acid , which i s capabl
and Mn(II) t o Mn(III) . ( 2 i , 2_3J I n c r e a s i n g the 
concentration of acetaldehyde from 1.0 mM to 100 mM i n 
reaction mixtures containing DMMP (10 mM) and Mn/Co(100 
mM) resulted i n only a small increase i n the conversion 
of DMMP and the s e l e c t i v i t y to DMB and DBA (Figure 3), 
and a s i m i l a r e f f e c t on conversion and s e l e c t i v i t y was 
obtained when using Mn(II) as c a t a l y s t . When using 
Co(II) as ca t a l y s t , a marked increase i n conversion was 
observed between r e a c t i o n s run wi t h no added 
acetaldehyde and those containing 1-100 mM acetaldehyde. 

Of the d i f f e r e n t c a t a l y s t used (Co ( I I ) , Mn(II), 
and Μη(II)/Co(II) (1:9)), the mixed catalyst Mn/Co (1:9) 
gave the best s e l e c t i v i t i e s and conversions i n the 
presence of added acetaldehyde; a s i m i l a r s y n e r g i s t i c 
e f f e c t when using Co(II) and Mn(II) for the autoxidation 
of p-xylene has been previously reported. ( 2 A ) Mn(II) 
alone gave higher s e l e c t i v i t y to Cα-Cβ bond-cleavage 
products than C o ( I I ) , but the combination of 
Μη(II)/Co(II) (1: 9) generally r e s u l t e d i n the highest 
conversion and s e l e c t i v i t i e s to the desired products. 
The c a t a l y t i c oxidation of 10 mM DMMP using various 
concentrations of Mn/Co (1:9) (0-500 mM) i n 80% ac e t i c 
a c i d with 100 mM acetaldehyde at 170 oc and 500 p s i 4% 
oxygen i n nitrogen was examined (Figure 4). S e l e c t i v i t y 
to products of Ca-C$ bond cleavage increased from 39% 
with no added c a t a l y s t to 71% with 100 mM Mn/Co (1:9); 
f u r t h e r increases i n c a t a l y s t c o n c e n t r a t i o n only 
produced moderate increases i n s e l e c t i v i t y at t h i s 
p a r t i a l pressure of oxygen. Conversions of DMMP 
remained f a i r l y constant up to Mn/Co concentrations of 
100 mM, but were s l i g h t l y lower at hi g h e r 
concentrations. 

I n c r e a s i n g the c o n c e n t r a t i o n of DMMP whil e 
maintaining the concentration of ca t a l y s t , acetaldehyde, 
and oxygen constant r e s u l t e d i n a decrease i n 
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Figure 3. S e l e c t i v i t y to DMB and DBA and conversion of 
DMMP , as a function of acetaldehyde concentration. 
Reactions were performed by using 500 p s i of 4% O2 i n 
nitrogen and e i t h e r Μη(II)/Co(II) (1:9, O.10 M; ·, 
conversion of DMMP; O, s e l e c t i v i t y , to DMB and DBA) or 
Co(II) (O.10 M; •, conversion; •, s e l e c t i v i t y ) , i n 80% 
a c e t i c a c i d with DMMP (O.010 M) at 170 oc f o r 3 
h. (Reproduced from Ref. 32. Copyright 1988 ACS) 
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Figure 4 . S e l e c t i v i t y to products of Ca-C$ bond 
cleavage (O) and conversion of DMMP (·) as a function 
of catalyst concentration. Reactions were performed by 
using 500 p s i of 4% O2 i n nitrogen i n 80% ac e t i c a c i d 
with DMMP (O.010 M) and acetaldehyde (O.10 M) at 170 oc 
f o r 3 h; Mn(11)/Co(11) = 1 : 9. (Reproduced from 
Ref. 32. Copyright 1988 ACS) 
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s e l e c t i v i t y t o the Ca-C$ bond-cleavage products DBA and 
DMB. A concomitant i n c r e a s e i n the p r o d u c t i o n o f 
g u a i a c o l was observed with i n c r e a s i n g c o n c e n t r a t i o n of 
DMMP, i n d i c a t i n g t h a t the a c i d - c a t a l y z e d decomposition 
of DMMP becomes the predominant r e a c t i o n pathway as the 
conc e n t r a t i o n of oxygen becomes l i m i t i n g : i n c r e a s i n g the 
p a r t i a l pressure of oxygen i n the r e a c t i o n produces an 
inc r e a s e i n the s e l e c t i v i t y t o DBA and DMB at any given 
c o n c e n t r a t i o n of DMMP. The optimum r a t i o of r e a c t a n t s 
f a v o r i n g Ca-cp cleavage i n 80% a c e t i c a c i d was 10 Mn/Co 
(1:9) :10 acetaldehyde : 1 DMMP u s i n g 10 mM DMMP and 8% 
oxygen i n ni t r o g e n ; a 78% y i e l d of DMB and an 18% y i e l d 
of DBA at 100% conversion of DMMP were obtained. When 
the c o n c e n t r a t i o n s of a l l r e a c t a n t s except oxygen were 
i n c r e a s e d at t h i s same r a t i o , h i g h e r c o n c e n t r a t i o n s 
again gave lower s e l e c t i v i t i e s t o DMB and DBA  The rat e 
of conversion of DMM
c o n c e n t r a t i o n of DMMP
being h e l d constant. 

The t r a n s i t i o n m e t a l - c a t a l y z e d e l e c t r o n - t r a n s f e r 
o x i d a t i o n o f DMMP r e q u i r e s oxygen f o r c a t a l y s t 
r e o x i d a t i o n . A blank check performed by h e a t i n g a 
s o l u t i o n of 10:10:1 Mn/Co(1: 9) :acetaldehyde:DMMP(10 mM) 
i n 80% a c e t i c a c i d and at 500 p s i of ni t r o g e n and 170 °C 
f o r 3 h produced s e l e c t i v i t i e s of 4% DMB and 11% DBA at 
47% conversion, with a 64% s e l e c t i v i t y t o g u a i a c o l ; with 
no oxygen present, the predominant r e a c t i o n of DMMP was 
a c i d - c a t a l y z e d d e h y d r a t i o n and β-aryl e t h e r cleavage. 
In c o n t r a s t , the same r e a c t i o n w i t h 8% oxygen i n 
nit r o g e n gave 63% s e l e c t i v i t y t o DMB and 21% s e l e c t i v i t y 
to DBA at 100% conversion, and no gu a i a c o l was observed. 
S i m i l a r r e s u l t s were obtained when us i n g e i t h e r Co (II) 
or Mn(II) alone as c a t a l y s t s . The conversions of DMMP 
and y i e l d s of DMB, DBA, and g u a i a c o l were approximately 
the same when s o l u t i o n s of DMMP were heated to 170 °C i n 
e i t h e r the presence or absence of added c a t a l y s t and/or 
acetaldehyde i n the absence of oxygen. 

Using a r a t i o of Μη (II)/Co(II) :acetaldehyde:DMMP of 
10:10:1 and 100 mM Mn/Co(1:9), running the r e a c t i o n at 
170 °C and 500 p s i of 4% oxygen i n n i t r o g e n gave high 
s e l e c t i v i t i e s t o DMB and DBA at almost complete 
c o n v e r s i o n of DMMP i n g l a c i a l , 80%, and 50% aqueous 
a c e t i c a c i d . In g l a c i a l a c e t i c a c i d , the s e l e c t i v i t y t o 
DMB and DBA was 82% and 16%, r e s p e c t i v e l y , at 97% 
conversion. In 80% a c e t i c a c i d , the s e l e c t i v i t y t o DMB 
and DBA was 58% and 29%, r e s p e c t i v e l y , a t 99% 
conversion. In 50% a c e t i c a c i d , the s e l e c t i v i t y t o DMB 
and DBA was 58% and 24%, r e s p e c t i v e l y , at 100% 
c o n v e r s i o n . These same r e a c t i o n s were examined at 
temperatures o f 100 °C, 130 °C, and 150 °C. Low 
c o n v e r s i o n s (10-20%) were o b t a i n e d when r u n n i n g 
r e a c t i o n s at 100 °C or 130 °C f o r 3-5 h; at 150 °C, DMMP 
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conversions increased to 50-60% at s e l e c t i v i t i e s s i m i l a r 
to those obtained at 170 °C. 
C o n c l u s i o n s 

Under appropriate r e a c t i o n c o n d i t i o n s , i . e . high 
c a t a l y s t and oxygen c o n c e n t r a t i o n and low DMMP 
concentration, the c a t a l y t i c o xidation of the l i g n i n 
model compound DMMP proceeds almost completely by Cct-cp 
bond cleavage of the a r y l g l y c e r o l β-aryl e t h e r . 
Although DMMP undergoes autoxidation to produce some 
products of Ca-C$ bond cleavage i n the presence of 
oxygen alone, s i g n i f i c a n t increases i n Ca-Cp bond 
cleavage are produced by the a d d i t i o n of c a t a l y s t s 
capable of one elec t r o n - t r a n s f e r oxidation of Cct-aryl 
group. The mechanis f t h i  c a t a l y t i  oxidatio  mimic
the oxidation of th
enzyme l i g n i n a s e . Th
cat a l y s t for the oxidative degradation of l i g n i n , which 
does not depend on hydrogen peroxide f o r c a t a l y s t 
r e o x i d a t i o n (as i s found f o r l i g n i n a s e and heme 
pr o t e i n s ) , would provide a d i s t i n c t advantage f o r the 
use of such systems over ligninase or other peroxide-
dependent m i c r o b i a l or enzymatic systems. I t i s 
p o s s i b l e that hydroperoxy-lignin intermediates are 
produced during the aerobic m i c r o b i a l degradation of 
l i g n i n , but because the heme i s enzyme-bound, i t i s not 
r e a d i l y accessible to reoxidation by the hydroperoxy 
intermediates; metal acetates such as cobalt (II) or 
manganese(II) acetate should e a s i l y react with these 
same hydroperoxy intermediates and be reoxidized. Also, 
the microbial and enzyme systems are cur r e n t l y l i m i t e d 
to temperatures below 40 °C and are used i n aqueous 
systems at an optimum pH of 4.5-5.0, while the cata l y s t 
systems that have already been developed f o r the 
sel e c t i v e oxidation of alkylaromatics (such as p-xylene 
to t e r e p h t h a l i c a c i d ) , and which may be adapted to the 
oxidative degradation of l i g n i n , can be run i n organic 
or a c i d i c or basic aqueous solvents at temperatures up 
to 200 °C. 

One disadvantage of t h i s "biomimetic" c a t a l y s t 
system f o r l i g n i n degradation i s tha t only the 
nonphenolic a r y l g l y c e r o l β-aryl ether DMMP was oxidized 
v i a Ca-C$ bond cleavage. Under the conditions f o r 
c a t a l y t i c o x i d a t i o n employed, models of 1,2-
diarylpropane structures of l i g n i n (DHA and BMPD) gave 
p r i m a r i l y acid-catalyzed dehydration products, while the 
phenolic a r y l g l y c e r o l β-aryl ether HMMP was oxidized but 
di d not produce products of Ca-C$ bond cleavage. The 
enzyme li g n i n a s e can oxi d i z e these same diarylpropane 
structures v i a 0α-0βbond cleavage, and as a substitute 
for the chlorine bleaching of paper pulp f o r r e s i d u a l 
l i g n i n removal, the enzymatic r e a c t i o n may produce 
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greater amounts of d e l i g n i f i c a t i o n than c a t a l y t i c 
oxidation. However, both the studies of lig n i n a s e and 
biomimetic models of ligninase have focused p r i m a r i l y on 
react i o n s of a r y l g l y c e r o l β-aryl ethers, which are 
representative of the major type of structures found i n 
l i g n i n , but the structure of res i d u a l l i g n i n s remaining 
i n paper pulps a f t e r cooking i s not well-known. (2JL) 
K r a f t cooking of pulp i s believed to degrade β-aryl 
ether structures to s t y r y l a r y l ethers, d i a r y l ethers, 
and biphenyls, which are not e a s i l y degraded and are 
removed i n a subsequent chemical bleaching step.(2_Êr2X) 
Rather than breaking carbon-carbon bonds for d i s s o l u t i o n 
of r e s i d u a l l i g n i n , oxidation by a biomimetic c a t a l y s t , 
or by l i g n i n a s e i t s e l f , may r e s u l t i n f u r t h e r 
polymerization of the β-aryl ether degradation products. 
The treatment of k r a f t pulp with P. chrysosporium has 
been reported, and
any bleaching, the
by conventional chlorine treatment due to degradation of 
some of the residual lignin.(28) An examination of the 
c a t a l y t i c oxidation of r e s i d u a l l i g n i n i n paper pulp 
which u t i l i z e s oxygen and Mn/Co acetates i n aqueous 
acet i c acid needs to be performed before the e f f i c a c y of 
such a method can be judged i n comparison to chlorine 
bleaching. 

Experimental Section 
General Remarks. Extreme caution should be taken when 
working with peroxides or peracids d i r e c t l y or when 
employing r e a c t i o n c o n d i t i o n s where peroxides or 
peracids w i l l be generated i n s i t u . No metal-ware (e.g. 
syringe needles) should be employed. Only a l l - g l a s s 
reaction vessels, gas-tight syringes with Teflon l u e r -
loc hubs, and Teflon syringe needles and cannulas were 
used. Dihydroanisoin (1,2-bis(4-methoxyphenyl)ethane-
1.2- d i o l , DHA) (22.) and 1,2-bis(4-methoxyphenyl)propane-
1.3- d i o l (BMPD)(2 4) were prepared as p r e v i o u s l y 
described, whereas 1-(4-hydroxy-3-methoxyphenyl)2-(2-
methoxyphenoxy)propane-1,3-diol (HMMP)and l - ( 3 , 4 -
dimethoxyphenyl)-2-(2-methoxyphenoxy)-propane-1,3-diol 
(DMMP) were prepared according to s l i g h t v a r i a t i o n s of 
published procedures . (2JL/20.) Cobalt (III) acetate was 
prepared by the ozonation of c o b a l t ( I I ) acetate 
according to a reported procedure.(2L) Reactions using 
oxygen/nitrogen mixtures at greater than atmospheric 
pressure were performed i n Parr Model 4740 Hastelloy C 
high pressure r e a c t i o n vessels equipped with glass 
l i n e r s and Teflon-coated s t i r r i n g bars. Product 
s e l e c t i v i t i e s were cal c u l a t e d on the basis of product 
y i e l d s and the amount of substrate reacted (conversion). 
Yields of products and recovered s t a r t i n g materials were 
determined q u a n t i t a t i v e l y by HPLC. 
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S t o i c h i o m e t r i c Oxidation of L i a n i n Model Compounds with 
C o b a l t ( I I I ) Acetate. In a t y p i c a l procedure, a s o l u t i o n 
of DMMP (6.8 mg, O.018 mmol) and c o b a l t ( I I I ) a c e t a t e 
(84.3%, 10.5 mg, O.037 mmol) i n 18 mL of g l a c i a l a c e t i c 
a c i d was heated t o r e f l u x i n 20 min with s t i r r i n g . One 
hour l a t e r , the c o l o r t u r n e d from g r e e n i s h b l a c k t o 
pink. The s o l u t i o n was cooled t o room temperature and 
v e r a t r o l e (10.2 mg, O.074 mmol) was added as an i n t e r n a l 
standard f o r HPLC a n a l y s i s . A 67% s e l e c t i v i t y t o DMB at 
99% c o n v e r s i o n of DMMP was ob t a i n e d . For r e a c t i o n s 
where c o b a l t ( I I I ) a c e t a t e s t i l l remained, an aqueous 
s o l u t i o n of fer r o u s s u l f a t e was added dropwise u n t i l the 
c o l o r of the s o l u t i o n turned from green t o pink; then 
v e r a t r o l e was added as i n t e r n a l standard. 

C a t a l y t i c O x i d a t i o f L i g n i  Model Compounds  I
t y p i c a l procedure, a
Teflo n - c o a t e d magneti g ,  (8.  gm,
mmol), manganese (II) a c e t a t e (4.3 mg, O.025 mmol), 
c o b a l t ( I I ) a c e t a t e (39.8 mg, O.23 mmol), and 
acetaldehyde (14 μL, O.25 mmol) i n 2.5 mL of 80% a c e t i c 
a c i d was p l a c e d i n a 71-mL P a r r H a s t e l l o y C h i g h 
pressure r e a c t i o n v e s s e l (Model 4740). The r e a c t o r was 
sealed, purged three times by p r e s s u r i z i n g t o 320 p s i of 
N2 and then v e n t i n g t o atmospheric pressure, and then 
charged with 336 p s i of 4% 02 i n N2). The r e a c t o r was 
put i n a h e a t i n g b l o c k preheated at 170 °C and the 
r e a c t i o n mixture s t i r r e d f o r 3 h; at 170 °C, the r e a c t o r 
p r e s s u r e i n c r e a s e d t o 500 p s i . The r e a c t o r was then 
r a p i d l y cooled t o room temperature by p l a c i n g i t i n an 
ice/wa t e r bath and the v e s s e l subsequently vented t o 
atmospheric p r e s s u r e . V e r a t r o l e (11.2 mg, O.081 mmol) 
was added t o the r e a c t i o n mixture as an HPLC i n t e r n a l 
s t a n d a r d and the mixture was an a l y z e d t o y i e l d DMB 
(37%), DBA (25%), and gua i a c o l (2.4%) at 87% conversion. 
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Chapter 11 

Zeolite Catalysts as Enzyme Mimics 

Toward Silicon-Based Life? 

Norman Herron 

Central Research and Development Department, Ε. I. du Pont de Nemours 
and Company, Wilmington, DE 19880-0328 

The similarity between the rigid framework of a 
silico- aluminate zeolite having internal voids of 
molecular dimension
structure of an enzyme having a molecular sized 
substrate binding site has led to the development of 3 
remarkable zeolite mimics of enzyme functions. A 
size encapsulated "ship-in-a-bottle" cobalt complex 
demonstrates oxygen binding behavior with evidence of 
cooperativity between the binding sites in an analogue 
of hemoglobin. Oxidizing systems which use zeolite 
supported Fe and Pd species to activate molecular 
oxygen at room temperature and pressure, demonstrate 
selectivities for hydrocarbon oxidation which are 
unrivaled in all but natural systems such as the 
cytochromes P450. Finally, semiconductor clusters 
arranged in a hyperlattice within zeolite frameworks 
display photoinduced electron transfer in analogy to 
the iron-sulfur proteins whose core structure they 
mimic. 

The widespread use of their ion-exchange properties in the water-
softening/detergent industry and their strong acid catalysis properties in 
petroleum-refining have made zeolites the workhorse materials in both 
applications. While this has attracted many researchers to the zeolite field, 
it has also had the effect of typecasting these remarkable materials into a 
limited number of chemical roles. The work reported below is a brief 
review of our own work here at Du Pont which attempts to dispel this 
stereotype by demonstrating that there are many remarkable similarities 
between zeolite structures and those of protein portions of natural 
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enzymes(1). By taking advantage of these similarities one can develop 
some exciting new catalysts which combine the attractive features of the 
robust, chemically inert zeolite with the tremendous selectivity and 
activity of enzymes. 

What is a zeolite?(2) These materials possess open framework 
structures constructed of S1O4 and AIO4 tetrahedra linked through oxygen 
bridges. The open framework possesses pores and cavities of molecular 
dimensions 3-13Â making these the ultimate extrapolation of the quest for 
ever smaller reaction vessels. These "nano-bottles" are such that 
chemistry carried out inside them is itself affected by the confines in 
which it is being performed. One negative charge per aluminum is present 
on the framework and is compensated by loosely attached  and hence 
ion-exchangeable, cations
forward introduction of active metal sites for catalysis (for a 
comprehensive discussion of ion-exchange and metal active sites in 
zeolites please see reference 2). 

What is an enzyme? Let us hypothesize that the actual chemical trans
formation performed by a generic metallo-enzyme is carried out solely at 
the metal active site in a very non-selective catalytic reaction, typical of 
traditional homogeneous catalysis. However, nature demands much 
higher selectivity in her chemistry and so has constructed a very special 
environment in which to carry out this chemistry - the protein tertiary 
structure. The protein wraps around the active site performing several 
crucial functions a) protecting the active site from deleterious reactions 
such as self-destruction via bimolecular pathways b) sieving of substrate 
molecules so that only those capable of passing through the protein 
channels can gain access to the embedded prosthetic group. This can 
give the enzyme a high substrate-selectivity and c) providing a very 
stereochemical^ demanding void space in the vicinity of the active site 
where the substrate must reside during reaction. This leads to trans
formations at specific bonds within the substrate molecule. Presented 
in this fashion, the similarities between a metallo-enzyme and a metal ion 
containing zeolite become striking. 

The following sections review 3 systems which we have developed to 
explore the generality of these concepts: mimics of hemoglobin, 
cytochrome P450 and of iron-sulfur ferredoxins. While the use of zeolites 
as enzyme mimics is an under-studied area it is certainly not new as 
evidence a previous volume in this series (1). The intent here is to 
emphasize the general concepts of zeolite biomimicry by highlighting the 
key results we have obtained. Interested readers are referred to the 
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detailed publications referenced below for full experimental procedures and 
characterizational details. 

Hemoglobin Analogue 

Binding and transport of molecular oxygen is the first step in the 
respiratory chain and this function is performed in mammals by the iron 
proteins hemoglobin and myoglobin. Many synthetic models (3) and 
mimics(4) of this chemistry have been prepared using coordination 
complexes of iron, cobalt, manganese and other metal ions but all suffer 
from the same problems as the natural systems - namely autoxidation of 
the active sites with concurrent loss of oxygen binding behavior. Many of 
the autoxidation mechanism
deleterious reaction (5). I η additio y g , 
the protein portion of hemoglobin also engenders a fascinating property 
known as cooperativity(6). Hemoglobin is a 4 subunit enzyme where each 
subunit has an iron oxygen binding site and these 4 sites interact such that 
binding of oxygen to the first subunit facilitates the binding of oxygen to 
the remaining 3 subunits of the tetramer. 

Our synthetic mimic (7) consists of the well known oxygen binder cobalt 
salon (I) (8) constructed inside zeolite Y. This material is an example of the 

"ship-in-a-bottle" (9) synthetic approach to encapsulated catalyst 
complexes in zeolites. Ion-exchange of cobalt(ll) ions into the crystallite 
voids at a concentration of ~1 Co per 2 supercages followed by 
sublimation of the flexible free ligand Salon into the same voids leads to 
assembly of the rigid complex . This complex involves square-planar 
coordination of the tetradentate salen ligand such that the complex has 
dimensions greater than the window size of the zeolite - once 
constructed inside the pores the complex is physically trapped on the 
basis of its size: a true ship-in-a- bottle (Figure 1). This complex as its 
pyridine adduct does indeed form an oxygen adduct as judged by the 
characteristic epr signal (Figure 1) generated upon exposure to dioxyqen. 

SALENI 
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3100 3200 3300 3400 3500 

Figure 1. Representation of Co-salen inside zeolite Y supercage. 
Zeolite framework has been reduced to stick bonds for 
clarity, Co atom is shaded. Inset shows epr spectrum of 
oxygen adduct at 298K and 760 torr oxygen. 
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Two of the remarkable features of this zeolite entrapped adduct are: 
Firstly, compared to the same complex in free solution or as a 

crystalline solid, the zeolite encapsulated material displays quite 
remarkable stability towards autoxidation and peroxo-dimer 
formation(IO). For example the half-life for the oxygen adduct epr signal 
at room temperature in air is ~4weeks when entrapped in the zeolite 
compared to several minutes in free solution (10) (in the crystalline 
Co-salen solid, peroxo-dimers are formed exclusively (10)). This is a 
manifestation of the extremely effective site-isolation achieved by 
entrapping the complexes inside the pores of the zeolite leading to 
elimination of the normal autoxidation mechanism. 

Secondly, an examination of the thermodynamics of oxygen binding as 
plotted in a Hill plot (Figur
evidence of a negative cooperativit
(slope<1) (11). This result means that binding of oxygen to the first few 
cobalt sites makes it progressively more difficult for subsequent oxygen 
to bind to other sites. This is the reverse of hemoglobin's behavior. The 
explanation is still unclear, but may well result from progressively more 
difficult oxygen binding as one progresses from the exterior to the 
interior of each zeolite crystallite. Binding of oxygen at the cobalt sites 
in the outermost cages of the crystallite is easiest but binding becomes 
more difficult as the oxygen has to diffuse toward the interior sites. A 
van't Hoff plot of the data reveals an enthalpy of binding of 
-11.4Kcal/mol and an entropy of -51e.u. which compare with values of 
-12.4Kcal/mol and -47e.u. for the same complex in pyridine solution(12). 
The lower oxygen binding constants inside the zeolite therefore appear to 
result from a reduced exothermicity consistent with the oxygen being 
bound at a restrictive site where the stories of interaction of bound 
oxygen with the zeolite cavity walls are important. 

This example demonstrates the ability of zeolites to reproduce the 
control (typical of enzyme proteins) of both the interactions between 
active sites and the thermodynamics of reactions at those active sites. 
The next example demonstrates the zeolite's ability to kinetically control 
product selectivity in an oxidation reaction typical of the monoxygenase 
enzymes. 

Cytochrome P45Q Analogue 

Further on down the respiratory chain from hemoglobin lie the 
monoxygenase enzymes, cytochromes P450, which perform the function 
of selectively oxidizing organic materials to usable or excretable 
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hydrophyllic compounds. Their unique ability to convert, for example, 
un activated alkanes to alcohols with unusual selectivities using only 
molecular oxygen and a reducing cofactor (while in aqueous solution and 
at room temperature) has made these materials the envy of synthetic 
organic chemists. There have been numerous attempts to model the 
heme-iron active site of the enzymes(13) so as to reproduce some of 
their selectivity by including multiple bulky peripheral substituents upon 
the basic porphyrin nucleus. While these models have undoubtedly 
contributed tremendously to an understanding of the mechanistic 
features of the monoxygenases they have yet to demonstrate the 
phenomenal selectivities. 

The enzyme cycle is represented in Figure 3, emphasizing only the 
redox and coordination a
the F e O ^ + species is the  poten y
enzyme is dictated by how the protein sieves and directs substrates 
toward this indiscriminate oxidant. How does nature produce this 
oxidant? she takes molecular oxygen, two electrons and two protons and 
eliminates waterlOur mimic(14) is designed to do the same thing except 
that we will take the two electrons and two protons together as 
molecular hydrogen and combine it with oxygen over Pd(0) to generate 
hydrogen peroxide. This hydrogen peroxide can then be reacted at an iron 
site to eliminate water and give the desired F e 0 3 + unit. If all of this is 
done inside the stereochemical^ demanding pores of a zeolite then any 
substrate which is simultaneously in those pores should suffer selective 
oxidation by the F e O ^ + as directed by the zeolite framework. 

The mimic is prepared by sequential ion-exchanges with iron(ll) and 
Pd(ll) tetrammine cations followed by calcinations and reduction of the 
Pd(ll) to Pd(0) as previously described(14). A material with ~2wt% Fe(ll) 
and 1wt% Pd(0) is used by immersing the dry zeolite solid in neat 
substrate alkane and then pressuring the reaction vessel with a 3:1 
mixture of oxygen:hydrogen. After shaking this mixture at room 
temperature for 4 hours the products are analyzed by capillary GC. As a 
control to assess the intrinsic selectivity of such a Pd/Fe system in the 
absence of steric effects of the zeolite, catalysts prepared with 
amorphous silico-aluminate supports were run for comparison. In these 
cases all reactions must take place at the particle surface since there is 
no interior pore structure available. In addition, comparison of reaction 
selectivities of this catalysts with our zeolite materials allows us to 
ascertain that the Fe active sites must be actually inside (and not on the 
exterior surface) of the zeolite crystallites. 

The first zeolite host explored was zeolite A which is a very selective 
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Figure 2. Hill plot of oxygen binding to Co-salen.py in zeolite Y. 
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Figure 3. Enzyme cycle of Cytochrome P450. 
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absorbent of linear alkanes to the exclusion of branched or cyclic 
hydrocarbons(15). It was therefore expected that extreme examples of 
substrate selectivity could be achieved in competitive oxidation of linear 
alkanes vs. cyclic alkanes. 

Figure 4a confirms this expectation. While the selectivity for 
oxidation of n-octane in the presence of cyclohexane is slight (55:45) 
over the control silicoaluminate support, the selectivity over the A 
zeolite is tremendous (>200:1) in favor of the linear alkane.(plots are of 
total of all oxidation products from each substrate) This indicates that 
the zeolite is exerting its sieving effect and therefore the desired 
chemistry is occurring inside the zeolite pores. Indeed, not only is the 
chemistry occurring there but the vast majority of the octanol products 
are remaining there at th
for analysis by complete destructio g , 
sulfuric acid! This trapping of products is more than simple absorption 
since they are not released simply by displacement with a more polar 
molecule (eg. water) The production of secondary alcohols as part of the 
product mix means that the pores of the zeolite rapidly become filled 
with molecules which are too large to escape from the interior and 
remain trapped. These molecules then act as plugs for escape of even the 
linear alcohol products so that the entire zeolite interior becomes 
saturated with products and the catalytic activity is shut down. 

The incredible substrate selectivity of this system pales in 
comparison to the regioselectivity displayed by the octane oxidation 
products! In Figure 4b the dramatic increase of products derived from 
terminal methyl group oxidation in the zeolite system is apparent (plots 
are normalized to a "per hydrogen" basis and represent the total of 
products (alcohols and ketones) at each position in the chain). Over the 
control catalyst the primary/ secondary oxidation ratio is O.05 while in 
the zeolite A this ratio is O.6. This selectivity for oxidation toward the 
end of the alkane chain probably arises from the very close fit between 
the alkane and the A pore size which essentially constrains it to have an 
extended "linear" conformation. It is therefore the methyl end groups 
which are the first to encounter and so be oxidized by the iron active 
sites which tend to be located in the six ring faces of the zeolite cage 
(illustrated schematically in Figure 5). 

While the selectivities of this system are dramatic the activity is 
low (-1 turnover on Fe in a 4 hr. batch run) and the necessity of running 
all reactions in an explosion rated environment (because of the H2/O2 
mixtures) combined with the need to dissolve away the zeolite to reclaim 
products make this a very impractical synthetic method for alkane 
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POSITION OF OXIDATION - S l 'AL POSITION OF OXIDATION - ZEOLITE A 

Figure 4. Selectivity of alkane oxidation with Fe/Pd/A zeolite and 
H2/O2. a) substrate selectivity between n-octane and 
cyclohexane and b) régi ose I activity of n-octane oxidation. 
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oxidation. These problems can each be addressed as follows. The low 
turnover and product trapping are really the same problem since we 
believe that it is the plugging of the pore system by products which leads 
to the shut down of the reaction since at that point no further substrate 
can get to the active sites - this is a familiar problem with zeolite 
catalysis (Herron, N. J . Coord. Chem. in press) and should be solved by 
two changes. 1) a larger pore system will permit egress of product 
secondary alcohols (at the obvious expense of lowered substrate 
selectivity) 2) a higher Si/ΑΙ ratio zeolite is more hydrophobic and at a 
ratio above -20 begins to favor absorption of the reactant alkane over the 
product alcohols (at the expense of ion exchange sites). These criteria 
can be met by the ZSM-5 zeolite with its 10-ring channels and high Si/AI 
ratio. The inconvenience o
circumvented by using preforme  hydroge  peroxid g
in situ by combination over Pd(0). The ideal system is therefore a simple 
Fe ion-exchanged high silica ZSM-5 zeolite fed hydrogen peroxide (either 
aqueous or in organic solvents at low concentration). Oxidation of 
n-octane with this system does indeed lead to all products being 
recovered from the supernatant solution without zeolite dissolution and 
the system becoming truly catalytic with -4 turnovers on Fe in 4 hours. 
Remarkably, the regioselectivity of the ZSM-5 system is even more 
pronounced for oxidation towards the terminus of the alkane chain with a 
primary/secondary oxidation ratio of 3.3. This material is now in the 
ballpark of a viable ω-hydroxylase mimic. This enzyme is capable of 
regioselective oxidation of terminal methyl groups of alkanes or linear 
carboxylic acids with a prim/sec oxidation ratio of -10. 

Iron-sulfur Protein Analogue 

One of the essential cofactor enzymes in the cytochrome P450 network 
provides electrons to reduce iron and or oxygen to generate the active 
oxidant. These natural electron-transfer materials are typified by the 
iron-sulfur proteins(16). Work by Holm and others has modeled the basic 
iron-sulfur cores of these proteins and a variety of structure types have 
been modeled. One of these types, an iron-sulfur cubane like cluster 
consists of interpenetrating tetrahedra of iron and sulfide ions. 

The fascination with using zeolites as very small reaction chambers 
for production of novel species which are not available in normal 
environments had led us to explore the possibility of synthesizing 
extremely small particles of semiconductor materials within the pores 
(Herron, N.; Wang, Y.; Stucky, G. D.; Eddy, M. M.; Cox, D. E.; Bein, T.; 
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Moller, K. J. Am. Chem. Soc in press.)(17). This is of interest from the 
standpoint that such small pieces of a bulk semiconductor lattice cannot 
fully develop the normal semi- conductor band structure and so reside in 
the so called size-quantized or quantum-confined regime. This is where 
the electron-hole pair of an excited semiconductor particle has a 
radius(18) larger than the actual particle size. The electron then behaves 
as a particle in a box and novel optical properties result. We decided, 
therefore, to look at preparation of CdS inside the zeolite cavities and 
then to explore the photo-oxidation chemistry of these species with 
absorbed olefins. 

Cadmium ion-exchange of zeolite Y followed by calcination in flowing 
oxygen leads to materials having from 0 to 90% of the original sodium 
ions replaced by Cd. Treatmen
sulfide gas (1atm) at 100°C generates the CdS clusters inside the zeolite 
pores(17). The quantum confinement effects are manifest in that the 
material is typically white or pale cream rather than the yellow-orange 
of bulk CdS. The actual structure of the CdS units in the zeolite is 
revealed by a detailed study of the powder x-ray diffractograms and 
EXAFS data. These techniques reveal the basic unit to be a cubane 
Cd4S4 cluster of interpenetrating Cd and S tetrahedra - (Figure 6) very 

reminiscent of the Fe4S4 cluster core discussed above. These clusters 
are located in the small soda lite cages of the framework and are strongly 
interacting with it through Cd-0 bonds (Figure 6). What is particularly 
interesting is how these clusters begin to interact with one another as 
the loading density begins to rise above the percolation threshold of 15 
vol%. At this point the absorption spectra begin to reveal a new 
absorption band and luminescence behavior starts to switch on as the 
three dimensionally interconnected array (cluster-cluster distance of 
~6À) of quantum dots begins to develop a semiconductor like band 
structure (Figure 6). 

Since all of the CdS clusters reside in the sodalite cages of the 
zeolite Y framework, the larger supercages of the structure are still 
available for absorption of substrate molecules - in this case olefins for 
photo- oxidation via electron transfer. Colloidal CdS in free solution has 
been used for such oxidations previously(19) and in a competitive 
oxidation of styrene and 1,1-diphenylethylene we find that unconfined 
bulk CdS will effect oxidation in a ratio of 1:2 for these two olefins 
(irradiation at 365nm). In the zeolite confined system we find however 
that the ratio becomes 1:1 ie a slight shift in selectivity toward the 
smaller substrate as may be expected on the basis of size/diffusion 
effects. From the viewpoint of the enzyme mimic, we have here a system 
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Figure 5. Cutaway representation of n-octane proceeding through 
the 8-ring window of zeolite A towards the iron active 
site for oxidation. Cross hatched atom is the active 
oxygen on iron. 

Figure 6. CdS clusters in the sod alite cages of zeolite Y. The 
zeolite has been reduced to sticks connecting only the 
tetrahedral atoms for clarity. Inset shows the structure 
of an individual CdS cubane-like cluster. Cd atoms are 
cross hatched. 
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which mimics thé core structure of iron sulfur proteins while also 
undergoing electron transfer (photo stimulated) with substrate molecules 
in analogy with these same proteins. 

The future of this line of research lies not in the enzyme mimicry 
described above but more in the novel optical and especially non-linear 
optical properties of quantum confined semiconductor systems - the 
production of optical computer elements such as optical transistors, 
spatial light modulators and phase conjugate materials. From the 
biomimetic perspective we are moving in the direction of the silicon-
based brain! 

Conclusion 

The above examples hav  enzym
hemoglobin, cytochrome P450 and iron-sulfur proteins can indeed be 
produced by making use of the analogy between protein tertiary structure 
and the pore structure of inorganic "Si-based" zeolite systems. These 
examples represent only the tip of a potentially enormous mountain of 
novel, robust and highly practical enzyme mimics. It only requires that 
biochemists view zeolites as sterically demanding supports for active 
sites and that zeolite chemists view zeolites as something other than 
acid catalysts or ion-exchangers. If that can be communicated by this and 
similar articles there may be considerable "life" left in these old rocks 
yet. 
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Chapter 12 

Immobilization of Proteins and Enzymes 
onto Functionalized Polypropylene Surfaces 

by a Gaseous Plasma Modification Technique 

R. Sipehia, J. Daka1, A. S. Chawla1, and T. M. S. Chang 
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University, Montreal, Quebec H3G 1Y6, Canada 

Polypropylene membranes  beads  treated in
plasma of anhydrous
on to their surfaces.  presence of  groups 
was detected by FT-IR-ATR spectrometry. Through these 
amino groups in one batch of the samples, albumin was 
immobilized. The presence of immobilized albumin on the 
polymer surface was confirmed by FT-IR-ATR spectrometry. 
Glucose oxidase and peroxidase were immobilized 
individually onto two separate batches of polypropylene 
beads with amino groups on their surfaces. With the 
help of calibration curves, it was found that 40-55% of 
the immobilized enzymes were in the active form. Beads 
and membranes bearing enzymes and other proteins are 
important materials for biotechnology. This technique 
demonstrates that even inert polymers can be activated 
easily for attachment of these biomolecules. 

Gaseous plasma generated by an ele c t r i c a l discharge at low pressure 
provides a unique and powerful method for the modification of 
surfaces of biomaterials without altering their bulk properties. 
This modification could be made by plasma polymerization wherein a 
thin, highly cross-linked and pin hole free film of f i l l e r free 
silicone polymer could be added onto a variety of substrate 
materials in order to prepare improved blood compatible surfaces 
(1 ) . Alternatively, gaseous plasma could be used to add new 
chemical groups to a material surface which could then be used for 
attaching a variety of biomolecules. By anhydrous ammonia plasma, 
amino groups can be added to the surface of polypropylene membranes 
or to the surface of polypropylene beads. These amino groups can 
then be employed to bind albumin to polypropylene as was done in our 
previous work in which a quantitative measure of bound protein was 
Current address: Bureau of Radiation and Medical Devices, Health and Welfare Canada, 
Ottawa, Ontario K1A 0L2, Canada 
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done using 1 2 b I - l a b e l l e d albumin (2,3). It was found that 
immobilized albumin was strongly bound and had a higher surface 
concentration of 275 μg/cm2 compared with 28 μg/cm2 obtained by a 
chemical immobilization method (4). To show the v e r s a t i l i t y of the 
plasma technique, we have extended the work to enzymes; glucose 
oxidase and peroxidase, which were attached to two separate batches 
of polypropylene beads. 

In the present studies, a Fourier-transform infra-red 
spectrometer in attenuated total reflectance mode (FT-IR-ATR) was 
used to characterize the albuminated polymer membrane surface. FT-
IR-ATR is a powerful surface analysis technique in which a spectrum 
of only a few micron thick surface layer is obtained. As albumin or 
enzymes were attached only on the surfaces of polypropylene, FT-IR-
ATR technique was ideally suited for the their analysis. 

MATKRTAT.S AND WRTHOnS 
Glucose oxidase (from Aspergillu
unit/mg), was purchased
(Dorval, Quebec, Canada). Bovine albumin (Fraction V), peroxidase 
(from Horseradish, specific activity 44 unit/mg) and O-dianisidine 
dihydrochloride (purified crystals) were purchased from Sigma 
Chemical Company (St. Louis, MO, USA). A O.5M phosphate buffer at 
pH 7.5 was used in these studies. 

Anhydrous ammonia was purchased from Matheson Canada Ltd., 
Whitby, Ontario. The substrate materials used were polypropylene 
membrane (Celgard-2400, Celanese Corp., Summit, NJ) and 
polypropylene beads (Hercules Canada Ltd., Montreal, Quebec). The 
Celgard-2400 was a 25.4 um thick porous membrane with an effective 
pore size of O.02 um with a 38% porosity. The beads as purchased 
were slightly flattened spheres having a diameter of about 2.5-3 mm 
and being about 3.5 mm thick. The membranes and the beads were 
washed with d i s t i l l e d water, then with absolute ethanol in an 
ultrasonic cleaner and were f i n a l l y dried in a vacuum oven, at about 
70° C. These substrate materials were ready for use as a control or 
for further treatment. The further treatment involved the 
attachment of NH2 groups onto the surface of the substrate material 
in an ammonia plasma reactor, perhaps by free-radical reaction, as 
reported in our previous report (2). 

The detailed discussions of the plasma reactor used has already 
been given (5) Briefly, i t was a cylindrical glass vessel of about 
60 χ 10 cm O.D. The radio frequency (RF) plasma generator (Tegal 
Corp., Richmond, California) was capacitatively coupled to the 
plasma reactor by placing f l a t strips of copper electrodes along the 
outside circumference. The substrate polymer membrane was placed 
7.5 cm downstream from the gas outlets. 

In order to activate polypropylene beads, 40 beads were placed 
inside a cylindrical container (28 χ 8 cm O.D.) which was then 
inserted in the plasma reactor. This container had an attached 
glass rod (18 χ 1 cm O.D.) the free end of which was coupled to an 
electric motor by which the container, and hence polypropylene 
beads, could be rotated inside the plasma reactor. The speed of 
rotation was 3 rpm during the process of attachment of NH2 groups 
onto the surfaces of the beads. 
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The plasma r e a c t o r was evacuated u s i n g a r o t a r y vacuum pump. 
The attachment o f amino groups onto the surfaces o f the membranes or 
beads was c a r r i e d out at O.4 mm Hg, because at t h i s p r e s s u r e , the 
attachment of NH 2 groups was found to be grea tes t (4 ) . The O.4 mm 
Hg pressure was maintained by anhydrous N H 3 f eed . When the pressure 
i n s i d e the r e a c t o r had s t a b i l i z e d at O.4 mm Hg a p u l s e d RF power o f 
30 W was a p p l i e d . The times o f power-on and power-off were e q u a l . 
At the end o f a 30-min r e a c t i o n p e r i o d , the plasma was switched o f f 
and the feed o f anhydrous ammonia gas was stopped. The propylene 
beads were evacuated f o r an a d d i t i o n a l 30 min to remove the 
unreacted s p e c i e s . The beads exposed to ammonia gaseous plasma are 
r e f e r r e d to as P P B - N H 2 . To c h a r a c t e r i z e the surfaces o f the c o n t r o l 
and the modi f i ed membranes, the F T - I R spectrometry ( N i c o l e t 7000 
S e r i e s ) wi th an ATR attachment was used. KRS-5 r e f l e c t i o n p l a t e at 
an i n c i d e n t angle o f 4 5 ° was employed f o r FT-IR-ATR work. C o n t r o l 
or modi f i ed membrane samples were a p p l i e d on both s ides o f the 
r e f l e c t i o n p l a t e . This
l a y e r of the surfaces c o n t a c t i n
obta ined . Immobi l i za t ion o f albumin onto membrane having surface 
amino groups has been d e s c r i b e d ( 2 , 3 ) . 

Attachment o f g lucose oxidase to the amino groups on the 
po lypropylene beads was c a r r i e d out as f o l l o w s : a 5-mL s o l u t i o n of 
g lucose ox idase , c o n t a i n i n g 20 mg of enzyme i n phosphate b u f f e r , 
(O.5M, pH 7.5) was prepared . T h i r t y beads (PPB-NH 2 ) were soaked i n 
t h i s s o l u t i o n f o r one hour . A f t e r removing the beads, the 
c o n c e n t r a t i o n o f the remaining enzyme s o l u t i o n was measured and was 
used i n c a l c u l a t i n g the i n i t i a l c o n c e n t r a t i o n of the enzyme on the 
bead s u r f a c e . 

The beads removed from enzyme s o l u t i o n were washed s e v e r a l 
times with phosphate b u f f e r s o l u t i o n i n order to remove l o o s e l y 
bound g lucose ox idase . They were then soaked i n the c r o s s - l i n k i n g 
s o l u t i o n o f 1.5% g lu tara ldehyde i n phosphate b u f f e r f o r 2 h . The 
beads were removed from the c r o s s - l i n k i n g s o l u t i o n , washed wi th 
phosphate b u f f e r and l e f t i n O.13 M g l y c i n e f o r 24 h to e l i m i n a t e 
the remaining f ree aldehyde groups on t h e i r s u r f a c e . These 
po lypropylene beads, wi th immobi l ized g lucose ox idase , were r e f e r r e d 
to as GO-PPB. 

The procedure used to prepare immobi l ized peroxidase was the 
same as d e s c r i b e d above f o r the g lucose ox idase . The po lypropy lene 
beads wi th immobi l ized peroxidase on t h e i r surface were des ignated 
as P-PPB. 

In order to determine the q u a n t i t y o f enzyme which had been 
c o v a l e n t l y immobi l ized onto the beads, c a l i b r a t i o n curves r e l a t i n g 
enzyme a c t i v i t i e s to enzyme concentra t ions were prepared . Var ious 
concentra t ions o f each enzyme (glucose oxidase and peroxidase) were 
employed i n these c a l i b r a t i o n s . O - D i a n i s i d i n e was used as an enzyme 
r e a c t a n t . The appearance o f absorbency due to the o x i d a t i o n of 0-
d i a n i s i d i n e at 460 nm, by the c a t a l y t i c a c t i v i t y o f the enzymes, was 
fo l lowed wi th the he lp of the Bausch & Lomb, Double Beam, Spec tron ic 
2000 spectrophotometer. The r a t e o f r e a c t i o n i n c r e a s e d wi th the 
increased amount o f enzyme employed. 
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RESULTS AND DISCUSSION 
The FT-IR-ATR absorption spectrum of the control polypropylene 
(untreated) is shown in Figure 1. It is a typical polypropylene 
spectrum with absorption bands due to asymmetric and symmetric 
stretching of CH3 and CH2 groups around 2900 cm"1. The absorption 
bands at 1460 and at 1380 cm - 1 represent the asymmetric and 
symmetric bending of C H 3 respectively. Absorption bands at 2878 
cm"1 (CH3 stretching) and'at 841 cm"1 (Methylene rocking modes) 
suggest that the polypropylene membrane i s of the isotactic form. 

The FT-IR-ATR spectrum of the polypropylene membrane with amino 
groups on i t s surface is shown in Figure 2. The spectrum shows the 
appearance of a broad absorption bands between 3100 and 3600 cm"1 

representing asymmetric stretching for NH2 groups. The absorption 
band at about 1670 cm"1 represents the carbonyl stretching of an 
amide group (the amide I band). The band at about 1550 cm"1 

represents the bending vibrations of -NH group (the amide II 
band). These bands sugges
reactor was taking part
the polymer surface. 

FT-IR-ATR spectra of the control membrane and of the 
albuminated membrane are shown in Figures 3A and 3B, respectively. 
Only a part of the spectra of interest are shown. The amide I band 
of bovine albumin (highly α-helical) occur at 1658 cm"1 which is 
due to C=0 stretch. The amide II band appears at 1540 cm"1 

representing -NH bending. 
The appearance of aminde I and amide II bands in the FT-IR-ATR 

spectrum of the albuminated membranes (Figure 3B) confirms that 
albumin is indeed immobilized. The above band did not appear in the 
FT-IR-ATR spectrum of the control membrane (Figure 3A). 

According to our activity- enzyme calibration curve, the total 
amounts of the immobilized glucose oxidase and peroxidase on the 
bead surface were found to be 52.0 μg/cm2 and 43 μg/cm2, 
respectively. To assess the s t a b i l i t y of enzyme-polypropylene 
linkage (GO-PPB and P-PPB), the beads were washed with buffer for 
up to six hours. The results of washing GO-PPB and P-PPB are shown 
in Figure 4 and Figure 5, respectively. It can be seen from these 
figures that after the i n i t i a l removal of the physically adsorbed 
enzymes, the concentrations of the enzymes tend to reach a steady 
state. After washing with a buffer for six hours, the amounts of 
glucose oxidase and peroxidase retained on the beads were found to 
be 20.36 ug/cm2 and 23.7 ug/cm2 respectively on the basis of 
calibration curves. Therefore, enzymes immobilized on polypropylene 
beads using anhydrous ammonia plasma varied between 39-55% of the 
original amounts. Control beads, which had no NH2 groups on the 
surface but were exposed to enzyme solutions showed no attachment of 
the enzymes. This suggests that the NH2 group is essential in the 
binding of enzymes to the bead surfaces and the binding force 
between the enzymes and the activated polypropylene support was 
strong. 

CONCLUSION 
The results of the present ammonia plasma treatment show that a 
polypropylene surface can be functionalized with NH2 groups by the 
ammonia plasma technique. The resultant polymer is f a i r l y suitable 
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F i g u r e 1. F T - I R absorpt ion spectrum of an untreated po lypropylene 
surface ( c o n t r o l ) . 

F i g u r e 2. F T - I R spectrum of the po lypropylene membrane with amino 
groups at tached to i t s s u r f a c e . 
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F i g u r e 5. Concentra t ion o f immobi l ized peroxidase remaining on 
po lypropylene beads (P-PPB) a f t e r washing wi th phosphate 
b u f f e r f o r v a r i o u s time i n t e r v a l s (N=3). 
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f o r attachment of p r o t e i n s , i n c l u d i n g those with c a t a l y t i c 
p r o p e r t i e s such as enzymes. Thus the i m m o b i l i z a t i o n o f p r o t e i n i o u s 
ant igens and a n t i b o d i e s to o r i g i n a l l y i n e r t po lypropylene can a l s o 
be achieved by t h i s method. 
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carbon-hydrogen bond reactivity of 
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structure, 73-74 
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Molecular entities 
chemical composition, 7 
structure, 7 
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systems of systems, 7 
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representation, 7,8f 
trends, 12,13-14/",15 
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representation, 7,8/" 
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comparison of solubility of 
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effect of substrate localization on 
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schematic representation of substrate 
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formation, 109 
schematic representation, 91,93/ 
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effectiveness, 28 
mechanism, 28,29/30 
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definition, 53 
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5,6,7,8-Tetrahydrofolate, structure, 73 
Toxins, elucidation of active site, 53 
Triose phosphate isomerase 

active site, 40 
active site in enzyme-substrate 

complex, 44,45/ 
chemical mechanism, 38-39 
conformational change on substrate 

binding, 42-43 
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